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Preface

Food biochemistry principles and knowledge have become
indispensable in practically all the major disciplines of food sci-
ence, such as food technology, food engineering, food biotech-
nology, food processing, and food safety within the past few
decades. Knowledge in these areas has grown exponentially and
keeps growing, and is disseminated through various media in
both printed and electronic forms, and entire books are avail-
able for almost all the distinct specialty areas mentioned above.
The two areas of food biochemistry and food processing are
becoming closely interrelated. Fundamental knowledge in food
biochemistry is crucial to enable food technologists and food
processing engineers to rationalize and develop more effective
strategies to produce and preserve food in safe and stable forms.
Nonetheless, books combining food biochemistry and food pro-
cessing/engineering principles are rare, and the first edition of
this book was designed to fill the gap by assembling information
on following six broad topics in the two areas:

1. Principles of food biochemistry.
Advances in selected areas of food biochemistry.
3. Food biochemistry and the processing of muscle foods and
milk.
4. Food biochemistry and the processing of fruits, vegetables
and cereals.
Food biochemistry and the processing of fermented foods.
6. Food microbiology and food safety.

b

These topics were spread over 31 chapters in the first edition.

The second edition of the book provides an update of sev-
eral chapters from the first edition and expands the contents to
encompass eight broad topics as follows:

Principles and analyses

Biotechnology and enzymology
Muscle foods (meats, poultry, and fish)
Milk and dairy

bl i S

xii

Fruits, vegetables, and cereals
Health and functional foods
Food processing

Food safety and food allergens

N oW

These eight broad topics are spread over 45 chapters in the
second edition, and represents close to 50% increase in content
over the previous version. In addition, abstracts capturing the
salient features of the different chapters are provided in this new
edition of the book.

The book is the result of the combined efforts of more than
65 professionals with diverse expertise and backgrounds in food
biochemistry, food processing, and food safety who are affiliated
with industry, government research institutions, and academia
from over 18 countries. These experts were led by an inter-
national editorial team of six members from four countries in
assembling together the different topics in food biochemistry,
food commodities, food processing, and food safety in this one
book.

The end product is unique, both in depth and breadth, and
is highly recommended both as an essential reference book on
food biochemistry and food processing for professionals in gov-
ernment, industry, and academia; and as classroom text for un-
dergraduate courses in food chemistry, food biochemistry, food
commodities, food safety, and food processing principles.

We wish to thank all the contributing authors for sharing
their knowledge and expertise for their invaluable contribution
and their patience for staying the course and seeing this project
through.

B.K. Simpson
L.M.L. Nollet
F. Toldra

S. Benjakul
G. Paliyath
Y.H. Hui
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An Introduction to Food Biochemistry
Rickey Y. Yada, Brian Bryksa, and Wai-kit Nip
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Abstract: Compared to the siloed commodity departments of the
past, the multi-disciplinary field of food science and technology
has increasingly adopted a less segregated and more synergistic
approach to research. At their most fundamental levels, all food-
related processes from harvest to digestion are ways of bringing
about, or preventing, biochemical changes. We contend that there
is not a single scientific investigation of a food-related process that
can avoid biochemical considerations. Even food scientists studying
inorganic materials used in processing equipment and/or packaging
must eventually consider potential reactions with biomolecules en-
countered in food systems. Moreover, since the food that we eat
plays a central role in our overall well-being, it follows that tomor-
row’s food scientists and technologists must have a solid foundation
in food biochemistry if they are to be innovators and visionaries.
Introductions to biochemical topics are provided in this chapter,
under the categories of carbohydrates, proteins, lipids, DNA, and
toxicants. Within these broad divisions, general and specific food
biochemical concepts are introduced, many of which are explored
in detail in the chapters that follow.

INTRODUCTION

Many biochemical reactions and their products are the basis
of much of food science and technology. Food scientists must
be interdisciplinary in their approaches to studying and solving
problems that require the integration of several disciplines, such
as physics, chemistry, biology and various social sciences (e.g.
sensory science, marketing, consumer attitude/acceptability).
For example, in the development of food packaging materials,
one must consider microbiological, environmental, biochemical
(flavour/nutrient) and economic questions in addition to mate-
rial/polymer science. In today’s market, product development
considerations may include several of the following: nutri-
tional, environmental, microbiological (safety and probiotic),
nutraceutical and religious/cultural questions in addition to
cost/marketing and formulation methods. An ideal food product
would promote healthy gut microflora, contain 20 g of vegetable

Food Biochemistry and Food Processing, Second Edition. Edited by Benjamin K. Simpson, Leo M.L. Nollet, Fidel Toldr4, Soottawat Benjakul, Gopinadhan Paliyath and Y.H. Hui.
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protein with no limiting amino acids and have 25% of the daily
fibre requirement. It would be lactose-free, nut-free, trans-fat-
free, antibiotic- and pesticide-free, artificial colour-free, no sugar
added and contain certified levels of phytosterols. The product
would contain tasteless, odourless, mercury-free, cold-pressed,
bioactive omega 3-rich fish oil harvested using animal-friendly
methods. Furthermore, it would be blood sugar-stabilising and
heart disease-preventing, boost energy levels, not interfere with
sleep, be packaged in minimal, compostable packaging and man-
ufactured using ‘green’ energy, transported by biodiesel-burning
trucks and be available to the masses at a reasonable price.

At their most fundamental levels, growing crops and raising
food animals, storing or ageing foods, processing via fermenta-
tion, developing food products, preparing and/or cooking, and
finally ingesting food are all ways of bringing about, or prevent-
ing, biochemical changes. Furthermore, methods to combat both
pathogenic and spoilage organisms are based upon biochemical
effects, including acidifying their environments, heat denatur-
ing their membrane proteins, oxygen depriving, water depriving
and/or biotin synthesis inhibiting. Only recently have the basic
mechanisms behind food losses and food poisoning begun to be
unravelled.

Food scientists recognised long ago the importance of a bio-
chemistry background, demonstrated by the recommendation of
a general biochemistry course requirement at the undergradu-
ate level by the Institute of Food Technologists (IFT) in the
United States more than 40 years ago. Many universities in var-
ious countries now offer a graduate course in food biochemistry
as an elective or have food biochemistry as a specialised area
of expertise in their undergraduate and graduate programs. The
complexity of this area is very challenging; a content-specific
journal, the Journal of Food Biochemistry, has been available
since 1977 for scholars to report their food biochemistry-related
research results.

Our greater understanding of food biochemistry has followed
developments in food processing technology and biotechnology,
resulting in improved nutrition and food safety. For example,
milk-intolerant consumers can ingest nutritious dairy products
that are either lactose-free or by taking pills that contain an en-
zyme to reduce or eliminate lactose. People can decrease gas
production resulting from eating healthy legumes by taking o-
galactosidase (produced by Aspergillus niger) supplements with
meals. Shark meat is made more palatable by controlling the ac-
tion of urease on urea. Tomato juice production is improved
by proper control of its pectic enzymes. Better colour in potato
chips results from removal of sugars from the cut potato slices.
More tender beef results from proper aging of carcasses or at
the consumer level, the addition of instant marinades containing
protease(s). Ripening inhibition of bananas during transport is
achieved by controlling levels of the ripening hormone, ethylene,
in packaging. Proper chilling of caught tuna minimises histamine
production by inhibiting the activities of certain bacteria, thereby
avoiding scombroid or histamine poisoning. Beyond modified
atmosphere packaging, ‘intelligent’ packaging materials that re-
spond to and delay certain deteriorative biochemical reactions
are being developed and utilised. The above are just a few of the
examples that will be discussed in more detail in this chapter
and in the commodity chapters in this book.

The goal of this introductory chapter is to provide the reader
with an overview of both basic and applied biochemistry as they
relate to food science and technology, and to act as a segue
into the following chapters. Readers are strongly encouraged to
consult the references provided for further detailed information.

BIOCHEMISTRY OF FOOD
CARBOHYDRATES

‘Carbohydrate’ literally means ‘carbon hydrate,” which is re-
flected in the basic building block unit of simple carbohydrates,
i.e. (CH,0),. Carbohydrates make up the majority of organic
mass on earth having the biologically important roles of energy
storage (e.g. plant starch, animal glycogen), energy transmission
(e.g. ATP, many metabolic intermediates), structural components
(e.g. plant cellulose, arthropod chitin), and intra- and extracel-
lular communication (e.g. egg-sperm binding, immune system
recognition). Critical for the food industry, carbohydrates serve
as the primary nutritive energy sources from foods like grains,
fruits and vegetables, as well as being important ingredients for
many formulated or processed foods. Carbohydrates are used
to sweeten, gel, emulsify, encapsulate or bind flavours, can be
altered to produce colour and flavour via various browning re-
actions, and are used to control humidity and water activity.

STRUCTURES

The basic unit of a carbohydrate is a monosaccharide;
2 monosaccharides bound together are called a disaccharide;
3 are called a trisaccharide, 2—10 monosaccharides in a chain are
termed an oligosaccharide, and 10 or more are termed a polysac-
charide. The simplest food-related carbohydrates, monosaccha-
rides, are glucose, mannose, galactose and fructose.
Carbohydrate structures contain several hydroxyl groups
(—-OH) per molecule, a structural feature that imparts a high
capacity for hydrogen bonding, making them very hydrophilic.
This property allows them to serve as a means of moisture con-
trol in foods. The ability of a substance to bind water is termed
humectancy, one of the most important properties of carbo-
hydrates in foods. Maltose and lactose (discussed later) have
relatively low humectancies; therefore, they allow for sweet-
ness while resisting adsorption of environmental moisture. Hy-
groscopic (water absorbing) sugars like corn syrup and invert
sugar (hydrolysed table sugar) help prevent water loss, e.g. in
baked goods. In addition to the presence of hydroxyl groups,
humectancy is also dependent on the overall structures of car-
bohydrates, e.g. fructose binds more water than glucose.

SUGAR DERIVATIVES — GLYCOSIDES

Most chemical reactions of carbohydrates occur via their hy-
droxyl and carbonyl groups. Under acidic conditions, the car-
bonyl carbon of a sugar can react with the hydroxyl of an alcohol,
e.g. methanol (wood alcohol) to form O-glycosidic bonds. Other
examples of glycosidic bonds are those between sugar carbony]l
groups and amines (e.g. some amino acids as well as molecules
such as DNA and RNA building blocks), as well as sugar
carbonyl bonding with phosphate (e.g. phosphorylated
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metabolic intermediates). A glycosidic bond between a carbonyl
carbon and the nitrogen of an amine group (R-NH) is termed
an N-glycosidic bond. Similarly, reactions of carbonyl carbons
with thiols (R—SH) produce thio-glycosides.

FooDp DISACCHARIDES

The food carbohydrates sucrose, lactose and maltose (see struc-
tures below) are disaccharides (two monosaccharides joined by
an O-glycosydic bond) and are three of the principal disaccha-
rides used in the food industry. Used as a sweetening agent
and fermentation carbon source, sucrose exists naturally in high
amounts only in cane and beet, is composed of one glucose and
one fructose and is a non-reducing sugar since it contains no free
aldehyde. The enzymes responsible for catalysing the hydrolysis
of sucrose to glucose and fructose are sucrases and invertases,
which catalyse the hydrolysis of the sucrose glycosidic bond.
Acid and heat also cause hydrolysis of sucrose, which is impor-
tant in the commercial production of invert sugar, where sucrose
is partially converted to glucose and fructose, thereby producing
increased sweetness and water-binding ability.

The disaccharide lactose is made up of galactose and glucose,
and is often referred to as milk sugar. Lactose is hydrolysed
by lactase (EC 3.2.1.108), an enzyme of the f-galactosidase
enzyme class, produced by various mammals, bacteria and fungi.
By adulthood, some humans produce insufficient amounts of
lactase, thereby restricting the consumption of dairy product in
significant quantities. In deficient persons, a failure to hydrolyse
lactose in the upper intestine results in this simple sugar passing
into the large intestine, which in turn results in an influx of water
as well as fermentation by lower gut bacteria, leading to bloating,
cramping and diarrhoea. Lactose levels in dairy products can
be reduced by treatment with lactase or by lactic acid bacteria
fermentation. ‘Lactose-free’ milk products are widely sold and
marketed with most of the lactose hydrolysed by treatment with
lactase. Also, fermented dairy foods like yoghurt and cheese
contain less lactose compared to the starting materials where the
lactose is converted into lactic acid by bacteria, e.g. old cheddar
cheese contains virtually no remaining lactose.

Maltose is composed of two glucose units and is derived
from starch by treatment with f-amylase, thereby increasing the
sweetness of the reaction mixture. The term malt (beer making)
refers to the product where B-amylase, produced during the
germination, has acted on the starch of barley or other grains
when steeped in water.

CARBOHYDRATE BROWNING REACTIONS

There are three general categories of browning reactions in
foods: oxidative/enzymatic browning, caramelisation and non-
oxidative/non-enzymatic/Maillard browning. Oxidative brown-
ing is discussed later in the section on proteins. The latter two
types of browning involve carbohydrate reactions. Caramelisa-
tion involves a complex group of reactions that are the result
of direct heating of carbohydrates, particularly sugars. Dehy-
dration reactions result in the formation of double bonds along
with the polymerisation of ring structures that absorb different
light wavelengths, hence the flavour development, darkening

and colour formation in such mixtures. Two important roles
of caramelisation in the food industry are caramel flavour and
colour production, a processes in which sucrose is heated in so-
lution with acid or acid ammonium salts to produce a variety of
products in food, candies and beverages (Ko et al. 2006).

The Maillard reaction is one of the most important reactions
encountered in food systems, and it is also called non-enzymatic
or non-oxidative browning. Reducing sugars and amino acids
or other nitrogen-containing compounds react to produce N-
glycosides displaying red-brown to very dark brown colours,
caramel-like aromas, and colloidal and insoluble melanoidins.
There are a complex array of possible reactions that can take
place via Maillard chemistry, and the aromas, flavours and
colours can be desirable or undesirable (BeMiller and Whistler
1996). Lysine is a nutritionally essential amino acid and its side
chain can react during the Maillard reaction, thereby lowering
the nutritional value of foods. Other amino acids that may be
lost due to the Maillard reaction include the basic amino acids
L-arginine and L-histidine.

STARCH

Polysaccharides, or glycans, are made up of glycosyl units in a
linear or branched structure. The three major food-related gly-
cans are amylose, amylopectin and cellulose (cellulose is dis-
cussed below), which are all chains of D-glucose, but are struc-
turally distinct based on the types of glycosidic linkages that join
the glucose units and the amount of branching in their respec-
tive structures. Both amylose and amylopectin are components
of starch, the energy storage molecules of plants, and cellulose
is the structural carbohydrate that provides structural rigidity to
plants. Starch is a critical nutritional component of many foods,
especially flour-based foods, tubers, cereal grains, corn and rice.
Starch can be both linear (amylose) and branched (amylopectin).
Amylose glucose units are joined only by «-1,4-linkages and
it usually contains 200-3000 units. Amylopectin also contains
a-1,4-linkages, but additionally it has branch points at «-1,6
linkages that occur approximately every 20-30 «-linkages. The
branched molecules of amylopectin produce bulkier structures
than amylose. Most starches contain approximately 25% amy-
lose, although amylose contents as high as 85% are possible.
Starches containing only amylopectin are termed waxy starches.

Starch exists in granules that are deposited in organelles called
amyloplasts. Granule size and shape vary with plant source,
and they contain a cleft called the hilium, which serves as a
nucleation point around which the granule develops as part of
plant energy storage. Granules vary in size from 2 to 130 p and
they have a crystalline structure such that the starch molecules
align radially within the crystals.

METABOLISM OF CARBOHYDRATES

The characteristics of carbohydrates in both their natural states
and as processed food ingredients determine the properties of
many foods as well as their utilisation as nutrients. Glycolysis
is a fundamental pathway of metabolism consisting of a series
of reactions in the cytosol, where glucose is converted to pyru-
vate via nine enzymatically catalysed reactions (see Figure 1.1).
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Figure 1.1. Outline of glycolysis; 3-C reactions beginning with
glyceraldehyde 3-P occur twice per glucose.

Glycolytic processing of each glucose molecule results in a mod-
est gain of only two ATPs (the universal biochemical energy
currency). Although the gain of two ATPs is small, the creation
of pyruvate feeds another metabolic pathway, the tricarboxylic
acid (TCA) cycle, which yields two more ATPs. More impor-
tantly, glycolysis and the TCA cycle also generate the reduced
forms of nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH;), which drive subsequent oxida-
tive phosphorylation of ADP. An overview of the TCA cycle is
depicted in Figure 1.2. NADH and FADH, generated by gly-
colysis and the TCA cycle are subsequently part of oxidative
phosphorylation, where they transfer their electrons to O, in a
series of electron transfer reactions whose high energy potential
is used to drive phosphorylation. Overall, a net yield of 30 ATPs
is gained per glucose molecule as the result of glycolysis, the
TCA cycle and oxidative phosphorylation.

Pyruvate (from glycolysis)

N

Acetyl CoA

N

Citrate .
Isocitrate
Oxaloacetate

a-Ketoglutarate
Malate g

Succinyl CoA
Succinate

Fumarate

Figure 1.2. An overview of the TCA cycle.

Intermediates of carbohydrate metabolism play an important
role in many food products. The conversion products of glycogen
in fish and mammalian muscles are now known to utilise dif-
ferent pathways, but ultimately result in glucose-6-phosphate,
leading into glycolysis. Lactic acid formation is an important
phenomenon in rigor mortis, and souring and curdling of milk
as well as in manufacturing sauerkraut and other fermented veg-
etables. Ethanol is an important end product in the production of
alcoholic beverages, bread making and in some overripe fruits to
alesser extent. The TCA cycle is also important in alcoholic fer-
mentation, cheese maturation and fruit ripening. In bread mak-
ing, o-amylase (added or present in the flour itself) partially
hydrolyses starch to release glucose units as an energy source
for yeast growth and development, which is important for the
dough to rise during fermentation.

During germination of cereal grains, glucose and glucose
phosphates or fructose phosphates are produced from starch.
Some of the relevant biochemical reactions are summarised in
Table 1.1. The sugar phosphates are then converted to pyruvate
via glycolysis, which is utilised in various biochemical reac-
tions. The glucose and sugar phosphates can also be used in the
building of various plant structures, e.g. cellulose is a glucose
polymer and is the major structural component of plants.

In addition to starch, plants also possess complex carbohy-
drates, e.g. cellulose, S-glucans and pectins. Both cellulose
and B-glucans are composed of glucose units bound by B-
glycosidic linkages that cannot be metabolised in the human
body. They are important carbohydrate reserves in plants that
can be metabolised into smaller molecules for utilisation during
seed germination. Pectic substances (pectins) act as the “glue”
among cells in plant tissue and also are not metabolised in the
human body. Together with cellulose and S-glucans, pectins are
classified as dietary fibre.

Derivatives of cellulose can be made through chemical
modification under strongly basic conditions where side chains
such as methyl and propylene react and bind at sugar hydroxyl
groups. The resultant derivatives are ethers (oxygen bridges)
joining sugar residues and the side chain groups (Coffee et al.
1995). A major function of cellulose derivatives is to act as
a bulking agent in food products. Two examples of important
food-related derivatives of cellulose are carboxymethylcellulose
and methylcellulose.

Pectin substances include polymers composed mainly of
a-(1,4)-p-galacturonopyranosyl units and constitute the middle
lamella of plant cells. Pectins exist in the propectin form in
unripe (green) fruit, contributing to firm, hard structures. Upon
ripening, propectins are metabolised into smaller molecules,
giving ripe fruits a soft texture. Controlling enzymatic activity
against propectin is commercially important in fruits such
as tomatoes, apples and persimmons. Research and the de-
velopment of genetically modified tomatoes allowed uniform
ripening prior to processing and consumption. Fuji apples can
be kept in the refrigerator for a much longer time than other
varieties of apples before reaching the soft, grainy texture stage
due to a lower pectic enzyme activity. Persimmons are hard
in the unripe stage, but can be ripened to a very soft texture
as a result of pectic- and starch-degrading enzymes. Table 1.2
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Table 1.1. Starch Degradation During Cereal Grain Germination

Enzyme

Reaction

a-Amylase (EC 3.2.1.1)

Hexokinase (EC 2.7.1.1)
a-Glucosidase (maltase, EC 3.2.1.20)

Oligo-1,6 glucosidase (limit dextrinase, isomaltase,
EC 3.2.1.10)

B-Amylase (EC 3.2.1.2)

Phosphorylase (EC 2.4.1.1)

Phosphoglucomutase (EC 5.4.2.2)

Glucosephosphate isomerase (EC 5.3.1.9)

UTP-glucose-1-phosphate uridyl transferase (UDP-glucose
pyrophosphorylase, EC 2.7.7.9)

Sucrose phosphate synthetase (EC 2.4.1.14)

Sugar phosphate phosphohydrolase (sugar phosphatase,
EC 3.1.3.23)

Sucrose phosphatase (EC 3.1.3.24)

Sucrose synthetase (EC2.4.1.13)

B-Fructose-furanosidase (invertase, succharase, EC 3.2.1.26)

Starch — Glucose + Maltose + Maltotriose + «-Limit
dextrins + Linear maltosaccharides

Glucose + ATP — Glucose-6-phosphate + ADP

Hydrolysis of terminal, non-reducing 1,4-linked «-D-glucose
residues releasing a-D-glucose

a-Limit dextrin — Linear maltosaccharides

Linear maltosaccharides — Maltose

Linear maltosaccharides + Phosphate —
«-D-Glucose-1-phosphate

a-D-Glucose-1-phosphaate — «-D-Glucose-6-phosphate

D-Glucose-6-phosphate — D-Fructose-6-phosphate

UTP + a-D-Glucose-1-phosphate — UDP-glucose +
Pyrophosphate

UDP-glucose + p-Fructose-6-phosphate — Sucrose
phosphate + UDP

Sugar phosphate (fructose-6-phosphate) — Sugar (fructose)
+ Inorganic phosphate

Sucrose-6-F-phosphate — Sucrose + Inorganic phosphate

NDP-glucose + p-Fructose — Sucrose + NDP

Sucrose — Glucose + Fructose

Source: Duffus 1987, Kruger and Lineback 1987, Kruger et al. 1987, Eskin 1990, Hoseney 1994, [IUBMB-NC website (www.iubmb.org).

Table 1.2. Degradation of Complex Carbohydrates

Enzyme

Reaction

Cellulose degradation during seed germination
Cellulase (EC 3.2.1.4)

Glucan 1,4-B-glucosidase (exo-1,4, B-glucosidase, EC
3.2.1.74)
Cellulose 1,4-B-cellubiosidase (EC 3.2.1.91)

B-Galactosan degradation”
B-Galactosidase (EC 3.21.1.23)

B-Glucan degradation®

Glucan endo-1,6, B-glucosidase (EC 3.2.1.75)
Glucan endo-1,4, B-glucosidase (EC 3.2.1.74)
Glucan endo-1,3-8-p-glucanase (EC 3.2.1.58)

Glucan 1,3-B-glucosidase (EC 3.2.1.39)

Pectin degradation”
Polygalacturonase (EC 3.2.1.15)

Galacturan 1,4-a-galacturonidase (EC 3.2.1.67)
Pectate lyase (pectate transeliminase, EC 4.2.2.2)

Pectin lyase (EC 4.2.2.10)

Endohydrolysis of 1,4--glucosidic linkages in cellulose and cereal
B-D-glucans

Hydrolysis of 1,4 linkages in 1,4-8-D-glucan so as to remove
successive glucose units

Hydrolysis of 1,4-8-b-glucosidic linkages in cellulose and
cellotetraose releasing cellubiose from the non-reducing ends of the
chains

B-(1—4)-linked galactan — D-Galactose

Random hydrolysis of 1,6 linkages in 1,6-8-D-glucans

Hydrolysis of 1,4 linkages in 1,4-8-D-glucans so as to remove
successive glucose units

Successive hydrolysis of 8-D-glucose units from the non-reducing ends
of 1,3-B-p-glucans, releasing «-glucose

1,3-B-p-glucans — «-D-glucose

Random hydrolysis of 1,4-a-D-galactosiduronic linkages in pectate
and other galacturonans

(1,4-a-p-Galacturoniside),, + H,O — (1,4-a-D-Galacturoniside),_; +
D-Galacturonate

Eliminative cleavage of pectate to give oligosaccharides with
4-deoxy-a-D-galact-4-enuronosyl groups at their non-reducing ends

Eliminative cleavage of pectin to give oligosaccharides with terminal
4-deoxy-6-methyl-a-D-galact-4-enduronosyl groups

Source: “Duffus 1987, Kruger and Lineback 1987, Kruger et al. 1987, Smith 1999, PEskin 1990, TUBMB-NC website (www.iubmb.org).
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Table 1.3. Changes in Carbohydrates in Cheese Manufacturing

Action, Enzyme or Enzyme System

Reaction

Formation of lactic acid
Lactase (EC 3.2.1.108)
Tagatose pathway
Embden—Meyerhoff pathway

Formation of pyruvate from citric acid
Citrate (pro-3S) lyase (EC 4.1.3.6)
Oxaloacetate decarboxylase (EC 4.1.1.3)

Formation of propionic and acetic acids
Propionate pathway

Formation of succinic acid
Mixed acid pathway

Formation of butyric acid
Butyric acid pathway

Formation of ethanol
Phosphoketolase pathway

Pyruvate decarboxylase (EC 4.1.1.1)
Alcohol dehydrogenase (EC 1.1.1.1)

Formation of formic acid
Pyruvate-formate lyase (EC 2.3.1.54)

Formation of diacetyl, acetoin, 2,3-butylene glycol

Citrate fermentation pathway

Lactose + H,O— D-Glucose + D-Galactose
Galactose-6-P — Lactic acid
Glucose — Pyruvate — Lactic acid

Citrate — Oxaloaceate
Oxaloacetate — Pyruvate + CO,

3 Lactate — 2 Propionate + 1 Acetate + CO, + H,O
3 Alanine — Propionic acid + 1 Acetate + CO, + 3 Ammonia

Propionic acid + CO, — Succinic acid
2 Lactate — 1 Butyrate + CO; + 2H,

Glucose — Acetylaldehyde — Ethanol
Pyruvate — Acetylaldehyde + CO,
Acetylaldehyde + NAD + H' — Ethanol + NAD*

Pyruvate + CoA — Formic acid + Acetyl CoA

Citrate — Pyruvate — Acetyl CoA — Diacetyl — Acetoine —
2,3-Butylene glycol

Formation of acetic acid
Pyruvate-formate lyase (EC 2.3.1.54)
Acetyl-CoA hydrolase (EC 3.1.2.1)

Pyruvate + CoA — Formic acid + Acetyl CoA
Acetyl CoA + H,O— Acetic acid + CoA

lists some of the enzymes and their reactions related to these
complex carbohydrates.

METABOLISM OF LACTOSE IN CHEESE PRODUCTION

Milk does not contain high-molecular weight carbohydrates;
however, it does contain lactose. Lactose can be enzymatically
degraded to glucose and galactose-6-phosphate by the enzyme
lactase, which can be produced by lactic acid bacteria. Glucose
and galactose-6-phosphate are then further metabolised to var-
ious smaller molecules through various biochemical reactions
that are important in the flavour development of various cheeses,
e.g. butyric acid via lactic acid decarboxylation. Table 1.3 lists
some of these enzymatic reactions.

REMOVAL OF GLUCOSE IN EGG POWDER

Glucose is present in very small quantities in egg albumen and
egg yolk; however, it can undergo non-enzymatic reactions,
e.g. Maillard reactions, which lower the quality of the final
products. This problem can be overcome by using the glucose
oxidase—catalase system. Glucose oxidase converts glucose to
gluconic acid and hydrogen peroxide, which then decomposes

into water and oxygen by the action of catalase. This process is
used almost exclusively for whole egg and other yolk-containing
products. However, for dehydrated egg albumen, bacterial and/or
yeast fermentation is used to remove glucose.

PRODUCTION OF STARCH SUGARS AND SYRUPS

The hydrolysis of starch by means of enzymes («¢- and f-
amylases) and/or acid to produce glucose (dextrose, D-glucose)
and maltose syrups has resulted in the availability of vari-
ous starch syrups, maltodextrins, maltose and glucose for the
food, pharmaceutical and other industries. In the 1950s, re-
searchers discovered that some xylose isomerase (D-xylose-
keto-isomerase, EC 5.3.1.5) preparations possessed the ability to
convert D-glucose to D-fructose. In the early 1970s, researchers
developed immobilised enzyme technology for various applica-
tions. Since fructose is sweeter than glucose, xylose isomerase
was successfully applied to this new technology with the pro-
duction of high-fructose syrup (called high-fructose corn syrup
in the United States; Carasik and Carroll 1983). High-fructose
syrups have since replaced most of the glucose syrups in the soft
drink industry.
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FOOD PROTEIN BIOCHEMISTRY
PROPERTIES OF AMINO ACIDS

Proteins are polymers of amino acids joined by peptide bonds.
Twenty amino acids commonly exist and their possible combi-
nations result in the potential for an incredibly large number of
sequence and 3D structural protein variants. Amino acids con-
sist of a carbon atom (C,) that is covalently bonded to an amino
group and a carboxylic acid group. Thus, they have an N-C,—C
‘backbone’. In addition, the C, is bound to a hydrogen atom and
one of 20 ‘R groups’ or ‘side chains’, hence the general formula:

+ NHj3 — CHR — COO™

The above general formula describes 19 of the 20 amino
acids except proline, whose side chain is irregular, in that it
is covalently bound to both the a-carbon and the backbone
nitrogen. The covalent bonds among different amino acids in
a protein are called peptide bonds. The 20 amino acids can
be divided into three categories based on R-group differences:
non-polar, polar and charged polar. The functional properties of
food proteins are directly attributable to the amino acid R-group
properties: structural (size, shape and flexibility), ionic
(charge and acid—base character) and polarity (hydrophobicity/
hydrophilicity).

At neutral pH, most free amino acids are zwitterionic, i.e. they
are dipolar ions, carrying both a positive and negative charge, as
shown in the general formula above. Since the primary amino
and carboxyl groups of amino acids are involved in peptide
bonds within a protein, it is only the R groups (and the ends
of the peptide chains) that contribute to charge; the charge of a
protein being determined by the charge states of the ionisable
amino acid R groups that make up the polypeptide, namely
aspartic acid (Asp), glutamic acid (Glu), histidine (His), lysine
(Lys), arginine (Arg), cysteine (Cys) and tyrosine (Tyr). The
acidic amino acids are Tyr, Cys, Asp and Glu (note: Tyr and Cys
require pH above physiologic pH to act as acids, and therefore,
are less important charge contributors in living systems). Lys,
Arg and His are basic amino acids.

The amino acid sequence and properties determine overall
protein structure. Some examples are as follows: Two residues
of opposite charges can form a salt bridge. For example, Lys and
Asp typically have opposite charges under the same conditions,
and if the side chains are proximate, then the negatively charged
carboxylate of Asp can salt-bridge to the positively charged
ammonium of Lys. Another important inter-residue interaction
is covalent bonding between Cys side chains. Under oxidising
conditions, the sulthydryl groups of Cys side chains (-S—H) can
form a thiol covalent bond (-S—S-) also known as a disulphide
bond. Lastly, hydrophobic (non-polar) amino acids are generally
sequestered away from the solvent in aqueous solutions (which
is not always the case for food products), since interaction with
polar molecules is not energetically stable.

PROTEIN NUTRITIONAL CONSIDERATIONS

In terms of survival and good health, the contributions of protein
in the diet are to provide adequate levels of what are referred to

as ‘essential amino acids’ (Lys, methionine, phenylalanine, thre-
onine, tryptophan, valine, leucine and isoleucine), amino acids
that are either not produced in sufficient quantities or not at all
by the body to support building/repairing and maintaining tis-
sues as well as protein synthesis. Single source plant proteins are
referred to as incomplete proteins since they do not have suffi-
cient quantities of the essential amino acids in contrast to animal
proteins, which are complete. For example, cereals are deficient
in Lys, while oilseeds and nuts are deficient in Lys as well as
methionine. In order for plant proteins to become ‘complete’,
complementary sources of proteins must be consumed, i.e. the
deficiency of one source is complemented by an excess from
another source, thus making the combined protein ‘complete’.

Although some amino acids are gluconeogenic, meaning that
they can be converted to glucose, proteins are not a critical
source of energy. Dietary protein breakdown begins with cook-
ing (heat energy) and chewing (mechanical energy) followed by
acid treatment in the stomach (chemical energy) as well as the
mechanical actions of the upper GI. The 3D structures of pro-
teins are partially lost due to such forces and are said to ‘unfold’
or denature.

In addition to protein denaturation, the stomach and upper
intestine produce two types of proteases (enzymes that hydrol-
yse peptide bonds) that act on dietary proteins. Endopeptidases
are proteases that cleave interior peptide bonds of polypeptide
chains, while exopeptidases are proteases that cleave at the ends
of proteins exclusively. Pepsin, an acid protease that functions
optimally at extremely low pH of the stomach, releases pep-
tides from muscle and collagen proteins. In the upper intestine,
serine proteases trypsin and chymotrypsin further digest pep-
tides, yielding free amino acids for absorption into the blood
(Champe et al. 2005). An important consideration regarding the
nutritional quality of proteins is the effect of processing. Heat
and chemical treatments can serve to unfold proteins, thereby
aiding to increase enzymatic hydrolysis, i.e. unfolded proteins
have a larger surface area for enzymes to act. This may increase
the amino acid bioavailability, but it can also lead to degrada-
tive/transformative reactions of amino acids, e.g. deamidation of
asparagine and glutamine, reducing these amino acids as nutrient
sources.

ANIMAL PROTEIN STRUCTURE AND PROTEOLYSIS IN
Foobp SYSTEMS

Animal tissues have similar structures despite minor differ-
ences between land and aquatic (fish and shellfish) animal
tissues. Post-mortem, meat structure breaks down slowly, result-
ing in desirable tenderisation and eventual undesirable degrada-
tion/spoilage. Understanding meat structure is critical to un-
derstanding these processes, and Table 1.4 lists the location
and major functions of myofibrillar proteins associated with
the contractile apparatus and cytoskeletal framework of animal
tissues. Individual muscle fibres are composed of myofibrils,
which are the basic units of muscular contraction. The skeletal
muscle of fish differs from that of mammals, in that the fi-
bres arranged between the sheets of connective tissue are much
shorter. The connective tissue appears as short, transverse sheets
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Table 1.4. Locations and Major Functions of Myofibrillar Proteins Associated with Contractile Apparatus and

Cytoskeletal Framework

Location Protein Major Function
Contractile apparatus
A-band Myosin Muscle contraction
c-Protein Binds myosin filaments
F-, H-, I-Proteins Binds myosin filaments
M-line M-Protein Binds myosin filaments
Myomesin Binds myosin filaments
Creatine kinase ATP synthesis
I-band Actin Muscle contraction
Tropomyosin Regulates muscle contraction

Troponins T, I, C

B-, y-Actinins

Cytoskeletal framework

GAP filaments Connectin (titin)
N,-line Nebulin

By sarcolemma Vinculin

Z-line o-Actinin

Eu-actinin, filamin
Desmin, vimmentin
Synemin, Z-protein, Z-nin

Regulates muscle contraction
Regulates actin filaments

Links myosin filaments to Z-line
Unknown

Links myofibrils to sarcolemma
Links actin filaments to Z-line
Links actin filaments to Z-line
Peripheral structure to Z-line
Lattice structure of Z-line

Source: Eskin 1990, Lowrie 1992, Huff-Lonergar and Lonergan 1999, Greaser 2001.

(myocommata) that divide the long fish muscles into segments
(myotomes) corresponding in numbers to those of the vertebrae.
A fine network of tubules, the sarcoplasmic reticulum, sepa-
rates the individual myofibrils, and within each fibre is a liquid
matrix referred to as the sarcoplasm-containing enzymes, mito-
chondria (cellular powerhouse), glycogen (carbohydrate storage
form in animals), adenosine triphosphate (energy currency), cre-
atine (part of energy transfer in muscle) and myoglobin (oxygen
transport molecule). The basic unit of the myofibril is the sar-
comere, which is made up of a thick set of filaments consisting
mainly of myosin, a thin set containing primarily of F-actin and a
filamentous ‘cytoskeletal structure’ composed of connectin and
desmin. Meat tenderisation is a very complex, multi-factorial
process involving glycolysis and the actions of both endogenous
proteases (e.g. cathepsins and calpains) as well as intentionally
added enzymes. Table 1.5 lists some of the more common en-
zymes used in meat tenderisation. Papain, ficin and bromelain
are proteases of plant origin that efficiently break down ani-
mal proteins applied in meat tenderisation industrially or at the
household/restaurant levels. Enzymes such as pepsins, trypsins
and cathepsins cleave animal tissues at various sites of pep-
tide chains, while enteropeptidase (enterokinase) is also known
to activate trypsinogen by cleaving its Lys6-Ile7 peptide bond.
Plasmin, pancreatic elastase and collagenase are responsible for
the breakdown of animal connective tissues.

Chymosin (rennin) is the primary protease critical for the
initial milk clotting step in cheese making and is traditionally
obtained from calf stomach. Lactic acid bacteria (starter) grad-
ually acidify milk to the pH 4.7, the optimal pH for coagulation

by chymosin. Most lactic acid starters have limited proteolytic
activities, i.e. product proteins are not degraded fully as in the
case of Gl tract breakdown of dietary proteins. The proteases and
peptidases breakdown milk caseins to smaller protein molecules
that, combined with milk fat, provide the cheese structure. Other
enzymes such as decarboxylases, deaminases and transaminases
are responsible for the degradation of amino acids into secondary
amines, indole, a-keto acids and other compounds that give the
typical flavour of cheeses (see Table 1.6 for enzymes and their
reactions).

Germinating seeds also undergo proteolysis, although in a
much lower amount relative to meat. Aminopeptidase and car-
boxypeptidase A are the main, known enzymes (Table 1.7) here
that produce peptides and amino acids needed in the growth of
the plant.

In beer production, a small amount of protein is dissolved
from the wheat and malt into the wort. The protein fraction
extracted from the wort may precipitate if present in the resulting
beer due to its limited solubility at lower temperatures, resulting
in hazing. Proteases of plant origin such as papain, ficin and
bromelain break down such proteins to reduce this ‘chill-haze’
problem in the brewing industry.

PROTEIN MODIFICATIONS

A protein’s amino acid sequence is critical to its physico-
chemical properties, and it follows that changes made to indi-
vidual amino acids may alter its functionality. In addition to the
many chemical alterations that may occur to amino acids during
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Table 1.5. Proteases in Animal Tissues and Their Degradation

Enzyme

Reaction

Aspartic proteases
Pepsin A (pepsin, EC 3.4.23.1)

Preferential cleavage, hydrophobic, preferably aromatic, residues in

Gastricsin (pepsin C, EC 3.4.23.3)

Cathepsin D (EC 3.4.23.5)

P1 and P’1 positions

More restricted specificity than pepsin A; high preferential cleavage

at Tyr bond
Specificity similar to, but narrower than that of pepsin A

Serine proteases

Trypsin (a- and b-trypsin, EC 3.4.21.4)

Chymotrypsin (Chymotrypsin A and B, EC 3.4.21.1)

Chymotrysin C (EC 3.4.21.2)

Pancreatic elastase (pancreato-peptidase E, pancreatic
elastase I, EC 3.4.21.36)

Plasmin (fibrinase, fibrinolysin, EC 3.4.21.7)

Enteropeptidase (enterokinase, EC 3.4.21.9)

Collagenase

Thiolcysteine proteases
Cathepsin B (cathepsin B1, EC 3.4.22.1)
Papain (EC 3.4.22.2)

Fiacin (ficin, EC 3.4.23.3)

Bromelain (EC 3.4.22.4)

y-Glutamyl hydrolase (EC 3.4.22.12 changed to 3.4.1.99)
Cathepsin H (EC 3.4.22.16)

Calpain-1 (EC 3.4.22.17 changed to 3.4.22.50)

Metalloproteases
Procollagen N-proteinase (EC 3.4.24.14)

Cleavage to the C-terminus of Arg and Lys

Preferential cleavage: Tyr-, Trp-, Phe-, Leu-

Preferential cleavage: Leu-, Tyr-, Phe-, Met-, Trp-, Gln-, Asn-
Hydrolysis of proteins, including elastin. Preferential cleavage: Ala

Preferential cleavage: Lys > Arg; higher selectivity than trypsin
Activation of trypsinogen by selective cleavage of Lys6-Ile7 bond
Hydrolysis of collagen into smaller molecules

Broad speicificity, Arg—Arg bond preference in small peptides

Broad specificity; preference for large, hydrophobic amino acid at
P2; does not accept Val at P1’

Similar to that of papain

Broad specificity similar to that of pepsin A

Hydrolyses y-glutamyl bonds

Protein hydorlysis; acts also as an aminopeptidase and
endopeptidase (notably cleaving Arg bond)

Limited cleavage of tropinin I, tropomyosin, myofibril C-protein,
cytoskeletal proteins; activates phosphorylase, kinase, and
cyclic-nucleotide-dependent protein kinase

Cleaves N-propeptide of pro-collagen chain «1(I) at Pro+Gln and
a1(II), and «2(I) at Ala+Gln

Source: Eskin 1990, Haard 1990, Lowrie 1992, Huff-Lonergan and Lonergan 1999, Gopakumar 2000, Jiang 2000, Simpson 2000, Greaser 2001,

IUBMB-NC website (www.iubmb.org).

food processing, e.g. deamidation, natural, enzymatic protein
modifications collectively known as post-translational modifi-
cations may also occur upon their expression in cells. Some
examples are listed in Table 1.8.

PROTEIN STRUCTURE

Protein folding largely occurs as a means to minimise the en-
ergy of the system where hydrophobic groups are maximally
shielded from aqueous environments and while the exposure
of hydrophilic groups to aqueous environments is maximised.
Protein structures follow a hierarchy: primary, secondary, ter-
tiary and quaternary structures. Primary structure refers to the
amino acid sequence; secondary structures are the structures
formed by amino acid sequences (e.g. @-helix, §-sheet, random
coil); tertiary structures are the 3D structures made up of sec-
ondary structures (the way that helices, sheets and random coils

pack together) and quaternary structure refers to the associa-
tion of tertiary structures (e.g. two subunits of an enzyme) in
oligomeric proteins. The overall shapes of proteins fall into two
general types: globular and fibrous. Enzymes, transport proteins
and receptor proteins are examples of globular proteins having
a compact, spherical shape. Hair keratin and muscle myosin are
examples of fibrous proteins having elongated structures that are
simple compared to globular proteins.

OXIDATIVE BROWNING

Oxidative browning, also called enzymatic browning, involves
the actions of a group of enzymes generally referred to as
polyphenol oxidase (PPO) or phenolase. PPO is normally com-
partmentalised in tissue such that oxygen is unavailable. Injury
or cutting of plant material, especially apples, bananas, pears and
lettuce, results in decompartmentalisation, making O, available
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Table 1.6. Proteolytic Changes in Cheese Manufacturing

Enzyme

Reaction

Coagulation
Chymosin (rennin, EC 3.4.23.4)

Proteolysis
Proteases

Amino peptidases, dipeptidases, tripeptidases
Proteases, endopeptidases, aminopeptidases

Decomposition of amino acids
Aspartate transaminase (EC 2.6.1.1)
Methionine y-lyase (EC 4.4.1.11)
Tryptophanase (EC 4.1.99.1)
Decarboxylases

Deaminases

k-Casein — Para-k-casein + Glycopeptide, similar to pepsin A

Proteins — High-molecular-weight peptides + Amino Acids
Low molecular weight peptides — Amino acids
High-molecular weight peptides — Low molecular weight peptides

L-Asparate + 2-Oxoglutarate — Oxaloacetate + L-Glutamate
L-Methionine — Methanethiol + NH;3 + 2-Oxobutanolate
L-Tryptophan + H,O — Indole + Pyruvate + NHj3
Lysine — Cadaverine

Glutamate — Aminobutyric acid

Tyrosine — Tyramine

Tryptophan — Tryptamine

Arginine — Putrescine

Histidine — Histamine

Alanine — Pyruvate

Tryptophan — Indole

Glutamate — «a-Ketoglutarate

Serine — Pyruvate

Threonine — «-Ketobutyrate

Source: Schormuller 1968, Kilara and Shahani 1978, Law 1984a, 1984b, Grappin et al. 1985, Gripon 1987, Kamaly and Marth 1989, Khalid and

Marth 1990, Steele 1995, Walstra et al. 1999 (www.iubmb.org).

Table 1.7. Protein Degradation in Germinating Seeds

Enzyme

Reaction

Aminopeptidase (EC 3.4.11.xx)

Neutral or aromatic aminoacyl-peptide + H,O — Neutral or

aromatic amino acids + Peptide

Carboxypeptidase A (EC 3.4.17.1)

Release of a C-terminal amino acid, but little or no action

with -Asp, -Glu, -Arg, -Lys or -Pro

Source: Stauffer 1987a, 1987b, Bewley and Black 1994, IUBMB-NC website (www.iubmb.org).

Table 1.8. Amino Acid Modifications

Amino Acid Modification Product

Arginine Deamination Citrulline

Glutamine Deamination Glutamic acid

Asparagine Deamination Aspartic acid

Various C-terminal amidation Amidated amino acid/protein
Serine Phosphorylation Phosphoserine

Histidine Phosphorylation Phosphohistidine

Tyrosine Phosphorylation Phosphotyrosine

Threonine Phosphorylation Phosphothreonine

Asparagine Glycosylation Various; N-linked glycoprotein
Serine Glycosylation Various; O-linked glycoprotein

Threonine Glycosylation

Various; O-linked glycoprotein
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to PPO for subsequent action on the phenolic ring of Tyr. Phe-
nolics are hydroxylated, thus producing diphenols that are then
subsequently oxidised to quinones:

2 Tyrosine O,+BH; — 2 Dihydroxylphenylamine + O,

— 2 0-Benzoquinone + 2H,0

The action of PPO can be desirable in various food products,
such as raisins, prunes, dates, cider and tea; however, the extent
of browning needs to be controlled. The use of reducing com-
pounds is the most effective control method for PPO browning.
The most widespread anti-browning treatment used by the food
industry was the addition of sulfiting agents; however, due to
safety concerns (e.g. allergenic-type reactions), other methods
have been developed, including the use of other reducing agents
(ascorbic acid and analogues, Cys, glutathione), chelating agents
(phosphates, EDTA), acidulants (citric acid, phosphoric acid),
enzyme inhibitors, enzyme treatment and complexing agents
(e.g. copolymerised S-cyclodextrin or polyvinylpolypyrroli-
done; Sapers et al. 2002). Application of these PPO activity
inhibitors is strictly regulated in different countries (Eskin 1990,
Gopakumar 2000, Kim et al. 2000). Oxidative browning is one
of three types of browning reactions important in food colour, the
other two being non-oxidative/Maillard browning and carameli-
sation (covered above and extensively in food chemistry texts;
see Damodaran et al. 2008).

EnzymMATIC TEXTURE MODIFICATIONS

Transglutaminase (TGase, EC 2.3.2.13, protein-glutamine-y-
glutamyltransferase) catalyses acyl transfer between R group
carboxyamides of glutamine residues in proteins, peptides and
various primary amines; the e-amino group of Lys acts as acyl ac-
ceptor, resulting in polymerisation and inter- or intra-molecular
cross-linking of proteins via formation of e-(-y-glutamyl) Lys
linkages via exchange of the Lys e-amino group for ammonia
at the carboxyamide group of a glutamine residue. Formation
of covalent cross-links between proteins is the basis for TGase-
based modification of food protein physical properties. The pri-
mary applications of TGase in seafood processing have been
for cold restructuring, cold gelation of pastes and gel-strength
enhancement through myosin cross-linking.

QuaLITy INDEX

Trimethylamine and its N-oxide have long been used as indices
for freshness in fishery products. Degradation of trimethylamine
and its N-oxide leads to the formation of ammonia and formalde-
hyde with undesirable odours. The pathway on the production
of formaldehyde and ammonia from trimethylamine and its N-
oxide is shown in Figure 1.3.

Most live pelagic and scombroid fish (e.g. tunas, sardines and
mackerel) contain an appreciable amount of His in the free state.
In post-mortem scombroid fish, the free His is converted by the
bacterial enzyme His decarboxylase into free histamine. His-
tamine is produced in fish caught 40-50 hours after death when

Trimethylamine

Trimethylamine N-oxide reductase

Trimethylamine dehydrogenase
+ H,0, NADH

+H,0, flavoprotein

e

Formaldehyde

NAD*

Trimethylamine
N-oxide

Trimethylamineoxidealdolase

v
Dimethylamine

Dimethylamine | + H,O, FAD
dehydrogenase
- FADH

Methylamine — Formaldehyde

Amine
dehydrogenase +H,0
- Formaldehyde
Ammonia

Figure 1.3. Degradation of trimethylamine and its N-oxide.
Trimethylamine N-oxide reductase (EC 1.6.6.9), trimethylamine
dehydrogenase (EC 1.5.8.2), dimethylamine dehydrogenase (EC
1.5.8.1), amine dehydrogenase (EC 1.4.99.3). (From Haard et al.
1982, Gopakumar 2000, Stoleo and Rehbein 2000, IUBMB-NC
website (www.iubmb.org).)

fish are not properly chilled. Improper handling of tuna and
mackerel after harvest can produce enough histamine to cause
food poisoning (called scombroid or histamine poisoning), re-
sulting in facial flushing, rashes, headache and gastrointestinal
disorder. These disorders seem to be strongly influenced by
other related biogenic amines, such as putrescine and cadaver-
ine, produced by similar enzymatic decarboxylation (Table 1.9).
The presence of putrescine and cadaverine is more significant in
shellfish, such as shrimp. The detection and quantification of his-
tamine is fairly simple and inexpensive; however, the detection
and quantification of putrescine and cadaverine are more com-
plicated and expensive. Despite the possibility that histamine
may not be the main cause of poisoning (histamine is not stable
under strong acidic conditions such as the stomach), it is used
as an index of freshness of raw materials due to the simplicity
of histamine analysis (Gopakumar 2000).

Urea is hydrolysed by the enzyme urease (EC 3.5.1.5), pro-
ducing ammonia, which is one of the components measured by
total volatile base (TVB). TVB nitrogen has been used as a qual-
ity index of seafood acceptability by various agencies (Johnson
and Linsay 1986, Cadwallader 2000, Gopakumar 2000). Live
shark contains relatively high amounts of urea, thus under im-
proper handling urea is converted to ammonia, giving shark meat
an ammonia odour, which is a quality defect.
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Table 1.9. Secondary Amine Production in Seafood

Enzyme

Reaction

Histidine decarboxyalse (EC 4.1.1.22)
Lysine decarboxylase (EC 4.1.1.18)
Ornithine decarboxylase (EC 4.1.1.17)

L-Histidine — Histamine + CO,
L-Lysine — Cadaverine + CO,
L-Ornithine — Putrescine + CO,

Source: Gopakumar 2000, [IUBMB-NC website (www.iubmb.org).

Fruit RIPENING

Ethylene, a compound produced as a result of fruit ripening, acts
as an initiator and accelerator of fruit ripening. Its concentration
is low in green fruits, but can accumulate inside the fruit and
subsequently activate its own production (positive feedback).
Table 1.10 lists enzymes in the production of ethylene starting
from methionine. Ethylene is commonly used to intentionally
ripen fruit. During shipping of green bananas, ethylene is re-
moved through absorption by potassium permanganate to render
a longer shelf life.

ANALYTICAL PROTEIN BIOCHEMISTRY

The ability to isolate food proteins from complex materi-
als/matrices is critical to their biochemical characterisation. Dif-
fering biochemical characteristics such as charge, isoelectric
point, mass, molecular shape and size, hydrophobicity, ligand
affinity and enzymatic activity all offer opportunities for sepa-
ration. Charge and size/mass are commonly exploited parame-
ters used to separate different proteins using ion exchange and
size exclusion chromatography, respectively. In ion exchange
chromatography, proteins within a sample are bound to a sta-
tionary phase having an opposite charge (e.g. anionic proteins
are bound to a cationic column matrix). A gradient of compet-
ing ions is then passed through the column matrix such that
weakly bound proteins will elute at low gradient concentration
and thus are separated from strongly bound proteins. In the case
of size-exclusion chromatography, protein mixtures are passed
through an inert stationary phase containing beads having pores
of known size. Thus, larger molecules will take a more direct
(and hence faster) path relative to smaller molecules, which can
fit into the beads, resulting in a more ‘meandering’, longer path,
and therefore, elute slower (in comparison to larger molecules).

Table 1.10. Ethylene Biosynthesis

Perhaps the most basic biochemical analysis is the determi-
nation of molecular mass. Polyacrylamide gel electrophoresis
(PAGE) in the presence of a detergent and a reducing agent is
typically used for this purpose (mass spectrometry is used for
precise measurement where possible). Detergent (sodium dode-
cyl sulphate; SDS) is incorporated to negate charge effects and
to ensure all proteins are completely unfolded, thereby leaving
only mass as the sole determinant for rate of travel through the
gel and hence the term SDS-PAGE. Proteins denatured with
SDS have a negative charge and, therefore, will migrate through
the gel in an electric field (see Figure 1.4). A standard curve
for proteins with known molecular masses consisting of rela-
tive mobility versus log [molecular mass] can be generated to
calculate masses of unknowns run on the same gel.

Foop ALLERGENICITY

The primary role of the immune system is to distinguish be-
tween self and foreign biomolecules in order to defend the host
against invading organisms. Antibody proteins that are produced
in response to the foreign compounds are specifically referred to
as immunoglobulins (Ig), where five classes exist, which share
common structural motifs: IgG, IgA, IgM, IgD and IgE. IgE, the
least abundant class of antibodies, are the immunogenic proteins
important to protection against parasites as well as the causative
proteins in allergic reactions (Berg 2002).

Allergic diseases, particularly in industrialised countries,
have significantly increased in the last two decades (Mine and
Yang 2007). In the United States, food-induced allergies oc-
cur in an estimated 6% of young children and 3-4% of adults
(Sicherer and Sampson 2006). The most common causes of
food allergic reactions for the young are cow’s milk and egg,
whereas adults are more likely to develop sensitivity to shellfish

Enzyme

Reaction

Methionine adenosyltransferase (EC 2.5.1.6)

L-Methionine + ATP + H,O — S-adenosyl-y-methionine +

Diphosphate + Pi

Aminocyclopropane carboxylate synthetase
(EC44.1.14)

Aminocyclopropane carboxylate oxidase
(EC4.14.17.4)

S-adenosyl-y-methionine — 1-Aminocyclopropane-1-carboxylate +
5’-Methylthio-adenosine

1-Aminocyclopropane- 1-carboxylate + Ascorbate + %Oz — Ethylene
+Dedroascorbate + CO, + HCN + H,O

Source: Eskin 1990, Bryce and Hill 1999, Crozier et al. 2000, Dangl et al. 2000, [IUBMB-NC website (www.iubmb.org).
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Figure 1.4. SDS-PAGE gel with protein standards of known masses
(right lane), impure target protein (left lane) and pure target protein
(middle lane; ***). The target protein was calculated to have a
molecular mass of 11,700 Daltons (Da) or 11.7 kDa.

(Sampson 2004). Such reactions are thought to result from an
abnormal response of the mucosal immune system towards nor-
mally harmless dietary proteins (antigens; Bischoff and Crowe
2005). Allergic reactions are distinct from food intolerances that
do not involve the immune system (Sampson and Cooke 1990).

One of the biggest problems with food allergy management
is that avoidance of antigen is the primary means of preventing
allergic reactions; however, minute amounts of so-called ‘hidden
allergens’ in the form of nut, milk and egg contaminants occur
in many processed foods. To avoid allergens entirely may pose
the risk of avoiding nutritionally important foods, resulting in
malnutrition, especially in the young, a problem highlighting the
need for control of allergens in foods including the making of
hypoallergenic food products (Mine and Yang 2007). Allergic
reactions to food components that are mediated by IgE are the
best understood and most common type (Type I; Ebo and Stevens
2001).

In general, glycosyl biomolecules are often important elic-
itors of immunogenic responses (Berg 2002), e.g. bacterial
lipopolysaccharides. Many proteins contain carbohydrate moi-
eties and are termed ‘glycoproteins’. IgE specific to glycans has
been reported (van Ree et al. 1995), and it was originally re-

ported that the carbohydrate portion of ovomucoid contributed
to binding human IgE (Matsuda et al. 1985); however, subse-
quent investigation suggested that it did not participate in protein
allergenicity (Besler et al. 1997).

As a means of reducing the allergenicity of egg proteins, en-
zymatic treatments have been studied. The major limitations or
potential hurdles to such an approach are the need for the aller-
gen epitope(s) to be directly impacted, i.e. cleavage upon enzyme
treatment, and the retaining of the unique functional properties
of egg proteins in foods, e.g. foaming and gelling (Mine et
al. 2008). A combination of thermal treatments and enzymatic
hydrolyses resulted in a hydrolysed liquid egg product with
100 times less IgE-binding activity than the starting material,
determined by analysis of human subjects having egg allergies
(Hildebrt et al. 2008 ). Flavour and texturising properties were
not altered when incorporated into various food products, sug-
gesting potential to manufacture customised products accessible
to egg-allergy sufferers (Mine et al. 2008).

ENZYME BIOTECHNOLOGY IN FOODS

Various enzymes are used as processing aids in the food indus-
try. Examples include acetolactate decarboxylase, a-amylase,
amylo-1,6-glucosidase, chymosin, lactase and maltogenic
a-amylase (Table 1.11), many of which are produced as recom-
binant proteins using genetic engineering techniques. Recombi-
nant expression has the advantage of providing consistent en-
zyme preparations since expression cultures can be maintained
indefinitely, and it is not dependent on natural sources (e.g. chy-
mosin from calf stomachs). In addition to recombinant enzymes,
microbial enzymes are also used, e.g. microbial rennets are used
in cheese production from several organisms: Rhizomucor pusil-
lus, R. miehei, Endothia parasitica, Aspergillus oryzae and Irpex
lactis. Trade names of microbial milk-clotting enzymes include
Rennilase, Fromase, Marzyme and Hanilase. Other enzymes in-
clude lactase, which is well accepted by the dairy industry for the
production of lactose-free milk for lactose-intolerant consumers,
and amylases, which are used for the production of high-fructose
corn syrup and as an anti-stalling agent for bread.

FOOD LIPID BIOCHEMISTRY
FATTY ACIDS

Lipids are organic compounds characterised by little or no sol-
ubility in water and are the basic units of all organisms’ mem-
branes, the substituent of lipoproteins and the energy storage
form of all animals. The basic units of lipids are fatty acids
(FAs), simple hydrocarbon chains of varying length with a car-
boxylic acid group at one end.

CH; — [CH;], — COOH

The carboxylic carbon is designated as carbon 1 (C1). FAs
are characteristically named using hydrocarbon chain length.
For example, a four carbon FA is butanoic acid, a five carbon
FA is pentanoic acid, a six carbon FA is hexanoic acid etc.,
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Table 1.11. Selected Commercial
Biotechnology-Derived Food Enzymes

Enzyme Application

Acetolactate decarboxylase Beer aging and diacetyl

(EC4.1.1.5) reduction
a-Amylase (EC 3.2.1.1) High-fructose corn syrup
production
Amylo-1,6-glucosidase (EC High-fructose corn syrup
3.2.1.33) production
Chymosin (EC 3.4.23.4) Milk clotting in cheese
manufacturing
Lactase (EC 3.2.1.108) Lactose hydrolysis

Glucan-1,4-a-maltogenic
a-amylase (EC 3.2.1.133)

Anti-stalling in bread

Source: Roller and Goodenough 1999, Anonymous 2004, [IUBMB-NC
website (Www.iubmb.org).

with designations 4:0, 5:0 and 6:0, respectively, with the first
digit indicating the number of carbons and the second giving the
number of double bonds. For FAs containing double bonds, hex-
adecanoic acid (16:0) becomes hexadecenoic acid (16:1), 16:2 is
termed hexadecadienoic acid, indicating two double bonds, and
16:3 is hexadecatrienoic acid. Following this convention and in
order to indicate the position of the double bond, if 16:1 has its
double bond between C7 and C8, then 7-hexadecenoic acid is
used.

Currently, the term ‘omega’ is often used. In this case, the
methyl end of the FA is termed the omega carbon (w); therefore,
9,12-octadecadienoic acid (18:2) becomes 18:2 w-6 since the
first double bond is six carbons from the w carbon. Table 1.12
shows some common FAs, their lengths, and double bond char-
acteristics. When discussing FAs, the term double bond simply
indicates the lack of hydrogen across a hydrocarbon bond:

—CH=CH-— (double bond; unsaturated)
vs.—CH2—CH2— (saturated)

Table 1.12. Selected Common Fatty Acids

H
Hom/\/\/\/\r)\/\/\/\/
o H
H
0]
H H

Figure 1.5. The structures of cis- and trans-oleic acid.

Geometrically, double bonds can be either cis or trans, with
the cis configuration being the naturally occurring form, bulky
and susceptible to oxidation. The trans configuration is more
linear, has properties similar to a saturated FA and is not found
in nature (see Figure 1.5).

TRIGLYCERIDES AND PHOSPHOLIPIDS

In foods, most lipids exist as triglycerides (TGs), making up 98%
of food lipids. The name triglyceride refers to its biochemical
structure consisting of a glycerol having three FAs bound at its
hydroxyl groups. TGs are the primary energy storage form in
animals, seeds and certain fruits (e.g. avocado and olive). In
comparision to carbohydrates, TGs provide more than double
the energy, on a dry basis (9 kcal/g vs. 4 kcal/g). Food TGs also
provide mouthfeel and satiety as well as aid in the provision
and absorption of fat-soluble vitamins (i.e. A, D, E and K). In
terms of food structure, TGs play critical roles in the structures
of emulsified food products (oil and water mixtures) like ice
cream and chocolate. In ice cream, liquid fat globules partially

Number of
Fatty Acid Systematic Name Carbons Abbreviation
Butyric Butanoic 4 4:0
Lauric Dodecanoic 12 12:0
Myristic Tetradecanoic 14 14:0
Palmitic Hexadecanoic 16 16:0
Stearic Octadecanoic 18 18:0
Oleic 9-octadecenoic 18 18:1 (n-9)
Linoleic 9,12-octadecadienoic 18 18:2 (n-6)
Linolenic 9,12,15-octadecatrienoic 18 18:3 (n-3)
Arachidonic 5,8,11,15-eicosatetraenoic 20 20:4 (n-6)
EPA 5,8,11,14,17-eicosapentaenoic 20 20:5 (n-3)
DHA 4,7,10,13,16,19-docosahexaenoic 22 22:6 (n-6)
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Table 1.13. Lipid Degradation in Seed Germination

Enzyme

Reaction

Lipase (oil body)

B-Oxidation (glyoxysome)
Glyoxylate cycle (glyoxysome)
Mitochondrion

Reverse glycolysis (cytosol)

Triacylglycerol — Diacylglycerol + Fatty acid
Triacylglycerol — Monoacylglycerol + Fatty acids
Diacylglycerol — Monoacylglycerol + Fatty acid
Fatty acid + CoA — Acyl CoA

Acyl CoA — Acetyl CoA

Acetyl CoA — Succinate

Succinate — Phosphoenol pyruvate

Phosphoenol pyruvate — Hexoses — Sucrose

Source: Bewley and Black 1994, Murphy 1999.

aggregate until a continuous network forms (partial coalescence)
yielding a ‘solid’ product. TG globules cement to one another at
globule interfaces due to interacting fat crystal networks (Goff
1997).

The physical and functional properties of TGs are highly vari-
able and are dependent on FA chain length, number of FA double
bonds and position/order of FAs on the glycerol backbone (e.g.
oil seeds tend to contain more double bonds in the middle posi-
tion, whereas animal TGs contain saturated FAs at this position).
Furthermore, reactions such as oxidation or lipolysis affect TG
behaviour.

PHOSPHOLIPIDS

Another class of lipids are phospholipids (PLs), most of which
consist of a glycerol backbone with two FAs and the third back-
bone position containing various substituents such as serine,
choline and ethanolamine. These polar substituents render PLs
amphipathic (one end hydrophilic, the other FA end hydropho-
bic). An example of a PL used in food is lecithin, a natural
emulsifier and surfactant. In aqueous environments, PLs spon-
taneously form phospholipid bilayers in spherical-shaped struc-
tures called liposomes or lipid vesicles. Liposomes have been
used for the study of membrane properties and substance perme-
abilities, drug delivery, and can be used for microencapsulation
of food ingredients. Encapsulation of vitamin C significantly
improves shelf life by about 2 months when degradative compo-
nents like copper, Lys and ascorbate oxidase are present. Also,
ingredients can be sequestered within liposomes that have well-
defined melting temperatures, thus releasing the contents in a
controlled fashion (Gouin 2004).

Foobp LiripD DEGRADATION

Hydrolysis and oxidation reactions are the principal ways in
which TGs are degraded in foods. Lipolysis refers to the hydrol-
ysis of the ester linkage between the glycerol backbone and FAs,
thereby releasing free FAs. Lipases are enzymes that release FAs
from the outer TG positions by hydrolysis. Free FA’s are more
susceptible to oxidation and they are more volatile compared to
FAs within TGs. Lipase activity is potentially problematic post-
slaughter, and controlling temperature minimises their activities.

By contrast, oil seeds ‘naturally’ undergo lipolysis pre-harvest
and, therefore, contain a significant amount of free FAs, result-
ing in acidity that should be neutralised in the extracted oil. In
terms of dairy products such as cheeses, yoghurts and bread, con-
trolled lipolysis is used as a means of producing desired odours
and flavours via microbial and endogenous lipases. However,
lipolysis is also responsible for development of rancid flavour in
milk, resulting from the release of short chain FAs, e.g. butyric
acid. Deep frying also produces undesirable lipolysis due to the
high heat and introduction of water from foods cooked in the oil
medium.

During seed germination, lipids are degraded enzymatically
to serve as an energy source for plant growth and develop-
ment. Because of the presence of a considerable amount of seed
lipids in oilseeds, they have attracted the most attention, and
various pathways in the conversion of FAs have been reported
(Table 1.13). The FAs hydrolysed from the oilseed glycerides are
further metabolised by B-oxidation followed by the citric acid
cycle to produce energy. Seed germination is important in the
production of malted barley flour for bread making and brewing.

AUTOXIDATION

The principal cause of lipid oxidation is autoxidation. This pro-
cess takes place via the action of free radicals on the FA hydro-
carbon chain in a chain reaction. Initiation of the chain reaction
is the creation of free radicals by metal catalysis, light or per-
oxide decomposition. The initial free radicals then act on the
FA by abstracting a hydrogen atom from the hydrocarbon chain,
thereby making a new free radical, which then reacts with O,,
resulting in hydroperoxy free-radical formation of the FA. This
FA-free radical then acts on other FAs abstracting a hydrogen
atom, creating a new free radical and the formation of a sta-
ble hydroperoxide. The chain reaction terminates when two free
radicals react together.

Initiation -- creation of R*®
Propagation -- R* + 0> — ROO®
ROO* + RH — ROOH + R*
(the new free radical can react with O, anew)
Termination -- R® 4+ R*
R* + ROO*
ROO* + ROO*



18 Part 1: Principles/Food Analysis

Table 1.14. Enzymatic Lipid Oxidation in Food Systems

Enzyme

Reaction

Arachidonate-5-lipoxygenase (5-lipoxygenase,
EC 1.13.11.34)

Arachidonate-8-lipoxygenase (8-lipoxygenase,
EC 1.13.11.40)

Arachidonate 12-lipoxygenase (lipoxygenase,
EC 1.13.11.31)

Arachidonate 15-lipoxygenase (15-lipoxygenase,
EC 1.13.11.33)

Lipoxygenase (EC 1.13.11.12)

Arachidonate + O, — (6E,8Z,11Z,147)-(5S)-5-
hydroperoxyicosa-6—8-11,14-tetraenoate
Arachidonate + O, — (5Z,9E,11Z,147)-(8R)-8-
hydroperoxyicosa-5,9,11,14-tetraenoate
Arachidonate + O, — (5Z,82,10E,14Z7)-(12S5)-12-
hydroperoxyicosa-(12-5,8,10,14-tetraenoate)
Arachidonate + O, — (5Z,82,11Z,13E)-(15S)-15-
hydroperoxyicosa-5,8,11,13-tetraenoate
Linoleate + O, — (9Z,11E)-(13S5)-
13-hydroperoxyoctadeca-9,11-dienoate

Source: Lopez-Amaya and Marangoni 2000a, 2000b, Pan and Kuo 2000, Kolakowska 2003, [IUBMB-NC website (www.iubmb.org).

Another mode of lipid oxidation is enzyme-catalysed lipid
oxidation by a group of enzymes termed lipoxygenases (LOXs),
whose activities are important in legumes and cereals. In LOX
activity, a free radical of a FA initially is formed, followed by its
reaction with O,, yielding a hydroperoxide product (Klinman
2007). Linoleic acid and arachidonic acid are important FAs
from the health perspective and are quite common in many
food systems (Table 1.12). Because of the number of double
bonds in arachidonic acid, enzymatic oxidation can occur at
various sites, and the responsible LOXs are labelled according
to these sites (Table 1.14). In addition to rancid off-flavours,
LOX can also cause deleterious effects on vitamins and colour
compounds. However, LOX activity also causes the pleasant
odours associated with cut tomatoes and cucumbers.

The main enzymes involved in the generation of the aroma
in fresh fish are also LOXs, specifically the 12- and 15-LOXs
(Table 1.14) and hydroperoxide lyase. The 12-LOX acts on
specific polyunsaturated FAs and produces n-9-hydroperoxides.
Hydrolysis of the 9-hydroperoxide of eicosapentenoic acid by
specific hydroperoxide lyases leads to the formation of aldehy-
des that undergo reduction to their corresponding alcohols, a
significant step in the general decline of the aroma intensity due
to alcohols having higher odour detection thresholds than the
aldehydes (Johnson and Linsay 1986, German et al. 1992).

Milk contains a considerable amount of lipids and these milk
lipids are subjected to enzymatic oxidation during cheese ripen-

Table 1.15. Changes in Lipids in Cheese Manufacturing

ing. Under proper cheese maturation conditions, these enzymatic
reactions starting from milk lipids create the desirable flavour
compounds for these cheeses. These reactions are numerous and
not completely understood, thus only general reactions are pro-
vided (Table 1.15). Readers should refer to Chapters 19, 20 and
26 in this book for a detailed discussion.

ELECTED PHYTOCHEMICAL FLAVOUR AND
CoLOUR COMPOUNDS

Many fruits and vegetables produce flavours that are significant
in their acceptance and handling. There are a few well-known
examples (Table 1.16). Garlic is well known for its pungent
odour due to the enzymatic breakdown of its alliin to the thio-
sulfonate allicin, with the characteristic garlic odour. Straw-
berries have a very recognisable and pleasant odour when they
ripen. Biochemical production of the key compound responsible
for strawberry flavour, the furan 2,5-dimethyl-4-hydroxy-2H-
furan-3-one (DMHF), is also known as furaneol, which results
from hydrolysis of terminal, non-reducing ~-D-glucose residues
from DMHF-glucoside with release of ~-D-glucose and DMHF.
Lemon and orange seeds contain limonin, a furanolactone that is
bitter and is hydrolysable to limonate, which is less bitter. Many
cruciferous vegetables such as cabbage and broccoli have a sul-
furous odour due to the production of a thiol compound (R-SH)
after enzymatic hydrolysis of its glucoside. Brewed tea darkens

Enzyme

Reaction

Lipolysis

Lipases, esterases

Acetoacetate decarboxylase (EC 4.1.1.4)
Acetoacetate-CoA ligase (EC 6.2.1.16)
Esterases

Conversion of fatty acids
B-Oxidation and decarboxylation

Triglycerides — B-Keto acids, acetoacetate, fatty acids
Acetoacetate + Ht — Acetone + CO,

Acetoacetate + ATP + CoA — Acetyl CoA + AMP + Diphosphate
Fatty acids — Esters

B-Keto acids — Methyl ketones

Source: Schormuller 1968, Kilara and Shahani 1978, IUBMB-NC website (www.iubmb.org).
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Table 1.16. Selected Enzyme-induced Flavour Reactions

Enzyme

Reaction

Alliin lyase (EC 4.4.1.4; garlic, onion)

B-Glucosidase (EC 3.2.1.21; strawberry)

Catechol oxidase (EC 1.10.3.1; tea)

Limonin-p-ring-lactonase (EC 3.1.1.36; lemon and
orange seeds)

Thioglucosidase (EC 3.2.1.147; cruciferous vegetables)

An S-alkyl-L-cysteine S-oxide — An alkyl sufenate +
2-Aminoacrylate

Hydrolysis of terminal non-reducing B-p-glucose residues with
release of S-D-glucose (2,5-Dimethyl-4-hydroxy-2H-furan-3-one
(DMHF)-glucoside — DMHF)

2 Catechol + O, — 2 1,2-Benzoquinone + 2 H,O
Limonoate-p-ring-lactone + H,O — Limonate

A thioglucoside + H,O — A thiol + A sugar

Source: Wong 1989, Eskin 1990, Chin and Lindsay 1994, Orruno et al. 2001, [UBMB-NC website (www.iubmb.org).

after it is exposed to air due to enzymatic oxidation (discussed
earlier). Flavours from cheese fermentation and fresh-fish odour
have already been described earlier, and formation of fishy odour
will be described later.

Colour is an intrinsic property of foods, and therefore, a
change in colour is often caused by a change in quality. Vi-
sion is the most important sensory perception in selecting food
and appreciating its quality (Diehl 2008). Chlorophylls are the
most abundant natural pigments and are responsible for the
green colour of plants (Marquez Ursula and Sinnecker 2008) and
are the biomolecules responsible for capturing light energy in
its transformation into chemical energy during photosynthesis.
Light is able to be absorbed very efficiently due to the presence
of many conjugated double bonds within the large, multi-ring
chlorophyll structure. Disappearance of chlorophyll during fruit
ripening and leaf senescence indicates slowing of photosynthe-
sis. The loss of green colour is due to a loss of chlorophyll
structure via two main stages: First, various reactions produce
greenish chlorophyll derivatives and second, oxidative reactions
result in opening of ring structures, thereby causing colourless
products (Diehl 2008).

Carotenoids are the most widely distributed group of pig-
ments, and although they are not produced by the human body,

they are essential to human health. Vitamin A/f-carotene are
carotenoids critical to a healthy diet. Additionally, carotenoids
may help reduce the risk of cancer and heart disease (Bertram
1999), are important natural colourants in foods and are used
as sources of red, yellow and orange food colouring (Otles and
Cagindi 2008). Carotenoids are fat-soluble pigments that pro-
vide the colour for many common fruits such as yellow peaches,
papayas and mangoes. During post-harvest maturation, these
fruits show intense yellow to yellowish orange colours due to
synthesis of carotenoids from its precursor isopentyl diphos-
phate, which is derived from (R)-mevalonate. Isopentyl diphos-
phate is a key building block for carotenoids (Croteau et al.
2000), and Table 1.17 lists the sequence of reactions in the
formation of (R)-mevalonate from acetyl-CoA and from (R)-
mevalonate to isopentyl diphosphate.

Flavonoids are not only a group of compounds responsible for
various red, blue or violet colours of fruits and vegetables, they
are also related to the group of bioactive, anti-plant pathogen
compounds called stilbenes. Stilbenes have a common precur-
sor of trans-cinnamate branching out into two routes, one that
leads to flavonoids and the other leading to stilbenes (Table
1.18). Table 1.18 gives the series of reactions in the biosyn-
thesis of naringenin chalcone, the building block for flavonoid

Table 1.17. Mevalonate and Isopentyl Diphosphate Biosyntheses

Enzyme

Reaction

Acetyl-CoA C-acetyltransferase (EC 2.3.1.9)
Hydroxymethylglutaryl-CoA-synthase (EC 2.3.3.10)

Hydroxymethylglutaryl-CoA reductase (EC 1.1.1.34)
Mevaldate reductase (EC 1.1.1.32)

Mevalonate kinase (EC 2.7.1.36)
Phosphomevalonate kinase (EC 2.7.4.2)

Diphosphomevalonate decarboxylase (EC 4.1.1.33)

2 Acetyl-CoA — Acetoacetyl-Co-A + CoA
Acetoacetyl-CoA + Acetyl-CoA + H,O —
($)-3-Hydroxy-3-methylglutaryl CoA + CoA
(8)-3-Hydroxy-3-methylglutaryl-CoA + 2 NADPH, —
(R)-Mevalonate + CoA + 2 NADP
(R)-Mevalonate + NAD — Mevaldate + NADH,
(R)-Mevalonate + ATP — (R)-5-Phosphomevalonate + ADP
(R)-5-Phosphomevalonate + ATP —
(R)-5-Diphosphomevalonate + ADP
(R)-5-Diphosphomevalonate + ATP — Isopentyl
diphosphate + ADP 4 Pi 4+ CO2

Source: Croteau et al. 2000, IUBMB-NC Enzyme website (www.iubmb.org).
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Table 1.18. Naringenin Chalcone Biosynthesis

Enzyme

Reaction

Phenylalanine ammonia-lyase (EC 4.3.1.5)
Trans-cinnamate 4-monoxygenase (EC 1.14.13.11)

4-Coumarate-CoA ligase (EC 6.2.1.12)

Naringinin-chalcone synthase (EC 2.3.1.74)

L-phenylalanine — Trans-cinnamate + NHj3

Trans-cinnamate + NADPH, + O, — 4-hydroxycinnamate +
NADP + H,O

4-Hydroxycinnamate (4-coumarate) + ATP + CoA —
4-Coumaroyl-CoA + AMP + Diphosphate

Naringinin chalcone + 4 CoA + 3 CO,

Source: Eskin 1990, Croteau et al. 2000, IUBMB-NC Enzyme (www.iubmb.org).

biosynthesis. Considerable interest has been given to the stil-
bene trans 3,5,4" -trihydroxystilbene commonly called resvera-
trol in red grapes and red wine that may have human nutraceuti-
cal and/or pharmaceutical applications (Narayanan et al. 2009).
Table 1.19 summarises various phytochemicals and their sources
that are thought to confer health benefits (Gropper 2009).

CHOLESTEROL

Cholesterol is an important lipid in animal biochemical pro-
cesses that controls the fluidity of membranes and is the precur-
sor for all steroid hormones. Cholesterol’s structure is made up
of adjacent carbon rings, making it hydrophobic (fat soluble),
and thus it must be transported through the blood complex as
a lipoprotein in structures called chylomicrons. The densities

Table 1.19. Phytochemicals and Their Sources

of lipoproteins vary greatly; an excessive level of low-density
lipoprotein (LDL) is a critical risk factor for heart disease. In
contrast, plants produce related molecules called phytosterols,
which have various nutraceutical applications (Kritchevsky and
Chen 2005).

TERPENOIDS

Terpenoids, a diverse and complex chemical group, are lipid-
type molecules important to flavours and aromas of seasonings,
herbs and fruits. Most terpenoids are multi-cyclic compounds
made via successive polymerisation and cyclisation reactions de-
rived from the 5-carbon building block isoprene, which contains
two double bonds. Terpenoids are components of the flavour pro-
files of most soft fruit (Maarse 1991). In some fruit species, they
are of great importance for the characteristic flavour and aroma

Source

Phytochemical

Anthocyanins Cyanidin
Carotenoids B-carotene, «-carotene, lutein, lycopene
Flavanols Catechins, epicatechins
Flavones Apigenin, luteolin
Flavonols Quercetin, kaempferol, myricetin
Glucosinolates Gucobrassicin, gluconapin, sinigrin,

glucoiberin
Isoflavones Genistein, daidzein, equol
Isothiocyanates Allylisothiocyanates, indoles, sulforaphane
Lignans Secoisolariciresinol, mataresinol
Organosulfides Diallyl sulphide, allyl methyl sulphide,

Phenolic acids

S-allylcysteine

Hydroxycinnamic acids (caffeic, ferukic,
chlorogenic, curcumin) and hydroxybenzoic
acids (ellagic, gallic)

Phytosterols B-Sitosterol, campesterol, stigmasterol
Saponins Panaxadiol, panaxatriol
Terpenes Limonene, carvone

Berries, cherries, plums, red wine

Tomato, pumpkin, squash, carrot, watermelon,
papaya, guava

Green tea, pear, wine, apple

Parsley, some cereals

Onions, tea, olive, kale, leaf lettuce, cranberry,
tomato, apple, turnip green, endive, Gingko
biloba

Broccoli, cabbage, Brussels sprouts, mustard,
watercress

Soy, nuts, milk, cheese, flour, miso, legumes

Broccoli, cabbage, Brussels sprouts, mustard,
watercress

Berries, flaxseed, nuts, rye bran

Garlic, onions, leeks, broccoli, cabbage,
brussel sprouts, mustard, watercress

Blueberry, cherry, pear, apple, orange,
grapefruit, white potato, coffee bean, St.
John’s wort, Echinacea, raspberry,
strawberry, grape juice

Oils: soy, rapeseed, corn, sunflower

Alfalfa sprouts, potato, tomato, ginseng

Citrus fruits, cherries, Gingko biloba

Source: Adapted from Gropper et al. 2009.
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(e.g. citrus fruits are high in terpenoids as is mango; Aharoni
et al. 2004).

NUCLEIC ACIDS AND FOOD SCIENCE
DNA STRUCTURE

Although nucleic acids are not generally important components
of foods, they are perhaps (and ironically) the most important
biomolecule class of all for the simple reason that everything
we eat was at some point alive, and every process and struc-
ture in those organisms were determined via enzymes encoded
for by DNA. Indeed, the entire purpose of breeding programs
is to control the propagation of DNA between successive gen-
erations. Understanding the basics of DNA (deoxyribonucleic
acid) and its biochemical forms is important for food scientists
to gain an appreciation of the basis for genetic manipulations of
food-related proteins as well as DNA-based food authentication
techniques.

DNA is composed of three main chemical components: a ni-
trogenous base, a sugar and a phosphate. There are four bases:
Adenine (A) and guanine (G) are purines, while thymine (T)
and cytosine (C) are pyrimidines. The bases bound to both the
sugar and phosphate moieties make up nucleotides and the four
building blocks of DNA are deoxyadenosine triphosphate, de-
oxyguanosine triphosphate, deoxythymidine triphosphate and
deoxycytidine triphosphate (dATP, dGTP, dTTP and dCTP, re-
spectively). These building blocks are typically referred to as
‘bases’ or simply A, T, G and C; however, common usage of
these terms are meant to imply nucleotides as opposed to bases
alone. The nucleotides covalently bond together forming a DNA
strand that is synthesised by DNA polymerase. Additionally,
each nucleotide’s base moiety can bond via hydrogen bonds to
other bases; A-T and G—C, termed base pairs and are said to
be complementary. In fact, DNA exists in two-stranded form,
consisting of two complementary strands. For example, a strand
ATCG would be paired to its complement TAGC.

5’ -ATCG-3"'
3’ -TAGC-5'

Two-stranded DNA spontaneously forms a helix, hence the
term double helix, which can contain many thousands of base
pairs with molecular weights in the millions, or billions, of
Daltons. By comparison, the largest known protein is a mere 3
million Daltons. Genes are stretches of DNA that encode for the
synthesis of proteins; DNA is transcribed, yielding messenger
RNA (mRNA), which is then translated at ribosomes, yielding
specific sequences of amino acids (proteins).

GENETIC MODIFICATION

The advances in how to copy DNA, modify its sequence, and
transfer genes between organisms efficiently and at low cost
has produced a tremendous ability to study the roles of spe-
cific proteins in organisms as well as the roles of specific amino
acids within proteins. This ability has produced an alternate

to traditional breeding programs in the search for food plants
and animals that have desired traits, such as increased yield, in-
creased pesticide tolerance, lower pesticide requirements/higher
pest resistance, longer shelf life post-harvest, etc. This alternate
strategy is the basis of genetic modification (GM).

Critical to the study, transfer and manipulation of genes was
the advent of the polymerase chain reaction (PCR), which al-
lows for the easy and accurate copying and, equally important,
the amplification of DNA sequences. Briefly, PCR works by
inducing repeated copying of a given DNA sequence by the en-
zyme DNA polymerase via repeated temperature cycles such
that exponential amplification results, i.e. the first round yields
only a doubling, but the second round then makes new copies of
each of the first round’s copies and the originals; 2, 4, 8, 16, 32,
64, 128, etc. After 25-30 PCR rounds, millions of copies result.
Thus, a gene encoding for a useful gene in organism A (e.g. an
anti-freeze protein) can be copied, amplified and subsequently
transferred to organism B (e.g. a fruit).

An example of GM is that of the Flavr savr™ tomato, orig-
inally available for consumption in 1994 (Martineau 2001). A
non-sense gene is a DNA sequence that encodes for complemen-
tary mRNA, which base-pair matches and binds to a natural gene
transcript, thereby suppressing its translation. A ‘non-sense’,
gene acting against the polygalacturonase gene, an enzyme re-
sponsible for the breakdown of a cell-wall component during
ripening, was incorporated into a strain of tomato. The result
was slowed softening of the texture of the engineered tomato
compared to normal tomatoes, thus allowing producers to vine-
ripen the Flavr savr™, reducing losses (e.g. bruising) during
subsequent transport to market. Superior flavour and appearance
relative to natural tomatoes picked green, as well as equivalent
micro- and macronutrient content, pH, acidity and sugar content
relative to non-transgenic tomatoes resulted.

In terms of food processing, lactic acid bacteria and yeast have
been developed to solve problems in the dairy, baking and brew-
ing industries (Tables 1.20 and 1.21). As with biotechnology-
derived food enzymes, the use of genetically modified organisms
is governed by laws of nations or regions (e.g. the European
Union).

Safety assessments of GM foods before being released to
market are done. These comparisons to non-engineered, conven-
tional counterparts include proximate analysis as well as anal-
yses of nutritional components, toxins, toxicants, anti-nutrients
and other components relevant to given cases. As well, ani-
mal feeding trials are conducted to determine if any adverse
health effects are observable (Institute of Medicine and National
Research Council of the National Academies 2004). Ideally,
the reference food for the above comparisons is the isogenic
food (i.e. non-transformed) from which the GM version was
derived.

FooD AUTHENTICATION AND THE ROLE oF DNA
TECHNOLOGIES

Another area utilising DNA technology is food authentication.
Analysing processed food and ingredients for the presence of
fraudulent or foreign components by DNA technologies can be
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Table 1.20. Selected Commercial
Biotechnology-derived Food Enzymes

Enzyme Application

Acetolactate decarboxylase (EC Beer aging and diacetyl

4.1.1.5) reduction
a-Amylase (EC 3.2.1.1) High-fructose corn syrup
production
Amylo-1,6-glucosidase (EC High-fructose corn syrup
3.2.1.33) production
Chymosin (EC 3.4.23.4) Milk clotting in cheese
manufacturing

Lactase (EC 3.2.1.108)
Glucan-1,4-a-maltogenic
a-amylase (EC 3.2.1.133)

Lactose hydrolysis
Anti-stalling in bread

Source: Roller and Goodenough 1999, Anonymous 2004, [IUBMB-NC
website (Www.iubmb.org).

very complex due to degradation of genetic material as the re-
sult of processing conditions. Detecting misrepresentation of
food components is a task well-suited for DNA-based detec-
tion in the case of meat species of origin, especially when the
meat product is processed such that appearance and physical
traits cannot easily cue experts as to product identity. Gene se-
quences within mitochondrial DNA are usually used as the PCR
targets for such purposes (Wiseman 2009). For example, differ-
ent tuna species can be differentiated (Michelini et al. 2007).
Likewise, the presence of meat in cattle feed can be assayed
(Rensen 2005). Such tests can be done for high-heat-processed
samples at a low cost, and such tests can be highly automated
for steps post sample collection. Lastly, another example of a
food authentication application for PCR is the case of detecting
the presence and/or the quantity of genetically modified ingredi-
ents in a food. For the purposes of quantification, real-time PCR
must be used (Wiseman 2009), the most modern type of PCR
technology, because it is capable of highly precise, quantitative
determinations. This capability is due to real-time PCR’s ability
to very quickly and accurately modulate PCR reaction tempera-
ture via the use of low-volume reactions. Jurisdictions that have

Table 1.21. Selected Genetically Modified
Microorganisms Useful in Food Processing

Microorganism Application

Lactobacillus lactis Phage resistance, lactose
metabolism, proteolytic activity,

bacteriocin production
Saccharomyces
cerevisiae (Baker’s
yeast, Brewer’s yeast)

Gas (carbon dioxide) production
in sweet, high-sugar dough
Manufacture of low-calorie beer

(starch degradation)

Source: Hill and Ross 1999, Roller and Goodenough 1999,
Anonymous 2004.

GM labelling laws (e.g. the European Union) can thus verify the
correct labelling of incoming ingredients.

In the authentication process, DNA within foods can also be
characterised and differentiated by use of DNA probes, an earlier
food authentication technology that dates back to at least 1990,
where it was used to distinguish between heat-processed rumi-
nant (goat, sheep and beef), chicken and pig meat (Chicuni et al.
1990). DNA probes are short pieces of DNA (Rensen et al. 2005)
that contain a detectable feature (usually fluorescence) and that
are complementary to a DNA sequence of interest. Thus, a signal
is produced only if the probed sequence is present in the food,
since the probe will bind only to its complement in a manner
that yields a signal. In order to probe a food product, genetic
material is isolated and immobilised on a piece of nitrocellulose
(blotting), which is then ‘probed’ with a DNA complementary
probe. The information from the above types of DNA-based au-
thentication tests can aid in processing quality control to ensure
both authenticity and safety at relatively cheap cost.

NATURAL TOXICANTS

The contamination of various foods by toxicants may occur
as a result of microbial production, crop plant production or
ingestion by animals for human consumption. Microbial sources
of toxins are mycotoxin-producing fungi and toxin-producing
bacteria. Notable examples of microbially derived toxins are
botulinum toxin produced by Clostridium botulinum and the
Staphylococcus aureus toxin. These toxins are produced in the
food itself and result in food poisoning. Both toxins are heat-
labile; however, the extreme toxicity of the botulinum toxin,
potent at 107 g per kg body weight, makes it of particular
concern for food processing of anaerobically stored foods.

Mycotoxins are extremely toxic compounds produced by cer-
tain filamentous fungi in many crop plants (Richard 2007). In-
gestion of mycotoxins can be harmful to humans via contami-
nated foods or feed animals via their feed, particularly in maize,
wheat, barley, rye and most oilseeds. Mycotoxins produce symp-
toms that include nervous system disorders, limb loss and death.
Aflatoxins are a well-studied type of mycotoxin that are known
carcinogens. An example of a mycotoxin structure, aflatoxin
B1, is shown in Figure 1.6. Mycotoxin poisoning can take place
either directly or indirectly, through consumption of a contam-
inated food or by a food ingredient that may be contaminated
and subsequently eaten as part of a final product.

Figure 1.6. The structure of aflatoxin B1, produced by Aspergillus
flavus and A. parasiticus.
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Figure 1.7. The structure of saxitoxin responsible for paralytic
shellfish poisoning.

An important example of food-related mycotoxins is ‘ergot’,
the common name for fungi of the genus Claviceps. Ergot
species produce ergot alkaloids, which are derivatives of lyser-
gic acid, isolysergic acid or dimethylergoline. When ingested,
the various alkaloids produce devastating symptoms such as
vasoconstriction, convulsion, gastrointestinal upset and central
nervous system effects (Peraica et al. 1999)

Another type of natural toxins is that of shellfish toxins (phy-
cotoxins), which are produced by certain species of marine algae
and cyanobacteria (blue-green algae). The best known algal tox-
ins are saxitoxins, responsible for paralytic shellfish poisoning
(PSP; see Figure 1.7 for chemical structure). Saxitoxins block
voltage-gated sodium channels of nerve cells. Thus, this group
of 20 toxins induces extreme symptoms, including numbness,
tingling and burning of the lips and skin, giddiness, ataxia and
fever; severe poisoning may lead to muscular incoordination,
respiratory distress or failure (Garthwaite 2000). The poisoning
results from bioaccumulation of the algal toxins in algae-eating
organisms and toxins can be step-wise passed up the food chain,
e.g. from marine algae to shellfish to crabs to humans.

CONCLUSION

In 1939, the newly formed IFT was the world’s first organisation
to organise and coordinate those working in food processing,
chemistry, engineering, microbiology and other sub-disciplines
in order to better understand food systems. Food science be-
gan mainly within commodity departments, such as animal sci-
ence, dairy science, horticulture, cereal science, poultry science
and fisheries. Now, most of these programs have evolved into
food science, or food science and human nutrition, departments.
Many food science departments with a food biochemistry em-
phasis are now available all over the world. In addition, food sci-
ence departments developed not only applied research programs,
but also basic research programs that seek to understand foods
at the atomic, molecular and/or cellular levels. The ‘cook ‘n’
look, approach is not food science. Food science is a respected
part of academic programmes worldwide, whose researchers
often form collaborations with physicists, chemists, parasitolo-
gists, etc. Over the past several decades, food biochemistry re-
search has led to industry applications, e.g. lactase supplements,
lactose-free dairy products, Beano™, application of transglu-

taminase to control seafood protein restructuring, protease-based
meat marinades for home, production of high-fructose syrups,
rapid pathogen detection tests, massively diversified natural and
artificial flavourings and many more. Thus, food biochemistry
will continue to play critical roles in developments in food mi-
crobiology, packaging, product development, processing, crop
science, nutrition and nutraceuticals.
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Abstract: Food is a very complex heterogeneous “material” com-
posed of thousands of different nutritive and nonnutritive com-
pounds embedded in a variety of different plant and animal matrices.
Nondesirable biochemical compounds such as environmental con-
taminants, microbial and plant toxins, and veterinary drugs are also
present with their presence posing a danger to human health. In
analytical food chemistry, the isolation, identification, and quan-
tification of both desirable and undesirable compounds continue to
pose immense challenges to food analysts. Methods and tests used
to isolate, identify, and quantify must be precise, accurate, be in-
creasing sensitive to satisfy the rigors of investigative and applicable
science, have minimal interfering factors, use minimal hazardous
chemicals, and produce minimal/no hazardous wastes.

This chapter is mainly concerned with the analytical methods
used to determine the presence, identity, and quantity of all com-
pounds of interest in a food. Although it is impossible to address the
quantitative analysis of all food components, the major techniques
used in food analysis will be addressed in detail. The food analyst
has a variety of available tests but the test choice is primarily depen-
dent on the goal of the analysis and the use of the final data. Many of
the traditional analytical biochemical tests such as Kjeldahl diges-
tion for protein determination are still regarded as the gold standard
and is still used in many laboratories.

While useful, traditional analytical methods are continually being
challenged by technological and instrumental developments. Tech-
nology is moving chemical analysis toward the use of more sophis-
ticated instruments (either individually or in tandem) as both instru-
mental specificity and sensitivity are continually being “pushed”

to new limits. Gas chromatography (GC), high performance lig-
uid chromatography (HPLC), spectroscopy including near infrared
(NIR), and mass spectroscopy (MS) are now considered to be basic
laboratory equipment used in food analysis. Tandem hybrid analyti-
cal equipment such as GC-MS is also gradually becoming common
although it is more sophisticated than the single analytical tests.

PROTEIN ANALYSIS

Proteins are a large diverse group of nitrogenous organic com-
pounds that are indispensable constituents in the structure and
function of all living cells. They contribute to a wide variety of
functions within each cell, ranging from structural materials such
as chitin in exoskeletons, hair, and nails to mechanical functions
such as actin and myosin in muscular tissue. Chemically, they
influence pH as well as catalyze thousands of critical reactions,
producing a variety of essential substances that are involved in
functions such as cell-to-cell signaling, immune responses, cell
adhesion, cell reproduction, etc.

Proteins are essentially polymers of 20 L-oo-amino acids
bonded together by covalent peptide bonds between adjacent
carboxyl and amino functional groups. The sequence of these
amino acids, and thus the function and structure of the protein,
is determined by the base pairs in the gene that encodes it. These
20 different amino acids interact with each other within their
own chain and/or with other molecules in their external envi-
ronment, which also greatly influences their final structure and
function. Proteins are by definition relatively “heavy” organic
molecules ranging in weight from approximately 5000 to more
than a million Daltons and, over the years, many of these food
proteins have been purified, identified, and characterized. Chem-
ically speaking, nitrogen is the most distinguishing element in
proteins, varying in amounts from 13% to 19% due to the varia-
tions in the specific amino acid composition of proteins (Chang
1998).
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For the past several decades, protein analysis from food prod-
ucts has been performed by determining the nitrogen content
after complete acid hydrolysis and digestion by the Kjeldahl
method followed by an analytical step in which the resulting
ammonium ion is quantified by titrimetry, colorimetry, or by the
use of an ion-specific electrode. The result is then multiplied
by a pre-established protein conversion factor that determines
the final protein content of the sample (Chang 1998, Dierckx
and Huyghebaert 2000). While this “wet” analytical technique
is still the gold standard in protein analysis, it is time-consuming
and involves the use of many dangerous chemicals both to the
analyst and to the environment. Its main advantage is that the
food sample used in this analytical procedure is considered large
enough to be a genuine representative of the entire product. On
the other hand, Dumas combustion is a more recent and faster
“dry” analytical instrumental method of determining the protein
content in foods and is based on the combustion of a very small
sample at 900°C in the presence of oxygen. The resulting liber-
ated nitrogen gas is analyzed in three minutes by the equipment
through built-in programmed processes with the resultant value
also multiplied by pre-determined conversion factors, requiring
no further analysis or the use of dangerous chemicals. Both of
these methods assume that all the nitrogenous compounds in
the sample are proteins, but other organic molecules such as
nucleotides, nucleic acids, some vitamins, and pigments (e.g.,
chlorophyll) also contains nitrogen, overestimating the actual
protein content of the sample. Both techniques measure crude
protein content, not actual protein content. While the Kjeldahl
method is the internationally accepted method of protein de-
termination for legal purposes, Dumas combustion is slowly
becoming more acceptable as its accuracy and repeatability will
soon be superior to that of the Kjeldahl method (Schmitter and
Rihs 1989, Simonne et al. 1997).

As far back as the turn of the century, colorimetric meth-
ods for protein determination became available with procedures
such as the Biuret, Lowry (original and modified), bicinchoninic
acid (BCA), Bradford, and ultraviolet (UV) absorption at
280 nm (Bradford 1976). These colorimetric methods exploit
the properties of specific proteins, the presence of specific amino
acid functional groups, or the presence of peptide bonds. All re-
quire the extraction, isolation, and sometimes purification of the
protein molecule of interest to attain an accurate absorbance
reading. Considering that the nutrients in foods exist in complex
matrices, these colorimetric methods are not practical for food
analysis. Additionally, only a few dye-binding methods (official
methods 967—-12 and 975-17) have been approved for the direct
determination of protein in milk (AOAC 1995).

The Biuret procedure measures the development of a purplish
color produced when cupric salts in the reagent complex react
with two or more peptide bonds in a protein molecule under
alkaline conditions. The resultant color absorbance is measured
spectroscopically at 540 nm with the color intensity (absorbance)
being proportional to the protein content (Chang 1998) and with
a sensitivity of 1-10 mg protein/mL. This method “measures”
the peptide bonds that are common to cellular proteins, not just
the presence of specific side-groups. While it is less sensitive
compared to other UV methods, it is considered to be a good

general protein assay for which yield is not an important issue.
Likewise, the presence of interfering agents during absorbance
measurement is not an issue as these substances usually absorb
at lower wavelengths. While the color is stable, it should be mea-
sured within 10 minutes for best results. The main disadvantage
of this method is that it consumes more material as well as it
requires a 20-minute incubation period.

Over the years, further modifications to the colorimetric
measurement of protein content have been made with the
development of the Lowry method (Lowry et al. 1951, Pe-
terson 1979), which combines both the Biuret reaction with
the reduction of the Folin-Ciocalteu (F-C) phenol reagent
(phosphomolybdic—phosphotungstic acid). The divalent cupric
cations form a complex with the peptide bonds in the pro-
tein molecules, which cause them to be reduced to monovalent
cations. The radical side groups of tyrosine, tryptophan, and cys-
teine then react with the Folin reagent, producing an unstable
molybdenum/tungsten blue color when reduced under alkaline
conditions. The resulting bluish color is read at both 500 nm and
750 nm wavelengths, which are highly sensitive to both high and
low protein concentrations with a sensitivity of 20-100 ug, re-
spectively. The modified Lowry method requires the absorbance
measurement within 10 minutes, whereas the original Lowry
method needs precise timing due to color instability. Addition-
ally, the modified Lowry method is more sensitive to protein
than the original method but less sensitive to interfering agents.

The BCA protein assay is used to determine the total protein
content in a solution being similar to the Biuret, Lowry, and
Bradford colorimetric protein assays. The peptide bonds in the
protein molecules reduce the cupric cations in the BCA in the
reagent solution to cuprous cations, a reaction that is dependent
upon temperature. Afterwards, two molecules of BCA chelate
the curprous ions, changing the solution color from green to
purple, which strongly absorbs at 562 nm. The amount of cupric
ions reduced is dependent upon the amount of protein present,
which can be measured by comparing the results with protein
solutions with known concentrations. Incubating the BCA as-
say at temperatures of 37-60°C and for longer time periods
increases the assay’s sensitivity as the cuprous cations complex
with the cysteine, cystine, tyrosine, and tryptophan side-chains
in the amino acid residues, while minimizing the variances
caused by unequal amino acid composition (Olsen and Markwell
2007).

Other methods exploit the tendency of proteins to absorb
strongly in the UV spectrum, that is, 280 nm primarily due
to the presence of tryptophan and tyrosine amino acid residues.
Since tryptophan and tyrosine content in proteins are generally
constant, the absorbance at 280 nm has been used to estimate
the concentration of proteins using Beer’s law. As each protein
has a unique aromatic amino acid composition, the extinction
coefficient (Eog0) must be determined for each individual protein
for protein content estimation.

Although these methods are appropriate for quantifying the
actual amounts of protein, they do have the ability to differen-
tiate and quantify the actual types of proteins within a mixture.
The most currently used methods to detect and/or quantify spe-
cific protein components belong to the field of spectrometry,
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chromatography, electrophoresis, or immunology or a combina-
tion of these methods (VanCamp and Huyghebaert 1996).

Electrophoresis is defined as the migration of ions (electri-
cally charged molecules) in a solution through an electrical field
(Smith 1998). Although several forms of this technique exist,
zonal electrophoresis is perhaps the most common. Proteins
are separated from a complex mixture into bands by migrat-
ing in aqueous buffers through a polyacrylamide gel with a
pre-determined pore size (i.e., a solid polymer matrix). In non-
denaturing/native electrophoresis, proteins are separated based
on their charge, size, and hydrodynamic shape, while in dena-
turing polyacrylamide gel electrophoresis (PAGE), an anionic
detergent sodium dodecyl sulfate (SDS) is used to separate pro-
tein subunits by size (Smith 1998). This method was used to
determine the existence of differences in the protein subunits
between control coffee beans and those digested by an Asian
palm civet as well as between digested coffee beans from both
the Asian and African civets (Marcone 2004). These protein sub-
units differences lead to differences in the final Maillard brown-
ing products during roasting and therefore flavor and aroma
profiles. During the analysis of white and red bird’s nests, Mar-
cone determined that SDS—-PAGE might be a useful analytical
technique for differentiating between the more expensive red
bird nest and the less expensive white bird (Marcone 2005). Ad-
ditionally, this technique could possibly be used to determine
if the red nest is adulterated with the less expensive white nest.
Using SDS-PAGE analysis, Marcone was the first to report the
presence of a 77 kDa ovotransferrin-like protein in both red
and white nests, being similar in both weight and properties to
ovotransferrin in chicken eggs. In isoelectric focusing, a modifi-
cation of electrophoresis, proteins are separated by charge in an
electrophoretic field on a gel matrix in which a pH gradient has
been generated using ampholytes (molecules with both acidic
and basic groups, that is, amphoteric, existing as zwitterions in
specific pH ranges). The proteins migrate to the location in the
pH gradient that equals the isoelectric point (pl) of the protein.
Resolution is among the highest of any protein separation tech-
nique and can separate proteins with pl differences as small as
0.02 pH units (Chang 1998, Smith 1998). More recently, with the
advent of capillary electrophoresis, proteins can be separated on
the basis of charge or size in an electric field within a very short
period of time. The primary difference between capillary elec-
trophoresis and conventional electrophoresis (described above)
is that a capillary tube is used in place of a polyacrylamide gel.
The capillary tube can be used over and over again unlike a gel,
which must be made and cast each time. Electrophoresis flow
within the capillary also can influence separation of the proteins
in capillary electrophoresis (Smith 1998).

HPLC is another extremely fast analytical technique having
excellent precision and specificity as well as the proven ability
to separate protein mixtures into individual components. Many
different kinds of HPLC techniques exist depending on the na-
ture of the column characteristics (chain length, porosity, etc.)
and elution characteristics such as mobile phase, pH, organic
modifiers, etc. In principle, proteins can be analyzed on the
basis of their polarity, solubility, or size of their constituent
components.

Reversed-phase chromatography was introduced in the 1950s
(Howard and Martin 1950, Dierckx and Huyghebaert 2000) and
has become a widely applied HPLC method for the analysis
of both proteins and a wide variety of other biological com-
pounds. Reversed-phase chromatography is generally achieved
on an inert packed column, typically covalently bonded with a
high density of hydrophobic functional groups such as linear
hydrocarbons 4, 8, or 18 residues in length or with the relatively
more polar phenyl group. Reversed-phase HPLC has proven
itself useful and indispensable in the field of varietal identifica-
tion. It has been shown that the processing quality of various
grains depends on their physical and chemical characteristics,
which are at least partially genetic in origin, and a wide range of
qualities within varieties of each species exist (Osborne 1996).
The selection of the appropriate cultivar is an important decision
for a farmer, since it largely influences the return he receives on
his investment (Dierckx and Huyghebaert 2000).

Size-exclusion chromatography separates protein molecules
on the basis of their size or, more precisely, their hydrodynamic
volume, and has in recent years become a very useful separa-
tion technique. Size-exclusion chromatography utilizes uniform
rigid particles whose pre-determined pore size determines which
protein molecules can enter and travel through the pores. Large
molecules do not enter the pores of the column particles and
are excluded, that is, they are eluted in the void volume of the
column (i.e., elute first), whereas smaller molecules enter the col-
umn pores and therefore take longer to elute from the column.
An application example of size-exclusion chromatography is the
separation of soybean proteins (Oomah et al. 1994). In one study,
nine peaks were eluted for soybean, corresponding to different
protein size fraction, with one peak showing a high variability
for the relative peak area and could serve as a possible differen-
tiation among different cultivars. Differences, qualitatively and
quantitatively, in peanut seed protein composition were detected
by size-exclusion chromatography and contributed to genetic
differences, processing conditions, and seed maturity. In 1990,
Basha demonstrated that size-exclusion chromatography was an
excellent indicator of seed maturity in peanuts as the area of one
particular component (peak) was inversely proportional to in-
creasing peanut seed maturity, which also remained unchanged
toward later stages of seed maturity (Basha 1990). The peak
was present in all studied cultivars, all showing a mature seed
protein profile with respect to this particular protein, which was
subsequently named Maturin.

LIPID ANALYSIS

Compared to most other food components, lipids are a group
of relatively small, naturally occurring molecules containing
carbon, hydrogen, and oxygen atoms, but with much less oxy-
gen than carbohydrates. This large group of organic molecules
includes fats, waxes, cholesterol, sterols, glycerides, phospho-
lipids, etc. The most simplistic definition of a lipid is based
on its solubility, that is, it is soluble in organic solvents (e.g.,
alcohol) but insoluble in water. Lipid molecules are hydropho-
bic, but this generality is sometimes not totally correct as some
lipids are amphiphilic, that is, partially soluble in water and
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partially soluble in organic solvents. Lipids are widely dis-
tributed in nature and play many important biological roles,
including signaling (e.g., cholesterol), acting as structural mate-
rials in cellular membranes, and energy storage. The amphiphilic
nature of some lipids gives them the ability to form cellular
structures such as vesicles and liposomes within cellular aquatic
environments.

Analytically, lipid insolubility in water becomes an important
distinguishing characteristic that can be maximally exploited in
separating lipids from other nutritional components in the food
matrix such as carbohydrates and proteins (Min and Steenson
1998). Classically, lipids are divided into two groups based upon
the types of bonding between the carbon atoms in the backbone,
which influences the lipid’s physical characteristics. Fats having
a greater number of fatty acids with single carbon to carbon
bonds (saturated fatty acids) cause it to solidify at 23°C (room
temperature). On the other hand, the fatty acids in oils have a
greater proportion of one or more double bonds between the car-
bon atoms (unsaturated fatty acids) and hence are liquid at room
temperature. Structurally, glycerides are composed primarily of
one to three fatty acids (a mixture of saturated and unsaturated
fatty acids of various carbon lengths) bonded to the backbone of
a glycerol molecule, forming mono-, di-, and triglycerides (the
most predominant), respectively. Animal fats in the milk (from
mammals), meat, and from under the skin (blubber), including
pig fat, butter, ghee, and fish oil (an oil), are generally more
solid than liquid at room temperature. Plant lipids tend to be lig-
uids (i.e., they are oils) and are extracted from seeds, legumes,
and nuts (e.g., peanuts, canola, corn, soybean, olive, sunflower,
safflower, sesame seeds, vegetable oils, coconut, walnut, grape
seed, etc.). Margarine and vegetable shortening are made from
the above plant oils that are solidified through a process called
hydrogenation. This method of solidifying oils increases the
melting point of the original substrate but produces a type of
fat called frans fat, whose content can be as high as 45% of the
total fat content of the product. The process, however, is greatly
discouraged around the world as these frans fats have a detri-
mental effect on human health (Mozaffarian et al. 2006). Trans
fats are so detrimental to human health that the amount of trans
fat in food has been legislated even to the point of being banned
in some countries. In 2003, Denmark became the first country
in the world to strictly regulate the amount of trans fat in foods,
and since then many countries have followed this lead.

The total lipid content of a food is commonly determined us-
ing extraction methods using organic solvents, either singularly
or in combinations. Unfortunately, the wide relative hydropho-
bicity range of lipids makes the choice of a single universal
solvent for lipid extraction and quantitation nearly impossible
(Min and Steenson 1998). In addition to various solvents that
can be used in the solvent extraction methods, non-solvent wet
extraction methods and other instrumental methods also exist,
which utilize the chemical and physical properties of lipids for
content determination.

One of the most frequent and easiest methods to determine the
crude fat content in a food sample is the Soxhlet method, a semi-
continuous extraction method using relatively small amounts of
various organic solvents. In this method, the solid food sam-

ple (usually, dried and pulverized) is placed in a thimble in the
chamber and is completely submerged in the hot solvent for
10 minutes or more before both the extracted lipid and solvent
are siphoned back into a boiling flask reservoir. The whole pro-
cess is repeated numerous times until all the fat is removed,
which usually requires at least two hours. The lipid content is
determined by measuring either the weight loss of the sample in
the thimble or by the weight gain of the flask reservoir. The main
advantage of this method is that it is relatively quick and specific
for fat as other food components such as proteins and carbohy-
drates are water soluble. Some preparation of the sample, such
as drying, pulverizing, and weighing, may be needed to increase
the extraction efficiency as extraction rates are influenced by the
size of the food particles in the sample, food matrix, etc. If the fat
component needs to be removed from the sample before further
analysis, the method also allows for the sample in the thimble
to remain intact without destruction.

Another excellent method for total fat determination is su-
percritical fluid extraction. In this method, a compressed gas
(e.g., CO,) is brought to a specific pressure—temperature point
that allows it to attain supercritical solvent properties for the
selective extraction of a lipid from a food matrix by diffusing
through it (Mohamed and Mansoori 2002). This method per-
mits the selective extraction of lipids, while other lipids remain
in the food matrix (Min and Steenson 1998). The dissolved fat
is then separated from the compressed/liquefied gas by reducing
the pressure, and the precipitated lipid is then quantified as a
percent lipid by weight (Min and Steenson 1998).

A third often used method for total lipid quantitation is in-
frared, which is based on the absorption of infrared energy by fat
ata wavelength of 5.73 um (Min and Steenson 1998). In general,
there is a direct proportional relationship between the amount of
energy absorbed at this wavelength and the lipid content in the
material. Near-infrared spectroscopy has been successfully used
to measure the lipid content of various oilseeds, cereals, and
meats. The added advantage is that it maintains the integrity of
the sample, which is in contrast to the other previously reviewed
methods.

Although these three cited methods are appropriate to quan-
tify the actual amounts of lipids in a given sample, they are
not able to determine the types of fatty acids within a lipid
sample. In order to determine the composition of the lipid, GC
offers the ability to characterize these lipids in terms of their
fatty acid composition (Pike 1998). The first step is to isolate
all mono-, di-, and triglycerides needed if a mixture exists usu-
ally by simple adsorption chromatography on silica or by using
a one- or two-phase solvent—water extraction method. The iso-
lated glycerides are then hydrolyzed to release the individual
fatty acids and subsequently converted to their ester form, that
is, the glycerides are saponified and the liberated fatty acids
are esterified to form fatty acid methyl esters, that is, they are
derivatized. The method of derivatization is dependent upon the
food matrix, and the choice is an important consideration as
some methods can produce undesired artifacts. The fatty acids
are now volatile and can be separated chromatographically us-
ing various gases, various packed or capillary columns, and a
variety of temperature—time gradients.
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The separation of the actual mono-, di-, and triglycerides is
usually much more problematic than determining their individ-
ual fatty acid constituents or building blocks. Although GC has
also been used for this purpose, such methods result in insuffi-
cient information about the complete triglyceride composition
in a complex mixture. Such analyses are important for the edible
oil industry for process and product quality control purposes as
well as for the understanding of triglyceride biosynthesis and
deposition in plant and animal cells (Marini 2000).

Using HPLC analysis, Plattner et al. (1977) were able to estab-
lish that, under isocratic conditions, the logarithm of the elution
volume of a triacylglycerol (TAG) was directly proportional to
the total number of carbon atoms (CN) and inversely propor-
tional to the total number of double bonds (X) in the three fatty
acyl chains (Marini 2000). The elution behavior is controlled by
the equivalent carbon number (ECN) or a TAG, which may be
defined as ECN = CN — X.n where n is the factor for double
bond contribution, normally close to 2.

The IUPAC Commission on Oils, Fats, and Derivatives un-
dertook the development of a method for the determination of
triglycerides in vegetable oils by liquid chromatography. Mate-
rials studied included various oils extracted from plant materi-
als such as soybeans, almonds, sunflowers, olives, canola, and
blends of palm and sunflower oils, and almond and sunflower
oils (Fireston 1994, Marini 2000). The method for the determi-
nation of triglycerides (by partition numbers) in vegetable oils by
liquid chromatography was adopted by AOAC International as
an official [UPAC-AOC-AOAC method. In this method, triglyc-
erides in vegetable oils are separated according to their ECN
by reversed-phase HPLC and detected by differential refrac-
tometry. Elution order is determined by calculating the ECNSs,
ECN = s and CN — 2, where CN is the carbon number and n
is the number of double bonds (Marini 2000).

CARBOHYDRATE ANALYSIS

Carbohydrates comprise approximately 70% of the total caloric
intake in many parts of the world, being the major source of
energy for most of the world (BeMiller and Low 1998). In foods,
these macromolecules have various important roles, including
imparting important physical properties to foods such as sensory
characteristics and viscosity.

The vast majority of carbohydrates are of plant origin mostly
in the form of polysaccharides (BeMiller and Low 1998). Most
of these polysaccharides are non-digestible by humans, the only
digestible polysaccharide being the starch. The non-digestible
polysaccharides are divided into two groups, soluble and insol-
uble, forming what is referred to as dietary fiber. Each of these
two groups has specific functions not only in the plant tissues
but also in human and animal digestive systems, subsequently
influencing the health of the entire organism.

For many years, the total carbohydrate content was deter-
mined by exploiting their tendency to condense with phenolic-
type compounds, including pheno, orcinol, resorcinol, napthore-
sorcinol, and a-naphthol (BeMiller and Low 1998). The most
widely used condensation reaction was with phenol, which was
used to determine virtually all types of carbohydrates including

mono-, di-, oligo-, and polysaccharides. The analytic method
is a rapid, simple, and specific determination for carbohydrates.
After reaction with phenol in acidic conditions in the presence of
heat, a stable color is produced, which is read spectrophotomet-
rically. A standard curve is usually prepared with a carbohydrate
similar to the one being measured.

Although the above method was, and is still, used to quan-
tify the total amount of carbohydrate in a given sample, it does
not offer the ability to determine the actual types of individ-
ual carbohydrates in a sample. Earlier methods such as paper
chromatography, open column chromatography, and thin-layer
chromatography have largely been replaced by either HPLC
and/or GC (Peris-Tortajada 2000). GC has become established
as an important method in carbohydrate determinations since
the early 1960s (Sweeley et al. 1963, Peris-Tortajada 2000) and
several unique applications have since then been reported (El
Rassi 1995).

For GC analysis, carbohydrates must first be converted into
volatile derivatives, the most common derivatization agent be-
ing trimethylsilyl (TMS). In this analytic technique, the aldonic
acid forms of carbohydrates are converted into their TMS ethers,
which are then injected directly into the chromatograph having
a flame ionization detector. Temperature programming is uti-
lized to maximally optimize the separation and identification of
individual components. Unlike GC, HPLC analysis of carbo-
hydrates requires no prior derivatization of carbohydrates and
gives both qualitative (identification of peaks) and quantitative
information of complex mixtures of carbohydrates. HPLC is an
excellent method for the separation and analysis of a wide va-
riety of carbohydrates ranging from the smaller and relatively
structurally simpler monosaccharides to the larger and more
structurally complex oligosaccharides. For the analysis of the
larger polysaccharides and oligosaccharides, a hydrolysis step is
needed prior to chromatographic analysis. A variety of different
columns can be used with bonded amino phases used to sepa-
rate carbohydrates with molecular weights up to about 2500 kDa
depending upon carbohydrate composition and their specific sol-
ubility properties (Peris-Tortajada 2000). The elution order on
amine-bonded stationary phases is usually monosaccharide and
sugar alcohols followed by disaccharides and oligosaccharides.
Such columns have been successfully used to analyze carbohy-
drates in fruits and vegetables as well as processed foods such
as cakes, confectionaries, beverages, and breakfast cereals (Be-
Miller and Low 1998). With larger polysaccharides, gel filtration
becomes the preferred chromatographic technique as found in
the literature. Gel filtration media such as Sephadex and Bio-
Gel have successfully been used to characterize polysaccharides
according to molecular weights.

MINERAL ANALYSIS

A (dietary) mineral is any inorganic chemical element in its
ionic form, excluding the four elements, namely carbon, nitro-
gen, oxygen, and hydrogen. These minerals are important as they
are required for a wide range of physiological functions, includ-
ing energy generation, enzyme production, providing structure
(skeleton), circulation fluids (blood), movement (muscle and
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nerve function), digestion (stomach acid production), and hor-
mone production (thyroxine), just to name a few. It has been
estimated that 98% of the calcium and 80% of the phosphorous
in the human body are bound-up within the skeleton (Hendriks
1998). Those that are directly involved in physiological func-
tion (such as in muscle contraction) include sodium, calcium,
potassium, and magnesium.

Most minerals (calcium, chloride, cobalt, copper, iodine,
iron, magnesium, manganese, molybdenum, nickel, phospho-
rous, potassium, selenium, sodium, sulfur, and zinc) are consid-
ered to be essential nutrients in the classical sense as they are
needed for physiological functions and must be obtained from
dietary sources. Additionally, there is a much smaller group of
minerals (arsenic, boron, chromium, and silicon) that have a
speculated role in human health, but their roles have not been
conclusively established, yet. Some minerals are referred to as
macro-minerals as they are required by humans in amounts
greater than 100 mg per day, including sodium, potassium, mag-
nesium, phosphorous, calcium, chlorine, and sulfur. A further
ten minerals are classified as micro or trace minerals as they
are required in milligram quantities per day, including silica,
selenium, fluoride, molybdenum, manganese, chromium, cop-
per, zinc, iodine, and iron (Hendriks 1998). In humans, both the
macro- and micro- minerals can contribute to disease develop-
ment in either excessive or deficient amounts.

Although many minerals are naturally found in most raw food
sources, some are added to foods during processing for different
purposes. An example of this is the addition of salt (sodium) dur-
ing processing to decrease water activity and to act as a preserva-
tive, for example, pickles and cheddar cheese (Hendriks 1998).
It should also be noted that food processing can also cause a de-
crease in the mineral content, for example, the milling of wheat
removes the mineral-rich bran layer. During the actual washing
and blanching of various foods, important minerals are often
lost in the water. It can therefore be concluded that accurate and
specific methods for mineral determination are in fact important
for nutritional purposes as well as in properly processing food
products for both human and animal consumption.

Many countries have laws specifying which minerals must
be added to specific foods in legally specified amounts and
forms. Iron is added to fortify white flour and various other
minerals, including calcium, iron, and zinc, are added to vari-
ous breakfast cereals. In North America, salt itself is fortified
with iodine to inhibit the development of goiter. Additionally,
minerals are affected by legal considerations. A food’s nutri-
tion label must declare the mineral content of the food in certain
cases, such as baked goods. In some countries such as the United
States, the link between a mineral in specified amounts and its
health effects is permitted, whereas in countries such as Canada,
legally predetermined statements may be put on the food product
packaging.

To determine the total mineral content in a food, the ashing
procedure is usually the method of choice. The word “ash” refers
to the inorganic residue that remains after either ignition or, in
some cases, complete oxidation of the organic material (Harbers
1998). Ashing can be divided into three main types—dry ashing
(most commonly used), wet ashing (oxidation) for samples with

a high fat content such as meat products or for preparation for
elemental analysis, and plasma ashing (low temperature) when
volatile elemental analysis is conducted.

In dry ashing, food samples are incinerated in a muffle furnace
at temperatures of 500—-600°C. During this process, most miner-
als are converted to either oxides, phosphates, sulfates, chlorides,
or silicates. Unfortunately, some minerals such as mercury, iron,
selenium, and lead may be partially volatized using this high-
temperature procedure. Wet ashing involves the use of various
acids that oxidize the organic materials while the minerals are
subsequently solubilized without volatilization. Nitric or per-
chloric acids that are often used along with reagent blanks are
carried throughout the entire procedure and then subtracted from
sample results. In the low-temperature plasma ashing, the food
sample is treated in a similar manner as in dry ashing but under a
partial vacuum, with samples being oxidized by nascent oxygen
formed by an electromagnetic field.

Although the above three ashing methods have been proven
to be adequate for quantifying the total amount of minerals in
a sample, they do not possess the ability to differentiate nor to
quantify the actual mineral elements in a food sample. Atomic
absorption spectrometers became widely used in the 1960s and
1970s and paved the way for measuring the presence and trace
amounts of minerals in various biological samples (Miller 1998).
Essentially, atomic absorption spectroscopy is an analytical tech-
nique based on the absorption of UV or visible radiation by free
atoms in the gaseous state. However, the sample must first be
ashed and then diluted in weak acid. The solution is then at-
omized into a flame. According to Beer’s law, the absorption is
directly related to the concentration of a particular element in
the sample.

Atomic emission spectroscopy differs from atomic absorption
spectroscopy in that the source of the radiation is in fact the
excited atoms or ions in the sample rather than an external source
has in part taken over. Atomic emission spectroscopy does have
the advantages with regard to sensitivity, interference, and multi-
element analysis (Miller 1998).

Recently, the use of ion-selective electrodes has made online
testing of the mineral composition of samples a reality. In fact,
many different electrodes have been developed to directly mea-
sure various anions and cations, such as calcium, bromide, fluo-
ride, chloride, potassium, sulfide, and sodium (Hendriks 1998).
Typically, levels as low as 0.023 pm can be measured. When
working with ion-selective electrodes, it is common procedure
to establish a calibration curve.

VITAMIN ANALYSIS

Vitamins are low-molecular weight organic compounds obtained
from external sources in the diet and are critical for normal
physiological and metabolic functions (Russell 2000). Vitamins
are divided into two groups based on liquid solubility, that is,
those that are water soluble (B vitamins and vitamin C) and
those that are fat soluble (vitamins A, D, E, and K). Since the
vast majority of vitamins cannot be synthesized by humans, they
must be obtained either from food sources or from manufactured
dietary supplements.
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Vitamin analysis of foods are completed for numerous rea-
sons, including regulatory compliance, nutrient labeling, inves-
tigating the changes in vitamin content attributable to food pro-
cessing, packaging, and storage (Ball 2000). As such, numerous
analytical methods have been developed to determine their levels
during processing and in their final product.

The scientific literature contains numerous analytical methods
for the quantitation of water-soluble vitamins, including several
bioassays, calorimetric, and fluorescent assays, all of which have
been proven to be accurate, specific, and reproducible for both
raw and processed food products (Eitenmiller et al. 1998). By
far, HPLC has become the most popular technique for quantify-
ing water-soluble vitamins, and the scientific literature contains
an abundance of HPLC-based methodologies (Russell 2000). In
general, it is the nonvolatile and hydrophilic natures of these vi-
tamins that make them excellent candidates for reversed-phase
HPLC analysis (Russell 1998). The ability to automate using
autosamplers and robotics makes HPLC an increasingly popu-
lar technique. Since the vast majority of vitamins occur in trace
amounts in foods, detection and sensitivity are critical consider-
ations. Although UV absorbance is the most common detection
method, both fluorescence and electrochemical detection are
also used in specific cases. Refractive index detection is seldom
used for vitamin detection due to its inherent lack of specificity
and sensitivity.

During the 1960s, GC with packed columns was widely used
for determining the presence and concentrations of various fat-
soluble vitamins, especially vitamins D and E. Unfortunately,
additional preliminary techniques such as thin-layer chromatog-
raphy and open-column techniques were still necessary for the
preliminary separation of the vitamins, followed by derivatiza-
tion to increase their thermal stability and volatility (Ball 2000).
More recently, the development of fused-silica open tubular cap-
illary columns has revived the used of GC, leading to a number of
recent applications for the determination of fat-soluble vitamins,
especially vitamin E (Marks 1988, Ulberth 1991, Kmostak and
Kurtz 1993, Mariani and Bellan 1996). Even so, HPLC is also
the method of choice for the fat-soluble vitamins in foods (Ball
1998). The main advantage of this technique is that the vitamins
need not be derivatized, and the method allows for both greater
separation and detection selectivity. Various analytical HPLC
methods have been introduced for the first time in the 1995 edi-
tion of the Official Methods of Analysis of AOAC International,
including vitamin A in milk (AOAC 992.04 1995) and vitamin
A (AOAC 992.26 1995), vitamin E (AOAC 992.03 1995), and
vitamin K (AOAC 992.27 1995) in various milk-based infant
formulas (Ball 1998).

At the present time, there are no universally recognized stan-
dardized methods that can be applied to all food types for de-
termining the presence, amount, or identity of the fat-soluble
vitamins (Ball 1998).

PIGMENT ANALYSIS

The color of food is a very important sensory characteristic
as it is often used as an indicator of both food quality and
safety (Schwartz 1998). A vast number of natural and synthetic

pigments are obtained from both plant and animal sources as well
as are developed during processes, for example, carmelization
and Maillard browning reactions. The majority of the naturally
occurring pigments in foods are divided into five major classes,
four of which are found in plant tissues while the fifth is found in
animal tissues (Schwartz 1998). Of those found in plants, two are
lipid soluble, that is, the chlorophylls (green) and the carotenoids
(yellow, orange, and red), with the other two are water soluble,
that is, anthocyanins (color usually depending upon pH, red in
acidic conditions and blue in basic) and betalains (yellow or
red indole-derived). Carotenoids are found in both plant (e.g.,
carotenoids (carrots), lycopene (tomatoes)) and animal tissues
(e.g., milk, egg yolk), but in animals they are derived from
dietary sources, for example, the yellow color in milk/egg yolk
is due to the consumption of green plants during pasture feeding
with various grasses, clovers, etc. (Schwartz 1998), not from
biosynthesis in the animal itself.

Several analytical methods exist for the analysis of chloro-
phylls in a wide variety of foods. Early spectrophotometric meth-
ods permitted the quantification of both chlorophyll a and b by
measuring the absorbance maxima of both chlorophyll types.
Unfortunately, only fresh plant material could be assayed as
no pheophytin could be determined. This became the basis for
the AOAC International spectrophotometric procedure (Method
942.04), which provides results for total chlorophyll content as
well as for chlorophyll a and b quantitation.

Schwartz et al. (1981) described a simple reversed-phase
HPLC method for the analysis of chlorophyll and their deriva-
tives in fresh and processed plant tissues. This method simplified
the determination of chemical alterations in chlorophyll during
food processing and allowed for the determination of both pheo-
phytins and pyropheophytins.

Numerous HPLC methods have been developed for
carotenoid analysis, specifically for the separation of the differ-
ent carotenoids found in fruits and vegetables (Bureau and Bush-
way 1986). Both normal and reversed-phase methods have been
used with the reversed-phase methods predominating (Schwartz
1998). Reversed-phase chromatography on C-18 columns us-
ing isocratic elution procedures with mixtures of methanol and
acetonitrile containing ethyl acetate, chloroform or tetrahydro-
furan have been determined to be satisfactory (Schwartz 1998).
Carotenoids are usually detected in wavelengths ranging from
430 nm to 480 nm. Since B-carotene in hexane has an absorp-
tion maximum at 453 nm, many methods have detected a wide
variety of carotenoids in this region (Schwartz 1998).

Measurements of the water-soluble but pH color-dependent
anthocyanins (red, purple, or blue) have been performed by de-
termining absorbance of diluted samples acidified to approxi-
mately pH 1.0 at wavelengths between 510 nm and 540 nm. Un-
fortunately, absorbance measurements of anthocyanins provide
only total quantification and any further information about the
presence and amounts of various other individual anthocyanins
must be performed by other methods. HPLC methods using
reversed-phase methods employing C-18 columns have been
the methods of choice as the anthocyanins are water soluble.
Mixtures of water, acetic, formic, or phosphoric acids usually
are used as part of the mobile phase.
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Charged pigments such as the red-violet colored betalains can
be separated by electrophoresis, but reversed-phase HPLC pro-
vides more rapid resolution and quantification (Cai et al. 2005).
Betalains have been separated on reversed-phase columns using
various ion-paring or ion-suppression techniques (Schwartz and
Von Elbe 1980, Huang and Von Elbe 1985). This procedure al-
lows for more interaction of the individual betalains molecules
with the stationary phase and better separation between individ-
ual components.

ANTIOXIDANTS

An increasingly important group of nonnutritive food compo-
nents are the antioxidants, a large group of biologically ac-
tive chemicals in plant and animal tissues usually in relatively
small concentrations (compared to their substrates; Halliwell
and Gutteridge 1995). As the name implies, an antioxidant miti-
gates/prevents the oxidation of other molecules that are more
easily oxidized, for example, vitamin E in oil prevents the
auto-oxidation of lipids, and antioxidants are “strong” reducing
agents. Antioxidants can accomplish this task via three possi-
ble mechanisms. The first is to prevent free-radical generating
reactions (oxidation reactions) from occurring, the second in-
volves inhibiting/scavenging for reactive species, and the third
involves the chelation/sequestering of metals that can act as cat-
alysts. Whichever pathway, antioxidants “protect” susceptible
molecules such as membrane lipids from being oxidized, thereby
maintaining their structural and functional integrity (Dilis and
Trichopoulou 2010).

These naturally occurring antioxidants consist of vitamins,
enzymes (proteins), minerals, pigments, organic acids, and
hormones (Prior et al. 2005), which include vitamins C (ascorbic
acid) and E and its isomers (c-tocopherol and tocotrienols);
selenium and manganese (minerals); «-carotene, B-carotene,
lutein, lycopene, etc. (carotenoid terpenoids); catalases, glu-
tathione (a thiol), peroxidases, reductases, and superoxide
dismutases (enzymes); flavones, flavenols, flavanones, flavanols
and their polymers, isoflavone phytoestrogens, stilbenoids, and
anthocyanins (all polyphenolic flavenoids); chlorogenic acid,
cinnamic acid (and its derivatives), gallic acid, etc. (all phenolic
acids and their esters); xanthones and eugenol (non-flavenoid
phenolics); lignin, bilirubin, citric, oxalic, phytic acids, etc.
(organic molecules); and melatonin, angiotensin, and estrogen
(hormones) (Sies 1997, Prior et al. 2005, Dilis and Trichopoulou
2010).

Chemically speaking, an oxidation reaction involves the trans-
fer of one or more electron(s) from one molecule to another (a
redox reaction), thereby creating a charged molecule/molecular
fragment called a free radical (essentially, an ion with posi-
tive or negative charge), which can further promote subsequent
reactions, leading to the generation of more free radicals. By
their very nature, free radicals are very reactive as they have an
unpaired electron in their outer shell configuration and, in an at-
tempt to reach stability, they donate/receive electrons to/from
other molecules such as lipids, proteins, and genetic mate-
rial (DNA). This interaction damages these more oxidizable
molecules, which impairs their functions. Antioxidants can ei-

ther donate hydrogen atoms or donate/receive electrons to/from
free radicals. While the “intervention” of the antioxidants causes
the antioxidants to become radicals themselves, these radicals
are more stable, eventually returning to their original state.

The human body produces free radicals through normal
metabolic processes such as aerobic respiration, while inflam-
mation and disease processes, exercise, exposure to exogenous
environmental chemicals, tobacco (including tobacco smoke),
sun-exposure (radiation), and chemicals (cleaning products and
cosmetics) are also sources of free radicals (Freeman and Capro
1982, Southorn and Powis 1988). The most abundant group
of free radicals produced in the human body involve oxygen,
and they are often referred to reactive oxygen species (ROS), a
group of peroxyl radicals including superoxide anions (O, ™), hy-
droxyl radicals (OH.), singlet oxygen radicals (!O,-), hydrogen
peroxide (H,0;), and ozone (O3). Other free radical produc-
ers/enablers include iron and copper (transition metals acting
as catalysts), which promote the production of more aggressive
free radicals (Valko et al. 2005, Apak et al. 2007) as well as
nitric oxide. Biologically, some of the free radicals have critical
biological functions, for example, some of the ROS species are
used by the immune system to attack and kill pathogens and
nitric oxide is involved in cell (redox) signaling (Somogyi et al.
2007).

A diet high in refined sugars and grains, foods cured with ni-
trites, pesticides, and hydrogenated vegetable oils coupled with
decreased consumption of whole grains, fruits, vegetables, and
non-/minimally processed foods, and non-healthy lifestyle gen-
erates more free radicals compared to a totally opposite diet
(Bruce et al. 2000). It has been hypothesized that free-radical
generating diets can lead to oxidative stress, an unbalanced
state characterized by increased free-radical concentrations cou-
pled with decreased antioxidant concentrations. This state has
been implicated in the aging process as well as in many dis-
eases/conditions such as Alzheimer’s disease, Parkinson’s dis-
ease, cardiovascular disease (including heart attack and stroke),
various cancers, cellular DNA damage, rheumatoid arthritis, and
cataracts (Etherton et al. 2002, Stanner et al. 2004, Shenkin 2006,
Nunomura et al. 2006). Epidemiological studies have suggested
the benefits of a high antioxidant diet, but clinical trials have pro-
vided mixed results (Pérez et al. 2009, Dilis and Trichopoulou
2010). This would seem to suggest that antioxidants may only
be partially responsible or work in synergism with other bio-
logically active molecules (Cherubini et al. 2005, Seeram et al.
2005). However, some clinical investigations have demonstrated
that antioxidants can also act as pro-oxidants in some diseases
(Bjelakovic et al. 2007). Because of their possible varied func-
tionalities in disease prevention, mitigation, or even treatment,
the food industry is very much interested in promoting the pres-
ence of either naturally occurring or added antioxidants in their
products. Pharmaceutical companies too are interested in antiox-
idants through the creation and marketing of various dietary sup-
plements or pharmaceutical drugs for the treatment of diseases.

Currently, antioxidant assays are divided into two groups, the
division being based on the underlying reaction mechanisms,
hydrogen atom transfer (HAT) and electron transfer (ET; Prior
etal. 2005), which can work in tandem in some assays. Details of
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these two reaction mechanisms, the descriptions of the various
assays, and their comparisons have been published extensively
over the past 20 years (Halliwell 1994, Prior and Cao 1999,
Huang et al. 2005, Prior et al. 2005, Apak et al. 2007, Phipps et
al. 2007, Moon and Shibamoto 2009). HAT mechanisms mea-
sure the ability of antioxidants to quench free radicals by do-
nating a hydrogen atom. This ability is critical as the transfer of
a hydrogen atom is a critical step in preventing/stopping radi-
cal chain reactions (Huang et al. 2005). HAT-based assays uses
a synthetic free-radical generator, an oxidizable probe (usually
fluorescent), and the antioxidant (Huang et al. 2005), monitor-
ing the competitive reaction kinetics with final quantification
derived from kinetic curves. ET-based assays, on the other hand,
are colorimetric assays that measure the change in color as the
oxidant is reduced. The mechanism itself involves only one re-
dox reaction, with the result being a quantifiable measurement
of the antioxidant’s reducing capacity (Huang et al. 2005).

Common HAT assays include oxygen radical absorbance ca-
pacity (ORAC), total radical trapping antioxidant parameter
(TRAP; and some of its variants), and total oxidant scavenging
capacity (TOSC). ORAC assays are the most widely used in re-
search, clinical, and food laboratories for antioxidant quantifica-
tion. This assay represents the classical antioxidant mechanism
by hydrogen transfer and can measure both in vivo hydrophilic
and lipophilic antioxidants, the latter by using selective combi-
nations of solvents with relatively small polarities. It is widely
used to measure the antioxidant capacity (AOC) of food sam-
ples ranging from pure compounds (e.g., melatonin) to complex
matrices such as fruits and vegetables (Prior and Cao 1999).
Peroxyl radicals generated with an azo-initiator compound are
added to microplate wells along with a fluorescent probe and
the extracted antioxidant. As the reaction progresses, fewer and
fewer of the antioxidants are available to donate hydrogen atoms
to the peroxyl radicals, which lead to radicals combining with
the fluorescent probe and forming a nonfluorescent molecule.
The reaction is quantified using a fluorometer over a period of
35 minutes, which is the time taken for the free radical action to
complete. The length of the ORAC assay also minimizes the pos-
sibility of underestimating the total antioxidant concentration as
some secondary antioxidant products have slower reaction ki-
netics. The effectiveness of the antioxidant is calculated from the
area between two curves generated when the assay is performed
with a sample and a blank, thereby combining both length of
inhibition and percentage inhibition into a single quantity (Cao
et al. 1995), with the results expressed as Trolox (a vitamin E
analogue) equivalents, that is, uM Trolox equivalents (TE) per
gram. One of the great advantages of the ORAC method is other
radical sources can be used (Prior et al. 2005) and has also been
developed for automation, which reduces the traditional time-
consuming analysis as well as human reaction time and other
sources of human error. In 2007, the United States Department
of Agriculture published a report entitled “Oxygen Radical Ab-
sorbance Capacity (ORAC) of Selected Foods—2007” (USDA
2007), which lists the ORAC values (hydrophilic and lipophilic)
as well as ferric-ion reducing antioxidant power (FRAP) and
Trolox equivalence antioxidant capacity (TEAC) assays for 59
different foods in the American diet.

The second HAT mechanism is the TRAP assay, which mea-
sures the ability of an antioxidant to interfere with the reaction
between a hydrophilic peroxyl radical generator such as 2,2'-
azobis(2-amidinopropane) dihydrocholride and a target probe.
The effectiveness of the antioxidant to interfere in this reaction
is measured by the consumption of oxygen during the reaction
with the oxidation of the probe followed optically or by fluores-
cence (Prior et al. 2005). In the initial lag phase, the oxidation
is inhibited by the antioxidants and is compared to the internal
Trolox standard. TRAP values are reported as a lag time or reac-
tion time compared to the corresponding times for Trolox (Prior
et al. 2005). The TRAP antioxidant assay is most useful for
measuring serum or plasma AOC, that is, in vivo nonenzymatic
antioxidants such as glutathione and nutritive antioxidant (pro-)
vitamins such as vitamin A (f-carotene), C (ascorbic acid), and
E (a-tocopherol). This assay is also sensitive to all antioxidants
that are capable of breaking the reaction generating peroxyl
radicals. The major disadvantage is that the assay assumes all
antioxidants have a lag phase, but this is untrue. The total AOC
is underestimated as the antioxidant value contributed after the
lag phase (if one is present) is not taken into account and also
assumes that the lag phase is proportional to AOC.

The third assay to measure the HAT mechanism
is TOSC, which quantifies the absorbance capacity of
three oxidants—hydroxyl radicals, peroxyl radicals, and
peroxynitrite—thereby making it applicable to evaluate antiox-
idants from different biological sources (Prior et al. 2005). The
substrate is «-keto-y -methiolbutyric acid, which forms ethylene
when oxidized and is measured over time by headspace analysis
by GC. The AOC of the antioxidant is determined by its ability
to inhibit ethylene formation. Like the ORAC, this assay is de-
termined by the area between the curve generated by the sample
and that of the control. The major advantage is that it can quantify
the effects of three common radicals of interest, but it is time-
consuming as the GC analysis can take 300 minutes, requiring
multiple injections of ethylene that has been collected from a sin-
gle sample into the GC. Additionally, the percentage antioxidant
inhibition and its concentration are not linear, which requires a
graph generated by various dilution factors with the DTsq cal-
culated by the first derivation of this dose-response curve.

The only major assays measuring ET mechanisms (reducing
power) is the FRAP, which was initially developed to measure
the OAC of plasma but has been adapted for samples of botan-
ical origins (Prior et al. 2005). The low pH reaction measures
the reduction of ferric 2,4,6-tripyridyl-s-triazine by antioxidants
in a redox-linked colorimetric method with a redox potential
< 0.7 V (Phipps et al. 2007). The bright blue color caused
by the presence of the ferrous ion is measured spectrophoto-
metrically at 593 nm. The major advantage is that the assay is
inexpensive, the results are producible, and the assay is short,
leading to automated or semi-automated high throughput. The
major drawback with the FRAP assay is that a chemical reduc-
tant and a biological antioxidant are treated identically, but the
assay neither directly use a pro-oxidant nor use an oxidizable
substrate (Prior and Cao 1999). The ferric ion (Fe*) is not nec-
essarily a pro-oxidant such as the ferrous ion (Fe?*) that reacts
with hydrogen peroxide (a peroxyl free radical). Additionally,
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neither ion is able to cause direct oxidative damage to easily ox-
idized biological molecules such as lipids, proteins, and DNA.
Additionally, the assay is unable to measure the effects of antiox-
idants that act strictly on HAT (mechanisms such as thiols and
proteins), leading to underestimation of serum AOC but may be
useful in combination with other assays to differentiate between
antioxidant mechanisms.

Both the TEAC and other ABTS (2,2'-azinobis[3-
ethylbenzothiazoline-6-sulfonic acid] di-ammonium salt) assay
as well as DPPH assay (1,1-diphenyl-2-picryl-hydrazyl) use in-
dicator radicals that may be neutralized by either HAT or ET
mechanisms. In the TEAC (and its related assays), the long
life anion ABTS molecule is oxidized to its cation radical form
(ABTS-) by peroxyl radicals, forming an intensely colored lig-
uid. The AOC is determined by the ability of the antioxidant to
decrease the color by reacting with the cation, which is measured
with a spectrophotometer at 415, 645, 734, and 815 nm (Prior
etal. 2005). As with ORAC, the results are expressed in TE. This
assay offers advantages over some of the other assays described
previously. Its major advantage is that antioxidant mechanisms
as influenced by pH can be studied over a wide pH range. Addi-
tionally, the generation cation radical is soluble in both polar and
nonpolar solvents and is not affected by ionic strength. While
it measures both hydrophilic and lipophilic antioxidants, it does
tend to favor the hydrophilic species, but this can be overcome
by using buffered media or partitioning the antioxidants between
hydrophilic and lipophilic solvents. In terms of effort, the assay
is short (30 minutes) as the antioxidants react rapidly with the
generated cation radical The major objection to this assay is that
the ABTS radical is not found in mammalian tissues and thus
represents a synthetic radical source, but any molecule, such
as phenolic compounds, that have low redox potentials can re-
act with ABTS™ (Prior et al. 2005). As with some of the other
assays, TEAC may have long initial lag phases, and the assay
may not go to completion before stopping itself, resulting in
OAC underestimation.

The theory of the DPPH assay is based on the ability of the
antioxidants to reduce it to its radical form, DPPH-, a stable
nitrogen radical producing a deep purple color with the decrease
in color monitored by absorbance at 515 nm or by electron spin
resonance. The results are reported as ECsp, which measures a
50% decrease in the DPPH- concentration, which is proportional
to the antioxidant concentration (Prior et al. 2005). This assay
is also quick and only requires the use of a spectrophotometer,
but results are difficult to interpret as compounds such as the
carotenoids also absorb maximally at 515 nm. The major disad-
vantage is that DPPH acts both as the radical probe and as the
oxidant. As aradical, DPPH is not involved in lipid peroxidation.
Many antioxidants react with peroxyl radicals, but DPPH may
be inaccessible to the antioxidants or may interact with them
very slowly.

The F-C assay, aka total phenolics assay, is a measure of the
AOC of the total phenolic content of a (food) sample. Since
its development in 1927 for tyrosine analysis, it has been de-
veloped and improved to measure the AOC of all the phenolic
molecules of a sample (Singleton and Rossi 1965). These phe-
nolic compounds are oxidized by a molybdotungsto-phosphoric

heteropolyanion reagent with the reduced phenols, producing a
colored product that is measured maximally at 765 nm. While
the method is simple, it has a number of drawbacks. The method
must be followed exactly and explicitly to minimize variability
and erratic results. The assay suffers from a large number of
interfering but naturally occurring substances such as fructose,
ascorbic acid, aromatic amino acids, and other compounds that
are listed by Prior et al. (2005). However, this limitation was
overcome in a study on the phenolic content of urine by using
solid-phase extraction to remove the water-soluble compounds
from the sample (Roura et al. 2006). It should also be taken into
consideration that the phenolic composition in different samples
would react differently as is demonstrated by the F-C assay of
different foods (cf. Figure 7, Prior et al. 2005).

For analytical chemists, it becomes increasingly important to
understand the composition of the food matrix as the differ-
ent antioxidant assays may not be identical in their underlying
mechanisms. Additionally, the results must also take into ac-
count the effect of geography, soils, climatic conditions, variety,
seasonality, transportation, processing, etc. of a particular food,
as these can influence resulting antioxidant values (Dewanto et
al. 2002, Tsao et al. 2006, Xu and Chang 2008).

In light of the different underlying reaction mechanisms, the
different antioxidants, their target free radicals, and their en-
vironmental conditions, the food matrix, etc., the dilemma be-
comes apparent as to which assay to choose as much has to be
taken into consideration. Extraction methodologies, detection,
quantification, measuring the effectiveness of the vast array of
antioxidants against their target free radicals, as well as interpret-
ing the results (Prior et al. 2005) are just some considerations.
As can also be deduced, the different assays have their advan-
tages/disadvantages, and the result of one cannot be compared
to the results of another. None of the assays can be considered
as measurements of total antioxidant activity as antioxidants are
indeed varied.

As aresult of all these challenges and concerns, 144 scientists
met at the First International Congress on Antioxidant Meth-
ods in 2004 to standardize these issues across all laboratories
worldwide, with all resultant works are to be published in The
Journal of Agricultural Food Chemistry (Prior et al. 2005). We
look forward to the fruit of this enormous and invaluable effort.

GAS CHROMATOGRAPHY—MASS
SPECTROSCOPY

GC-MS is a common and powerful analytical technique used in
both agricultural and food industries, which combines the fea-
tures of both GC and MS. Developed in the 1950s by Roland
Gohike and Fred McLaffert, GC-MS first separates the prepared
sample (containing a mixture of compounds) into separate and
distinct compounds (by GC) and then positively identifies and
quantifies these compounds based on their ion fragment pat-
tern (by MS). This approach is advantageous as it identifies a
molecule by both its unique retention time as well as its unique
fragmentation pattern. The results are graphically illustrated in a
mass spectrum graph that yields both qualitative and quantitative
information about the substance(s) of interest.
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GC separates (partitions) and analyzes molecules of inter-
est such as lipids and carbohydrates, which can be volatilized
(naturally or chemically) without decomposition or creation of
chemical artifacts. The volatilized compounds are injected into
the GC, vaporized, and carried through a column by an inert gas,
where they differentially interact with the inner lining of the col-
umn. Their rate of release from the column lining is based on
their attraction with the column lining, and after being released,
they are carried to the detector that electronically records the
amount of time each substance has taken to travel through the
column. MS, on the other hand, determines the elemental com-
position of a sample, such as the gaseous effluent from a gas
chromatograph. Molecules are ionized, creating both charged
molecules as well as their various fragments. These charged
substances are accelerated through an electromagnetic field that
filters the ions based on a predetermined mass size. The ions are
then counted by a detector that sends the information to a com-
puter, which generates a “graph” showing both the number of
the various ion fragments with their different masses and their
relative amounts. Each chemical has a specific fragmentation
pattern, just like a human fingerprint or iris pattern.

GC-MS is used for substances that are thermally stable (up to
300°C) and relatively volatile at temperatures less than 300°C,
whereas liquid chromatography—MS (LC-MS or HPLC-MS) is
used for chemicals that are not volatile and/or degrade at tem-
peratures above room temperatures. Nonvolatile chemicals can
be made volatile with derivatizing agents, but not all derivatizing
agents and solvents are compatible with various components of
GC or HPLC equipment. Both GC-MS and LC-MS provide
the much-needed sensitivity than either equipment used alone.
Conventional tests such as Kjeldahl or Dumas can determine
if a sample contains any substances that can be categorized as
proteins, carbohydrate, lipid, etc., but these single methods are
not able to specifically identify the substance of interest. The
main advantage of using these two analytical tools in tandem
(GC-MYS) is that together they positively identify (confirm) the
presence of any chemical in a sample with no false positive re-
sults even to levels as low as 5 ppb (Tareke et al. 2002). Using
the analogy of a puzzle, single tests such as Kjeldahl or Dumas
provide one piece to the puzzle, whereas GC-MS provides the
entire picture. Both single and tandem analytical approaches are
valid but before starting any analysis, one has to determine what
information is needed and which analytical test(s) would best
provide that information to the meet the criteria of identification,
accuracy, and sensitivity.

Currently, food applications of GC-MS is primarily limited
to detect the presence of contaminants such as pesticides, insec-
ticides, etc., in fruits and vegetables produced around the world,
as their use in the agricultural industry is not globally standard-
ized. This reality has made GC-MS a valuable tool in the area
of food safety and quality assurance.

Foods and beverages contain many aromatic compounds such
as esters, fatty acids, alcohols, aldehydes, terpenes, etc., which
may be naturally present or formed during processing, and the
presence or absence of specific compounds may be of interest
to researchers, food product developers, food inspectors etc. As
stated above, GC-MS is mainly used to detect the presence or

absence of pesticides in foods, but it can easily be expanded to
detect contaminants arising from the spoilage or adulteration of
food. GC-MS detected the presence of pesticides in pet food
from China in 2007 (FDA 2007) as well as the presence of
melanine in Chinese baby food in 2008. Both Kjeldahl and
Dumas would have shown the presence of much higher than ex-
pected nitrogen content, and hence protein content, in the con-
taminated pet food and melamine adulterated baby food. The
higher than expected protein content would have raised the sus-
picions of analysts, but further expensive and time-consuming
tests would need to have been completed. In this case, GC-MS
clearly demonstrated the presence of pesticides in the pet food
and was also able to differentiate between the nitrogenous milk
proteins and the nitrogen from the melanine.

In the world of expensive foods, GC—MS is an effective tool
in the detection of food adulteration. Some food delicacies such
as caviar, bird’s nests, saffron, and truffles as well as other ex-
pensive food commodities such as coffee, tea, olive oil, balsamic
vinegar, honey, maple syrup, etc., are commonly adulterated to
levels that may not be detectable by conventional tests, and vi-
sual inspection may not raise the suspicions of food inspectors or
consumers. Ruiz-Matate et al. (2007) reported the development
of a GC-MS method to detect the adulteration of honey with
commercial syrups. Honey can be adulterated with inexpensive
sugar syrups such as high-fructose corn syrup or inverted syrups.
Using GC-MS, they discovered, and were also the first to report,
the presence of di-fructose in the four syrup samples but not in
any of the honey samples. Hence, the presence of di-fructose
in any honey sample would indicate possible adulteration of
the honey. Likewise, Plessi et al. (2006) used GC-MS to dis-
cover the presence of nine phenolic antioxidant compounds in
balsamic vinegar, an internationally and nationally recognized
commodity that has country of origin status in the European
Union (European Council Regulation 8§13/2000). These pheno-
lic acids certainly contribute to the unique sensory qualities of
the balsamic vinegar from Modena and may very well be used
as specific identification markers indicating country, and region,
of origin.

As adulteration can be fatally dangerous as well as compro-
mise the integrity of the genuine food product, constant vigilance
by advanced analytical methods such as GC-MS is critically
necessary.
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Abstract: Foods are primarily very complex matrices and there-
fore present an enormous technical challenge to the analyst whose
responsibility is to determine and establish the levels of various
components therein. A number of analytical tools, including en-
zymes, have therefore been developed through the years to meet this
challenge. The basis for enzyme use is its specificity that enables
selective, sensitive, and accurate determination of both macro- and
micronutrients in foods. The application of enzymes as an analytical
tool has, in recent years, been given a further boost by the devel-
opment of biosensors with improved robustness and versatility. In
this chapter, the application of enzymes (e.g., proteases, amylases,
lipases, oxidases, etc.) and the underlying principles for analysis of
food macro- and micronutrients including proteins, carbohydrates,
lipids, antioxidants, cholesterol, toxins, food contaminants (phar-
maceuticals, and food quality) are discussed.

INTRODUCTION

For centuries and prior to enzyme discovery and scientific under-
standing of its catalytic activity, humans had been inadvertently
tapping into the benefits of enzymes for the production of a va-
riety of foods. It is hard to think of food products like cheese,
bread, wine, and other alcoholic beverages today without con-
sidering the role of enzymes in their production. Since their
discovery, the unique characteristics of enzymes, such as their
natural origins and specificity, have been exploited in the pro-
cessing of a plethora of foods. These processes include (1) starch
liquefaction and saccharification using alpha amylases and amy-
loglucosidases, (2) conversion of dextrins to fermentable sugars
in brewing, (3) chill-haze prevention in the brewing industry us-
ing proteases, (4) juice clarification using pectinases, and (5) pro-
duction of high-fructose corn syrups by conversion of glucose to
its much sweeter keto-form, fructose, using glucose isomerase,
just to mention a few. Recent developments in the field of molec-
ular biology and protein engineering have enabled cost-effective
production of “customized” enzymes with tailored characteris-
tics that have further broadened the range of food applications
involving enzymes. For example, phospholipases for increasing
cheese yield and oil degumming, lipases for interesterification
of lipids as an alternative to chemical processes, carbohydrate
oxidases for lactose conversion to lactobionic acid used in the
transplant industry for organ preservation, and asparaginases for
acrylamide mitigation in foods are some of the emerging appli-
cations of enzymes in the food manufacturing process.

The broad range of enzyme classes used in the manufac-
ture of food products is a very good indicator of the challenges
presented to the food analyst, whose responsibility is to ana-
lyze the ingredients or components of different foods. Foods
are basically a complex matrix of edible ingredients, some of
which are present in high amounts (e.g., macronutrients such as
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proteins, carbohydrates, and lipids) and others in extremely low
amounts (e.g., flavor components, micronutrients such as vita-
mins, antioxidants, etc.). Analysis of these different components
requires techniques that are not only simple and affordable but
also, more importantly, very specific and sensitive to ensure that
the “needle in the haystack” can be picked up (identified) and its
size (amount) determined. These challenges have been largely
met by technological advancements in chromatography, elec-
trophoresis, mass spectrometry, etc. The specificity and relative
sensitivity of enzymes make them ideally suited and versatile
candidates for addressing these challenges as well. The protein
nature of enzymes, however, means their efficacy for such ap-
plications is influenced by factors such as pH, temperature, and
ionic strength of the analytes and the catalytic milieu. These
factors tend to limit the scope of enzyme applications for this
purpose as they may destabilize or denature the enzyme, com-
promise specificity, or reduce affinity of the enzyme for the
substrate or analyte of interest. Some of these limitations have
been addressed using immobilization techniques. Furthermore,
the significant developments in biosensor technology provide
an even greater opportunity for use of enzymes for this purpose
by providing the necessary robustness, versatility, and afford-
ability. Basically, biosensors are analytical tools consisting of
two main components: (i) a bioreceptor for selective analyte
or food ingredient detection and (ii) a transducer that transmits
the resulting effect of the bioreceptor—analyte interaction to a
measurable signal (Viswanathan et al. 2009). These signals may
be amperometric, piezoelectric, potentiometric, fluorometric, or
colorimetric. Furthermore, developments in biotechnology have
made possible the commercial production, and thus availability,
of a broad range of enzymes with the desired characteristics for
use in such applications. This chapter is aimed at discussing the
application of enzymes in analysis of foods, with emphasis on
the principles underlying their role in these analyses. Obviously,
any attempt at reviewing the analytical role of enzymes for all
food components will be a massive endeavor that cannot be cap-
tured in one chapter, and there have been a number of reviews
on the subject in the past, several of which have been appro-
priately cited. Therefore, the emphasis of this chapter is on the
enzymatic methods for analysis of a few selected topics related
to food components, including the major food components (i.e.,
proteins, carbohydrates, and lipids), toxins, contaminants, and
food quality.

ANALYSIS OF THE MAJOR FOOD
COMPONENTS

PROTEINS AND AMINO ACIDS

Proteins are major components of foods, and while the primary
interest in proteins is due to their nutritional and functional
impact on foods, the allergic reactions induced in sensitized in-
dividuals following consumption of certain proteinaceous foods
have been a key driver for the development of highly selective
and sensitive tools for protein detection and analysis to ensure
that food products conform to regulatory standards. For exam-
ple, lysozyme (muramidase) is an enzyme derived from hen

egg white and is approved for use as an antimicrobial agent for
preservation of the quality of ripened cheese. However, it is a
potential allergen and the joint Food and Agricultural Organiza-
tion/World Health Organization Codex Alimentarius Commis-
sion require its presence in foods to be declared on the label
as an egg product (Codex Standard I-1985). Enzyme-linked im-
munosorbent assay (ELISA) has been a major technique for
analysis of these and other proteins with limits of detection
ranging from 0.05 to 10 mg/kg (Schubert-Ulrich et al. 2009).
The widespread application of ELISA for these analyses has
been attributed to its specificity, sensitivity, simple sample han-
dling, and high potential for standardization and automation.
Schneider et al. (2010) recently reported an ELISA for anal-
ysis of lysozyme in different kinds of cheese. Their method
involved use of a peroxidase-labeled antibody that undergoes
a redox reaction with tetramethylbenzidine dihydrochloride to
form a product that can be measured by the absorbance change
at 450 nm. A number of ELISA methods have been used for
analysis of lysozyme in hen egg white, wines, cheese, and other
foods (Rauch et al. 1990, Yoshida et al. 1991, Rauch et al. 1995,
Vidal et al. 2005, Kerkaert and De Meulenaer 2007, Weber et al.
2007). Other proteins that have been analyzed by ELISA in-
clude those found in hazelnuts (Holzhauser and Vieths 1999),
peanuts (Pomes et al. 2003), walnuts (Doi et al. 2008), soy (You
et al. 2008), sesame (Husain et al. 2010), etc. In soybeans, as
many as 16 allergenic proteins have been detected, of which
B-conglycinin is considered to be the major culprit (Maruyama
etal. 2001, Xiang et al. 2002). In the method of You et al. (2008)
for B-conglycinin analysis, they had used an epitope correspond-
ing to amino acid residues 78-84 of the protein to synthesize
an immunogen by linking it (the epitope) to chicken ovalbu-
min and bovine serum albumin as carrier proteins. Horseradish
peroxidase was used as the enzyme for detection by measuring
absorbance at 492 nm. Table 3.1 shows a list of ELISA-based
methods commercially available for analysis of a number of
food proteins.

ELISA is a major enzyme-based analytical tool for a broad
range of food components and other ingredients, and therefore,
an explanation of the underlying principles is appropriate here.
Figures 3.1 and 3.2 illustrate the general principles underlying
the use of sandwich and competitive ELISA (both of which may
be direct or indirect) for protein analysis. In the direct sand-
wich ELISA, a capture antibody specific for the protein being
analyzed is first immobilized onto a solid phase. When analytes
containing the protein of interest are introduced or present in
the system or food material, they bind specifically to the im-
mobilized antibody. Detection of such binding is achieved by
introducing a second enzyme-labeled analyte-specific antibody
into the system, thereby forming a sandwich. In the indirect
sandwich ELISA, a second analyte-specific antibody binds to
a secondary site on the protein of interest (analyte) to form
the sandwich before the enzyme-labeled antibody binding. The
requirement for a secondary binding site or more than one epi-
tope for specific binding makes this type of ELISA primar-
ily applicable to large molecules like proteins. In both types,
the binding reaction may be linked to a chromophore, with the
color intensity being proportional to the protein concentration.
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Protein Source Target Protein ELISA Test Kit Supplier
Milk B-Lactoglobulin, caseins RIDASCREEN pg-Lactoglobulin R-Biopharm
RIDASCREEN Casein R-Biopharm
Milk Protein ELISA Kit Crystal Chem Inc
Allergens ELISA Kits Astori Labs
FASTKIT SLIM Milk Allergens Cosmo Bio USA
ELISA Systems g-Lactoglobulin ELISA Systems
Nuts Peanut (Ara h1 and Ara h2) RIDASCREEN FAST Peanut R-Biopharm
Peanut Protein ELISA Kit Morinaga Inst.
Allergens ELISA Kits Crystal Chem Inc
FASTKIT SLIM Peanut Allergens Astori Labs
Peanut Residue ELISA Cosmo Bio USA
ELISA Systems
Eggs Ovomucoid, ovalbumin, RIDASCREEN FAST Egg Protein R-Biopharm
ovotransferrin, lysozyme Egg Protein ELISA Kit Crystal Chem Inc
Allergens ELISA Kits Diagnostic Automation
FASTKIT SLIM Egg Allergens Astori Labs
Enhanced Egg Residue Assay Cosmo Bio USA
ELISA Systems
Cereals Gliadins, secalin, hordein, RIDASCREEN FAST Gliadin R-Biopharm
prolamin, gluten Gliadin ELISA Kit Morinaga Inst.
Wheat Protein ELISA Kit Crystal Chem Inc
Gluten ELISA Kits ELISA Technologies
FASTKIT SLIM Wheat Allergens Astori Labs
ELISA Systems Gliadin Cosmo Bio USA
ELISA Systems
Mustard Mustard protein RIDASCREEN FAST Senf/Mustard R-Biopharm
Allergens ELISA Kits Astori Labs
Veratox for Mustard Allergen Neogen
Mustard Seed Protein Assay ELISA Systems
Wine, juice Lupine (e.g., y-conglutin) RIDASCREEN FAST Lupine R-Biopharm
Allergens ELISA Kits Astori Labs
ELISA Systems Lupine Residue ELISA Systems
Crustaceans Tropomyosin RIDASCREEN FAST Crustacean R-Biopharm
Allergens ELISA Kits Astori Labs
Crustacean Residue ELISA ELISA Systems
Soybean Soy trypsin inhibitor Soy Protein ELISA Kit US Biologicals
Allergens ELISA Kits Diagnostic Automation
FASTKIT SLIM Soybean Allergens Astori Labs
Cosmo Bio USA
ELISA Systems

Potentiometric, amperometric, electrochemical, and piezoelec-
tric detection methods have since been developed and widely
used for these analyses.

Competitive ELISA is more flexible and applicable to anal-
ysis of small as well as large molecules. In the direct form
of the assay, the analyte of interest is first incubated together
with the enzyme-labeled antibody and the mixture added to the
analyte-specific capture antibody with which they react compet-
itively and in a concentration-dependent manner for detection
(Figure 3.2). The indirect form of competitive ELISA involves

co-incubation of the bound analyte of interest with an analyte-
specific antibody. Analyte detection is then achieved by intro-
ducing a second enzyme-labeled antibody into the mix, which
binds to the analyte-specific antibody. In another form of in-
direct competitive ELISA, the analyte-specific antibody is first
bound to the surface, and the analyte or protein of interest is
made to compete with an enzyme-labeled analyte or a tracer for
binding to the antibody. In all cases, the binding is concentration
dependent and can be measured by the changes in absorbance
or some other signal.
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= Enzyme-labeled analyte-specific
antibody

= Analyte-specific capture antibody
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@ = Analyte
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Figure 3.1. Sandwich ELISA with direct and indirect enzyme-labeled antibody detection.

Other techniques have been developed in recent years for
protein or allergen analysis, which utilize enzyme-labeled
antibodies for detection. These include lateral flow assays,
which are immunochromatographic tests involving movement
of immunoreactants along a test strip, and dipstick tests, which
involve immobilized capture antibodies on a test strip with an-
alyte detection by enzyme-labeled antibodies. Both techniques

are generally inexpensive, rapid, and portable, thus making them
ideal tools for online monitoring. For a detailed review of these
techniques and other methods for protein and allergen analysis,
the reader is referred to a recent review by Schubert-Ulrich et al.
(2009). The growing field of nanotechnology has opened up
other opportunities for development of enzyme-based biosen-
sors for protein analysis. A recent report captured the essence of
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Figure 3.2. Competitive ELISA with direct and indirect enzyme-labeled antibody detection.
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this using gold-nanoparticle—carbon-nanotube hybrid linked to
horseradish peroxidase as a biosensor for measuring the amount
of protein in serum (Cui et al. 2008). In this method, the
hybrid-bound  peroxidase catalyzes oxidation of o-
phenylenediamine in the presence of hydrogen peroxide
to produce diaminobenzene, which, being electroactive, gen-
erates an amperometric response. Comparison of this method
with ELISA showed no significant differences between the two
methods. Table 3.1 shows a list of some commercially available
ELISA Kkits for analysis of food proteins.

The free amino acid content as well as amino acid composition
of food proteins constitutes very important food components due
to their impact on general protein metabolism and a number of
food qualities. For example, the presence of glutamate is gener-
ally associated with umami or savory flavor, while high content
of hydrophobic amino acids tend to cause bitterness in protein
hydrolysates. Similarly, high content of free amino acids provide
free amino groups that promote Maillard reactions particularly
when these foods are subjected to high-temperature treatments.
The products or intermediates of the Maillard reaction may un-
dergo other reactions that eventually influence flavor and color
of the food product. In the age of protein-fortified sports drinks,
free amino acid and peptide content of foods also provides the
athlete the “boost” needed for recovery from intense muscle
activity during fitness training. A number of analytical meth-
ods for determination of amino acid content in foods involve
application of enzymes. For instance, one of the early meth-
ods for amino acid analysis involved the use of amino acid de-
carboxylases to decarboxylate amino acids. The stoichiometric
release of carbon dioxide was then analyzed using glass elec-
trodes containing sodium bicarbonate (Wiseman 1981). In the
analysis of tryptophan, tryptophanase was used to catalyze hy-
drolysis of the amino acid to produce pyruvate. Coupling of the
pyruvate production to lactate dehydrogenase converted NADH
to NAD™ and the corresponding change in absorbance at 340
nm was recorded as the index of tryptophan content (Wiseman
1981). The principle underlying the method is shown in Figure
3.3. A similar method involving coupling to NADH has been
exploited in the aspartate aminotransferase analysis of aspartic
acid by conversion of aspartic acid to oxaloacetate in the pres-
ence of malate dehydrogenase (Wiseman 1981). A number of

Tryptophanase
L-Tryptophan + H,O Pyruvate + Indole + NH;
NADH
Lactate
dehydrogenase NAD*

Lactate
Measure change in absorbance at 340 nm
Figure 3.3. Principle underlying tryptophan analysis in foods using

the coupled tryptophanase and lactate dehydrogenase (LDH)
reaction.

other enzyme-based methods have been developed for analysis
of amino acids, with a significant number of these also using
coupling to NADH-NAD™ conversion (see Table 3.2).

SUGARS

Glucose oxidase is by far the most predominant and widely used
of enzymes for detection of glucose in foods. The underlying
principle is based on hydrolysis of glucose to form gluconic
acid and hydrogen peroxide. The latter is then coupled to per-
oxidase catalysis, which oxidizes a colored precursor, resulting
in absorbance change that is proportional to the glucose content
(Wiseman 1981). Other methods using enzyme complexes or
combinations for analysis of glucose are available. One such
method was based on the glucose-6-phosphate transferase cat-
alyzed transfer of an acyl phosphate from a donor molecule
to form glucose 6-phosphate. Coupling this reaction to NADP
conversion to NADPH resulted in absorbance change that could
be measured at 340 nm. Glucose oxidase has also been applied
to the determination of sucrose (common sugar). The analysis
involves invertase-catalyzed conversion of sucrose to D-fructose
and a-p-glucose. This is followed by mutarotase-catalyzed iso-
merization of the «-D-glucose to B-D-glucose, which in turn
is oxidized by glucose oxidase to D-glucono-é-lactone and hy-
drogen peroxide (Morkyavichene et al. 1984, Matsumoto et al.
1988). As discussed earlier, the amount of peroxide released
by the coupled reaction with peroxidase is proportional to
the sucrose content. Fructose is another monosaccharide with
widespread use in several foods and thus of significant interest
in the food industry. The level of fructose in foods provides
an indication of the stage of ripening, adulteration of products
such as honey, and the sweetness of various foods. There have
been several analytical methods based on the highly specific
pyrroloquinoline quinone (PQQ) enzyme, D-fructose dehydro-
genase (Paredes et al. 1997). The enzyme catalyzes oxidation
of D-fructose to 5-keto-D-fructose with corresponding reduction
of the covalently bound cofactor PQQ to PQQH,. Coupling re-
oxidation of the reduced cofactor to electrodes produces electric
current in direct proportion to the amount of fructose. Trivedi
et al. (2009) recently reported another method involving use of
D-fructose dehydrogenase with ferricyanide as electron acceptor.
Figure 3.4 is a schematic representation of the principle underly-
ing this method. The enzyme oxidizes fructose to keto-fructose
with the reduction of ferricyanide. The reduced ferricyanide is
subsequently re-oxidized, producing electrical current propor-
tional to fructose concentration.

In a recent review, Zeravik et al. (2009) discussed the use of
biosensors referred to as bioelectronic tongues for detection and
analysis of sugars and other food components or contaminants.
Glucose and ascorbic acid content of fruit juices have been an-
alyzed using one of these “tongues” involving glucose oxidase
and metal catalysts (Pt, Pd, and Au-Pd). The metal catalysts
improved the sensitivity of the tongue by reducing the oxidation
potential of the hydrogen peroxide released as a result of the glu-
cose oxidase activity (Gutes et al. 2006). Similar simultaneous
detection of glucose, fructose, and sucrose has been achieved
by amperometric flow injection analysis using an immobilized
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Table 3.2. Enzymatic Methods for Food Component Analysis

Part 1: Principles/Food Analysis

Food Component

Enzymes Involved

Commercial Kit

Reference

Amino Acids
Amino acids

Tryptophan
Aspartic acid

Glutamic acid

Lysine

Carbohydrates
Sucrose

Fructose

Glucose

Lactose
Lactulose

Raffinose

Starch

Dietary fiber, dextran,
and hemicellulose

Pectin

Lipids
Triglycerides

Cholesterol

Glycerol

Phosphatidyl choline
(lecithin)
Fatty acids

Amino acid decarboxylase, amino

acid oxidase
Tryptophanase

Aspartate aminotransferase

Glutamate dehydrogenase, glutamate
oxidase, diaphorase

Lysine oxidase

Invertase, hexokinase,
glucose-6-phosphate
dehydrogenase

Hexokinase, phosphoglucose
isomerase, glucose-6-phosphate
dehydrogenase, fructose
dehydrogenase

Glucose oxidase, peroxidase,
hexokinase, glucose-6-phosphate
dehydrogenase

B-Galactosidase

Fructose dehydrogenase,
B-galactosidase

«-Galactosidase, galactose
mutarotase, B-galactose
dehydrogenase

«a-Amylase, amyloglucosidase,
glucose oxidase, peroxidase,
amyloglucosidase, hexokinase,
glucose-6-phosphate
dehydrogenase

a-Amylase, protease,
amyloglucosidase, dextranase,
hemicellulase

Pectate lyase

Lipase, glycerol kinase, glycerol
phosphate oxidase, peroxidase,
lipoprotein lipase, glycerol kinase,
glycerol phosphate oxidase

Cholesterol esterase, cholesterol
oxidase, peroxidase

Glycerol kinase, glycerol phosphate
oxidase, peroxidase, glycerol
dehydrogenase,
glycerol-1-phosphate
dehydrogenase, pyruvate kinase,
lactate dehydrogenase

Phospholipase D, choline oxidase,
peroxidase

Lipases

Megazyme International

Megazyme International
Sigma Aldrich, Inc.

Sigma Aldrich, Inc.
Megazyme
International

Cayman Chemical Co.
Sigma Aldrich, Inc.
Megazyme

International

Megazyme International

Megazyme International

Megazyme International
Sigma Aldrich
Company

Sigma Aldrich, Inc.

Megazyme International

Cayman Chemical Co.
Sigma Aldrich, Inc.

Cayman Chemical Co.

Megazyme International

Cayman Chemical Co.

Sigma Chemical Co.

Cayman Chemical Co.

Wiseman 1981, Mello and
Kubota 2002,
Prodromidis and
Karayannis 2002, Cock
et al. 2009

Wiseman 1981, Mello and
Kubota 2002,
Prodromidis and
Karayannis 2002, Cock
et al. 2009

Wiseman 1981, Mello and
Kubota 2002,
Prodromidis and
Karayannis 2002, Cock
et al. 2009
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Food Component Enzymes Involved

Commercial Kit Reference

Other Components

Citric acid Citrate lyase

Catechol/polyphenols Polyphenol oxidase, tyrosinase

Oxalate Oxalate oxidase

Lactate Transaminase, lactate dehydrogenase

Aspartame Carboxyl esterase, alcohol oxidase,
aspartase, carboxypeptidase,
chymotrypsin, glutamate oxidase

Alcohol Alcohol dehydrogenase

Ascorbic acid oxidase
Alkaline phosphatase (ELISA)

Ascorbic acid
Xylitol

Wiseman 1981, Mello and
Kubota 2002,
Prodromidis and
Karayannis 2002, Cock
et al. 2009

Wiseman 1981, Mello and
Kubota 2002, Cock et al.
2009

Megazyme International

Megazyme International
Sreenath and Venkatesh
2010

enzyme reactor (Matsumoto et al. 1988). In the analysis of wine
components, Zeravik et al. (2009) have discussed the use of (a)
PQQ-bound dehydrogenases for the determination of glucose,
alcohol, and glycerol; (b) tyrosinase, laccase, and peroxidase for
phenolic compounds; and (c) sulfite oxidase for sulfite content.

For analysis of starch, a complex polysaccharide, the under-
lying principles of starch liquefaction and saccharification are
utilized. The «-amylases hydrolyze starch, releasing maltose
units and limit dextrin. This is characterized by viscosity re-
duction or what is more commonly referred to by the starch
industry as liquefaction. Further treatment with pullulanase and
amyloglucosidases (glucoamylases) results in hydrolysis of the
maltose units and limit dextrin, ultimately producing glucose
units that are subsequently analyzed by some of the methods
discussed earlier. Figure 3.5 illustrates the salient features of the
amylase, pullulanase, and amyloglucosidase reaction. Analyses
of other polysaccharides have been conducted in similar fashion
by initial breakdown to simpler sugars using different carbo-
hydrases depending on the nature of the substrate. Dextranases
have been used for dextrans, cellulases for cellulose, hemicel-
lulases for hemicelluloses in dietary fiber, and pectinases and
polygalacturonases for polysaccharides in soy sauce and other
plant-based foods (Wiseman 1981). Table 3.2 provides a list of

some of the enzymatic methods for food component analysis
along with some of the commercially available test kits.

OTHER Foop COMPONENTS
Alcohol

Alcohol (ethanol) content in beer, wine, and other alcoholic bev-
erages is a very important quality attribute and is also required
for regulatory classification. The NAD-dependent alcohol de-
hydrogenase is widely used for analysis of alcohol content in
foods and alcoholic beverages. The enzyme catalyzes oxida-
tion of ethanol to acetaldehyde in an equilibrium reaction that
also produces NADH. The reaction is made to proceed in the
forward direction by acetaldehyde reaction with semicarbazine
or hydrazine. The absorbance change resulting from NAD™ to
NADH conversion is proportional to alcohol content. Similar
NAD-dependent assays have been used for measuring glycerol
content in foods. Figure 3.6 shows the principle underlying the
method for glycerol analysis.

Cholesterol

Consumption of cholesterol-rich foods and their association
with atherosclerosis, hypertension, and high incidence of other

Electrode
+400 mV

Figure 3.4. Schematic representation of the principle of fructose sensor based on fructose dehydrogenase.




46 Part 1: Principles/Food Analysis

Amylose B o -
O~ OO0~ 00050
Amylase l
o OC
Maltose units —
Sat S
00 ocC

Glucose —

(A)

—\— —

[ -
atatn
l Pullulanase
O-O-O-0-0OL-
OO0

l

A

Ta.
n Dextrin
J - —

:*ﬁC7C e .
o - Maltose units
O o0
i Glucoamylase
— — _\
-~ O |
- i D Glucose

(B)

Figure 3.5. Schematic of enzymatic breakdown of starch (amylose and amylopectin) to glucose. (A) With amylose as substrate, amylase
hydrolyzes the starch to maltose units, which are further simplified to glucose units. (B) With amylopectin substrate, pullulanase hydrolyzes
the limit dextrin resulting from amylase activity. The products are further simplified by the amylase and glucoamylase to release glucose units.

cardiovascular disease has generated strong interest in the level
of cholesterol in foods. Some foods characterized by high lev-
els of cholesterol are cheese, egg yolk, beef, poultry, shrimps,
and pork. The earliest enzymatic methods for cholesterol anal-
ysis were based on colorimetric assays involving initial de-
esterification of cholesterol esters by cholesterol esterase to
release free cholesterol, which is further oxidized by choles-
terol oxidase to generate hydrogen peroxide. The peroxide pro-
duced is subsequently coupled to a colored or fluorescent reagent
in a peroxidase-catalyzed reaction (Satoh et al. 1977, Hamada
et al. 1980, Omodeo et al. 1984, Van Veldhoven et al. 2002). A
commercial kit (Boehringer’s Monotest cholesterol or CHOD-
PAP method) for the colorimetric assay is available, in which
4-aminoantipyrine and phenol are converted to a red cyanogen-
imine dye in the presence of the peroxide released. New and
more sensitive electrochemical biosensors have since been de-
veloped involving immobilization of the enzymes (cholesterol

esterase and cholesterol oxidase) on electrode surfaces and car-
bon nanotubes (Wisitsoraat et al. 2009). Similarly, a number of
other enzyme-immobilized biosensors originally developed for
analysis of serum cholesterol may also be applicable to food
analysis. These include immobilization on polyvinyl chloride
with glutaraldehyde as a coupling agent (Hooda et al. 2009),
agarose gel and activation with cyanogen bromide (Karube et al.
1982), and pyrrole membrane coupled with flow injection for
hydrogen peroxide analysis (Wolfgang et al. 1993).

Antioxidants

Oxidation of lipids in foods has been an age-old problem of the
food industry due to the free-radical-induced off-flavors and the
implication of these free radicals in cell damage and a number
of pathogenetic conditions. Controlling such oxidation has been
largely achieved by a number of process modifications as well

Glycerol-1-phosphate

G/yCGI’ okinase dehydrogenase )
Glycerol —— 5 Glycerol-1- —— > NADH + Dihydroxyacetone phosphate ............ . (1)
ATP phosphate NAD+
Glycerol
Glycerol w Dihydroxyacetone phosphate + NADH ......... (2)
NAD*

Figure 3.6. Glycerolkinase and glycerol dehydrogenase for glycerol analysis in foods.
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as incorporation of antioxidants in various food product for-
mulations. Though generally added for their ability to maintain
food quality during processing and storage, antioxidants are also
considered to protect consumers against some of the potential
health risks associated with free radicals. An enzymatic assay
recently developed for antioxidant analysis involves oxidation
of the yellowish compound syringaldazine by laccase to pro-
duce the purple-colored tetramethoxy azobismethylene quinone
(TMAMQ) with maximum absorbance at 530 nm. In the pres-
ence of antioxidants, the free-radical intermediates are unavail-
able or converted, thereby proportionately blocking formation
of the purplish TMAMQ (Prasetyo et al. 2010). This method
has been used to measure the level of antioxidant activity in a
wide range of fruits and vegetables (e.g., apples, carrots, gar-
lic, kiwi, lettuce, spinach, tomatoes), beverages (e.g., green tea,
coffee), and oils. While in most cases, enzymes have been used
for specific identification and analysis of these ingredients, they
have also been used in extraction of some compounds for anal-
ysis. Analysis of flavanoids, which are often present in foods
as the glycosylated or sulfated derivatives, generally involves
enzymatic hydrolysis to the corresponding aglycones and desul-
fated forms during their extraction. Typically used in the extrac-
tion process are the S-glucuronidase or S-glycosidases and aryl
sulfatase, as demonstrated in a recent report for determination
of hesperitin and naringenin in foods (Shinkaruk et al. 2010).
The extracted products were then subjected to peroxidase-linked
ELISA.

Organic Acids

The presence and content of organic acids has long been known
to exert significant influence on quality attributes of a wide
variety of food products, including wines, milk, vinegar, soy
sauce, and fermented products. Therefore, a number of enzy-
matic methods have been developed to detect and quantify these
acids such as lactic, acetic, citric, malic, ascorbic, and succinic
acids in a number of food products (Wiseman 1981). Also see
Table 3.2.

The most widely studied of these acids is lactic acid due to
its impact on a broad range of food products. In yogurt pro-
duction and cheese maturation, lactic acid is a major interme-
diate of Lactobacillus fermentation and determines the flavor
of the final product. In wine production, organic acids impact
flavor, protect against bacterial diseases, and may slow down
ripening. Excessive lactic acid in wines has a negative effect
on wine taste due to formation of acetate, diacetyl, and other
intermediates. These irreversible transformations designated by
the French term “piqure lactique” have been attributed to the ac-
tivities of some heterolactic bacteria during malo-lactic fermen-
tation, which compromises wine race (Avramescu et al. 2001,
Shkotova et al. 2008). Lima et al. (1998) developed a method
for the simultaneous measurement of both lactate and malate
levels in wines. This involved injection of enzymes (malate de-
hydrogenase and lactate dehydrogenase) into a buffer carrier
stream flowing to a dialysis unit, where they react with the wine
donor containing the two acids. Detection is based on absorbance
change at 340 nm due to reduction of NAD™ to NADH. Simi-

lar NAD™"-dependent lactate dehydrogenase application for lac-
tate analysis has been developed using amperometric biosensors
(Avramescu et al. 2001, 2002). Another enzymatic method for
lactate determination in wines is the immobilized FAD-bound
lactate oxidase. The enzyme catalyzes conversion of lactate to
pyruvate and peroxide. Decomposition of the hydrogen perox-
ide results in generation of electrons that are recorded by an
amperometric transducer. Table 3.2 lists a number of enzymatic
methods and commercial test kits used for analysis of various
acids in foods.

ANALYSIS OF FOOD CONTAMINANTS
PHARMACEUTICALS

The growing use of antibiotics and other drugs for treatment of
animals meant for food (e.g., cattle, chicken, pigs) is of great
concern to regulatory authorities due to the potential carry-over
effect on consumers as these drugs enter the food supply. This
has led to strict regulations on the prophylactic and therapeutic
use of these drugs being introduced in many countries. There-
fore, a number of methods have been developed for analysis
of these drugs to ensure food safety. For instance, the high inci-
dence of aplastic anemia in some countries has been attributed to
the use of chloramphenicol in the treatment of food-producing
animals, particularly aquaculture (Bogusz et al. 2004). Clen-
buterol, a B-adrenergic agonist widely used in the treatment of
some pulmonary diseases, also promotes muscle growth, and
therefore, it is sometimes abused in animal feed to boost the
lean meat-to-fat ratio and as a doping agent by athletes (Clarkson
and Thompson 1997). Prolonged use of clenbuterol is known to
cause adverse physiological effects, and incidents of poisoning
have been reported in many countries following consumption of
foods containing high concentrations of the drug (Pulce et al.
1991). ELISA methods based on monoclonal and polyclonal
antibodies are the most widely used of the enzymatic methods
for analysis (Petruzzelli et al. 1996, Matsumoto et al. 2000).
He et al. (2009) recently reported development of a polyclonal
indirect ELISA with high sensitivity for clenbuterol analysis in
milk, animal feed, and liver samples. Another set of drugs sub-
ject to European Union Maximum Residual Limits are the nons-
teroidal anti-inflammatory drugs (NSAIDs) used for treatment of
some food-producing animals (porcine and bovine). Consump-
tion of meat products containing these drugs has been shown
to cause gastrointestinal problems such as diarrhea, nausea, and
vomiting by irritation of the gastric mucosa. A simple enzy-
matic method involving cyclooxygenase has been developed
for analysis of NSAIDs in milk and cheese (Campanella et al.
2009). In absence of NSAIDs, cyclooxygenase catalyzes oxida-
tive conversion of arachidonic acid to prostaglandins. However,
the presence of NSAIDs results in competitive inhibition of this
activity, thereby reducing prostaglandin synthesis. The NSAID
concentration is detected by coupling the catalytic reaction with
an amperometric electrode for oxygen. Chloramphenicol, a po-
tent broad-spectrum antibiotic banned in Europe and the United
States due to potential toxic effects (aplastic anemia), is gen-
erally analyzed using various conventional methods such as
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gas chromatography, immunoassay, and mass spectrometry. The
drug tends to be conjugated in biological systems, and Bogusz
et al. (2004) recently developed an assay to distinguish between
the free and conjugated forms. They used fB-glucuronidase in
the extraction process to hydrolyze the conjugated to the free
form, enabling selective analysis of the drug in honey, shrimps,
and chicken.

Fluoroquinolones, antimicrobial agents used for treatment and
disease prevention in food-producing animals and sometimes
used as feed additives to build up animal body mass, is another
group of drugs that has come under scrutiny. This is due to their
misuse, potentially leaving residues in meats, which could lead
to drug resistance and allergic hypersensitivity (Martinez et al.
2006). Therefore, maximum residue limits have been instituted
in the European Union, and a number of ELISA methods have
been developed for their detection in milk, chicken, pork, eggs,
and other foods (Coillie et al. 2004, Huet et al. 2006, Lu et al.
2006, Scortichini et al. 2009, Sheng et al. 2009). Euro Diagnos-
tica B.V. (Arnhem, Netherlands) has a commercial kit currently
available for analysis of quinolones.

Melamine is a triazine compound that contains 67% nitrogen
and is used in the production of plastics, construction materials,
and furniture. This compound was brought to public attention in
the fall of 2008 following growing incidents of infants coming
down with kidney stones in China as a result of adulteration of
infant formula with the compound. Similar melamine adulter-
ation in an effort to raise the apparent protein content of pet foods
resulted in several pet deaths. These incidents were presumably
possible due to protein analysis of foods being routinely con-
ducted with the Kjeldahl method, which is nonspecific and does
not distinguish between protein and nonprotein nitrogen. Sev-
eral alternative methods for detection of melamine and related
compounds (cyromazine, ammelide, cyanuric acid, and amme-
line), including ELISA, have been developed and implemented
(Tittlemier 2010) to ensure food safety. Romer Labs and Beacon
Analytical Systems have commercially available ELISA test kits
for melamine analysis in a broad range of foods.

Biotechnology, and particularly genetic modification, is un-
doubtedly a key factor for addressing the challenge of boosting
food supplies to meet the demands of an exploding global pop-
ulation. This is clearly evident by the increase in the global area
cultivated for biotech crops from 1.7 million hectares in 1996 to
125 million hectares in 2008 with the major food crops being
soybean, canola, and maize (Lee et al. 2009). However, there is
a deep sense of cynicism over the potential health and environ-
mental impact of GMO-based foods. There have been calls for
controls on GMO, and strict regulations on traceability and la-
beling of GMO and foods or feed made from GMO technology
have been established in many countries (Council Regulation
2000, Lee et al. 2009). Hence, a number of detection and quan-
tification methods have been developed based on analysis of two
main components characteristic to GMO: (i) a specific transgenic
DNA and (ii) a specific novel protein expressed by the GMO.
The basic principle underlying these methods is the use of the
polymerase chain reaction (PCR) to establish the presence of
the most common recombinant elements in the vast majority
of genetically modified crops (Vollenhofer et al. 1999, Miche-

lini et al. 2008, Lee et al. 2009). These are the 35S promoter and
nopalin synthetase (NOS) terminator, both of which are tran-
scription sequences (Barbau-Piednoir et al. 2010). Variations of
this method have been used to detect and quantify GMO in soy,
maize, and other food crops (Matsuoka et al. 2001, James et al.
2003, Meric et al. 2004, Yang et al. 2006, 2007, Wu et al. 2007,
Lee et al. 2009, Costa et al. 2010). In one of these methods, a
disposable genosensor for detecting the NOS terminator (Meric
et al. 2004) was used. It involved immobilization of a synthetic
single stranded 25-base oligonucleotide that is complimentary to
the NOS terminator to a screen-printed carbon electrode. In the
presence of exogenous genetic materials, DNA polymerase cat-
alyzes the PCR to synthesize the complimentary base sequence.
Detection of hybridization is achieved by monitoring the reduc-
tion signal from the high-affinity binding of methylene blue to
guanine.

In the alternative method based on detection of expressed
proteins by the genetically modified organisms, PCR-ELISA
has been the preferred approach and has been used for detect-
ing and quantifying various GMO materials. This is demon-
strated by the use of a sandwich ELISA for the detection of the
CrylAb endotoxin characteristic of some transgenic maize. A
CrylAb protein-specific antibody was first immobilized on a mi-
crotiter plate to capture the Cry 1 Ab toxin in the sample. This was
followed by a second anti-CrylAb antibody and a horseradish
peroxidase-labeled antibody for detection of the toxin using a
chemiluminescent probe (Roda et al. 2006). A similar sandwich
ELISA has been developed for the detection of phosphinotricin-
N-acetyltransferase, which is encoded by a gene in genetically
modified pepper (Shim et al. 2007). Using two commercially
available ELISA kits, Whitaker et al. (2001) detected and quan-
tified the distribution and variability of the Cry9C insecticidal
protein produced by the genetically modified corn (StarLink)
in a bulk of corn flour and meal. There are a number of other
reports of PCR-ELISA application for GMO analysis in soy and
maize products (Landgraf et al. 1991, Brunnert et al. 2001, Petit
et al. 2003).

Foobp ToxiINs

Food toxicity is of high importance due to their potential im-
pact on safety and risk to the environment. These toxins may
be naturally present (endogenously), process induced, or from
the environment. Food toxins such as phytotoxins (terpenoids,
glycoalkaloids, phytosterols, flavonoids, lignans) and mycotox-
ins (aflatoxins, fumonisins, ochratoxins, citrinin, mycophenolic
acid, etc.) are all naturally occurring and their toxic effects have
been well noted. This section discusses the enzymatic methods
for analyses of these and other toxins.

Endogenous Toxins

Mycotoxins are toxic secondary metabolites produced by vari-
ous fungi (Aspergillus, Fusarium, Penicillium, etc.) and excreted
in their substrates. Aflatoxins first came to the attention of re-
searchers following the outbreak of the so-called Turkey X dis-
ease among turkeys in the 1960s and is by far the most widely
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studied of the mycotoxins. It has since been shown to occur
mainly in the tropics in such food ingredients as peanuts, pista-
chios, Brazil nuts, walnuts, cottonseed, maize, and other cereal
grains such as rice and wheat. Aflatoxins are considered to in-
duce hepatotoxicity, mutagenicity, teratogenicity, immunosup-
pressant, and carcinogenic effects, and their presence in foods
is highly regulated at a level of 0.05-2 pg/kg in the European
Union (EC Report 2006). With such low limits, the analyti-
cal methods need to be of high sensitivity and specificity, and
ELISA has developed to be one of the main methods for afla-
toxin analysis. Some of the enzymes that have been used include
horseradish peroxidase, which oxidizes tetramethylbenzidene to
a product that can be measured by its electrical properties, and
alkaline phosphatase for dephosphorylation of naphthyl phos-
phate to naphthol that is measured by pulse voltametry (Am-
mida et al. 2004, Parker and Tothill 2009). Detection limits for
these methods were in the range of 20-30 pg/mL. Other ELISA
methods for aflatoxin analysis have been reported (Lee et al.
2004, Liu et al. 2006, Jin et al. 2009, Piermarini et al. 2009,
Tan et al. 2009). In their method, Liu et al. (2006) developed a
biosensor by immobilizing horseradish peroxidase and aflatoxin
antibodies onto microelectrodes. The presence of aflatoxin in the
food resulted in immunocomplex formation with the antibody,
which blocked electron transfer between the enzyme and the
electrode, thereby modifying conductivity in proportion to afla-
toxin concentration. Similar ELISA methods involving alkaline
phosphatase and horseradish peroxidase has been used for anal-
ysis of ochratoxin A in wine (Prieto-Simon and Campas 2009).
A fast and sensitive spectrophotometric method has also been
reported based on acetylcholinesterase inhibition by aflatoxin
(Arduini et al. 2007).

Unlike aflatoxins, which are mainly associated with foods
from warm tropical regions, trichothecene mycotoxins are com-
monly found in cereals like wheat, barley, maize, oats, and
rye, particularly in cold climates. Like the aflatoxins, these
have also been found to cause immunosuppressive and cyto-
toxic effects as well as other disorders due to their inhibition of
protein, DNA, and RNA synthesis. AOAC-approved methods
(www.aoac.org/testkits/testedmethods.html) based on ELISA
kits are commercially available for analysis of trichothecenes.
These include the RIDASCREEN FAST and AgraQuant man-
ufactured by Biopharm GmbH and Romer Labs, respectively,
using horseradish peroxidase (Lattanzio et al. 2009).

Linamarin and lotaustralin are cyanogenic glycosides consid-
ered toxic and found in food crops like lima beans and cas-
sava. The endogenous linamarase released on tissue damage hy-
drolyzes the glucosides to produce hydrogen cyanide, a highly
toxic compound (Cooke 1978). In the analysis of these toxins,
the endogenous linamarase is first inactivated, followed by in-
troduction of the exogenous enzyme. The cyanide produced as a
result of the enzyme activity is then measured by a spectropho-
tometer as index of toxin content. The linamarase-catalyzed re-
action normally exists in equilibrium but is made to proceed in
the forward direction by alkali treatment (Cooke 1978).

Biogenic amines are organic bases found in a broad range
of foods such as meat, fish, wine, beer, chocolate, nuts, fruits,
dairy products, sauerkraut, and some fermented foods, but are

potentially toxic when consumed. These amines, most of which
are produced by microbial decarboxylation of the correspond-
ing amino acids, include putrescine, cadaverine, tyramine, sper-
mine, spermidine, and agmatine. That is, putrescine, histamine,
tryptamine, tyramine, agmatine, and cadaverine are formed from
ornithine, histidine, tryptophan, tyrosine, arginine, and lysine,
respectively (Teti et al. 2002). Histamine is the most regulated of
these amines. In Germany, the maximum limit in fish products is
set at 200 mg/kg, whereas in Canada, Finland, and Switzerland,
itis set at 100 mg/kg. Various methods have been developed for
analysis of these compounds (Onal 2007). For histamine deter-
mination, one of the methods has been based on the sequential
activities of diamine oxidase and horseradish peroxidase (Lan-
dete et al. 2004). The diamine oxidase catalyzes breakdown of
histamine, releasing imidazole acetaldehyde, ammonia, and hy-
drogen peroxide. The hydrogen peroxide produced is oxidized
by the peroxidase, resulting in color change of a chromogen,
which is measured by a colorimeter. Muresan et al. (2008) re-
cently developed an amperometric biosensor involving use of
amine oxidase and horseradish peroxidase for amine detection.
In this method, the amines were first separated on a weak acid
cation exchange column followed by enzymatic reactions that
produce a potential difference, which is measured by a bio-
electrochemical detector. An enzyme sensor array for simul-
taneous detection of putrescine, cadaverine, and histamine has
also been reported by Lange and Wittman (2002). The principle
underlying the method is illustrated in Figure 3.7. Changes in
the levels of the various biogenic amines during ageing of salted
anchovies were determined using immobilized diamine oxidase
coupled to electrochemical detection of the hydrogen peroxide
produced by the enzyme activity (Draisci et al. 1998).

Process-Induced Toxins

Acrylamide is a process-induced toxin that has gained signifi-
cant global attention in the past decade following a publication
by the Swedish National Food Administration (2002), which in-
dicated its widespread presence in numerous food products and
the risk posed to humans from consumption of such foods. Foods
considered to have high levels of acrylamide include baked and
fried products like potato chips (or crisps), biscuits, crackers,
breakfast cereals, and French fries. The mechanism of acry-
lamide formation in these foods is attributed to the high lev-
els of asparagine in the raw materials (especially wheat and
potatoes) used in their production. Initiation of the Maillard re-
action in presence of reducing sugars with asparagine as amino
group donor channels the complex series of reactions through
a pathway that results in the production of acrylamide (Mot-
tram et al. 2002). While methods involving gas chromatography,
liquid chromatography, and mass spectrometry still dominate
analysis of this compound, a recent report has demonstrated
the potential application of ELISA for analyzing acrylamide
content in foods (Preston et al. 2008). To overcome the prob-
lem with the small size of acrylamide, which has limited the
use of immunoassay for its analysis, these authors derivatized
acrylamide with 3-mercaptobenzoic acid (3-MBA) and conju-
gated that to a carrier protein (bovine thyroglobulin) to form an
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Enzymatic reaction:

Amine oxidase

R-CH,-NH, + 0, + H,O

RCHO + NH, + H,0,

Color reaction:

H.O, + Reduced dye (colorless)

Electrochemical reaction:

HO;

Peroxidase

—————> HO + Oxidized dye (colored)

0, + 2H' 26

Figure 3.7. Principle underlying amine detection by coupling amine oxidase and peroxidase reactions.

immunogen. Antisera raised against the immunogen and shown
to have high affinity for the 3-MBA-derivatized acrylamide was
used in the development of a peroxidase-based ELISA detec-
tion system with about 66 pg/kg limit of detection. A com-
mercial ELISA kit has been recently introduced by Abraxis
(www.abraxis.com) for acrylamide analysis.

Environmental Toxins

Certain toxin-producing phytoplanktons present in the aquatic
environment have generally been recognized as the source of
marine toxins in the human food chain following consumption
of contaminated fish and shellfish. Safety concerns have led to
regulatory limits being set for the presence of these toxins in
seafoods.

Okadaic acid and its derivatives, which are considered respon-
sible for diarrheic shellfish poisoning, are very potent inhibitors
of protein phosphatase, and a number of methods have been de-
veloped around inhibition of the enzyme for its analysis (Tubaro
et al. 1996, Della Loggia et al. 1999, Campas and Marty 2007,
Volpe et al. 2009). Analysis of this toxin has also been accom-
plished by ELISA methods (Kreuzer et al. 1999, Campas et al.
2008). The toxic effects of yessotoxins remain to be elucidated
even though in vitro studies indicate cardiotoxicity. Analytical
methods based on ELISA (Garthwaite et al. 2001, Briggs et al.
2004) and yessotoxin interaction with pectinesterase enzymes
have been developed (Alfonso et al. 2004, Pazos et al. 2005,
Fonfria et al. 2008).

Another group of marine toxins of relevance to food are
the brevetoxins responsible for neurotoxic shellfish poisoning.
The inhibition by brevetoxins of the desulfo-yessotoxin inter-
action with phosphodiesterase provided the basis for an analyt-
ical method (Mouri et al. 2009), and also reported are various
ELISA methods (Baden et al. 1995, Garthwaite et al. 2001, Naar
et al. 2002). Saxitoxins, responsible for paralytic shellfish poi-
soning, have been analyzed in foods by ELISA (Chu and Fan
1985, Garthwaite et al. 2001). The paralytic effect is attributed to
their high-affinity binding to specific sites on sodium channels,
thereby blocking sodium flux across excitable cells. Like the

saxitoxin group of toxins, amnesic shellfish poisoning is associ-
ated with consumption of foods contaminated with the domoic
acid group of water-soluble neurotoxins produced by the gen-
era Pseudonitzschia, Nitzschia, and Chondria armata (Vilarino
et al. 2009). Ciguatoxin poisoning is characterized by symptoms
of nausea, diarrhea, abdominal cramps, memory loss, dizziness,
headaches, and death in extreme cases. An ELISA method ap-
proved by AOAC has been adopted in many countries (Kleivdahl
et al. 2007). Tsai et al. (2009) have reported the identification
of moray eel species responsible for ciguatera poisoning based
on analysis of the cyt b gene in mitochondrial DNA using the
PCR and restriction enzymes. In a recent study, Garet et al.
(2010) compared relative sensitivities of ELISA and conven-
tional methods (HPLC-UV and mouse bioassay) for detection
of amnesic shellfish poisoning and paralytic shellfish poison-
ing toxins in naturally contaminated fresh, frozen, boiled, and
canned fish and shellfish. Their findings showed lower limits
of detection (50 pg saxitoxin and 60 pg per kg shellfish meat
for saxitoxin and domoic acid, respectively) compared to 350
pg saxitoxin and 1.6 mg domoic acid per kg shellfish meat,
respectively, when analyzed by conventional methods.

Detection of marine palytoxins and tetrodotoxins using
ELISA techniques have also been reported (Bignami et al. 1992,
Lau et al. 1995, Rivera et al. 1995, Kawatsu et al. 1997, Kreuzer
et al. 2002, Neagu et al. 2006). Palytoxins and their analogues
elicit their toxic effects by binding to the Na™/K™ ATPase
pumps, thereby altering the selectivity of ion flux and membrane
potential. Much like the saxitoxins, the tetrodotoxins elicit their
neurotoxicity by inhibiting voltage-gated sodium channels. The
method of Kreuzer et al. (2002) for analysis of tetrodotoxins
involves an alkaline phosphatase-labeled antibody, the activity
of which produces p-aminophenol, which can be detected by
the amount of current generated. Alkaline phosphatase activity
is competitively inhibited by tetrodotoxin, thereby reducing the
current produced.

The presence of pesticides in foods and their impact on health
is an issue of critical concern to the food industry, and therefore,
regulatory measures are in place establishing maximum resid-
ual limits. Inhibition of acetylcholinesterase by pesticides has
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formed the basis for a broad range of techniques for pesticide
analysis (see reviews by Mulchandani et al. 2001, Amine et al.
2006). These have used:

1. amperometric transducers to measure thiocholine and p-
aminophenol produced by acetylcholinesterase hydrolysis
of butyrylthiocholine, and p-aminopheny] acetate or hydro-
gen peroxide produced by oxidation of choline following
acetylcholine hydrolysis in presence of choline oxidase;

2. potentiometric transducers for measuring pH changes as a
result of acetic acid production from enzyme activity;

3. fiber optics for monitoring pH changes using a fluorescein-
labeled enzyme.

These acetylcholinesterase inhibitory methods, however, are
nondiscriminating between the organophoshates, carbamates,
and other pesticides. In their review, Mulchandani et al. (2001)
have discussed the use of organophosphorus hydrolase inte-
grated with electrochemical and optical transducers to specif-
ically measure organophosphate pesticides. The enzyme hy-
drolyzes organophosphates to produce acids or alcohols, which
generally tend to be either electroactive or chromophores that
can be monitored.

Bioelectronic tongues have also been proposed for the de-
tection of pesticides such as organophosphates, carbamates, as
well as phenols using an amperometric bioelectronic tongue in-
volving cholinesterase, tyrosinase, peroxidases, and cellobiose
dehydrogenase. The corresponding substrates for the enzymes
were acetylcholine, phenols, hydrogen peroxide, and cellobiose,
respectively, with detection limits in the nanomolar and micro-
molar range (Solna et al. 2005). A similar bioelectronic tongue
with acetylcholinesterase as biosensor has been used to resolve
pesticide mixtures of dichlorvos and methylparaoxon (Valdez-
Ramirez et al. 2009).

Botrytis, a fungal disease responsible for significant losses of
agricultural produce particularly in vineyards (e.g., wine grapes,
strawberries), is controlled by preharvest or postharvest treat-
ment with the fungicide fenhexamid, which inhibits growth of
the germ tube and mycelia of the fungus. Detection and analysis
of fenhexamid levels in must and wines have been accomplished
by direct competitive ELISA containing horseradish peroxidase
(Mercader and Abad-Fuentes 2009). Atrazine, a herbicide with
widespread contamination of waterways and drinking water sup-
plies and implicated in certain human health defects (e.g., birth
defects, menstrual problems, low birth weight), is tightly regu-
lated in the European Union with a limit of 0.1 g/L in potable
water and fruit juices. Conductimetric and amperometric biosen-
sors based on tyrosinase inhibition have been developed for the
analysis of atrazine and its metabolites (Hipolito-Moreno et al.
1998, Vedrine et al. 2003, Anh et al. 2004). The method is
based on deactivation of tyrosinase under aqueous conditions.
The enzyme normally catalyzes oxidation of monophenols to
o-diphenols, which are eventually dehydrogenated to the cor-
responding o-quinones. In aqueous environments, these form
polymers that inhibit the enzyme (Hipolito-Moreno et al. 1998).
Therefore, atrazine inhibition of the enzyme is conducted in
nonaqueous media, where the quinone effect is eliminated, thus
ensuring the inhibition is primarily due to the herbicide. Some

recent reviews have also captured the application of enzymatic
biosensors for determination of fertilizers (nitrates, nitrites, and
phosphates), as well as several pesticides and heavy metals that
are potentially toxic to humans when they enter the food chain
(Amine et al. 2006, Cock et al. 2009). Some of the enzymes
applied to these analyses include (i) urease, glucose oxidase,
acetylcholinesterase, alkaline phosphatase, ascorbate oxidase,
alcohol oxidase, glycerol-3-phosphate oxidase, invertase, and
peroxidase for heavy metals and (ii) nitrate reductase, polyphe-
nol oxidase, phosphorylase, glucose-6-phosphaste dehydroge-
nase, and phosphoglucomutase for nitrates, nitrites, and phos-
phates.

ENZYMATIC ANALYSIS OF FOOD
QUALITY

While enzymes generally exert positive influence on food qual-
ity, the activities of some enzymes need to be controlled posthar-
vest or postprocessing to avoid compromising the quality of
food products. For instance, protease activity is desirable for
meat tenderization during ageing, but left uncontrolled, meats
become mushy and overtenderized. Similarly, excessive lipase
and oxidase activities in foods during storage, especially under
temperature-abuse conditions, may cause rancidity and impact
quality attributes such as color, flavor, and texture. Therefore, a
number of preservation techniques developed through the years
have been aimed at controlling such undesirable postharvest en-
zymatic as well as microbial activities to ensure extended shelf
life of food products.

The activities of a number of enzymes as well as the content
of certain food components and secondary metabolites resulting
from postharvest or postprocessing biochemical and microbial
activities have been recognized as quality indices for various
foods and consequently monitored. An example is the milk en-
dogenous alkaline phosphatase, which is inactivated following
heat treatment at 60°C for 5 seconds. With milk generally sub-
jected to HTST/flash pasteurization (i.e., 71.5-74°C/160-165°F
for 15-30 seconds) or ultra-high-temperature treatment (i.e.,
135°C/275°F for 1-2 seconds), residual alkaline phosphatase
activity following such treatment provides a good indication
of efficacy of the treatment. The phosphatase test is based on
hydrolysis of disodium phenyl phosphate to liberate phenol,
which reacts with dichloroquinonechloroimide to form a blue
indophenol that is measured colorimetrically at 650 nm (Mur-
phy et al. 1992). An alternative fluorimetric method for alkaline
phosphatase analysis has also been developed and commercial-
ized (Rocco 1990). The adequacy of blanching, an essential
step in vegetable processing, is also established by measuring
residual lipoxygenase or peroxidase activities (Powers 1998).
Amylase activity in malt, also referred to as its diastatic power,
is a very essential quality parameter that influences dextrinizing
time and, therefore, closely monitored (Powers 1998). In most
seafoods, freshness is rapidly compromised postharvest, par-
ticularly when handled under temperature-abuse conditions that
promote endogenous enzyme activity. The sequence of reactions
(Figure 3.8) involved in ATP breakdown in postmortem fish
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ATP = ADP = AMP= IMP = HxR = Hx = X = U

Figure 3.8. Sequence of reactions involved in postmortem ATP
breakdown. ADP, adenosine diphosphate; AMP,
adenosine-5'-phosphate; IMP, inosine-5-phosphate; HxR, inosine;
Hx, hypoxanthine; X, xanthine; U, uric acid.

muscle has been very well investigated, and the relative amounts
of the different intermediates are generally accepted as fish fresh-
ness indicator.

These key freshness indicators such as ornithine, amines, and
hypoxanthine, which rapidly build up in fresh seafoods, have
been analyzed by various enzymes. These include ornithine
carbamoy] transferase, nucleoside phosphorylase, xanthine oxi-
dase, and diamine oxidase for ornithine and amines; and xanthine
oxidase for hypoxanthine (Cock et al. 2009). In meats, lactic acid
levels tend to increase postmortem, and thus their levels have
been monitored as freshness indicators using xanthine oxidase,
diamine oxidase, and polyamide oxidase.

In addition to the indirect indicators of food quality or safety
described, there are other enzymatic methods for direct detec-
tion of contaminating microflora. The latter has gained even
greater significance for controlling not only food-borne diseases
but also the potential for bioterrorism. The USDA Pathogen Re-
duction Performance Standards has set limits for the presence of
Salmonella for all slaughter facilities and raw ground meat prod-
ucts (Alocilja and Radke 2003). Other well-known pathogens
recognized as being responsible for food-borne diseases are Es-
cherichia coli 0157:H7, Campylobacter jejuni, Listeria monocy-
togenes, Bacillus cereus, Staphylococcus aureus, Streptococci,
etc. While there are a number of conventional methods for de-
tection of such contaminating microflora or pathogens, they tend
to be labor intensive and results are usually not available until
after a couple of days. A number of ELISA methods with high
sensitivity have since been developed that address this drawback
(Croci et al. 2001, Delibato et al. 2006, Salam and Tothill 2009).
Some of these ELISA Kkits (e.g., LOCATE SALMONELLA pro-
duced by R-Biopharm) are also commercially available. In their
sandwich ELISA method for Salmonella detection in precooked
chicken, Salam and Tothill (2009) immobilized the capture an-
tibody onto a gold electrode surface, and a second antibody
conjugated to horseradish peroxidase was used as the detection
system for recognition of captured microbial cells. Detection or
binding of the enzyme label is then conducted by an electro-
chemical system using tetramethylbenzidine dihydrochloride as
electron transfer mediator and hydrogen peroxide as substrate.

CONCLUDING REMARKS

It is evident from the foregoing that enzymes play a tremen-
dous role in food analysis and their application for this purpose
will likely increase in importance, taking into consideration the
developments in the food industry. With consumers becoming
increasingly aware of the health implications of foods and the

growing demand for functional foods and nutraceuticals, new
ingredients are being pervasively introduced into the food sup-
ply at a rapid pace. Analysis of these novel ingredients will
invariably require novel analytical tools with the sensitivities
and specificities that are inherent in enzymes. The convergence
of these unique characteristics of enzymes with developments
in biotechnology and biosensors certainly make the application
of enzymes for food analysis an easier proposition.
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Abstract: Browning is one of the most important reactions tak-
ing place during food processing and storage. Both, enzymatic and
nonenzymatic browning can affect the quality of food in either
positive or negative ways, depending on the type of food. Special
attention has been paid in this chapter to chemistry of the reaction.
During enzymatic browning, phenolic compounds are oxidized to
quinones by polyphenol oxidase, this reaction being of particu-
lar importance in fruits, vegetables, and seafoods. Nonenzymatic
browning is referred to as the Maillard reaction (MR), when it takes
place between free amino groups from amino acids, peptides, or
proteins and the carbonyl group of reducing sugars. Ascorbic acid,
its oxidation products and oxidized lipids can also react via MR.
It has been also described that aminophospholipids and reducing
carbohydrates can interact by MR. Food browning can be also due
to degradation of carbohydrates also called caramelization reaction
and it is hereby discussed.

INTRODUCTION

Browning reactions are some of the most important phenomena
occurring in food during processing and storage. They represent
an interesting research for the implications in food stability and
technology as well as in nutrition and health. The major groups
of reactions leading to browning are enzymatic phenol oxidation
and so-called nonenzymatic browning (Manzocco et al. 2001).

ENZYMATIC BROWNING

Enzymatic browning is one of the most important color reactions
that affect fruits, vegetables, and seafood. It is catalyzed by the
enzyme polyphenol oxidase (PPO; 1,2 benzenediol; oxygen oxi-
doreductase, EC 1.10.3.1), which is also referred to as phenolox-
idase, phenolase, monophenol oxidase, diphenol oxidase (DPO),
and tyrosinase. Phenoloxidase enzymes (PPOs) catalyze the ox-
idation of phenolic constituents to quinones, which finally poly-
merize to colored melanins (Marshall et al. 2000). Significant ad-
vances have been made on biochemistry, molecular biology, and
genetics of PPO (Yoruk and Marshall 2003, Queiroz et al. 2008).

Enzymatic browning reactions may affect fruits, vegetables,
and seafood in either positive or negative ways. These reactions,
for instance, may contribute to the overall acceptability of foods
such as tea, coffee, cocoa, and dried fruits (raisins, prunes, dates,
and figs). Products of enzymatic browning play key physiologi-
cal roles. Melanins, produced as a consequence of PPO activity,
may exhibit antibacterial, antifungal, anticancer, and antioxidant
properties. PPOs impart remarkable physiological functions for
the development of aquatic organisms, such as wound healing
and hardening of the shell (sclerotization), after molting in
insects and in crustaceans such as shrimp and lobster. The
mechanism of wound healing in aquatic organisms is similar to
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that which occurs in plants in which the compounds produced
as a result of the polymerization of quinones, melanins, or
melanoidins exhibit both antibacterial and antifungal activities.
In addition, enzymatic reactions are considered desirable during
fermentation (Fennema 1976). Despite these positive effects,
enzymatic browning is considered one of the most devastating
reactions for many exotic fruits and vegetables, in particular
tropical and subtropical varieties. Enzymatic browning is espe-
cially undesirable during processing of fruit slices and juices.
Lettuce, other green leafy vegetables; potatoes and other starchy
staples, such as sweet potato, breadfruit, and yam; mushrooms;
apples; avocados; bananas; grapes; olive (Sciancalepore 1985);
peaches; pears (Vamosvigyazo and Nadudvarimarkus 1982);
and a variety of other tropical and subtropical fruits and
vegetables are susceptible to browning. Crustaceans are also
extremely vulnerable to enzymatic browning. Since enzymatic
browning can affect color, flavor, and nutritional value of these
foods, it can cause tremendous economic losses (Marshall et al.
2000, Queiroz et al. 2008).

A better understanding of the mechanism of enzymatic
browning in fruits, vegetables, and seafood; the properties of
the enzymes involved; and their substrates and inhibitors may
be helpful for controlling browning development, avoiding
economic losses, and providing high-quality foods. On the basis
of this knowledge, new approaches for the control of enzymatic
browning have been proposed. These subjects will be reviewed
in this chapter.

PROPERTIES oF PPO

PPO (EC 1.10.3.1; o-diphenol oxidoreductase) is an oxidore-
ductase able to oxidize phenol compounds, employing oxygen

as a hydrogen acceptor. The abundance of phenolics in plants
may be the reason for naming this enzyme PPO (Marshall et al.
2000). The molecular weight for PPO in plants ranges between
57 and 62 kDa (Hunt et al. 1993, Newman et al. 1993). PPO
catalyzes two basic reactions: hydroxylation to the o-position
adjacent to an existing hydroxyl group of the phenolic substrate
(monophenol oxidase activity) and oxidation of diphenol to o-
benzoquinones (DPO activity; Figure 4.1).

In plants, the ratio of monophenol to DPO activity is usually
in the range of 1:40-1:10 (Nicolas et al. 1994). Monophenol
oxidase activity is considered more relevant for insect and crus-
tacean systems due to its physiological significance in conjunc-
tion with diphenolase activity (Marshall et al. 2000).

PPO is also referred to as tyrosinase to describe both
monophenol and DPO activities in either animals or plants. The
monophenol oxidase acting in plants is also called cresolase be-
cause of its ability to employ cresol as substrate (Marshall et al.
2000). This enzyme is able to metabolize aromatic amines and
o-aminophenols (Toussaint and Lerch 1987).

The oxidation of diphenolic substrates to quinones in the pres-
ence of oxygen is catalyzed by DPO activity (Figure 4.1). The
p-DPO catalyzed reaction follows a Bi Bi mechanism (Whitaker
1972). Diphenolase activity may be due to two different en-
zymes: catecholase (catechol oxidase) and laccase (Figure 4.1).
Laccase (p-DPO,EC 1.10.3.2) is a type of copper-containing
PPO. It has the unique ability to oxidize p-diphenols. Phenolic
substrates, including polyphenols, methoxy-substituted phenols,
diamines, and a considerable range of other compounds, serve
as substrates for laccase (Marshall et al. 2000). Laccases occur
in many phytopathogenic fungi, higher plants (Mayer and Harel
1991), peaches (Harel et al. 1970), and apricots (Dijkstra and
Walker 1991).
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Figure 4.2. Simplified mechanism for the hydroxylation and oxidation of diphenol by phenoloxidase.

Catechol oxidase and laccase are distinguishable both on the
basis of their phenolic substrates (Figure 4.1), and their inhibitor
specificities (Marshall et al. 2000).

Catecholase activity is more important than cresolase action
in food because most of the phenolic substrates in food are
dihydroxyphenols (Mathew and Parpia 1971).

This bifunctional enzyme, PPO, containing copper in its
structure, has been described as an oxygen and four electron-
transferring phenol oxidase (Jolley et al. 1974). Figure 4.2 shows
a simplified mechanism for the hydroxylation and oxidation of
phenols by PPO. Both mechanisms involve the two copper moi-
eties on the PPO.

PPO, active between pH 5 and 7, does not have a very sharp pH
optimum. At lower pH values of approximately 3, the enzyme
is irreversibly inactivated. Reagents that complex or remove
copper from the prosthetic group of the enzyme inactivate the
enzyme (Fennema 1976).

SUBSTRATES

Although tyrosine is the major substrate for certain phenolases,
other phenolic compounds such as caffeic acid and chlorogenic
acid also serve as substrate (Fennema 1976). Structurally, they
contain an aromatic ring bearing one or more hydroxyl groups,
together with a number of other substituents (Marshall et al.
2000). Structures of common phenolic compounds present in
foods are shown in Figure 4.3. Phenolic subtrates of PPO in
fruits, vegetables, and seafood are listed in Table 4.1. The sub-
strate specificity of PPO varies in accordance with the source of
the enzyme. Phenolic compounds and PPO are, in general, di-
rectly responsible for enzymatic browning reactions in damaged
fruits during postharvest handling and processing. The relation-
ship of the rate of browning to phenolic content and PPO activity
has been reported for various fruits. In addition to serving as
PPO substrates, phenolic compounds act as inhibitors of PPOs
(Marshall et al. 2000).
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Figure 4.3. Structure of common phenols present in foods.

Table 4.1. Phenolic Substrates of PPO in Foods

Source Phenolic Substrates

Apple Chlorogenic acid (flesh), catechol, catechin (peel), caffeic acid, 3,4-dihydroxyphenylalanine (DOPA),
3,4-dihydroxy benzoic acid, p-cresol, 4-methyl catechol, leucocyanidin, p-coumaric acid, flavonol
glycosides

Apricot Isochlorogenic acid, caffeic acid, 4-methyl catechol, chlorogenic acid, catechin, epicatechin, pyrogallol,
catechol, flavonols, p-coumaric acid derivatives

Avocado 4-Methyl catechol, dopamine, pyrogallol, catechol, chlorogenic acid, caffeic acid, DOPA

Banana 3,4-Dihydroxyphenylethylamine (Dopamine), leucodelphinidin, leucocyanidin

Cacao Catechins, leucoanthocyanidins, anthocyanins, complex tannins

Coffee beans Chlorogenic acid, caffeic acid

Eggplant Chlorogenic acid, caffeic acid, coumaric acid, cinnamic acid derivatives

Grape Catechin, chlorogenic acid, catechol, caffeic acid, DOPA, tannins, flavonols, protocatechuic acid, resorcinol,
hydroquinone, phenol

Lettuce Tyrosine, caffeic acid, chlorogenic acid derivatives

Lobster Tyrosine

Mango Dopamine-HCl, 4-methyl catechol, caffeic acid, catechol, catechin, chlorogenic acid, tyrosine, DOPA, p-cresol

Mushroom Tyrosine, catechol, DOPA, dopamine, adrenaline, noradrenaline

Peach Chlorogenic acid, pyrogallol, 4-methyl catechol, catechol, caffeic acid, gallic acid, catechin, dopamine

Pear Chlorogenic acid, catechol, catechin, caffeic acid, DOPA, 3,4-dihydroxy benzoic acid, p-cresol

Plum Chlorogenic acid, catechin, caffeic acid, catechol, DOPA

Potato Chlorogenic acid, caffeic acid, catechol, DOPA, p-cresol, p-hydroxyphenyl propionic acid, p-hydroxyphenyl
pyruvic acid, m-cresol

Shrimp Tyrosine

Sweet potato
Tea

Chlorogenic acid, caffeic acid, caffeylamide
Flavanols, catechins, tannins, cinnamic acid derivatives

Source: Reproduced from Marshall et al. 2000.
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CONTROL OF BROWNING

Enzymatic browning may cause a decrease in the market value
of food products originating from plants and crustaceans (Kubo
et al. 2000, Perez-Gilabert and Garcia-Carmona 2000, Subaric
et al. 2001, Yoruk and Marshall 2003, Queiroz et al. 2008).
Processing such as cutting, peeling, and bruising is enough
to cause enzymatic browning. The rate of enzymatic brown-
ing is governed by the active PPO content of the tissues, the
phenolic content of the tissue, and the pH, temperature, and
oxygen availability within the tissue. Table 4.2 gives a list of
procedures and inhibitors that may be employed for controlling
enzymatic browning in foods. A review on conventional and
alternative methods to inactivate PPO has been recently pub-
lished by Queiroz et al. (2008). The inhibition of enzymatic
browning generally proceeds via direct inhibition of the PPO,
nonenzymatic reduction of o-quinones, and chemical modifica-
tion or removal of phenolic substrates of PPO. Among all these
methods, inhibition of PPO is preferable. According to Marshall
et al. (2000), there are six categories of PPO inhibitors appli-
cable to control enzymatic browning: reducing agents, acidu-
lants, chelating agents, complexing agents, enzyme inhibitors,
and enzyme treatments. Tyrosinase inhibitors from natural and
synthetic sources have been reported by Chang (2009).

Sulfites are the most efficient multifunctional agents in the
control of enzymatic browning of foods. The use of sulfites has
become increasingly restricted because they can produce ad-
verse reaction in some consumers. L-ascorbic and its stereoiso-
mer erythorbic acid have been considered as the best alternative
to sulfite in controlling browning. 4-Hexylresorcinol is also a
good substitute to sulfite. Sulphydryl amino acids such as cys-
teine and reduced glutathione, and inorganic salts like sodium
chloride, kojic acid, and oxalic acid (Pilizota and Subaric 1998,
Son et al. 2000, Burdock et al. 2001, Yoruk and Marshall 2009)
cause an effective decrease in undesirable enzymatic browning
in foods. An equivalent of hypotaurine can be an extract of a
foodstuff that has a high hypotaurine level such clam, oyster,
mussels, squid, octopus, or any combination thereof (Marshall
and Schulbach 2009). The application of this naturally occurring
compound provides a longer-lasting protection from enzymatic
browning in comparison with ascorbic acid or citric acid. On
the other hand, taurine addition may provide nutritional bene-
fits to the supplemented foods because of its health-promoting
properties.

A decrease in enzymatic browning is achieved by the use
of various chelating agents, which either directly form com-
plexes with PPO or react with its substrates. For example, p-
cyclodextrin is an inhibitor that reacts with the copper-containing
prosthetic group of PPO (Pilizota and Subaric 1998). Crown
compounds have potential to reduce the enzymatic browning
caused by catechol oxidase because of their ability to complex
with copper present in its prosthetic group. The inhibition ef-
fect of crown compounds, macrocyclic esters, benzo-18-crown-
6 with sorbic acid, and benzo-18-crown-6 with potassium sor-
bate have been proved for fresh-cut apples (Subaric et al. 2001).

Agro-chemical processes may also be employed for achiev-
ing an effective control of enzymatic browning. In vitro studies

based on the evaluation of the effect of a range of commonly used
pesticides on the activity of purified quince (Cydonia oblonga
Miller) PPO have indicated that PPO enzyme is competitively
inhibited by pesticides such as benomyl, carbaryl, deltamethrine,
and parathion methyl (Fattouch et al. 2010). Salinity also affects
PPO activity of the fresh-cut vegetables. Increasing salinity con-
ditions may allow fresh-cut vegetables possessing low PPO ac-
tivity, high phenol content and high antioxidant capacity (Chisari
et al. 2010).

Thiol compounds like 2-mercaptoethanol may act as an in-
hibitor of the polymerization of o-quinone and as a reductant
involved in the conversion of o-quinone to o-dihydroxyphenol
(Negishi and Ozawa 2000).

Because of safety regulations and the consumer’s demand
for natural food additives, much research has been devoted to
the search for natural and safe anti-browning agents. Honey
(Chen et al. 2000, Gacche et al. 2009); papaya latex extract (De
Rigal et al. 2001); banana leaf extract either alone or in com-
bination with ascorbic acid and 4-hexylresorcinol (Kaur and
Kapoor 2000); onion juice (Hosoda and Iwahashi 2002); onion
oil (Hosoda et al. 2003); onion extracts (Kim et al. 2005); onion
by-products (residues and surpluses; Roldan et al. 2008); rice
bran extract (Boonsiripiphat and Theerakulkait 2009); solutions
containing citric acid, calcium chloride, and garlic extract (Ihl
et al. 2003); Maillard reaction products (MRPs) obtained by
heating of hexoses in presence of cystein or glutathione (Billaud
etal. 2003, 2004); N-acetylcysteine and glutathione (Rojas-Grau
et al. 2008); resveratrol, a natural ingredient of red wine pos-
sessing several biological activities, and other hydroxystilbene
compounds, including its analogous oxyresveratrol (Kim et al.
2002); and hexanal (Corbo et al. 2000), Brassicacaea process-
ing water (Zocca et al. 2010); and chitosan (Martin-Diana et al.
2009) are some examples of natural inhibitors of PPO. In most
cases, the inhibiting activity of plant extract is due to more than
one component. Moreover, a good control of enzymatic brown-
ing may involve endogenous antioxidants (Mdluli and Owusu-
Apenten 2003).

Regulation of the biosynthesis of polyphenols (Hisaminato
et al. 2001) and the use of commercial glucose oxidase—catalase
enzyme system for oxygen removal (Parpinello et al. 2002) have
been described as essential and effective ways of controlling
enzymatic browning.

Commonly, an effective control of enzymatic browning can
be achieved by a combination of anti-browning agents (Zocca
et al. 2010). A typical combination might consist of a chemical
reducing agent such as ascorbic acid, an acidulant such as citric
acid, and a chelating agent like EDTA (Marshall et al. 2000)

A great emphasis is put on research to develop methods for
preventing enzymatic browning especially in fresh-cut (mini-
mally processed) fruits and vegetables. The most efficient way to
control this problem is the combination of physical and chemical
methods, by avoiding the use of more severe individual treat-
ments, which could harm the appearance and texture of vegeta-
bles. Technological processing, including microwave blanching
either alone or combined with chemical anti-browning agents
(Severini et al. 2001, Premakumar and Khurduya 2002, Yadav
et al. 2008, Guan and Fan 2010); CO, treatments (Rocha and
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Table 4.2. Inhibitors and Processes Employed in the Prevention of Enzymic Browning
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Inhibition Targeted Toward the Enzyme

Inhibition Targeted Toward the Substrate

Processing

Enzymes Inhibitors

Removal of Oxygen

Removal of Phenols

Inhibition Targeted
Toward the Products

Heating

1. Steam and
water blanching

(70-105°C)
2. Pasteurization
(60-85°C)
Cooling

1. Refrigeration
2. Freezing (—18°C)

Dehydration

Physical methods

1. Freeze drying

2. Spray drying

3. Radiative drying
4. Solar drying

5. Microwave drying

Chemical methods

1. Sodium chloride
and other salts

2. Sucrose and other

sugars

Glycerol

Propylene glycol

bl

5. Modified corn syrup

Irradiation

1. Gamma rays up to

1 kGy (Cobalt 60 or

Cesium 137)
2. X-rays
Electron beams
4. Combined treat-

bl

ments using irradia-

tion and heat

Chelating agents

Sodium azide

Cyanide

Carbon monoxide

Halide salts (CaCl,,

NaCl)

Tropolone

Ascorbic acid

Sorbic acid

Polycarboxylic acids

(citric, malic, tartaric,

oxalic, and succinic

acids)

9. Polyphosphates (ATP

and pyrophosphate)

10. Macromolecules (por-
phyrins, proteins,
polysaccharides)

11. EDTA

12. Kojic acid

bl S

PN

Aromatic carboxylic acids

1. Benzoic acids
2. Cinnamic acids

Aliphatic alcohol

Peptides and amino acids

Substituted resorcinols

Processing

1. Vaccum treatment
2. Immersion in water,
syrup, brine

Reducing agents

1. Ascorbic acid
2. Erythorbic acid
3. Butylated hydrox-

yanisole (BHA)

4. Butylated hydroxy-
toluene (BTH)

5. Tertiarybutyl hy-
droxyquinone

6. Propyl gallate

Complexing agents

1. Cyclodextrins

2. Sulphate polysac-
charides

3. Chitosan

Enzymatic modification

1. O-methyltransferase

2. Protocatechuate 3,
4-dioxigenase

Reducing agents

1. Sulphites(SO;,
SO32_, HSO;~,
$,05%7)

2. Ascorbic acid and
analogs

3. Cysteine and other
thiol compounds

Amino acids, peptides,
and proteins

Chitosan
Maltol

(Continued)
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Table 4.2. (Continued)

Inhibition Targeted Toward the Enzyme

Inhibition Targeted Toward the Substrate

Inhibition Targeted

Processing Enzymes Inhibitors Removal of Oxygen Removal of Phenols Toward the Products
High pressure Honey (peptide ~600 Da
(600-900 Mpa) and antioxidants)
Supercritical carbon Proteases
dioxide (58 atm, 43°C)
Ultrafiltration Acidulants
Citric acid (0.5-2% w/v)
Malic acid
Phosphoric acid
Ultrasonication Chitosan
Employment of edible
coating

Source: Adapted from Marshall et al. 2000.

Morais 2001, Kaaber et al. 2002, Valverde et al. 2010); pre-
treatments employing sodium or calcium chloride and lactic
acid followed by conventional blanching (Severini et al. 2003);
combination of sodium chlorite and calcium propionate (Guan
and Fan 2010); high-pressure treatments combined with thermal
treatments and chemical anti-browning agents such as ascor-
bic acid (Prestamo et al. 2000, Ballestra et al. 2002) or natural
anti-browning agents like pineapple juice (Perera et al. 2010);
and UV-C light treatment of fresh-cut vegetables under nonther-
mal conditions (Manzocco et al. 2009) have been employed to
prevent enzymatic browning in foods.

The use of edible coating from whey protein isolate-beeswax
(Perez-Gago et al. 2003); edible coatings enriched with natu-
ral plant extracts (Ponce et al. 2008); oxygen-controlled atmo-
spheres (Jacxsens et al. 2001, Soliva-Fortuny et al. 2001, Duan
et al. 2009), and the use of active films (Endo et al. 2008) seem
to improve the shelf life of foods by inhibition of PPO.

Biotechnological approaches may be also employed for the
control of PPO (Rodov 2007). Transgenic fruits carrying an an-
tisense PPO gene show a reduction in the amount and activity of
PPO, and the browning potential of transgenic lines are reduced
compared with the non-transgenic ones (Murata et al. 2000,
Murata et al. 2001). These procedures may be used to prevent
enzymatic browning in a wide variety of food crops without the
application of various food additives (Coetzer et al. 2001).

NONENZYMATIC BROWNING
THE MAILLARD REACTION

Nonenzymatic browning is the most complex reaction in food
chemistry because a large number of food components are able to
participate in the reaction through different pathways, giving rise
to a complex mixture of products (Olano and Martinez-Castro
2004). It is referred to as the Maillard reaction when it takes
place between free amino groups from amino acids, peptides,
or proteins and the carbonyl group of a reducing sugar. The

historical perspective showed by Finot (2005) shows the great
importance of Maillard reaction on food science and nutrition.

The Maillard reaction is one of the main reactions causing
deterioration of proteins during processing and storage of foods.
This reaction can promote nutritional changes such as loss of nu-
tritional quality (attributed to the destruction of essential amino
acids) or reduction of protein digestibility and amino acid avail-
ability (Malec et al. 2002).

The Maillard reaction covers a whole range of complex
transformations (Figure 4.4) that produces a large number
of the so-called Maillard reaction products (MRPs) such as
aroma compounds, ultraviolet absorbing intermediates, and
dark-brown polymeric compounds named melanoidins (Kim and
Lee 2008a). It can be divided into three major phases: the early,
intermediate, and advanced stages. The early stage (Figure 4.5)
consists of the condensation of primary amino groups of amino
acids, peptides, or proteins with the carbonyl group of reducing
sugars (aldose), with loss of a molecule of water, leading, via for-
mation of a Schiff’s base and Amadori rearrangement, to the so-
called Amadori product (1-amino-1-deoxi-2-ketose), arelatively
stable intermediate (Feather et al. 1995). The Heyns compound
is the analogous compound when a ketose is the starting sugar. In
many foods, the e-amino group of the lysine residues of proteins
is the most important source of reactive amino groups, but be-
cause of blockage, these lysine residues are not available for di-
gestion, and consequently the nutritive value decreases (Brands
and van Boekel 2001, Machiels and Istasse 2002). Amadori
compounds are precursors of numerous compounds that are im-
portant in the formation of characteristic flavors, aromas, and
brown polymers. They are formed before the occurrence of sen-
sory changes; therefore, their determination provides a very sen-
sitive indicator for early detection of quality changes caused by
the Maillard reaction (Olano and Martinez-Castro 2004).

The intermediate stage leads to breakdown of Amadori com-
pounds (or other products related to the Schiff’s base) and the
formation of degradation products, reactive intermediates (3-
deoxyglucosone), and volatile compounds (formation of flavor).



4 Browning Reactions

63

+Amino compound (

Aldose

-l N-substituted glycosylamine

-H,0 A

B Amadori
rearrangement
A
Amadori rearrangement product (ARP)
(1-amino-1-deoxy-2-ketose)
C|-3H.0 C |-2H,0 D
Schiff's base of —— :
hydroxymethylfurfural Sugars [F|SS|on products (acetol, diacetyl, pyruvaldehyde, etc.)]
or furfural +Amino acid
E| -CO;
A 4 Strecker
—2H )
Amino [Reductones}:[Dehydroreductones] + degradation
+2H E
compound > Aldehydes]
+H,0 F F
F
A 4 v A
aa F Aldols and nitrogen-free
Hydroxymethylfurfural polymers
or furfural G G G G
G | +Amino q +Amino +Amino +Amino +Amino
v compoun compound compound  compound ¢ compound
[ Melanoidins (brown nitrogenous polymers and copolymers)

Figure 4.4. Scheme of different stages of Maillard reaction (Hodge 1953, Ames 1990).

The 3-deoxyglucosone participates in cross-linking of proteins
at much faster rates than glucose itself, and further degrada-
tion leads to two known advanced products: 5-hydroxymethyl-
2-furaldehyde and pyraline (Feather et al. 1995).

The final stage is characterized by the production of
nitrogen-containing brown polymers and copolymers known as
melanoidins (Badoud et al. 1995). The structure of melanoidins
is largely unknown, but in the last few years, more data became
available. In particular, it was shown that they can have a dif-
ferent structure according to the starting material. Melanoidins
have been described as low-molecular weight (LMW) colored
substances that are able to cross-link proteins via g-amino
groups of lysine or arginine to produce high-molecular weight
(HMW) colored melanoidins. Also, it has been postulated that
they are polymers consisting of repeating units of furans and/or
pyrroles, formed during the advanced stages of the Maillard
reaction and linked by polycondensation reactions (Martins and
van Boekel 2003). Chemical structure of melanoidins can be
mainly formed by a carbohydrate skeleton with few unsaturated
rings and small nitrogen components; in other cases, they can
have a protein structure linked to small chromophores (Borrelli
and Fogliano 2005).

In foods, predominantly glucose, fructose, maltose, lactose,
and to some extent reducing pentoses are involved with amino
acids and proteins in forming fructoselysine, lactuloselysine or
maltuloselysine. In general, primary amines are more impor-

tant than secondary ones, because the concentration of primary
amino acids in foods is usually higher than that of secondary
amino acids (an exception is the high amount of proline in malt
and corn products) (Ledl 1990).

Factors Affecting Maillard Reaction

The rate of the Maillard reaction and the nature of the products
formed depend on the chemical environment of food, including
water activity (ay), pH, and chemical composition of the food
system, temperature being the most important factor (Carabasa-
Giribert and Ibarz-Ribas 2000). In order to predict the extent
of chemical reactions in processed foods, knowledge of kinetic
reactions is necessary to optimize the processing conditions.
Since foods are complex matrices, these kinetic studies are often
carried out using model systems in which sugars and amino acids
react under simplified conditions. Model system studies may
provide guidance regarding the directions in which to modify
the food process and to find out which reactants may produce
specific effects of the Maillard reaction (Lingnert 1990).

The reaction rate is significantly affected by the pH of the sys-
tem; it generally increases with pH (Namiki et al. 1993, Ajan-
douz and Puigserver 1999). Bell (1997) studied the effect of
buffer type and concentration on initial degradation of amino
acids and formation of brown pigments in model systems of
glycine and glucose that are stored for long periods at 25°C. The
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Figure 4.5. Initial stages of the Maillard reaction and acrylamide formation (Friedman 2003).

loss of glycine was faster at high phosphate buffer concentration
(Figure 4.6), showing its catalytic effect on the Maillard reaction.
The effects of salt concentration on the rates of browning reac-
tion of amino acid, peptides, and proteins have also been studied
by Yamaguchi et al. (2009). High concentration of sodium chlo-
ride retarded the reaction rate of glucose with amino acids but
did not change the browning rate of glucose with peptides.

The type of reducing sugar has a great influence on Mail-
lard reaction development. Pentoses (e.g., ribose) react more
readily than hexoses (e.g., glucose), which, in turn, are more re-
active than disaccharides (e.g., lactose; Ames 1990). A study

on brown development (absorbance at 420 nm) in a heated
model of fructose and lysine showed that browning was higher
than in model systems with glucose (Ajandouz et al. 2001).
A study using heated galactose/glycine model systems found
that the rate of color development in Maillard reaction fol-
lowed first-order kinetics on galactose concentration (Liu et al.
2008). The effects of tagatose on the Maillard reaction has been
also investigated in aqueous model systems containing various
sugars (glucose, galactose, fructose, and tagatose) and amino
acids through volatile Maillard products determination (Cho
et al. 2010).
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Figure 4.6. Effect of phosphate buffer concentration on the loss of
glycine in 0.1 M glucose/glycine solutions at pH 7 and 25°C. (Bell
1997).

Participation of amino acids in the Maillard reaction is vari-
able; thus lysine was the most reactive amino acid (Figure 4.7) in
the heated model system of glucose and lysine, threonine, and
methionine in phosphate buffer at different pH values (4-12)
(Ajandouz and Puigserver 1999). The influence of type of amino
acid and sugar in the Maillard reaction development has also

been studied (Carabasa-Giribert and Ibarz-Ribas 2000, Mundt
and Wedzicha 2003). The reaction between free amino acids
and carbonyl compounds has been studied extensively; how-
ever, only a minor part of the Maillard reaction studies focused
on peptides and proteins. Van Lancker et al. (2010) have stud-
ied the formation of flavor compounds from model systems of
lysine-containing peptides and glucose, methylglyoxal, and gly-
oxal. The main compounds found were pyrazines, which con-
tribute significantly to the roasted aroma of many heated food
products.

Studies on the effect of time and temperature of treatment on
the Maillard reaction development have also been conducted in
different model systems, and it has been shown that an increase
in temperature increases the rate of Maillard browning (Martins
and van Boekel 2003, Ryu et al. 2003).

Concentration and ratio of reducing sugar to amino acid have a
significant impact on the reaction. Browning reaction increased
with increasing glycine to glucose ratios in the range 0.1:1-5:1
in a model orange juice system at 65°C (Wolfrom et al. 1974). In
amodel system of intermediate moisture (ay, = 0.52), Warmbier
etal. (1976) observed an increase of browning reaction rate when
the molar ratio of glucose:lysine increased from 0.5:1 to 3.0:1.

ay, is another important factor influencing the Maillard reac-
tion development; thus, this reaction occurs less readily in foods
with high a,, value due to the reactants are diluted. However,
at low a,, values, the mobility of reactants is limited despite
their presence at increased concentrations (Ames 1990). Nu-
merous studies have demonstrated a browning rate maximum
at ay, value from 0.5 to 0.8 in dried and intermediate-moisture
foods (Warmbier et al. 1976, Tsai et al. 1991, Buera and Karel
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Figure 4.7. Brown color development in aqueous solutions containing glucose alone or in the presence of an essential amino acid when
heated to 100°C at pH 7.5 as a function of time (Ajandouz and Puigserver 1999).
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1995). The effect of ay, (0.33, 0.43, 0.52, 0.69, 0.85, and 0.98)
on the rate of loss of lysine by mild heat treatment or during
storage of milk powder was only significant at high a,, values
(Pereyra-Gonzales et al. 2010).

Because of the complex composition of foods, it is unlikely
that Maillard reaction involves only single compound (mono- or
disaccharides and amino acids). For this reason, several studies
on factors (pH, T, ay ) that influence the Maillard reaction devel-
opment have been carried out using more complex model sys-
tems: heated starch—glucose-lysine systems (Bates et al. 1998),
milk resembling model systems (lactose or glucose—caseinate
systems) (Morales and van Boekel 1998), and lactose—casein
model system (Malec et al. 2002, Jiménez-Castaio et al. 2005).
Brands and van Boekel (2001) studied the Maillard reaction
using heated monosaccharide (glucose, galactose, fructose, and
tagatose)—casein model systems in order to quantify and iden-
tify the main reaction products and to establish the reaction
pathways.

Studies on mechanisms of degradation, via the Maillard reac-
tion, of oligosaccharides in a model system with glycine were
performed by Hollnagel and Kroh (2000, 2002). The reactivity
of di- and trisaccharides under quasi water-free conditions de-
creased in comparison to that of glucose due to the increasing
degree of polymerization.

Study of Maillard Reaction in Foods

During food processing, the Maillard reaction produces desir-
able and undesirable effects. Processing such as baking, frying,
and roasting are based on the Maillard reaction for flavor, aroma,
and color formation (Lingnert 1990). Maillard browning may be
desirable during manufacture of meat, coffee, tea, chocolate,
nuts, potato chips, crackers, and beer and in toasting and baking
bread (Weenen 1998, Burdulu and Karadeniz 2003). In other pro-
cesses such as pasteurization, sterilization, drying, and storage,
the Maillard reaction often causes detrimental nutritional (ly-
sine damage) and organoleptic changes (Lingnert 1990). Avail-
able lysine determination methods has been used to assess the
Maillard reaction extension in different types of foods: breads,
breakfast cereals, pasta, infant formula (Erbersdobler and Hupe
1991), dried milks (El and Kavas 1997), heated milks (Ferrer
et al. 2003), and infant cereals (Ramirez-Jimenez et al. 2004).

Sensory changes in foods due to the Maillard reaction have
been studied in a wide range of foods, including honey (Gonzales
et al. 1999), apple juice concentrate (Burdulu and Karadeniz
2003), and white chocolate (Vercet 2003).

Other types of undesirable effects produced in processed foods
by the Maillard reaction may include the formation of mutagenic
and cancerogenic compounds (Lingnert 1990, Chevalier et al.
2001). Frying or grilling of meat and fish may generate low (ppb)
levels of mutagenic/carcinogenic heterocyclic amines via the
Maillard reaction. The formation of these compounds depends
on cooking temperature and time, cooking technique and equip-
ment, heat, mass transport, and/or chemical parameters. Tareke
et al. (2002) reported their findings on the carcinogen acry-
lamide in arange of cooked foods. Moderate levels of acrylamide
(5-50 pg/kg) were measured in heated protein-rich foods, and

higher levels (150-4000 png/kg) were measured in carbohydrate-
rich food, such as potato, beet root, certain heated commercial
potato products, and crisp bread. Ahn et al. (2002) tested dif-
ferent types of commercial foods and some foods heated under
home cooking conditions, and they observed that acrylamide
was absent in raw or boiled foods, but it was present at signifi-
cant levels in fried, grilled, baked, and toasted foods. Although
the mechanism of acrylamide formation in heated foods is not
yet clear, several authors have put forth the hypothesis that the
reaction of asparagine (Figure 4.5), a major amino acid of pota-
toes and cereals, with reducing sugars (glucose, fructose) via
the Maillard reaction, at temperatures above 120°C, could be
the pathway (Mottram et al. 2002, WeifBhaar and Gutsche 2002,
Friedman 2003, Yaylayan and Stadler 2005). Other amino acids
have also been found to produce low amounts of acrylamide,
including alanine, arginine, aspartic acid, cysteine, glutamine,
threonine, valine, and methionine (Stadler et al. 2002, Tateo et al.
2007). Over the years, much work have been done to study the
factor influencing the acrylamide formation during processing
(Granda and Moreira 2005, Gokmen and Senyuva 2006, Tateo
et al. 2007, Burch et al. 2008, Jom et al. 2008, Carrieri et al.
2010), the mechanism of acrylamide formation (Elmore et al.
2005, Hamlet et al. 2008, Zamora et al. 2010), the development
of robust and sensitive analytical methods that provide reliable
data in the different food categories (Zhang et al. 2005, Kaplan
et al. 2009, Preston et al. 2009), and the content in different
processed foods (Bermudo et al. 2006, Tateo et al. 2007, Burch
et al. 2008, EFSA 2010). On the basis of the large number of ex-
isting studies, the International Agency for Research on Cancer
(IARC 1994) has classified acrylamide as “probably carcino-
genic” to humans. Currently, researchers are looking around for
other strategies to obtain finished foods without acrylamide. In
this sense, Anese et al. (2010) have proposed the possibility to
remove acrylamide from foods by exploiting its chemical and
physical properties. Thus, processed foods were subjected to
vacuum treatments at different combinations of pressure, tem-
perature, and time. Removal of acrylamide was achieved only in
samples previously hydrated at ay, values higher than 0.83, and
maximum removed amount was between 5 and 15 minutes of
vacuum treatment at 6.67 Pa and 60°C.

Beneficial properties of Maillard products have also been de-
scribed. Resultant products of the reaction of different amino
acid and sugar model systems presented different properties:
antimutagenic (Yen and Tsai 1993); antimicrobial (Chevalier
etal. 2001, Rufian-Henares and Morales 2007) and antioxidative
(Manzocco et al. 2001, Wagner et al. 2002, Rufidn-Henares and
Morales 2007). In foods, antioxidant properties of MRPs have
been found in honey (Antony et al. 2000) and in tomato purees
(Anese et al. 2002). Rufian-Henares and de la Cueva (2009)
found antimicrobial activity of coffee melanoidins against dif-
ferent pathogenic bacteria.

On the other hand, the Maillard reaction is one of the safest
and most efficient methods to generate new functional proteins
with great potential as novel ingredients. Miralles et al. (2007)
investigated the occurrence of the Maillard reaction between
B-lactoglobulin and a LMW chitosan. Under the studied condi-
tions, MRPs originated improved antibacterial activity against
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Escherichia coli and emulsifying properties. Recently, Corzo-
Martinez et al. (2010) observed an improvement in gelling and
viscosity properties of glycosylated sodium caseinate via Mail-
lard reaction with lactose and galactose.

Control of the Maillard Reaction in Foods

For a food technologist, one of the most important objectives
must be to limit nutritional damage of food during processing.
In this sense, many studies have been performed and found use-
ful heat-induced markers derived from the Maillard reaction, and
most of them have been proposed to control and check the heat
treatments and/or storage of foods. There are many indicators
of different stages of the Maillard reaction, but this review cites
one of the most recent indicators proposed to control early stages
of this reaction during food processing: the 2-furoylmethyl
amino acids as an indirect measure of the Amadori compound
formation.

Determination of the level of Amadori compounds provides
a very sensitive indicator for early detection (before detrimental
changes occur) of quality changes caused by the Maillard reac-
tion as well as for retrospective assessment of the heat treatment
or storage conditions to which a product has been subjected (del
Castillo et al. 1999, Olano and Martinez-Castro 2004).

Evaluating for Amadori compounds can be carried out
through furosine [¢-N-(2-furoylmethyl)-L-lysine] measurement.
This amino acid is formed by acid hydrolysis of the Amadori
compound &-N-(1-deoxy-D-fructosyl)-L-lysine. It is considered
a useful indicator of the damage in processed foods or foods
stored for long periods: milks (Resmini et al. 1990, Villamiel
et al. 1999); eggs (Hidalgo et al. 1995); cheese (Villamiel et al.
2000); honey (Villamiel et al. 2001, Morales et al. 2009); in-
fant formula (Guerra-Hernandez et al. 2002, Cattaneo et al.
2009); milk-cereal-based baby foods (Bosch et al. 2008); jams
and fruit-based infant foods (Rada-Mendoza et al. 2002); fresh
filled pasta (Zardetto et al. 2003); prebaked breads (Ruiz et al.
2004), cookies, crackers, and breakfast cereals (Rada-Mendoza
etal. 2004, Gokmen et al. 2008); fiber-enriched breakfast cereals
(Delgado-Andrade et al. 2007); flour used for formulations of
cereal-based-products (Rufidn-Henares et al. 2009); and sauces
and sauces-treated foods (Chao et al. 2009). Erbersdobler and
Somoza (2007) have written an interesting review on 40 years
of use of furosine as a reliable indicator of thermal damage in
foods.

In the case of foods containing free amino acids, free Amadori
compounds can be present, and acid hydrolysis gives rise to
the formation of the corresponding 2-furoylmethyl derivatives.
For the first time, 2-furoylmethyl derivatives of different amino
acids (arginine, asparagine, proline, alanine, glutamic acid, and
Y -amino butyric acid) have been detected and have been used as
indicators of the early stages of the Maillard reaction in stored
dehydrated orange juices (del Castillo et al. 1999). These com-
pounds were proposed as indicators to evaluate quality changes
either during processing or during subsequent storage. Later,
most of these compounds were also detected in different foods:
commercial orange juices (del Castillo et al. 2000), processed
tomato products (Sanz et al. 2000), dehydrated fruits (Sanz et al.

2001) and carrots (Soria et al. 2010), commercial honey samples
(Sanz et al. 2003), and infant formula (Penndorf et al. 2007).

CARAMELIZATION

During nonenzymatic browning of foods, various degradation
products are formed via caramelization of carbohydrates, with-
out amine participation (Ajandouz and Puigserver 1999, Ajan-
douz et al. 2001). Caramelization occurs when surfaces are
heated strongly (e.g., during baking and roasting), during the
processing of foods with high sugar content (e.g., jams and cer-
tain fruit juices), or in wine production (Kroh 1994). Carameliza-
tion is used to obtain caramel-like flavor and/or development of
brown color in certain types of foods. Caramel flavoring and
coloring, produced from sugar with different catalysts, is one
of the most widely used additives in the food industry. How-
ever, caramelization is not always a desirable reaction because
of the possible formation of mutagenic compounds (Tomasik
et al. 1989) and the excessive changes in the sensory attributes
that could affect the quality of certain foods.

More recently, Kitts et al. (2006) also observed the clastogenic
activity of caramelized sucrose, this property being mainly due
to the volatile and nonvolatile compounds of LMW derived from
sucrose caramelization.

Caramelization is catalyzed under acidic or alkaline condi-
tions (Namiki 1988) and many of the products formed are similar
to those resulting from the Maillard reaction.

Caramelization of carbohydrates starts with the opening of
the hemiacetal ring followed by enolization, which proceeds via
acid- and base-catalyzed mechanisms, leading to the formation
of isomeric carbohydrates (Figure 4.8). The interconversion of
sugars through their enediols increases with increasing pH and
is called the Lobry de Bruyn-Alberda van Ekenstein transforma-
tion (Kroh 1994). In acid media, low amounts of isomeric car-
bohydrates are formed; however, dehydration is favored, leading
to furaldehyde compounds: 5-(hydroxymethyl)-2-furaldehyde
(HMF) from hexoses (Figure 4.9) and 2-furaldehyde from pen-
toses. With unbuffered acids as catalysts, higher yields of HMF
are produced from fructose than from glucose. Also, only the
fructose moiety of sucrose is largely converted to HMF un-
der unbuffered conditions, which produce the highest yields.
The enolization of glucose can be greatly increased in buffered
acidic solutions. Thus, higher yields of HMF are produced from

H—Cc=0 H—Cl)l—OH CH,OH
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(C|)HOH)3 (?HOH)s (?HOH)S
CH,OH CH,OH CH,OH
Aldose 1,2-Enodiol Ketose

Figure 4.8. The Lobry de Bruyn-Alberda van Ekenstein
transformation.
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Figure 4.9. 1,2 Enolization and formation of hydroxymethyl furfural (HMF).

glucose and sucrose when a combination of phosphoric acid and
pyridine is used as catalysts than when phosphoric acid is used
alone (Fennema 1976).

In alkaline media, dehydration reactions are slower than in
neutral or acid media, but fragmentation products such as ace-
tol, acetoin, and diacetyl are detected. In the presence of oxy-
gen, oxidative fission takes place, and formic, acetic, and other
organic acids are also formed. All of these compounds react
to produce brown polymers and flavor compounds (Olano and
Martinez-Castro 2004).

In general, caramelization products (CPs) consist of volatile
and nonvolatile (90-95%) fractions of LMWs and HMWs that
vary depending on temperature, pH, duration of heating, and
starting material (Defaye et al. 2000). Although it is known that
caramelization is favored at temperatures higher than 120°C and
at a pH greater than 9 and less than 3, depending on the com-
position of the system (pH and type of sugar), caramelization
reactions may also play an important role in color formation
in systems heated at lower temperatures. Thus, some studies
have been conducted at the temperatures of accelerated storage
conditions (45-65°C) and pH values from 4 to 6 (Buera et al.
1987a, 1987b). These authors studied the changes of color due
to caramelization of fructose, xylose, glucose, maltose, lactose,
and sucrose in model systems of 0.9 a,, and found that fruc-
tose and xylose browned much more rapidly than other sugars
and lowering of pH inhibited caramelization browning of sugar
solutions.

In a study on the kinetics of caramelization of several
monosaccharides and disaccharides, Diaz and Clotet (1995)
found that at temperatures of 75-95°C, browning increased
rapidly with time and to a higher final value, with increasing
temperature, this effect being more marked in the monosaccha-
rides than in the disaccharides. In all sugars studied, increase of
browning was greater at @, = 1 than at a , = 0.75. Likewise,
results of a more recent study on the kinetics of browning de-
velopment showed that at temperatures of 75-95°C and pH 3.0,
color development increased linearly with a first-order kinetics
on fructose concentration (Chen et al. 2009).

The effect of sugars, temperature, and pH on caramelization
was evaluated by Park et al. (1998). Reaction rate was highest
with fructose, followed by sucrose. As reaction temperature in-

creased from 80°C to 110°C, reaction rate was greatly increased.
With respect to pH, the optimum value for caramelization was
10. In agreement with this, more recently, Kim and Lee (2008b)
reported that degradation/enolization of sugars rapidly increased
at a high alkaline pH (10.0-12.0) and with increasing heat-
ing times, fructose being degraded/enolized more rapidly than
glucose.

Although most studies on caramelization have been conducted
in model systems of mono- and disaccharides, a number of
real food systems contain oligosaccharides or even polymeric
saccharides; therefore, it is also of great interest to know the
contribution of these carbohydrates to the flavor and color of
foods. Kroh et al. (1996) reported the breakdown of oligo-
and polysaccharides to nonvolatile reaction products. Homoki-
Farkas et al. (1997) studied, through an intermediate compound
(methylglyoxal), the caramelization of glucose, dextrin 15, and
starch in aqueous solutions at 170°C under different periods
of time. The highest formation of methylglyoxal was in glu-
cose and the lowest in starch systems. The authors attributed
the differences to the number of reducing end groups. In the
case of glucose, when all molecules are degraded, the con-
centration of methylglyoxal reached a maximum and began to
transform, yielding LMW and HMW color compounds. Holl-
nagel and Kroh (2000, 2002) investigated the degradation of
malto-oligosaccharides at 100°C through «-dicarbonyl com-
pounds such as 1,4-dideoxyhexosulose, and they found that this
compound is a reactive intermediate and precursor of various
heterocyclic volatile compounds that contribute to caramel fla-
vor and color. More recently, it has been observed that galac-
tomannans of roasted coffee infusions are HMW supports of
LMW brown compounds derived from caramelization reactions
(Nunes et al. 2006).

Perhaps, as mentioned above, the most striking feature of
caramelization is its contribution to the color and flavor of cer-
tain food products under controlled conditions. In addition, it
is necessary to consider other positive characteristics of this
reaction, such as the antioxidant activity of the CPs. This prop-
erty has been found to vary depending on temperature, pH,
duration of heating, and starting material, main variables affect-
ing the caramelization kinetics. Thus, several studies (Benjakul
et al. 2005, Phongkanpai et al. 2006, Kim and Lee 2008b) have
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reported that antioxidative activity of CPs from different sugars
(fructose, glucose, ribose, and xylose) increased with increas-
ing pH levels (7.0-12.0), heating temperature (80—-180°C), and
heating time (0—180 minutes). The CPs from fructose exhib-
ited the highest antioxidant activity as evidenced by the greatest
scavenging effect and reducing power. In addition, this increase
in antioxidative activity was coincidental with the browning de-
velopment and intermediate formation. This suggested that both
colorless intermediates, such as reductones and dehydroreduc-
tones, produced in the earlier stages of the caramelization, (Rhee
and Kim 1975) and HMW and colored pigments, produced in the
advanced stages, might play an important role in the antioxidant
activity of CPs (Kirigaya et al. 1968)

In addition, the effect of caramelized sugars on enzymatic
browning has been studied by several authors. Thus, Pitotti et al.
(1995) reported that the anti-browning effect of some CPs is in
part related to their reducing power. Lee and Lee (1997) ob-
tained CPs by heating a sucrose solution at 200°C under various
conditions to study the inhibitory activity of these products on
enzymatic browning. The reducing power of CPs and their in-
hibitory effect on enzymatic browning increased with prolonged
heating and with increased amounts of CPs. Caramelization was
investigated in solutions of fructose, glucose, and sucrose heated
at temperatures up to 200°C for 15-180 minutes. Browning in-
tensity increased with heating time and temperature. The effect
of the caramelized products on PPO was evaluated, and the great-
est PPO inhibitory effect was demonstrated by sucrose solution
heated to 200°C for 60 minutes (Lee and Han 2001). More re-
cently, Billaud et al. (2003) found CPS from hexoses with mild
inhibitory effects on PPO, particularly after prolonged heating
at 90°C.

Antioxidative activity of CPs from higher molecular weight
carbohydrates has also been reported. Thus, Mesa et al. (2008), in
a study on antioxidant properties of hydrolyzates of soy protein-
fructooligosaccharide glycation systems, found that the most
neoantioxidants products are able to prevent LDL oxidation
and to scavenge peroxyl-alkyl radicals derived from the ther-
mal degradation (95°C for 1 hour) of fructooligosaccharides
rather than from the Maillard reaction.

ASCORBIC AcCID BROWNING

Ascorbic acid (vitamin C) plays an important role in human
nutrition as well as in food processing (Chauhan et al. 1998).
Its key effect as an inhibitor of enzymatic browning has been
previously discussed in this chapter.

Browning of ascorbic acid can be briefly defined as the thermal
decomposition of ascorbic acid under both aerobic and anaerobic
conditions, by oxidative or non-oxidative mechanisms, either in
the presence or absence of amino compounds (Wedzicha 1984).

Nonenzymatic browning is one of the main reasons for the
loss of commercial value in citrus products (Manso et al. 2001).
These damages, degradation of ascorbic acid followed by brown-
ing, also concern noncitrus foods such as asparagus, broccoli,
cauliflower, peas, potatoes, spinach, apples, green beans, apri-
cots, melons, strawberries, corn, and dehydrated fruits (Belitz
and Grosch 1997).

Pathway of Ascorbic Acid Browning

The exact route of ascorbic acid degradation is highly vari-
able and dependent upon the particular system. Factors that can
influence the nature of the degradation mechanism include tem-
perature, salt and sugar concentration, pH, oxygen, enzymes,
metal catalysts, amino acids, oxidants or reductants, initial con-
centration of ascorbic acid, and the ratio of ascorbic acid to
dehydroascorbic acid (DHAA; Fennema 1976).

Figure 4.10 shows a simplified scheme of ascorbic acid degra-
dation. When oxygen is present in the system, ascorbic acid is
degraded primarily to DHAA. DHAA is not stable and spon-
taneously converts to 2,3-diketo-L-gulonic acid (Lee and Nagy
1996). Under anaerobic conditions, ascorbic acid undergoes the
generation of diketogulonic acid via its keto tautomer, followed
by f elimination at C-4 from this compound and decarboxyla-
tion to give rise to 3-deoxypentosone, which is further degraded
to furfural. Under aerobic conditions, xylosone is produced by
simple decarboxylation of diketogulonic acid and that is later
converted to reductones. In the presence of amino acids, ascorbic
acid, DHAA, and their oxidation products furfural, reductones,
and 3-deoxypentosone may contribute to the browning of foods
by means of a Maillard-type reaction (Fennema 1976, Belitz and
Grosch 1997). Formation of Maillard-type products has been de-
tected both in model systems and foods containing ascorbic acid
(Kacem et al. 1987, Ziderman et al. 1989, Loschner et al. 1990,
1991, Molnar-Perl and Friedman 1990, Yin and Brunk 1991,
Davies and Wedzicha 1992, 1994, Pischetsrieder et al. 1995,
1997, Rogacheva et al. 1995, Koseki et al. 2001).

The presence of metals, especially Cu>* and Fe*, causes
great losses of vitamin C. Catalyzed oxidation goes faster than
the spontaneous oxidation. Anaerobic degradation, which occurs
slower than uncatalyzed oxidation, is maximum at pH 4 and
minimum at pH 2 (Belitz and Grosch 1997).

Ascorbic acid oxidation is nonenzymatic in nature, but ox-
idation of ascorbic acid is sometimes catalyzed by enzymes.
Ascorbic acid oxidase is a copper-containing enzyme that cat-
alyzes oxidation of vitamin C. The reaction is catalyzed by
copper ions. The enzymatic oxidation of ascorbic acid is impor-
tant in the citrus industry. Reaction takes place mainly during
extraction of juices. Therefore, it becomes important to inhibit
the ascorbic oxidase by holding juices for only short times and
at low temperatures during the blending stage, by de-aerating
the juice to remove oxygen, and finally by pasteurizing the juice
to inactivate the oxidizing enzymes.

Enzymatic oxidation has also been proposed as a mechanism
for the destruction of ascorbic acid in orange peels during the
preparation of marmalade. Boiling the grated peel in water sub-
stantially reduces the loss of ascorbic acid (Fennema 1976).

Tyrosinase (PPO) may also possess ascorbic oxidase activity.
A possible role of the ascorbic acid-PPO system in the browning
of pears has been proposed (Espin et al. 2000).

In citrus juices, nonenzymatic browning is from reactions of
sugars, amino acids, and ascorbic acid (Manso et al. 2001). In
freshly produced commercial juice, filled into TetraBrik car-
tons, it has been demonstrated that nonenzymatic browning was
mainly due to carbonyl compounds formed from L-ascorbic acid
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degradation. Contribution from sugar-amine reactions is negligi-
ble, as evident from the constant total sugar content of degraded
samples. The presence of amino acids and possibly other amino
compounds enhance browning (Roig et al. 1999).

Both oxidative and nonoxidative degradation pathways are
operative during storage of citrus juices. Since large quantities
of DHAA are present in citrus juices, it can be speculated that the
oxidative pathway must be dominant (Lee and Nagy 1996, Ro-
jas and Gerschenson 1997a). A significant relationship between
DHAA and browning of citrus juice has been found (Kurata
et al. 1973, Sawamura et al. 1991, Sawamura et al. 1994). The
rate of non-oxidative loss of ascorbic acid is often one-tenth or
up to one-thousandth the rate of loss under aerobic conditions
(Lee and Nagy 1996). In aseptically packed orange juice, the
aerobic reaction dominates first and it is fairly rapid, while the
anaerobic reaction dominates later and it is quite slow (Nagy and
Smoot 1977, Tannenbaum 1976). A good prediction of ascor-
bic acid degradation and the evolution of the browning index of
orange juice stored under anaerobic conditions at 20-45°C may
be performed by employing the Weibull model (Manso et al.
2001).

Furfural, which is formed during anaerobic degradation of
ascorbic acid, has a significant relationship to browning (Lee
and Nagy 1988); its formation has been suggested as an ade-
quate index for predicting storage temperature abuse in orange
juice concentrates and as a quality deterioration indicator in
single-strength juice (Lee and Nagy 1996). However, furfural is
a very reactive aldehyde that forms and decomposes simultane-
ously; therefore, it would be more difficult to use as an index for
predicting quality changes in citrus products (Fennema 1976).
In general, ascorbic acid would be a better early indicator of
quality.

Control of Ascorbic Acid Browning

Sulfites (Wedzicha and Mcweeny 1974, Wedzicha and Imeson
1977), thiols compounds (Naim et al. 1997), maltilol (Koseki
etal. 2001), sugars, and sorbitol (Rojas and Gerschenson 1997b)
may be effective in suppressing ascorbic acid browning. Doses
to apply these compounds highly depend on factors such as con-
centration of inhibitors and temperatures. L-Cysteine and sodium
sulfite may suppress or accelerate ascorbic acid browning as a
function of their concentration (Sawamura et al. 2000). Glucose,
sucrose, and sorbitol protect L-ascorbic acid from destruction
at low temperatures (23°C, 33°C, and 45°C), while at higher
temperatures (70°C, 80°C, and 90°C), compounds with active
carbonyls promoted ascorbic acid destruction. Sodium bisulfite
was only significant in producing inhibition at lower temper-
ature ranges (23°C, 33°C, and 45°C; Rojas and Gerschenson
1997b).

Although the stability of ascorbic acid generally increases as
the temperature of the food is lowered, certain investigations
have indicated that there may be an accelerated loss on freezing
or frozen storage. However, in general, the largest losses for
noncitrus foods will occur during heating (Fennema 1976).

The rapid removal of oxygen from the packages is an im-
portant factor in sustaining a higher concentration of ascorbic
acid and lower browning of citrus juices over long-term storage.
The extent of browning may be reduced by packing in oxygen
scavenging film (Zerdin et al. 2003).

Modified-atmosphere packages (Howard and Hernandez-
Brenes 1998), microwave heating (Villamiel et al. 1998, Howard
etal. 1999), ultrasound-assisted thermal processing (Zenker et al.
2003), pulsed electric field processing (Min et al. 2003), and
carbon dioxide-assisted high-pressure processing (Boff et al.
2003) are some examples of technological processes that allow
ascorbic acid retention and consequently prevent undesirable
browning.

Lirip BROWNING
Protein-Oxidized Fatty Acid Reactions

The organoleptic and nutritional characteristics of several foods
are affected by lipids, which can participate in chemical modifi-
cations during processing and storage. Lipid oxidation occurs in
oils and lard, and also in foods with low amounts of lipids, such
as products of vegetable origin. This reaction occurs in both un-
processed and processed foods, and although in some cases it is
desirable, such as in the production of typical cheeses or fried-
food aromas (Nawar 1985), in general, it can lead to undesirable
odors and flavors (Nawar 1996). Quality properties such as ap-
pearance, texture, consistency, taste, flavor, and aroma can be
adversely affected (Erikson 1987). Moreover, toxic compound
formation and loss of nutritional quality can also be observed
(Frankel 1980, Gardner 1989, Kubow 1990, 1992).

Although the lipids can be oxidized by both enzymatic and
nonenzymatic reactions, the latter is the main involved reaction.
This reaction arises from free radical or reactive oxygen species
(ROS) generated during food processing and storage (Stadtman
and Levine 2003), hydroperoxides being the initial products. As
these compounds are quite unstable, a network of dendritic reac-
tions, with different reaction pathways and a diversity of prod-
ucts, can take place (Gardner 1989). The enzymatic oxidation of
lipids occurs sequentially. Lipolytic enzymes can act on lipids
to produce polyunsaturated fatty acids that are then oxidized by
either lipoxygenase or cyclooxygenase to form hydroperoxides
or endoperoxides, respectively. Later, these compounds suffer a
series of reactions to produce, among other compounds, long-
chain fatty acids responsible for important characteristics and
functions (Gardner 1995).

Via polymerization, brown-colored oxypolymers can be pro-
duced subsequently from the lipid oxidation derivatives (Khayat
and Schwall 1983). However, interaction with nucleophiles such
as the free amino group of amino acids, peptides, or proteins can
also take place, because of the electrophilic character of free
radicals produced during lipid oxidation, including hydroper-
oxides, peroxyl and alkoxyl radicals, carbonyl compounds and
epoxides. As a result of this, end products different from those
formed during oxidation of pure lipids can be also produced
(Gillat and Rossell 1992, Schaich 2008). Both lipid oxidation
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and oxidized lipid/amino acid reactions occur simultaneously
(Hidalgo and Zamora 2002).

Radical transfer occurs early in lipid oxidation, and this pro-
cess underlies the antioxidant effect for lipids. In addition,
protein radicals can also transfer radicals to other proteins, lipids,
carbohydrates, vitamins, and other molecules, especially in the
presence of metal ions such as iron and copper (Schaich 2008).
Reactions between proteins and free radicals and ROS suggest
that proteins could protect lipids from oxidation if they are oxi-
dized preferentially to unsaturated fatty acids (Elias et al. 2008).
A study of continuous phase S-lactoglobulin in oil-in-water
emulsion showed that tryptophan and cysteine side chains, but
not methionine, oxidized before lipids (Elias et al. 2005).

The interaction between oxidized fatty acids and amino groups
has been related to the browning detected during the progressive
accumulation of lipofuscin (age-related yellow-brown pigments)
in lysosomes of men and animals (Yin 1996). In foods, evidence
of this reaction has been found during storage and processing of
some fatty foods (Hidalgo et al. 1992, Nawar 1996), fermented
alcoholic and nonalcoholic beverages (Herraiz 1996), in co-
coa, chocolate (Herraiz 2000), salted sun-dried fish (Smith and
Hole 1991), boiled and dried anchovy (Takiguchi 1992), cut-
tlefish (Sepia pharaonis) (Thanonkaew et al. 2007), meat and
meat products (Mottram 1998, Herraiz and Papavergou 2004),
smoked foodstuffs such as sausages, cheeses, and fish (Zotos
et al. 2001, Herraiz et al. 2003, Papavergou and Herraiz 2003),
and in rancid oils and fats with amino acids or proteins (Ya-
mamoto and Kogure 1969, Okumura and Kawai 1970, Gillat
and Rossell 1992, Guillen et al. 2005). For instance, interaction
between different carbonyl compounds, mainly aldehydes, de-
rived from lipid oxidation and lysine, tryptophan, methionine,
and cysteine side chains of whey proteins has been shown to oc-
cur in dairy products such as raw and different heat-treated milks
(pasteurized, UHT, and sterilized), as well as in infant formula
(Nielsen et al. 1985, Meltretter et al. 2007, 2008, Meltretter and
Pischetsrieder 2008).

Several studies have been carried out in model systems with
the aim to investigate the role of lipids in nonenzymatic brown-
ing. The role of lipids in these reactions seems to be similar to
that of the role of carbohydrates during the Maillard reaction
(Hidalgo and Zamora 2000). Similar to the Maillard reaction,
oxidized lipid/protein interactions comprise a huge number of
several related reactions. The isolation and characterization of
the involved products is very difficult, mainly in the case of in-
termediate products, which are unstable and are present in very
low concentrations.

According to the mechanism proposed for the protein brown-
ing caused by acetaldehyde, the carbonyl compounds derived
from unsaturated lipids readily react with protein-free amino
groups, following the scheme of Figure 4.11, to produce, by
repeated aldol condensations, the formation of brown pigments
(Montgomery and Day 1965, Gardner 1979, Belitz and Grosch
1997).

More recently, another mechanism based on the polymeriza-
tion of the intermediate products 2-(1-hydroxyalkyl) pyrroles
has been proposed (Zamora and Hidalgo 1994, 1995). These au-
thors, studying different model systems, tried to explain, at least
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Figure 4.11. Formation of brown pigments by aldolic condensation
(Hidalgo and Zamora 2000).

partially, the nonenzymatic browning and fluorescence produced
when proteins are present during the oxidation of lipids (Figure
4.12). 2-(1-Hydroxyalkyl) pyrroles (I) have been found to be
originated from the reaction of 4,5-epoxy-2-alkenals (formed
during lipid peroxidation) with the amino group of amino acids
and/or proteins, and their formation is always accompanied by
the production of N-substituted pyrroles (II). Compounds de-
rived from reaction of 4,5-epoxy-2-alkenals and phenylalanine
have been found to be flavor compounds analogous to those
of the Maillard reaction. Therefore, flavors traditionally con-
nected to the Maillard reaction may also be produced as a result
of lipid oxidation (Hidalgo and Zamora 2004, Zamora et al.
2006). N-substituted pyrroles are relatively stable and have been
found in 22 fresh food products (cod, cuttlefish, salmon, sardine,
trout, beef, chicken, pork, broad bean, broccoli, chickpea, gar-
lic, green pea, lentil, mushroom, soybean, spinach, sunflower,
almond, hazelnut, peanut, and walnut; Zamora et al. 1999). How-
ever, the N-substituted 2-(1-hydroxyalkyl) pyrroles are unstable
and polymerize rapidly and spontaneously to produce brown
macromolecules with fluorescent melanoidin-like characteris-
tics (Hidalgo and Zamora 1993). Zamora et al. (2000) observed
that the formation of pyrroles is a step immediately prior to the
formation of color and fluorescence. Pyrrole formation and per-
haps some polymerization finished before maximum color and
fluorescence was achieved.

Although melanoidins starting from either carbohydrates
or oxidized lipids would have analogous chemical structures,
carbohydrate—protein and oxidized lipid—protein reactions are
produced under different conditions. Hidalgo et al. (1999) stud-
ied the effect of pH and temperature in two model systems: (i)
ribose and bovine serum albumin and (ii) methyl linoleate oxi-
dation products and bovine serum albumin; they observed that
from 25°C to 50°C, the latter exhibited higher browning than
the former. Conversely, the browning produced in carbohydrate
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Figure 4.12. Mechanism for nonenzymatic browning produced as a
consequence of 2-(1-hydroxyalkyl)pyrrole polymerization (Hidalgo
et al. 2003).

model system was increased at temperatures in the range of
80-120°C. The effect of pH on browning was similar in both
oxidized lipid—protein and carbohydrate—protein model systems.

Some of the oxidized lipid—amino acid reaction products have
been shown to have antioxidant properties when they are added
to vegetable oils (Zamora and Hidalgo 1993, Alaiz et al. 1995,
Alaiz et al. 1996). All of the pyrrole derivatives, with differ-
ent substituents in the pyrrole ring, play an important role in
the antioxidant activity of foods, being the sum of the antioxi-
dant activities of the different compounds present in the sample
(Hidalgo et al. 2003). Moreover, others studies have suggested
that tetrahydro-S-carbolines derived from oxidation of trypto-
phan might act as antioxidants when they are absorbed and accu-
mulated in the body, contributing to the antioxidant effect of fruit
products naturally containing these compounds (Herraiz and
Galisteo 2003). Likewise, Hidalgo et al. (2006a), in a study car-
ried out with amino phospholipids (phosphatidylethanolamine
(PE) and phosphatidylcholine (PC)), lysine (Lys), and mixtures
of them in edible oils, demonstrated the in situ formation of
oxidized lipid—amino compound reaction products (PE-Lys and
PC-Lys) with antioxidative activities. More recently, studies
have shown that antioxidative activity of such carbonyl-amine

products may be greatly increased with the addition of toco-
pherols and phytosterols such as S-sitosterol (Hidalgo et al.
2007, Hidalgo et al. 2009). Alaiz et al. (1997), in a study on
the comparative antioxidant activity of both Maillard reaction
compounds and oxidized lipid—amino acid reaction products,
observed that both reactions seem to contribute analogously to
increase the stability of foods during processing and storage.

Zamora and Hidalgo (2003a) studied the role of the type of
fatty acid (methyl linoleate and methyl linolenate) and the pro-
tein (bovine serum albumin)-lipid ratio on the relative progres-
sion of the process involved when lipid oxidation occurs in the
presence of proteins. These authors found that methyl linoleate
was only slightly more reactive than the methyl linolenate for
bovine serum albumin, producing an increase of protein pyrroles
in the protein and an increase in the development of browning
and fluorescence. In relation to the influence of the protein—lipid
ratio on the advance of the reaction, the results observed in
this study pointed out that a lower protein—lipid ratio increases
sample oxidation and protein damage as a consequence of the
antioxidant activity of the proteins. These authors also concluded
that the changes produced in the color of protein-lipid samples
were mainly due to oxidized lipid—protein reactions and not as
consequence of polymerization of lipid oxidation products.

Analogous to the Maillard reaction, oxidized lipid and pro-
tein interaction can cause a loss of nutritional quality due to the
destruction of essential amino acids, such as tryptophan, lysine,
and methionine, and essential fatty acids. Moreover, a decrease
in digestibility and inhibition of proteolytic and glycolytic en-
zymes can also be observed. In a model system of 4,5(E)-epoxy-
2(E)-heptenal and bovine serum albumin, Zamora and Hidalgo
(2001) observed denaturation and polymerization of the protein,
and the proteolysis of this protein was impaired as compared
with the intact protein. These authors suggested that the inhibi-
tion of proteolysis observed in oxidized lipid-damaged proteins
may be related to the formation and accumulation of pyrrolized
amino acid residues.

To date, although most of the studies have been conducted
using model systems, the results obtained confirm that there is
an interaction between lipid oxidation and the Maillard reaction.
In fact, both reactions are so interrelated that they should be
considered simultaneously to understand their consequences on
foods when lipids, carbohydrates, and amino acids or proteins
are present and should be included in one general pathway that
can be initiated by both lipids and carbohydrates (Zamora et al.
2005a, 2005b). The complexity of the reaction is attributable to
several fatty acids that can give rise to a number of lipid oxidation
products that are able to interact with free amino groups. As
summary, Figure 4.13 shows an example of a general pathway
of pyrrole formation during polyunsaturated fatty acid oxidation
in the presence of amino compounds.

Nonenzymatic Browning of Aminophospholipids

In addition to the above-mentioned studies on the participation
of lipids in the browning reactions, several reports have been
addressed on the amine-containing phospholipid interactions
with carbohydrates. Because of the role of these membranous
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Figure 4.13. General pathways of pyrrole formation during polyunsaturated fatty acids oxidation (Zamora and Hidalgo 1995).

functional lipids in the maintenance of cellular integrity, most
of the studies have been conducted in biological samples
(Bucala et al. 1993, Requena et al. 1997, Lertsiri et al. 1998, Oak
et al. 2000, Oak et al. 2002). The glycation of membrane lipids
can cause inactivation of receptors and enzymes, cross-linking
of membrane lipids and proteins, membrane lipid peroxidation,
and consequently, cell death. Amadori compounds derived from
the interaction between aminophospholipids and reducing car-
bohydrates are believed to be key compounds for generating
oxidative stress, causing several diseases.

In foods, this reaction can be responsible for deteriora-
tion during processing. Although nonenzymatic browning of
aminophospholipids was detected for the first time in dried egg
by Lea (1957), defined structures from such reaction were re-
ported later by Utzmann and Lederer (2000). These authors
demonstrated the interaction of PE with glucose in model sys-
tems; moreover, they found the corresponding Amadori com-
pound in spray-dried egg yolk powders and lecithin products
derived therefrom and proposed the Amadori compound con-
tent as a possible quality criterion. Oak et al. (2002) detected the
Amadori compounds derived from glucose and lactose in several
processed foods with high amounts of carbohydrates and lipids,
such as infant formula, chocolate, mayonnaise, milk, and soy-
bean milk; of these, infant formula contained the highest levels
of Amadori-PEs. However, these compounds were not detected

in other foods due to differences in composition and relatively
low temperatures used during the processing.

As an example, Figure 4.14 shows a scheme for the formation
of the Amadori compounds derived from glucose and lactose
with PE. Carbohydrates react with the amino group of PE to
form an unstable Schiff’s base, which undergoes an Amadori
rearrangement to yield the stable PE-linked Amadori product
(Amadori-PE).

On the other hand, similar to proteins, phospholipids, such
as PE and ethanolamine, can react with secondary products
of lipid peroxidation, such as 4,5-epoxyalkenals. Zamora and
Hidalgo (2003b) studied this reaction in model systems, and they
characterized different polymers responsible for brown color
and fluorescence development, confirming that lipid oxidation
products are able to react with aminophospholipids in a manner
analogous to their reactions with protein amino groups; there-
fore, both amino phospholipids and proteins might compete for
lipid oxidation products. Subsequent studies, besides to corrob-
orate these findings (Zamora et al. 2004, Hidalgo et al. 2006b),
showed the capacity of amino phospholipids to remove the cito-
and genotoxic aldehydes produced in foods during lipid oxida-
tion when its fatty acid chains were oxidized in the presence of
an oxidative stress inducer. These results suggested that, in the
presence of amino phospholipids, the oxidation of polyunsatu-
rated fatty acid chains is not likely to produce toxic aldehydes in
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Figure 4.14. Scheme for the glycation with glucose and lactose of phosphatidylethanolamine (PE) (Oak et al. 2002).

enough concentration to pose a significant risk for human health
(Hidalgo et al. 2008).
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INTRODUCTION

Water, the compound H,O, is the most common food ingredient.
Its rarely used chemical names are hydrogen oxide or dihydrogen
monoxide. So much of this compound exists on the planet earth
that it is often taken for granted. Water is present in solid, liquid,
and gas forms in the small range of temperatures and pressures
near the surface of the earth. Moreover, natural waters always
have substances dissolved in them, and only elaborate processes
produce pure water.

The chemistry and physics of water are organized studies of
water: its chemical composition, formation, molecular structure,
rotation, vibration, electronic energies, density, heat capacity,
temperature dependency of vapor pressure, and its collective
behavior in condensed phases (liquid and solid). In a broader
sense, the study of water also includes interactions of water with
atoms, ions, molecules, and biological matter. The knowledge of
water forms the foundation for biochemistry and food chemistry.
Nearly every aspect of biochemistry and food chemistry has
something to do with water, because water is intimately linked
to life, including the origin of life.

Science has developed many scientific concepts as powerful
tools for the study of water. Although the study of water reveals
a wealth of scientific concepts, only a selection of topics about
water will be covered in the limited space here.

Biochemistry studies the chemistry of life at the atomic and
molecular levels. Living organisms consist of many molecules.
Even simple bacteria consist of many kinds of molecules. The
interactions of the assembled molecules manifest life phe-
nomena such as the capacity to extract energy or food, re-
spond to stimuli, grow, and reproduce. The interactions follow

Food Biochemistry and Food Processing, Second Edition. Edited by Benjamin K. Simpson, Leo M.L. Nollet, Fidel Toldrd, Soottawat Benjakul, Gopinadhan Paliyath and Y.H. Hui.
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chemical principles, and water chemistry is a key for the begin-
ning of primitive life forms billions of years ago. The properties
of water molecules give us clues regarding their interactions
with other atoms, ions, and molecules. Furthermore, water va-
por in the atmosphere increases the average temperature of the
atmosphere by 30 K (Wayne 2000), making the earth habitable.
Water remains important for human existence, for food produc-
tion, preservation, processing, and digestion.

Water is usually treated before it is used by food industries.
After usage, wastewaters must be treated before it is discharged
into the ecological system. After we ingest foods, water helps us
to digest, dissolve, carry, absorb, and transport nutrients to their
proper sites. It further helps hydrolyze, oxidize, and utilize the
nutrients to provide energy for various cells, and eventually, it
carries the biological waste and heat out of our bodies. Oxida-
tions of various foods also produce water. How and why water
performs these functions depend very much on its molecular
properties.

THE COMPOUND WATER

A compound is a substance that is made up of two or more basic
components called chemical elements (e.g., hydrogen, carbon,
nitrogen, oxygen, iron) commonly found in food. Water is one
of the tens of millions of compounds in and on earth.

The chemical equation and thermal dynamic data for the for-
mation of water from hydrogen and oxygen gas is

2H,(g) + Ox(g) + 2H,0(1), AH" = -571.78 kJ

The equation indicates that 2 mol of gaseous hydrogen, Ha(g),
react with 1 mol of gaseous oxygen, Ox(g), to form 2 mol of
liquid water. If all reactants and products are at their standard
states of 298.15 K and 101.325 kPa (1.0 atm), formation of
2 mol of water releases 571.78 kJ of energy, as indicated by the
negative sign for AH®. Put in another way, the heat of formation
of water, AHJ‘Z, is —285.89 (= —571.78/2) kJ/mol. Due to the
large amount of energy released, the water vapor formed in the
reaction is usually at a very high temperature compared with its
standard state, liquid at 298.15 K. The heat of formation includes
the heat that has to be removed when the vapor is condensed to
liquid and then cooled to 298.15 K.

The reverse reaction, that is, the decomposition of water, is
endothermic, and energy, a minimum of 285.89 kJ per mole of
water, must be supplied. More energy is required by electrolysis
to decompose water because some energy will be wasted as heat.

A hydrogen-containing compound, when fully oxidized, also
produces water and energy. For example, the oxidation of solid
(s) sucrose, C1,H»,041, can be written as

C12H2011(s) + 120,(g) = 12C0O,(g) + 11H20(1),
AH® = —5640 kJ

The amount of energy released, —5640 kJ, is called the standard
enthalpy of combustion of sucrose. The chemical energy derived
this way can also be used to produce high-energy biomolecules.
When oxidation is carried out in human or animal bodies, the
oxidation takes place at almost constant and low temperatures.

Of course, the oxidation of sucrose takes place in many steps to
convert each carbon to CO,.

THE POLAR WATER MOLECULES

During the twentieth century, the study of live organisms evolved
from physiology and anatomy to biochemistry and then down
to the molecular level of intermolecular relations and functions.
Atoms and molecules are the natural building blocks of matter,
including that of living organisms. Molecular shapes, structures,
and properties are valuable in genetics, biochemistry, food sci-
ence, and molecular biology, all involving water. Thus, we have
a strong desire to know the shape, size, construction, dimension,
symmetry, and properties of water molecules, because they are
the basis for the science of food and life.

The structure of water molecules has been indirectly studied
using X-ray diffraction, spectroscopy, theoretical calculations,
and other methods. Specific molecular dimensions from these
methods differ slightly, because they measure different proper-
ties of water under different circumstances. However, the O—H
bond length of 95.72 pm (1 pm = 10~'? m) and the H—O—H
bond angle of 104.52° have been given after careful review of
many recent studies (Petrenko and Whitworth 1999). The atomic
radii of H and O are 120 pm and 150 pm, respectively. The bond
length is considerably shorter than the sum of the atomic radii.
Sketches of the water molecule are shown in Figure 5.1 (spher-
ical atoms assumed).

Bonding among the elements H, C, N, and O is the key for bio-
chemistry and life. Each carbon atom has the ability to form four
chemical bonds. Carbon atoms can bond to other carbon atoms
as well as to N and O atoms, forming chains, branched chains,
rings, and complicated molecules. These carbon-containing
compounds are called organic compounds, and they include
foodstuff. The elements N and O have one and two more elec-
trons, respectively, than carbon, and they have the capacity to
form only three and two chemical bonds with other atoms. Quan-
tum mechanics is a theory that explains the structure, energy,
and properties of small systems such as atoms and molecules.

Figure 5.1. Some imaginative models of the water molecule, H>O.
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It provides excellent explanations for the electrons in the atom
as well as the bonding of molecules, making the observed hard
facts appear trivial (Bockhoff 1969).

The well-known inert elements helium (He) and neon (Ne)
form no chemical bonds. The elements C, N, and O have four,
five, and six electrons more than He, and these are called valence
electrons (VE). Quantum mechanical designation for the VE of
C, N, and O are 2522p2, 2522p3 , and 2522p4, respectively. The
C, N, and O atoms share electrons with four, three, and two
hydrogen atoms, respectively. The formation of methane (CHy),
ammonia (NH3), and water (H,O) gave the C, N, and O atoms in
these molecules eight VE. These molecules are related to each
other in terms of bonding (Fig. 5.2).

The compounds CH4, NH3, and H,O have zero, one, and two
lone pairs (electrons not shared with hydrogen), respectively.
Shared electron pairs form single bonds. The shared and lone
pairs dispose themselves in space around the central atom sym-
metrically or slightly distorted when they have both bonding and
lone pairs.

The lone pairs are also the negative sites of the molecule,
whereas the bonded H atoms are the positive sites. The discov-
ery of protons and electrons led to the idea of charge distribution
in molecules. Physicists and chemists call NH3 and H,O polar
molecules because their centers of positive and negative charge
do not coincide. The polarizations in nitrogen and oxygen com-
pounds contribute to their important roles in biochemistry and
food chemistry. Elements C, N, and O play important and com-
plementary roles in the formation of life.

Electronegativity is the ability of an atom to attract bond-
ing electrons toward itself, and electronegativity increases in
the order of H, C, N, and O (Pauling 1960). Chemical bonds
between two atoms with different electronegativity are polar
because electrons are drawn toward the more electronegative
atoms. Thus, the polarity of the bonds increases in the order of
H—C, H—N, and H—O, with the H atoms as the positive ends.
The directions of the bonds must also be taken into account
when the polarity of a whole molecule is considered. For exam-
ple, the four slightly polar H—C bonds point toward the corner of
a regular tetrahedron, and the polarities of the bonds cancel one

another. The symmetric CH4 molecules do not have a net dipole
moment, and CHy is nonpolar. However, the asymmetric NH;
and H,O molecules are polar. Furthermore, the lone electron
pairs make the NH3 and H,O molecules even more polar. The
lone pairs also make the H-N—H, and H—O—H angles smaller
than the 109.5° of methane. The chemical bonds become pro-
gressively shorter from CHy to H,O as well. These distortions
cause the dipole moments of NH3 and H,O to be 4.903 x 10730
Cm (= 1.470 D) and 6.187 x 1073° Cm (= 1.855 D), respec-
tively. The tendency for water molecules to attract the positive
sites of other molecules is higher than that of the NH3 molecule,
because water is the most polar of the two.

Bond lengths and angles are based on their equilibrium po-
sitions, and their values change as water molecules undergo
vibration and rotation or when they interact with each other or
with molecules of other compounds. Thus, the bond lengths,
bond angles, and dipole moments change slightly from the val-
ues given above. Temperature, pressure, and the presence of
electric and magnetic fields also affect these values.

Using atomic orbitals, valence bond theory, and molecular
orbital theory, quantum mechanics has given beautiful explana-
tions regarding the shapes, distortions, and properties of these
molecules. Philosophers and theoreticians have devoted their
lives to providing a comprehensive and artistic view of the water
molecules.

WATER VAPOR CHEMISTRY AND
SPECTROSCOPY

Spectroscopy is the study of the absorption, emission, or interac-
tion of electromagnetic radiation by molecules in solid, liquid,
and gaseous phases. The spectroscopic studies of vapor, in which
the H,O molecules are far apart from each other, reveal a wealth
of information about individual H,O molecules.
Electromagnetic radiation (light) is the transmission of en-
ergy through space via no medium by the oscillation of mutu-
ally perpendicular electric and magnetic fields. The oscillating
electromagnetic waves move in a direction perpendicular to both
fields at the speed of light (c = 2.997925 x 108 m/s). Max Planck
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(1858-1947) thought the waves also have particle-like proper-
ties except that they have no mass. He further called the light
particles photons, meaning bundles of light energy. He assumed
the photon’s energy, E, to be proportional to its frequency. The
proportional constant / (= 6.62618 x 1073* J/s), now called the
Planck constant in his honor, is universal. The validity of this
assumption was shown by Albert Einstein’s photoelectric-effect
experiment.

Max Planck theorized that a bundle of energy converts into a
light wave. His theory implies that small systems can be only
at certain energy states called energy levels. Due to quantiza-
tion, they can gain or lose only specific amounts of energy.
Spectroscopy is based on these theories. Water molecules have
quantized energy levels for their rotation, vibration, and elec-
tronic transitions. Transitions between energy levels result in
the emission or absorption of photons.

The electromagnetic spectrum has been divided into several
regions. From low energy to high energy, these regions are long
radio wave, short radio wave, microwave, infrared (IR), visible,
ultraviolet (UV), X rays, and gammarays. Visible light of various
colors is actually a very narrow region within the spectrum. On
the other hand, IR and UV regions are very large, and both are
often further divided into near and far, or A and B, regions.

Microwaves in the electromagnetic spectrum range from
300 MHz (3 x 10® cycles/s) to 300 GHz (3 x 10'! cycles/s).
The water molecules have many rotation modes. Their pure ro-
tation energy levels are very close together, and the transitions
between pure rotation levels correspond to microwave photons.
Microwave spectroscopy studies led to, among other valuable
information, precise bond lengths and angles.

Water molecules vibrate, and there are some fundamental vi-
bration modes. The three fundamental vibration modes of water
are symmetric stretching (for 'H,'°0), vy, 3657 cm™!, bending
V3, 1595 cm~!, and asymmetric stretching vs, 3756 cm~'. These
modes are illustrated in Figure 5.3. Vibration energy levels are
represented by three integers, vy, v,, and vs, to represent the
combination of the basic modes. The frequencies of fundamen-
tal vibration states differ in molecules of other isotopic species
(Lemus 2004).

Water molecules absorb photons in the IR region, exciting
them to the fundamental and combined overtones. As pointed

out earlier, water molecules also rotate. The rotation modes
combine with any and all vibration modes. Thus, transitions
corresponding to the vibration-rotation energy levels are very
complicated, and they occur in the infrared (frequency range
3 x 10"'—4 x 10'* Hz) region of the electromagnetic spectrum.
High-resolution IR spectrometry is powerful for the study of
water in the atmosphere and for water analyses (Bernath 2002a).

Visible light spans a narrow range, with wavelengths between
700 nm (red) and 400 nm (violet) (frequency 4.3-7.5 x 10'* Hz,
wave number 14,000-25,000 cm ™', photon energy 2—4 eV). It
is interesting to note that the sun surface has a temperature of
about 6000 K, and the visible region has the highest intensity of
all wavelengths. The solar emission spectrum peaks at 630 nm
(16,000cm™", 4.8 x 10'* Hz), which is orange (Bernath 2002b).

Water molecules that have energy levels corresponding to
very high overtone vibrations absorb photons of visible light,
but the absorptions are very weak. Thus, visible light passes
through water vapor with little absorption, resulting in water
being transparent. On the other hand, the absorption gets pro-
gressively weaker from red to blue (Carleer et al. 1999). Thus,
large bodies of water appear slightly blue.

Because visible light is only very weakly absorbed by water
vapor, more than 90% of light passes through the atmosphere
and reaches the earth’s surface. However, the water droplets in
clouds (water aerosols) scatter, refract, and reflect visible light,
giving rainbows and colorful sunrises and sunsets.

Like the IR region, the ultraviolet (UV, 7 x 10'#-1 x 10" Hz)
region spans a very large range in the electromagnetic spectrum.
The photon energies are rather high, more than 4 eV, and they
are able to excite the electronic energy states of water molecules
in the gas phase.

There is no room to cover the molecular orbitals (Gray 1964)
of water here, but by analogy to electrons in atomic orbitals one
can easily imagine that molecules have molecular orbitals or
energy states. Thus, electrons can also be promoted to higher
empty molecular orbitals after absorption of light energy. Ul-
traviolet photons have sufficiently high energies to excite elec-
trons into higher molecular orbitals. Combined with vibrations
and rotations, these transitions give rise to very broad bands
in the UV spectrum. As a result, gaseous, liquid, and solid
forms of water strongly absorb UV light (Berkowitz 1979). The
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Figure 5.3. The three principal vibration modes of the water molecule, H>O: v, symmetric stretching; vo, bending; and v3, asymmetric

stretching.
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absorption intensities and regions of water vapor are different
from those of ozone, but both are responsible for UV absorption
in the atmosphere. Incidentally, both triatomic water and ozone
molecules are bent.

HYDROGEN BONDING AND POLYMERIC WATER
IN VAPOR

Attraction between the lone pairs and hydrogen among water
molecules is much stronger than any dipole—dipole interac-
tions. This type of attraction is known as the hydrogen bond
(O—H—O0), a very prominent feature of water. Hydrogen bonds
are directional and are more like covalent bonds than strong
dipole—dipole interactions. Each water molecule has the capac-
ity to form four hydrogen bonds, two by donating its own H
atoms and two by accepting H atoms from other molecules. In
the structure of ice, to be described later, all water molecules,
except those on the surface, have four hydrogen bonds.

Attractions and strong hydrogen bonds among molecules form
water dimers and polymeric water clusters in water vapor. Mi-
crowave spectroscopy has revealed their existence in the atmo-
sphere (Goldman et al. 2001, Huisken et al. 1996).

As water dimers collide with other water molecules, trimer
and higher polymers form. The directional nature of the hydro-
gen bond led to the belief that water clusters are linear, ring,
or cage-like rather than aggregates of molecules in clusters
(see Fig. 5.4). Water dimers, chains, and rings have one and
two hydrogen-bonded neighbors. There are three neighbors per
molecule in cage-like polymers. Because molecules are free to
move in the gas and liquid state, the number of nearest neigh-

bors is between four and six. Thus, water dimers and clusters are
entities between water vapor and condensed water (Bjorneholm
et al. 1999).

By analogy, when a few water molecules are intimately as-
sociated with biomolecules and food molecules, their properties
would be similar to those of clusters.

CONDENSED WATER PHASES

Below the critical temperature of 647 K (374°C) and under
the proper pressure, water molecules condense to form a lig-
uid or solid—condensed water. Properties of water, ice, and
vapor must be considered in freezing, pressure-cooking, and
microwave heating. In food processing, these phases transform
among one another. The transitions and the properties of con-
densed phases are manifestations of microscopic properties of
water molecules. However, condensation modifies microscopic
properties such as bond lengths, bond angles, vibration, rota-
tion, and electronic energy levels. The same is true when water
molecules interact with biomolecules and food molecules. All
phases of water play important parts in biochemistry and food
science.

Water has many anomalous properties, which are related to
polarity and hydrogen bonding. The melting point (mp), boil-
ing point (bp), and critical temperature are abnormally high for
water. As a rule, the melting and boiling points of a substance
are related to its molecular mass; the higher the molar mass, the
higher the mp and bp. Mp and bp of water (molar mass 18, mp
273 K, bp 373 K) are higher than those of hydrogen compounds
of adjacent elements of the same period, NH3 (molar mass 17,

0}
0

Figure 5.4. Hydrogen bonding in water dimers and cyclic forms of trimer and tetramer. Linear and transitional forms are also possible for

trimers, tetramers, and polymers.
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Table 5.1. Properties of Liquid Water at 298 K

Heat of formation AH; 285.89 kJ mol~!

Density at 3.98°C 1.000 g cm?
Density at 25°C 0.9970480 g cm?
Heat capacity 417856 T g~ 'K~!
AH yaporization 55.71 kJ mol ™"
Dielectric constant 80

Dipole moment 6.24 x 1073°Cm
Viscosity 0.8949 mPa s
Velocity of sound 1496.3 m s

Volumetric thermal expansion 0.0035 cm® g~ 'K~!

coefficient

mp 195 K, bp 240 K) and HF (molar mass 20, mp 190 K,
bp 293 K). If we compare the hydrogen compounds of elements
from the same group (O, S, Se, and Te), the normal bp of H,O
(373 K) is by far the highest among H,S, H,Se, and H,Te.
Much energy (21 kJ mol™') is required to break the hydrogen
bonds. The strong hydrogen bonds among water molecules in
condensed phase result in anomalous properties, including the
high enthalpies (energies) of fusion, sublimation, and evapora-
tion given in Table 5.1. Internal energies and entropies are also
high.

Densities of water and ice are also anomalous. Ice at 273 K
is 9% less dense than water, but solids of most substances are
denser than their liquids. Thus, ice floats on water, extending 9%
of its volume above water. Water is the densest at 277 K (4°C).
Being less dense at the freezing point, still water freezes from the
top down, leaving a livable environment for aquatic organisms.
The hydrogen bonding and polarity also lead to aberrant high
surface tension, dielectric constant, and viscosity.

We illustrate the phase transitions between ice, liquid (wa-
ter), and vapor in a phase diagram, which actually shows the
equilibria among the common phases. Experiments under high
pressure observed at least 13 different ices, a few types of amor-
phous solid water, and even the suggestion of two forms of lig-

uid water (Klug 2002, Petrenko and Whitworth 1999). If these
phases were included, the phase diagram for water would be
very complicated.

SoLip H,O

At273.16 K, ice, liquid H,O, and H,O vapor at 611.15 Pa coex-
ist and are at equilibrium; the temperature and pressure define
the triple-point of water. At the normal pressure of 101.3 kPa
(1 atm), ice melts at 273.15 K. The temperature for the equilib-
rium water vapor pressure of 101.3 kPa is the bp, 373.15 K.

Under ambient pressure, ice often does not begin to form until
it is colder than 273.15 K, and this is known as supercooling,
especially for ultrapure water. The degree of supercooling de-
pends on volume, purity, disturbances, the presence of dust, the
smoothness of the container surface, and similar factors. Crys-
tallization starts by nucleation, that is, formation of ice-structure
clusters sufficiently large that they begin to grow and become
crystals. Once ice begins to form, the temperature will return to
the freezing point. At 234 K (—39°C), tiny drops of ultrapure
water would suddenly freeze, and this is known as homogeneous
nucleation (Franks et al. 1987). Dust particles and roughness of
the surface promote nucleation and help reduce supercooling for
ice and frost formation.

At ambient conditions, hexagonal ice (Ih) is formed.
Snowflakes exhibit the hexagonal symmetry. Their crystal struc-
ture is well known (Kamb 1972). Every oxygen atom has four hy-
drogen bonds around it, two formed by donating its two H atoms,
and two by accepting the H atoms of neighboring molecules. The
hydrogen bonds connecting O atoms are shown in Figure 5.5.
In normal ice, Ih, the positions of the H atoms are random or
disordered. The hydrogen bonds O—H—O may be slightly bent,
leaving the H—O—H angle closer to 105° than to 109.5°, the
ideal angle for a perfect tetrahedral arrangement. Bending the
hydrogen bond requires less energy than opening the H—O—H
angle. Bending of the hydrogen bond and the exchange of H
atoms among molecules, forming H;0™ and OH™ in the solids,

(Ih)

(Ic)

Figure 5.5. The crystal structures of ice hexagonalice (Ih) and cubic ice (Ic). Oxygen atoms are placed in two rings in each to point out their
subtle difference. Each line represents a hydrogen bond O—H—O, and the H atoms are randomly distributed such that on average, every
oxygen atom has two O—H bonds of 100 pm. The O—H—O distance is 275 pm. The idealized tetrahedral bond angles around oxygen are

1095°.
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give rise to the disorder of the H atoms. These rapid exchanges
are in a dynamic equilibrium.

In the structure of Ih, six O atoms form a ring; some of them
have a chair form, and some have a boat form. Two configu-
rations of the rings are marked by spheres representing the O
atoms in Figure 5.5. Formation of the hydrogen bond in ice
lengthens the O—H bond distance slightly from that in a sin-
gle isolated water molecule. All O atoms in Th are completely
hydrogen bonded, except for the molecules at the surface. Max-
imizing the number of hydrogen bonds is fundamental to the
formation of solid water phases. Pauling (1960) pointed out that
formation of hydrogen bonds is partly an electrostatic attraction.
Thus, the bending of O—H—O is expected. Neutron diffraction
studies indicated bent hydrogen bonds.

Since only four hydrogen bonds are around each O atom, the
structure of Th has rather large channels at the atomic scale.
Under pressure, many other types of structures are formed. In
liquid water, the many tetrahedral hydrogen bonds are formed
with immediate neighbors. Since water molecules constantly
exchange hydrogen-bonding partners, the average number of
nearest neighbors is usually more than four. Therefore, water is
denser than Ih.

Other Phases of Ice

Under high pressures, water forms many fascinating H, O solids.
They are designated by Roman numerals (e.g., ice XII; Klug
2002, Petrenko and Whitworth 1999). Some of these solids were
known as early as 1900. Phase transitions were studied at certain
temperatures and pressures, but metastable phases were also
observed.

At 72 K, the disordered H atoms in Ih transform into an
ordered solid called ice XI. The oxygen atoms of Th and ice XI
arrange in the same way, and both ices have a similar density,
0.917 Mg m~3.

Under high pressure, various denser ices are formed. Ice Il was
prepared at a pressure about 1 GPa (1 GPa = 10° Pa) in 1900,
and others with densities ranging from 1.17 to 2.79 Mg m~>
have been prepared during the twentieth century. These denser
ices consist of hydrogen bond frameworks different from Ih
and XI, but each O atom is hydrogen-bonded to four other O
atoms.

Cubic ice, Ic, has been produced by cooling vapor or droplets
below 200 K (Mayer and Hallbrucker 1987, Kohl et al. 2000).
More studies showed the formation of Ic between 130 K and
150 K. Amorphous (glassy) water is formed below 130 K, but
above 150 K Ih is formed. The hydrogen bonding and inter-
molecular relationships in Ih and Ic are the same, but the packing
of layers and symmetry differ (see Fig. 5.5). The arrangement of
O atoms in Ic is the same as that of the C atoms in the diamond
structure. Properties of ITh and Ic are very similar. Crystals of Ic
have cubic or octahedral shapes, resembling those of salt or dia-
mond. The conditions for their formation suggest their existence
in the upper atmosphere and in the Antarctic.

As in all phase transitions, energy drives the transformation
between Ih and Ic. Several forms of amorphous ice having var-
ious densities have been observed under different temperatures

and pressures. Unlike crystals, in which molecules are packed in
an orderly manner, following the symmetry and periodic rules
of the crystal system, the molecules in amorphous ice are im-
mobilized from their positions in liquid. Thus, amorphous ice is
often called frozen water or glassy water.

When small amounts of water freeze suddenly, it forms amor-
phous ice or glass. Under various temperatures and pressures, it
can transform into high-density (1.17 mg/m?) amorphous water,
and very high-density amorphous water. Amorphous water also
transforms into various forms of ice (Johari and Anderson 2004).
The transformations are accompanied by energies of transition.
A complicated phase diagram for ice transitions can be found in
Physics of Ice (Petrenko and Whitworth 1999).

High pressures and low temperatures are required for the ex-
istence of other forms of ice, and currently these conditions are
seldom involved in food processing or biochemistry. However,
their existence is significant for the nature of water. For example,
their structures illustrate the deformation of the ideal tetrahedral
arrangement of hydrogen bonding presented in Ih and Ic. This
feature implies flexibility when water molecules interact with
foodstuffs and with biomolecules.

Vapor Pressure of Ice Ih

The equilibrium vapor pressure is a measure of the ability or
potential of the water molecules to escape from the condensed
phases to form a gas. This potential increases as the temperature
increases. Thus, vapor pressures of ice, water, and solutions are
important quantities. The ratio of equilibrium vapor pressures of
foods divided by those of pure water is called the water activity,
which is an important parameter for food drying, preservation,
and storage.

Ice sublimes at any temperature until the system reaches equi-
librium. When the vapor pressure is high, molecules deposit on
the ice to reach equilibrium. Solid ice and water vapor form an
equilibrium in a closed system. The amount of ice in this equi-
librium and the free volume enclosing the ice are irrelevant, but
the water vapor pressure or partial pressure matters. The equi-
librium pressure is a function of temperature, and detailed data
can be found in handbooks, for example, the CRC Handbook of
Chemistry and Physics (Lide 2003). This handbook has a new
edition every year. More recent values between 193 K and 273
K can also be found in Physics of Ice (Petrenko and Whitworth
1999).

The equilibrium vapor pressure of ice Ih plotted against tem-
perature (7) is shown in Figure 5.6. The line indicates equilib-
rium conditions, and it separates the pressure—temperature (P—T)
graph into two domains: vapor tends to deposit on ice in one,
and ice sublimes in the other. This is the ice Ih—vapor portion
of the phase diagram of water.

Plot of In P versus 1/T shows a straight line, and this agrees
well with the Clausius-Clapeyron equation. The negative slope
gives the enthalpy of the phase transition, AH, divided by the
gas constant R (= 8.3145 J/K/mol).

d(nP)) —AH
d(1/T)) R
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Figure 5.6. Equilibrium vapor pressure (Pa) of ice as a function of
temperature (K).

This simplified equation gives an estimate of the vapor pressure
(in Pa) of ice at temperatures in a narrow range around the triple
point.

| 1
P=6l1.1 6148 = — ——
6 SeXp( 6 8<T 273.16))

The value 6148 is the enthalpy of sublimation (Ag,,H = 51.11J/
mol, varies slightly with temperature) divided by the gas constant
R. Incidentally, the enthalpy of sublimation is approximately the
sum of the enthalpy of fusion (6.0 J/mol) for ice and the heat
of vaporization (45.1 J/mol, varies with temperature) of water at
273 K.

LiQuip H,O—WATER

We started the chapter by calling the compound H,O water,
but most of us consider water the liquid H,O. In terms of food
processing, the liquid is the most important state. Water is con-
tained in food, and it is used for washing, cooking, transporting,
dispersing, dissolving, combining, and separating components
of foods. Food drying involves water removal, and fermentation
uses water as a medium to convert raw materials into commodi-
ties. Various forms of water ingested help digest, absorb, and
transport nutrients to various part of the body. Water further fa-
cilitates biochemical reactions to sustain life. The properties of
water are the basis for its many applications.

Among the physical properties of water, the heat capacity
(42176 J g 'K~" at 273.15 K) varies little between 273.15 and
373.15 K. However, this value decreases, reaches a minimum
at about 308 K, and then rises to 4.2159-4.2176 J ¢g7'K~! at
373.15 K (see Fig. 5.7).

The viscosity, surface tension, and dielectric constant of lig-
uid H,O decrease as temperature increases (see Fig. 5.7). These
three properties are related to the extent of hydrogen bonding
and the ordering of the dipoles. As thermal disorder increases
with rising temperature, these properties decrease. To show the
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Figure 5.7. Variation of viscosity (1.793 mPa s), dielectric constant
(87.90), surface tension (75.64 mN/m), heat capacity Cp (4.2176 J
g—"K-"), and thermal conductivity (561.0 W K—'m—") of water
from their values at 273.16 K to 373.16 K (0 and 100°C). Values at
273.15°K are given.

variation, the properties at other temperatures are divided by the
same property at 273 K. The ratios are then plotted as a func-
tion of temperature. At 273.15 K (0°C), all the ratios are unity
(1). The thermal conductivity, on the other hand, increases with
temperature. Thus, the thermal conductivity at 373 K (679.1 W
K- 'm™1)is 1.21 times that at 273 K (561.0 W K~ 'm~"). Warm
water better conducts heat. Faster moving molecules transport
energy faster. The variations of these properties play important
roles in food processing or preparation. For example, as we
shall see later, the dielectric constant is a major factor for the
microwave heating of food, and heat conductivity plays a role
cooking food.

Densities of other substances are often determined relative to
that of water. Therefore, density of water is a primary reference.
Variation of density with temperature is well known, and ac-
curate values are carefully measured and evaluated especially
between 273 K and 313 K (0-40°C). Two factors affect water
density. Thermal expansion reduces its density, but the reduced
number of hydrogen bonds increases its density. The combined
effects resulted in the highest density at approximately 277 K
(4°C). Tanaka et al. (2001) has developed a formula to calculate
the density within this temperature range, and the CRC Hand-
book of Chemistry and Physics (Lide 2003) has a table listing
these values. The variation of water density between the freez-
ing point and the bp is shown in Figure 5.8. The densities are
0.9998426, 0.9999750, and 0.9998509 Mg m~3 at 0, 4, and
8°C, respectively. The decrease in density is not linear, and at
100°C, the density is 0.95840 Mg m—3, a decrease of 4% from
its maximum.

Vapor Pressure of Liquid H,O

Equilibrium vapor pressure of water (Fig. 5.9) increases with
temperature, similar to that of ice. At the triple point, the vapor
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Figure 5.8. Density of water mg m—23 as a function of temperature
(°C).

pressures of ice Ih and water are the same, 0.611 kPa, and the
boiling point (373.15 K, 100°C) is the temperature at which
the vapor pressure is 101.325 kPa (1 atm). At slightly below
394 K (121°C), the vapor pressure is 202.65 kPa (2.00 atm). At
473 and 574 K, the vapor pressures are 1553.6 and 8583.8 kPa,
respectively. The vapor pressure rises rapidly as temperature
increases. The lowest pressure to liquefy vapor just below the
critical temperature, 373.98°C, is 22,055 kPa (217.67 atm), and
this is known as the critical pressure. Above 373.98°C, water
cannot be liquefied, and the fluid is called supercritical water.
The partial pressure of H,O in the air at any temperature
is the absolute humidity. When the partial pressure of water
vapor in the air is the equilibrium vapor pressure of water at
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Figure 5.9. Equilibrium vapor pressure of water as a function of
temperature.

the same temperature, the relative humidity is 100%, and the
air is saturated with water vapor. The partial vapor pressure in
the air divided by the equilibrium vapor pressure of water at
the temperature of the air is the relative humidity, expressed
as a percentage. The temperature at which the vapor pressure
in the air becomes saturated is the dew point, at which dew
begins to form. Of course, when the dew point is below 273 K
or 0°C, ice crystals (frost) begin to form. Thus, the relative
humidity can be measured by finding the dew point and then
dividing the equilibrium vapor pressure at the dew point by
the equilibrium vapor pressure of water at the temperature of
the air. The transformations between solid, liquid, and gaseous
water play important roles in hydrology and in transforming the
earth’s surface. Solar energy causes phase transitions of water
that make the weather.

TRANSFORMATION OF SOLID, LIQUID, AND VAPOR

Food processing and biochemistry involve transformations
among solid, liquid, and vapor of water. Therefore, it is impor-
tant to understand ice—water, ice—vapor, and water—vapor trans-
formations and their equilibria. These transformations affect our
daily lives as well. A map or diagram is helpful in order to com-
prehend these natural phenomena. Such a map, representing
or explaining these transformations, is called a phase diagram
(see Fig. 5.10). A sketch must be used because the range of
pressure involved is too large for the drawing to be on a linear
scale.

The curves representing the equilibrium vapor pressures of
ice and water as functions of temperature meet at the triple point
(see Fig. 5.10). The other end of the vapor pressure curve is the
critical point. The mps of ice Ih are 271.44,273.15,and 273.16 K
at 22,055 kPa (the critical pressure), 101.325 kPa, and 0.611 kPa
(the triple point), respectively. At a pressure of 200,000 kPa, Th
melts at 253 K. Thus, the line linking all these points represents
the mp of Th at different pressures. This line divides the condi-
tions (pressure and temperature) for the formation of solid and
liquid. Thus, the phase diagram is roughly divided into regions
of solid, liquid, and vapor.

Ice Ih transforms into the ordered ice XI at low temperature. In
this region and under some circumstance, Ic is also formed. The
transformation conditions are not represented in Figure 5.10, and
neither are the transformation lines for other ices. These occur at
much higher pressures in the order of gigapascals. A box at the
top of the diagram indicates the existence of these phases, but
the conditions for their transformation are not given. Ices I1-X,
formed under gigapascals pressure, were mentioned earlier. Ice
VII forms at greater than 10 GPa and at a temperature higher
than the boiling point of water.

Formation and existence of these phases illustrate the various
hydrogen bonding patterns. They also show the many possibili-
ties of H,O-biomolecule interactions.

SUBCRITICAL AND SUPERCRITICAL WATERS

Water at temperatures between the boiling and critical points
(100-373.98°C) is called subcritical water, whereas the phase
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Figure 5.10. A sketch outlining the phase diagram of ice, water, and vapor.

above the critical point is supercritical water. In the seventeenth
century, Denis Papin (a physicist) generated high-pressure steam
using a closed boiler, and thereafter pressure canners have been
used to preserve food. Pressure cookers were popular during the
twentieth century. Pressure cooking and canning use subcriti-
cal water. Plastic bags are gradually replacing cans, and food
processing faces new challenges.

Properties of subcritical and supercritical water such as di-
electric constant, polarity, surface tension, density, viscosity,
and others, differ from those of normal water. These properties
can be tuned by adjusting water temperature. At high tempera-
ture, water is an excellent solvent for nonpolar substances such
as those for flavor and fragrance. Supercritical water has been
used for wastewater treatment to remove organic matter, and this
application will be interesting to the food industry if companies
are required to treat their wastes before discharging them into the
environment. The conditions for supercritical water cause poly-
mers to depolymerize and nutrients to degrade. More research
will tell whether supercritical water will convert polysaccharides
and proteins into useful products.

Supercritical water is an oxidant, which is desirable for the
destruction of substances. It destroys toxic material without the
need of a smokestack. Water is a “green” solvent and reagent, be-
cause it causes minimum damage to the environment. Therefore,
the potential for supercritical water is great.

AQUEOUS SOLUTIONS

Water dissolves a wide range of natural substances. Life began
in natural waters, aqueous solutions, and continuation of life
depends on them.

Water, a polar solvent, dissolves polar substances. Its po-
larity and its ability to hydrogen bond make it a nearly uni-
versal solvent. Water-soluble polar substances are hydrophilic,
whereas nonpolar substances insoluble in water are hydropho-
bic or lipophilic. Substances whose molecules have both polar
and nonpolar parts are amphiphilic. These substances include
detergents, proteins, aliphatic acids, alkaloids, and some amino
acids.

The high dielectric constant of water makes it an ideal solvent
for ionic substances, because it reduces the attraction between
positive and negative ions in electrolytes: acids, bases, and salts.
Electrolyte solutions are intimately related to food and biological
sciences.

COLLIGATIVE PROPERTIES OF AQUEOUS SOLUTIONS

Vapor pressure of an aqueous solution depends only on the
concentration of the solute, not on the type and charge of the
solute. Vapor pressure affects the mp, the bp, and the osmotic
pressure, and these are colligative properties.
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In a solution, the number of moles of a component divided
by the total number of moles of all components is the mole
fraction of that component. This is a useful parameter, and the
mole fraction of any pure substance is unity. When 1 mol of
sugar dissolves in 1.0 kg (55.56 mol) of water, the mole fraction
of water is reduced to 0.9823, and the mole fraction of sugar
is 0.0177. Raoult’s law applies to aqueous solutions. According
to it, the vapor pressure of a solution at temperature 7T is the
product of mole fraction of the solvent and its vapor pressure at
T. Thus, the vapor pressure of this solution at 373 K is 99.53 kPa
(0.9823 atm). In general, the vapor pressure of a solution at
the normal bp is lower than that of pure water, and a higher
temperature is required for the vapor pressure to reach 101.3 kPa
(1 atm). The net increase in the boiling temperature of a solution
is known as the boiling point elevation.

Ice formed from a dilute solution does not contain the solute.
Thus, the vapor pressure of ice at various temperatures does not
change, but the vapor pressure of a solution is lower than that
of ice at the freezing point. Further cooling is required for ice
to form, and the net lowering of vapor pressure is the freezing
point depression.

The freezing points and bps are temperatures at ice—water
and water—vapor (at 101.3 kPa) equilibria, not necessarily the
temperatures at which ice begins to form or boiling begins. Of-
ten, the temperature at which ice crystals start to form is lower
than the mp, and this is known as supercooling. The degree
of supercooling depends on many other parameters revealed by
a systematic study of heterogeneous nucleation (Wilson et al.
2003). Similarly, the inability to form bubbles results in super-
heating. Overheated water boils explosively due to the sudden
formation of many large bubbles. Supercooling and superheat-
ing are nonequilibrium phenomena, and they are different from
freezing point depression and bp elevation.

The temperature differences between the freezing points and
bps of solutions and those of pure water are proportional to
the concentration of the solutions. The proportionality constants
are molar freezing point depression (Ky = —1.86 K mol~! kg)
and the molar boiling point elevation (K, = 0.52 K mol~! kg),
respectively. In other words, a solution containing one mole of
nonvolatile molecules per kilogram of water freezes at 1.86°
below 273.15 K, and boils 0.52° above 373.15 K. For a solution
with concentration C, measured in moles of particles (molecules
and positive and negative ions counted separately) per kilogram
of water, the bp elevation or freezing point depression AT can
be evaluated:

AT =KC,

where K represents K¢ or K, for freezing point depression or
bp elevation, respectively. This formula applies to both cases.
Depending on the solute, some aqueous solutions may deviate
from Raoult’s law, and the above formulas give only estimates.

In freezing or boiling a solution of a nonvolatile solute, the
solid and vapor contain only H,O, leaving the solute in the
solution. A solution containing volatile solutes will have a total
vapor pressure due to all volatile components in the solution. Its
bp is no longer that of water alone. Freezing point depression and
bp elevation are both related to the vapor pressure. In general,

a solution of nonvolatile substance has a lower vapor pressure
than that of pure water. The variations of these properties have
many applications, some in food chemistry and biochemistry.

It is interesting to note that some fish and insects have an-
tifreeze proteins that depress the freezing point of water to pro-
tect them from freezing in the arctic sea (Marshall et al. 2004).

Osmotic pressure is usually defined as the pressure that must
be applied to the side of the solution to prevent the flow of
the pure solvent passing a semipermeable membrane into the
solution. Experimental results show that osmotic pressure is
equal to the product of total concentration of molecules and ions
(C), the gas constant (R = 8.3145 J/mol/K), and the temperature
(T in K):

Osmotic pressure = CRT.

The expression for osmotic pressure is the same as that for
ideal gas. Chemists calculate the pressure using a concentration
based on mass of the solvent. Since solutions are never ideal, the
formula gives only estimates. The unit of pressure works out if
the units for C are in mol/m?, since 1 J = 1 Pam?>. Concentration
based on mass of solvent differs only slightly from that based
on volume of the solution.

An isotonic solution (isosmotic) is one that has the same
osmotic pressure as another. Solutions with higher and lower
osmotic pressures are called hypertonic (hyperosmotic), and
hypotonic (hypoosmotic), respectively. Raw food animal and
plant cells submerged in isotonic solutions with their cell flu-
ids will not take up or lose water even if the cell membranes
are semipermeable. However, in plant, soil, and food sciences,
water potential gradient is the driving force or energy directing
water movement. Water moves from high-potential sites to low-
potential sites. Water moves from low osmotic pressure solutions
to high osmotic pressure solutions. For consistency and to avoid
confusion, negative osmotic pressure is defined as osmotic po-
tential. This way, osmotic potential is a direct component of
water potential for gradient consideration. For example, when
red blood cells are placed in dilute solutions, their osmotic po-
tential is negative. Water diffuses into the cells, resulting in the
swelling or even bursting of the cells. On the other hand, when
cells are placed in concentrated (hypertonic) saline solutions,
the cells will shrink due to water loss.

Biological membranes are much more permeable than most
man-made phospholipid membranes because they have specific
membrane-bound proteins acting as water channels. Absorption
of water and its transport throughout the body is more compli-
cated than osmosis.

SOLUTION OF ELECTROLYTES

Solutions of acids, bases, and salts contain ions. Charged ions
move when driven by an electric potential, and electrolyte so-
lutions conduct electricity. These ion-containing substances are
called electrolytes. As mentioned earlier, the high dielectric con-
stant of water reduces the attraction of ions within ionic solids
and dissolves them. Furthermore, the polar water molecules sur-
round ions, forming hydrated ions. The concentration of all ions
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and molecular substances in a solution contributes to the osmotic
potential.

Water can also be an acid or a base, because H,O molecules
can receive or provide a proton (H'). Such an exchange by
water molecules in pure water, forming hydrated protons (H;0"
or (H,O),H™), is called self-ionization. However, the extent of
ionization is small, and pure water is a very poor conductor.

Self-Ionization of Water
The self-ionization of water is a dynamic equilibrium,

H,0(1) <> H" (aq) + OH (aq),

K, = [H"]J[OH™] = 10~'* at 298 K and 1 atm

where [HT] and [OH™] represent the molar concentrations of
H™ (or H3O™") and OH™ ions, respectively, and K, is called the
ion product of water. Values of K, under various conditions
have been evaluated theoretically (Marshall and Franck 1981,
Tawa and Pratt 1995). Solutions in which [HT] = [OH™] are
said to be neutral. Both pH and pOH, defined by the following
equations, have a value of 7 at 298 K for a neutral solution

pH = —log,,[H"] = pOH = —log,,[OH"] = 7.(at 298 K)

The H' represents a hydrated proton (H3;O™), which dynami-
cally exchanges a proton with other water molecules. The self-
ionization and equilibrium are present in water and all aqueous
solutions.

Solutions of Acids and Bases

Strong acids perchloric acid (HC1Oy), Chloric acid (HCIO3),
hydrochoric acid (HCI), Aitric acid (HNO3), and Sulphuric acid
H,SO4 completely ionize in their solutions to give HT (H3;0™)
ions and anions C104~, ClO3;~, CI~,NO3;~, and HSO,4 ~, respec-
tively. Strong bases NaOH, KOH, and Ca(OH), also completely
ionize to give OH™ ions and Na*, K*, and Ca>* ions, respec-
tively. In an acidic solution, [H™] is greater than [OH™]. For
example, in a 1.00 mol/L HCI solution at 298 K, [HT] = 1.00
mol/L, pH = 0.00, [OH"] = 10~'* mol/L.
Weak acids such as formic acid (HCOOH), acetic acid
(HCH;3COO), ascorbic acid (H,C¢HgOg), oxalic acid (H,C,0y),
carbonic acid (H,COs3), benzoic acid (HC¢HsCOO), malic acid
(H,C4H40s5), lactic acid (HCH3CH(OH)COO), and phospho-
ric acid (H3POy) also ionize in their aqueous solutions, but not
completely. The ionization of acetic acid is represented by the
equilibrium
HCH;COO(aq) <> H*(aq) + CH3;COO™ (aq),
4 _

K,= HTIICHCO0TT ) 75 5 1075 at 208 K
[HCH;3;COO]

where K,, as defined above, is the acid dissociation constant.

The solubility of CO, in water increases with partial pressure
of CO,, according to Henry’s law. The chemical equilibrium for
the dissolution is:

H>0O(1) + COs(g) <> H,COs(aq)

Of course, H,CO3 dynamically exchanges H and H,O with
other water molecules, and this weak diprotic acid ionizes in
two stages with acid dissociation constants K,; and K :

H,0 + CO,(aq) <> H" (aq) + HCO; (aq),
K, = 4.30 x 1077 at 298 K
HCO; (aq) <> H'(aq) + CO3 (aq), Ky = 35.61 x 1071,

Constants K ,; and K, increase as temperature rises, but the solu-
bility of CO, decreases. At298 K, the pH of a solution containing
0.1 mol/L H,COs is 3.7. At this pH, acidophilic organisms sur-
vive and grow, but most pathogenic organisms are neutrophiles,
and they cease growing. Soft drinks contain other acids—citric,
malic, phosphoric, ascorbic, and others. They lower the pH
further.

All three hydrogen ions in phosphoric acid (H3;PO,) are ion-
izable, and it is a triprotic acid. Acids having more than one
dissociable HY are called polyprotic acids.

NH; and many nitrogen-containing compounds are weak
bases. The ionization equilibrium of NHj in water and the base
dissociation constant Ky, are

NH; + H,0 < NH;0 < NH{ (aq) + OH™ (aq),
[H*][OH™]

=1.70 x 10~ at 298 K.
[NH,OH]

b =
Other weak bases react with H,O and ionize in a similar way.
The ionization or dissociation constants of inorganic and or-
ganic acids and bases are extensive, and they have been tabulated
in various books (for example Perrin 1965, 1982, Kortiim et al.
1961).

Titration

Titration is a procedure for quantitative analysis of a solute
in a solution by measuring the quantity of a reagent used to
completely react with it. This method is particularly useful for
the determination of acid or base concentrations. A solution with
a known concentration of one reagent is added from a burette to
a definite amount of the other. The end point is reached when the
latter substance is completely consumed by the reagent from the
burette, and this is detected by the color change of an indicator
or by pH measurements. This method has many applications in
food analysis.

The titration of strong acids or bases utilizes the rapid reaction
between H™ and OH™. The unknown quantity of an acid or base
may be calculated from the amount used to reach the end point
of the titration.

The variation of pH during the titration of a weak acid using
a strong base or a weak base using a strong acid is usually
monitored to determine the end point. The plot of pH against
the amount of reagent added is a titration curve. There are a
number of interesting features on a titration curve. Titration of a
weak acid HA using a strong base NaOH is based on two rapid
equilibria:

_ [H0]
-

=5.56 x 10" at 298 K.

H' + OH™ = H,0, K
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Figure 5.11. Titration curve of a 0.10 mol/L (or M) weak acid HA
(Ka = 1 x 10-5) using a 0.10 mol/L strong base NaOH solution.

As the HT ions react with OH™, more H* ions are produced due
to the equilibrium

HA = H" + A~, K, (ionization constant of the acid).

Before any NaOH solution is added, HA is the dominant species;
when half of HA is consumed, [HA] = [A™], which is called
the half equivalence point. At this point, the pH varies the least
when a little H* or OH™ is added, and the solution at this point
is the most effective buffer solution, as we shall see later. The
pH at this point is the same as the pK, of the weak acid. When
an equivalent amount of OH™ has been added, the A~ species
dominates, and the solution is equivalent to a salt solution of
NaA. Of course, the salt is completely ionized.

Polyprotic acids such as ascorbic acid H,-(HgCOg) (Vitamin
C; Ky =79 x 1073, Ky = 1.6 x 107'2) and phosphoric acid
H3PO4 (Ky = 694 x 1073, Kpp = 62 x 1078, K3 2.1 x
10~'2) have more than one mole of H* per mole of acid. A
titration curve of these acids will have two and three end points
for ascorbic and phosphoric acids, respectively, partly due to
the large differences in their dissociation constants (K1, Ky,
etc.). In practice, the third end point is difficult to observe in the
titration of H3PQO,4. Vitamin C and phosphoric acids are often
used as food additives.

Many food components (e.g., amino acids, proteins, alkaloids,
organic and inorganic stuff, vitamins, fatty acids, oxidized car-
bohydrates, and compounds giving smell and flavor) are weak
acids and bases. The pH affects their forms, stability, and reac-
tions. When pH decreases by 1, the concentration of H, [H*],
increases 10-fold, accompanied by a 10-fold decrease in [OH™].
The H' and OH™ are very active reagents for the esterification
and hydrolysis reactions of proteins, carbohydrates, and lipids,
as we shall see later. Thus, the acidity, or pH, not only affects the
taste of food, it is an important parameter in food processing.

Solutions of Amino Acids

Amino acids have an amino group (NH3™), a carboxyl group
(COO7), a H, and a side chain (R) attached to the asymmetric
alpha carbon. They are the building blocks of proteins, polymers
of amino acids. At a pH called the isoelectric point, which
depends on the amino acid in question, the dominant species
is a zwitterion, RHC(NH;)(COO™), which has a positive and
a negative site, but no net charge. For example, the isoelectric
point for glycine is pH = 6.00, and its dominant species is
H,C(NH;37)COO™. An amino acid exists in at least three forms
due to the following ionization or equilibria:

RHC(NH)(COOH) = RHC(NH )(COO™) + H*, Ky
RHC(NH7 )(COO™) = RHC(NH,)(COO™) + H*, K.

Most amino acids behave like a diprotic acid with two dissoci-
ation constants, K,; and K,,. A few amino acids have a third
ionizable group in their side chains.

Among the 20 common amino acids, the side chains of eight
are nonpolar, and those of seven are polar, containing —OH,
>C=0, or —SH groups. Aspartic and glutamic acid contain
acidic —COOH groups in their side chains, whereas arginine,
histidine, and lysine contain basic —NH or —NH, groups. These
have four forms due to adding or losing protons at different pH
values of the solution, and they behave as triprotic acids. For
example, aspartic acid [Asp = (COOH)CH,C(NH;")(COO™)]
has these forms:

AspH" = Asp+ H'
Asp = Asp_ +HT
Asp~ = Asp*” +H*

Proteins, amino acid polymers, can accept or provide several
protons as the pH changes. At its isoelectric point (a specific
pH), the protein has no net charge and is least soluble because
electrostatic repulsion between its molecules is lowest, and the
molecules coalesce or precipitate, forming a solid or gel.

Solutions of Salts

Salts consist of positive and negative ions, and these ions are
hydrated in their solutions. Positive, hydrated ions such as
Na(H,0)¢*, Ca(H,0)5>*, and Al(H,0)¢>" have six to eight wa-
ter molecules around them. Figure 5.12 is a sketch of the inter-
actions of water molecules with ions. The water molecules point
the negative ends of their dipoles toward positive ions, and their
positive ends toward negative ions. Molecules in the hydration
sphere constantly and dynamically exchange with those around
them. The number and lifetimes of hydrated water molecules
have been studied by various methods. These studies reveal that
the hydration sphere is one layer deep, and the lifetimes of these
hydrated water molecules are in the order of picoseconds (1012
seconds). The larger negative ions also interact with the polar
water molecules, but not as strongly as do cations. The presence
of ions in the solution changes the ordering of water molecules
even if they are not in the first hydration sphere.

The hydration of ions releases energy, but breaking up ions
from a solid requires energy. The amount of energy needed
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Figure 5.12. The first hydration sphere of most cations M(H20)g*, and anions X(HoO)g—". Small water molecules are below the plane

containing the ions, and large water molecules are above the plane.

depends on the substance, and for this reason, some substances
are more soluble than others. Natural waters in oceans, streams,
rivers, and lakes are in contact with minerals and salts. The
concentrations of various ions depend on the solubility of salts
(Moeller and O’Connor 1972) and the contact time.

All salts dissolved in water are completely ionized, even those
formed in the reaction between weak acids and weak bases.
For example, the common food preservative sodium benzoate
(NaCgHsCOO) is a salt formed between a strong base NaOH
and weak benzoic acid (K, = 6.5 x 107°). The benzoate ions,
CgHsCOO™, in the solution react with water to produce OH™
ions giving a slightly basic solution:

C¢H5COO™ + H,O < C¢HsCOOH + OH™,

K=1.6x10"" at 298 K.
Ammonium bicarbonate, NHyHCO3, was a leavening agent be-
fore modern baking powder was popular. It is still called for in
some recipes. This can be considered a salt formed between the
weak base NH4OH and the weak acid H,CO5;. When NH;HCO3
dissolves in water, the ammonium and bicarbonate ions react
with water:

NH} + H,0 < NHs(aq) + H;0", K=5.7 x 107,

at 298 K

HCO; + H,0 < H,CO3; +OH™, K=2.3 x 1078, at 298 K

H,CO; = H,0 4 CO;(g).
Upon heating, NH3 and carbon dioxide (CO,) become gases for
the leavening action. Thus, during the baking or frying process,
NHj is very pungent and unpleasant. When sodium bicarbonate

is used, only CO; causes the dough to rise. Phosphoric acid,
instead of NH4™, provides the acid in baking powder.

Buffer Solutions

A solution containing a weak acid and its salt or a weak base
and its salt is a buffer solution, since its pH changes little when a

small amount acid or base is added. For example, nicotinic acid
(HCgH4NO», niacin, a food component) is a weak acid with
K, =17 x 107 (pK, = —log oK, = 4.76):
HC¢H4NO, = H* 4+ CsH4NO3,
_ [H*][CcH4NO; |
‘ [HCsH4NO, ]
[CeH4NO; |
[HCsH4NO, ]
(Henderson-Hesselbalch equation).

pH = pK, +10g10{

In a solution containing niacin and its salt, [C¢H4sNO, 7y is the
concentration of the salt, and [HC¢H4NO;] is the concentration
of niacin. The pair, HC¢H4NO, and C¢H4NO, ~, are called con-
jugate acid and base, according to the Bronsted-Lowry defini-
tion for acids and bases. So, for a general acid and its conjugate
base, the pH can be evaluated using the Henderson-Hesselbalch
equation:

[base] }

H=pK, =1 —_—
p P&a Ogloi[acid]

(Henderson-Hesselbalch Equation).

Adding H™ converts the base into its conjugate acid, and adding
OH™ converts the acid into its conjugate base. Adding acid and
base changes the ratio [base]/[acid], causing a small change in
the pH if the initial ratio is close to 1.0. Following this equation,
the most effective buffer solution for a desirable pH is to use
an acid with a pK, value similar to the desired pH value and to
adjust the concentration of the salt and acid to obtain the ratio
that gives the desired pH. For example, the pK, for H,PO4~
is 7.21, and mixing KH,PO4 and K,HPO, in the appropriate
ratio will give a buffer solution with pH 7. However, more is
involved in the art and science of making and standardizing
buffer solutions. For example, the ionic strength must be taken
into account.

The pH of blood from healthy persons is 7.4. The phospho-
ric acid and bicarbonate ions in blood and many other soluble
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biomaterials in the intercellular fluid play a buffering role in
keeping the pH constant. The body fluids are very complicated
buffer solutions, because each conjugate pair in the solution has
an equilibrium of its own. These equilibria plus the equilibrium
due to the self-ionization of water stabilize the pH of the solution.
Buffer solutions abound in nature: milk, juice, soft drinks, soup,
fluid contained in food, and water in the ocean, for example.

Hydrophilic and Hydrophobic Effects

The hydrophilic effect refers to the hydrogen bonding, polar-
ionic and polar—polar interactions with water molecules, which
lower the energy of the system and make ionic and polar sub-
stances soluble. The lack of strong interactions between water
molecules and lipophilic molecules or the nonpolar portions of
amphiphilic molecules is called the hydrophobic effect, a term
coined by Charles Tanford (1980).

When mixed with water, ionic and polar molecules dis-
solve and disperse in the solution, whereas the nonpolar or hy-
drophobic molecules huddle together, forming groups. At the
proper temperature, groups of small and nonpolar molecules
surrounded by water cages form stable phases called hydrates
or clathrates. For example, the clathrate of methane forms sta-
ble crystals at temperatures below 300 K (Sloan 1998). The
hydrophobic effect causes the formation of micelles and the
folding of proteins in enzymes so that the hydrophobic parts
of the long chain huddle together on the inside, exposing the
hydrophilic parts to the outside to interact with water.

Hydrophilic and hydrophobic effects together stabilize three-
dimensional structures of large molecules such as enzymes, pro-
teins, and lipids. Hydrophobic portions of these molecules stay
together, forming pockets in globular proteins. These biopoly-
mers minimize their hydrophobic surface to reduce their inter-
actions with water molecules. Biological membranes often have
proteins bonded to them, and the hydrophilic portions extend to
the intra- and intercellular aqueous solutions. These membrane-
bound proteins often transport specific nutrients in and out of
cells. For example, water, amino acid, and potassium-sodium
ion transporting channels are membrane-bound proteins (Gar-
rett and Grisham 2002).

Hydrophilic and hydrophobic effects, together with the ionic
interaction, cause long-chain proteins called enzymes to fold
in specific conformations (three-dimensional structures) that
catalyze specific reactions. The pH of the medium affects the
charges of the proteins. Therefore, the pH may alter enzyme
conformations and affect their functions. At a specific pH, some
enzymes consist of several subunits that aggregate into one com-
plex structure in order to minimize the hydrophobic surface in
contact with water. Thus, the chemistry of water is intimately
mingled with the chemistry of life.

During food processing, proteins are denatured by heat,
acid, base, and salt. These treatments alter the conformation
of the proteins and enzymes. Denatured proteins lose their life-
maintaining functionality. Molecules containing hydrophilic and
hydrophobic parts are emulsifiers that are widely used in the food
industry.

Hydrophilic and hydrophobic effects cause nonpolar portions
of phospholipids, proteins, and cholesterol to assemble into mi-
celles and bilayers, or biological membranes (Sloan 1998). The
membrane conformations are stable due to their low energy, and
they enclose compartments with components to perform biolog-
ical functions. Proteins and enzymes attached to the membranes
communicate and transport nutrients and wastes for cells, keep-
ing them alive and growing.

Hard Waters and Their Treatments

Waters containing dissolved CO, (same as H,CO3) are acidic
due to the equilibria

H*(aq) + HCO; (aq) <> H,CO3(aq)AH,0 + CO,(g)

HCO; (aq) <> H'(aq) + CO3 ™ (aq).

Acidic waters dissolve CaCO3; and MgCOs, and waters con-
taining Ca’*, Mg?*, HCO3~, and COs>~ are temporary hard
waters, as the hardness is removable by boiling, which reduces
the solubility of CO,. When CO, is driven off, the solution
becomes less acidic due to the above equilibria. Furthermore,
reducing the acidity increases the concentration of CO32~, and
solids CaCO3 and MgCOj precipitate:

Ca’"(aq) + CO3 ™ (aq) <> CaCOs(s)

Mg**(aq) + CO3 (aq) <> MgCO;,(s).

Water containing less than 50 mg/L of these substances is consid-
ered soft; 50—150 mg/L moderately hard; 150-300 mg/L hard;
and more than 300 mg/L very hard.

For water softening by the lime treatment, the amount of
dissolved Ca’* and Mg?* is determined first; then an equal
number of moles of lime, Ca(OH),, is added to remove them,
by these reactions:

Mg2+ + Ca(OH)1(s) <> Mg(OH),(s) + Ca’t

Ca?" 4 2HCO; + Ca(OH),(s) <> 2CaCO5(s) + 2H,O.

Permanent hard waters contain sulfate (SO4%~), Ca2*, and
Mg?* ions. Calcium ions in the sulfate solution can be removed
by adding sodium carbonate due to the reaction:

Ca’* + Na,CO3 < CaCOs(s) + 2Nat.

Hard waters cause scales or deposits to build up in boilers,
pipes, and faucets—problems for food and other industries. lon
exchange using resins or zeolites is commonly used to soften
hard waters. The calcium and magnesium ions in the waters are
taken up by the resin or zeolite that releases sodium or hydrogen
ions back to the water. Alternatively, when pressure is applied
to a solution, water molecules, but not ions, diffuse through the
semipermeable membranes. This method, called reverse osmo-
sis, has been used to soften hard waters and desalinate seawater.

However, water softening replaces desirable calcium and other
ions with sodium ions. Thus, soft waters are not suitable for
drinking. Incidentally, calcium ions strengthen the gluten pro-
teins in dough mixing. Some calcium salts are added to the
dough by bakeries to enhance bread quality.
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Ionic Strength and Solubility of Foodstuff

Ions are attracted to charged or polar sites of large biomolecules.
Cations strongly interact with large molecules such as proteins.
At low concentrations, they may neutralize charges on large or-
ganic molecules, stabilizing them. At high concentrations, ions
compete with large molecules for water and destabilize them, re-
sulting in decreased solubility. The concentration of electrolytes
affects the solubility of foodstuffs.

One of the criteria for concentration of electrolytes is ionic
strength, I, which is half of the sum (X) of all products of the
concentration (C;) of the ith ion and the square of its charge
(Z7):
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However, solubility is not only a function of ionic strength; it
also depends very much on the anions involved.

The salting-in phenomenon refers to increases of protein solu-
bility with increased concentrations of salt at low ionic strength.
The enhancement of broth flavor by adding salt may be due to
an increase of soluble proteins or amino acids in it. At high ionic
strength, however, the solubilities of some proteins decrease; this
is the salting-out phenomenon. Biochemists often use potassium
sulfate, K,SOy4, and ammonium sulfate, (NH,), SOy, for the sep-
aration of amino acids or proteins because the sulfate ion is an
effective salting-out anion. The sulfate ion is a stabilizer, because
the precipitated proteins are stable. Table salt is not an effective
salting-out agent. Damodaran (1996) and Voet and Voet (1995)
discuss these phenomena in much more detail.

WATER AS REAGENT AND PRODUCT

Water is the product from the oxidation of hydrogen, and the
standard cell potential (AE®) for the reaction is 1.229 V:

2H,(g) + 05(g) = 2H,0(1), AE° = 1.229 V.

Actually, all hydrogen in any substance produces water during
combustion and oxidation. On the other hand, water provides
protons (HT), hydroxide ions (OH™), hydrogen atoms (H), oxy-
gen atoms (O), and radicals (H-, -OH) as reagents. The first
two of these (HT and OH™) also exhibit acid-base properties,
as described earlier. Acids and bases promote hydrolysis and
condensation reactions.

In esterification and peptide synthesis, two molecules are
joined together, or condensed, releasing a water molecule. On
the other hand, water breaks ester, peptide, and glycosidic bonds
in a process called hydrolysis.

ESTERIFICATION, HYDROLYSIS, AND LIPIDS

Organic acids and various alcohols present in food react to yield
esters in aqueous solutions. Esters, also present in food, hy-
drolyze to produce acids and alcohols. Water is a reagent and
a product in these reversible equilibria. Figure 5.13 shows the
Fisher esterification and hydrolysis reactions and the role of wa-
ter in the series of intermediates in these equilibria. In general,
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Figure 5.13. Esterification and hydrolysis in aqueous solutions.

esterification is favored in acidic solutions, and hydrolysis is
favored in neutral and basic solutions.

The protonation of the slightly negative carbonyl oxygen
(>C=0) of the carboxyl group (C(=0)OH) polarizes the C=0
bond, making the carbon atom positive, to attract the alco-
hol group R'OH. Water molecules remove protons and rear-
range the bonds in several intermediates for the simple overall
reaction

RC(=0)OH + HOR’ <> RC(=0)OR’ + H,0

In basic solutions, the OH™ ions are attracted to the slightly
positive carbon of the carbonyl group. The hydrolysis is the
reverse of esterification.

Hydrolysis of glycerol esters (glycerides: fat and oil) in basic
solutions during soap making is a typical example of hydrolysis.
Triglycerides are hydrophobic, but they can undergo partial hy-
drolysis to become amphiphilic diglycerides or monoglycerides.
Esterification and hydrolysis are processes in metabolism.

Lipids, various water-insoluble esters of fatty acids, include
glycerides, phospholipids, glycolipids, and cholesterol. Oils and
fats are mostly triglycerides, which is a glycerol molecule
(CH,OH—CHOH—CH,OH) esterified with three fatty acids
[CH3(—CH;),COOH, n = 8-16]. Some of the triglycerides are
partially hydrolyzed in the gastrointestinal tract before absorp-
tion, but most are absorbed with the aid of bile salts, which
emulsify the oil and facilitate its absorption. Many animals
biosynthesize lipids when food is plentiful, as lipids provide
the highest amount of energy per unit mass. Lipids, stored in
fat cells, can be hydrolyzed, and upon further oxidation, they
produce lots of energy and water. Some animals utilize fat for
both energy and water to overcome the limitation of food and
water supplies during certain periods of their lives.
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Figure 5.14. Hydrolysis and peptide-bond formation
(polymerization).

Catalyzed by enzymes, esterification, and hydrolysis in bio-
logical systems proceed at much faster rates than when catalyzed
by acids and bases.

WATER IN DIGESTION AND SYNTHESES OF PROTEINS

The digestion and the formation of many biopolymers (such
as proteins and carbohydrates) as well as the formation and
breakdown of lipids and esters involve reactions very similar to
those of esterification and hydrolysis.

The digestion of proteins, polymers of amino acids, starts with
chewing, followed by hydrolysis with the aid of protein-cleaving
enzymes (proteases) throughout the gastrointestinal tract. Then,
the partially hydrolyzed small peptides and hydrolyzed individ-
ual amino acids are absorbed in the intestine. Water is a reagent
in these hydrolyses (Fig. 5.14).

The deoxyribonucleic acids (DNAs) store the genetic infor-
mation, and they direct the synthesis of messenger ribonucleic
acids (mRNAs), which in turn direct the protein synthesis ma-
chinery to make various proteins for specific body functions and
structures. This is an oversimplified description of the biological
processes that carry out the polymerization of amino acids.

Proteins and amino acids also provide energy when fully oxi-
dized, but carbohydrates are the major energy source in normal
diets.

WATER IN DIGESTION AND SYNTHESIS
OF CARBOHYDRATES

On earth, water is the most abundant inorganic compound,
whereas carbohydrates are the most abundant class of organic
compounds. Carbohydrates require water for their synthesis and
provide most of the energy for all life on earth. They are also part

of the glycoproteins and the genetic molecules of DNA. Car-
bohydrates are compounds with a deceivingly simple general
formula (CH,0),, n > 3, that appears to be made up of carbon
and water, but although their chemistry fills volumes of thick
books and more, there is still much for carbohydrate chemists to
discover.

Energy from the sun captured by plants and organisms con-
verts CO, and water to high-energy carbohydrates,

6CO; + 12H,0* — (CH,0)4 + 6H,0 + 60}

The stars (*) indicate the oxygen atoms from water released as
oxygen gas (Oj3). Still, this is an oversimplified equation for
photosynthesis, but we do not have room to dig any deeper.
The product (CH,O)e is a hexose, a six-carbon simple sugar,
or monosaccharide, that can be fructose, glucose, or another
simple sugar. Glucose is the most familiar simple sugar, and
its most common structure is a cyclic structure of the chair
form. In glucose, all the OH groups around the ring are at the
equatorial positions, whereas the small H atoms are at the axial
locations (Fig. 5.15). With so many OH groups per molecule,
glucose molecules are able to form several hydrogen bonds with
water molecules, and thus most monosaccharides are soluble in
water.

The disaccharides sucrose, maltose, and lactose have two sim-
ple sugars linked together, whereas starch and fiber are polymers
of many glucose units. A disaccharide is formed when two OH
groups of separate monosaccharides react to form an —O- link,
called a glycosidic bond, after losing a water molecule:

CeH 206 + CgH20¢ = C¢H1105—0-C¢H;;05 + H,O0.

Disaccharides are soluble in water due to their ability to form
many hydrogen bonds.

Plants and animals store glucose as long-chain polysaccha-
rides in starch and glycogen, respectively, for energy. Starch is
divided into amylose and amylopectin. Amylose consists of lin-
ear chains, whereas amylopectin has branched chains. Due to the
many interchain hydrogen bonds in starch, hydrogen bonding to
water molecules develops slowly. Small starch molecules are
soluble in water. Suspensions of large starch molecules thicken

OH

C
H

Figure 5.15. Chair form cyclic structure of glucose CgH120Og. For
glucose, all the OH groups are in the equatorial position, and these
are possible H-donors for hydrogen bonding with water molecules.
They are also possible sites to link to other hexoses.
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soup and gravy, and starch is added to food for desirable tex-
ture and appearance. Water increases the molecular mobility of
starch, and starch slows the movement of water molecules. Food
processors are interested in a quantitative relationship between
water and starch and the viscosity of the suspension.

Glycogen, animal starch, is easily hydrolyzed to yield glu-
cose, which provides energy when required. In the hydrolysis of
polysaccharides, water molecules react at the glycosidic links.
Certain enzymes catalyze this reaction, releasing glucose units
one by one from the end of a chain or branch.

Polysaccharide chains in cellulose are very long, 7000-15,000
monosaccharides, and interchain hydrogen bonds bind them into
fibers, which further stack up through interfiber hydrogen bonds.
Many interchain hydrogen bonds make the penetration of water
molecules between chains a time-consuming process. Heating
speeds up the process.

WATER, MINERALS, AND VITAMINS

Most minerals are salts or electrolytes. These are usually in-
gested as aqueous solutions of electrolytes, discussed earlier.
Tons (Ca>*, Mg?*, Na*t, K+, Fe’*, Zn>*, Cu’>*, Mn?*, CI~, 1™,
S, Se?~, H,PO4 ™, etc.) present in natural water are leached
from the ground. Some of them are also present in food, be-
cause they are essential nutrients for plants and animals that
we use as food. A balance of electrolytes in body fluid must
be maintained. Otherwise, shock or fainting may develop. For
example, the drinking water used by sweating athletes contains
the proper amount of minerals. In food, mineral absorption by
the body may be affected by the presence of other molecules.
For example, vitamin D helps the absorption of calcium ions.

Small amounts of a group of organic compounds not syn-
thesized by humans, but essential to life, are called vitamins;
their biochemistry is very complicated and interesting; many
interact with enzymes, and others perform vital functions by
themselves. Regardless of their biological function and chem-
ical composition, vitamins are divided into water-soluble and
fat-soluble groups. This division, based on polarity, serves as a
guide for food processing. For example, food will lose water-
soluble vitamins when washed or boiled in water, particularly
after cutting (Hawthorne and Kubatova 2002).

The water-soluble vitamins consist of a complex group of
vitamin Bs, vitamin C, biotin, lipoic acid, and folic acid. These
molecules are either polar or have the ability to form hydrogen
bonds. Vitamins A (retinal), D2, D3, E, and K are fat soluble,
because major portions of their molecules are nonpolar organic
groups.

Vitamin C, L-ascorbic acid or 3-oxo-L-gulofuranolactone, has
the simplest chemical formula (C¢HgOg) among vitamins. This
diprotic acid is widely distributed in plants and animals, and
only a few vertebrates, including humans, lack the ability to
synthesize it.

Vitamin B complex is a group of compounds isolated together
in an aqueous solution. Itincludes thiamine (B1), riboflavin (B2),
niacin (or nicotinic acid, B3), pantothenic acid (B5), cyanocobal-
amin (B12), and vitamin B6 (any form of pyridoxal, pyridoxine,
or pyridoxamine). Biotin, lipoic acid, and folic acid are also

part of the water-soluble vitamins. These vitamins are part of
enzymes or coenzymes that perform vital functions.

FOOD CHEMISTRY OF WATER

Water ingestion depends on the individual, composition of the
diet, climate, humidity, and physical activity. A nonexercising
adult loses the equivalent of 4% of his or her body weight in
water per day (Brody 1999). Aside from ingested water, water
is produced during the utilization of food. It is probably fair to
suggest that food chemistry is the chemistry of water, since we
need a constant supply of water as long as we live.

Technical terms have special meanings among fellow food
scientists. Furthermore, food scientists deal with dynamic and
nonequilibrium systems, unlike most natural scientists who deal
with static and equilibrium systems. There are special concepts
and parameters useful only to food scientists. Yet, the funda-
mental properties of water discussed above lay a foundation for
the food chemistry of water. With respect to food, water is a
component, solvent, acid, base, and dispersing agent. It is also
a medium for biochemical reactions, for heat and mass transfer,
and for heat storage.

Food chemists are very concerned with water content and its
effects on food. They need reliable parameters for references,
criteria, and working objectives. They require various indicators
to correlate water with special properties such as perishability,
shelf life, mobility, smell, appearance, color, texture, and taste.

WATER AS A CoMMON COMPONENT OF FooD

Water is a food as well as the most common component of
food. Even dry foods contain some water, and the degree of
water content affects almost every aspect of food: stability, taste,
texture, and spoilage.

Most food molecules contain OH, C=0, NH, and polar
groups. These sites strongly interact with water molecules by
hydrogen bonding and dipole-dipole interactions. Furthermore,
dipole-ion, hydrophilic, and hydrophobic interactions also occur
between water and food molecules. The properties of hydrogen-
bonded water molecules differ from those in bulk water, and
they affect the water molecules next to them. There is no clear
boundary for affected and unaffected water molecules. Yet it
is convenient to divide them into bound water and free water.
This is a vague division, and a consensus definition is hard to
reach. Fennema and Tannenbaum (1996) give a summary of var-
ious criteria for them, indicating a diverse opinion. However, the
concept is useful, because it helps us understand the changes that
occur in food when it is heated, dried, cooled, or refrigerated.
Moreover, when water is the major ingredient, interactions with
other ingredients modify the properties of the water molecules.
These aspects were discussed earlier in connection with aqueous
solutions.

WATER ACTIVITY

Interactions of water and food molecules mutually change their
properties. Water in food is not pure water. Water molecules in
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vapor, liquid, and solid phases or in solutions and food react and
interchange in any equilibrium system. The tendency to react
and interchange with each other is called the chemical potential,
/L. At equilibrium, the potential of water in all phases and forms
must be equal at a given temperature, T. The potential, u, of the
gas phase may be expressed as:

1=y +RTIn(p/pw),

where R is the gas constant (8.3145 J mol~'K™!), p is the
partial water vapor pressure, and p,, is the vapor pressure of
pure water at 7. The ratio p/p,, is called the water activity a,,
(= plpw), although this term is also called relative vapor pres-
sure (Fennema and Tannenbaum 1996). The difference is small,
and for simplicity, ay, as defined is widely used for correlating
the stability of foods. For ideal solutions and for most moist
foods, ay is less than unity (ay, < 1.0; Troller 1978).

The Clausius-Clapeyron equation, mentioned earlier, corre-
lates vapor pressure, P, heat of phase transition, AH, and tem-
perature, 7. This same relationship can be applied to water ac-
tivity. Thus, the plot of In(a,,) versus 1/T gives a straight line, at
least within a reasonable temperature range. Depending on the
initial value for a,, or moisture content, the slope differs slightly,
indicating the difference in the heat of phase transition due to
different water content.

Both water activity and relative humidity are fractions of the
pure-water vapor pressure. Water activity can be measured in
the same way as humidity. Water contents have a sigmoidal re-
lationship (Fig. 5.16). As water content increases, a,, increases:
ay, = 1.0 for infinitely dilute solutions, ay, > 0.7 for dilute so-
lutions and moist foods, and a,, < 0.6 for dry foods. Of course,
the precise relationship depends on the food. In general, if the
water vapor in the atmosphere surrounding the food is greater
than the water activity of the food, water is adsorbed; otherwise,
desorption takes place. Water activity reflects the combined ef-

Adsorption of
water at high a,,

o Desorption
= Adsorption isotherm
ﬁ‘ isotherm .
< Desorption of

water at low a,,

Tightly bound ' Loosely bound: Nonbound
water water water

Increasing water content

Figure 5.16. Nonequilibrium or hysteresis in desorption and
adsorption of water by foodstuff. Arbitrary scales are used to
illustrate the concept for a generic pattern.

fects of water-solute, water-surface, capillary, hydrophilic, and
hydrophobic interactions.

Water activity is a vital parameter for food monitoring. A
plot of a,, versus water content is called an isotherm. However,
desorption and adsorption isotherms are different (Fig. 5.16)
because this is a nonequilibrium system. Note that isotherms in
most other literature plot water content against ay,, the reverse
of the axes of Figure 5.16, which is intended to show that ay, is
a function of water content.

Water in food may be divided into tightly bound, loosely
bound, and nonbound waters. Dry foods contain tightly bound
(monolayer) water, and a, rises slowly as water content in-
creases; but as loosely bound water increases, a,, increases
rapidly and approaches 1.0 when nonbound water is present.
Crisp crackers get soggy after adsorbing water from moist air,
and soggy ones can be dried by heating or exposure to dry air.

Water activity affects the growth and multiplication of mi-
croorganisms. When a, < 0.9, growth of most molds is inhib-
ited. Growth of yeasts and bacteria also depends on ay,. Microor-
ganisms cease growing if ay, < 0.6. In a system, all components
must be in equilibrium with one another, including all the mi-
croorganisms. Every type of organism is a component and a
phase of the system, due to its cells or membranes. If the water
activity of an organism is lower than that of the bulk food, water
will be absorbed, and thus the species will multiply and grow.
However, if the water activity of the organism is higher, the or-
ganismwill dehydrate and become dormant or die. Thus, it is not
surprising that water activity affects the growth of various molds
and bacteria. By this token, humidity will have the same effect
on microorganisms in residences and buildings. Little packages
of drying agent are placed in sealed dry food to reduce vapor
pressure and prevent growth of bacteria that cause spoilage.

AQUATIC ORGANISMS AND DRINKING WATER

Life originated in the water or oceans eons ago, and vast popula-
tions of the earliest unicellular living organisms still live in water
today. Photosynthesis by algae in oceans consumes more CO,
than the photosynthesis by all plants on land. Diversity of phyla
(divisions) in the kingdoms of Fungi, Plantae, and Animalia live
in water, ranging from single-cell algae to mammals.

All life requires food or energy. Some living organisms re-
ceive their energy from the sun, whereas others get their energy
from chemical reactions. For example, the bacteria Thiobacillus
ferrooxidans derive energy by catalyzing the oxidation of iron
sulfide, FeS,, using water as the oxidant (Barret et al. 1939).
Chemical reactions provide energy for bacteria to sustain their
lives and to reproduce. Many organisms feed on other organisms,
forming a food chain. Factors affecting life in water include min-
erals, solubility of the mineral, acidity (pH), sunlight, dissolved
oxygen level, presence of ions, chemical equilibria, availability
of food, and electrochemical potentials of the material, among
others.

Water used directly in food processing or as food is drink-
ing water, and aquatic organisms invisible to the naked eye
can be beneficial or harmful. The Handbook of Drinking Wa-
ter Quality (De Zuane 1997) sets guidelines for water used in
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food services and technologies. Wastewater from the food in-
dustry needs treatment, and the technology is usually dealt with
in industrial chemistry (Lacy 1992).

When food is plentiful, beneficial and pathogenic organisms
thrive. Pathogenic organisms present in drinking water cause
intestinal infections, dysentery, hepatitis, typhoid fever, cholera,
and other diseases. Pathogens are usually present in waters that
contain human and animal wastes that enter the water system
via discharge, runoffs, flood, and accidents at sewage treatment
facilities. Insects, rodents, and animals can also bring bacteria to
the water system (Coler 1989, Percival et al. 2000). Testing for
all pathogenic organisms is impossible, but some organisms have
common living conditions. These are called indicator bacteria,
because their absence signifies safety.

WATER AND STATE OF Foop

When a substance and water are mixed, they mutually dissolve,
forming a homogeneous solution, or they partially dissolve in
each other, forming solutions and other phases. At ambient pres-
sure, various phases are in equilibrium with each other in iso-
lated and closed systems. The equilibria depend on temperature.
A plot of temperature versus composition showing the equilibria
among various phases is a phase diagram for a two-component
system. Phase diagrams for three-component systems are very
complicated, and foods consist of many substances, including
water. Thus, a strict phase diagram for food is almost impossi-
ble. Furthermore, food and biological systems are open, with a
steady input and output of energy and substances. Due to time
limits and slow kinetics, phases are not in equilibrium with each
other. However, the changes follow a definite rate, and these
are steady states. For these cases, plots of temperature against
the composition, showing the existences of states (phases), are
called state diagrams. They indicate the existence of various
phases in multicomponent systems.

Sucrose (sugar, C1,H»,0y) is a food additive and a sweetener.
Solutions in equilibrium with excess solid sucrose are saturated,
and their concentrations vary with temperature. The saturated
solutions contain 64.4 and 65.4% at 0 and 10°C, respectively.
The plot of saturated concentrations against temperature is the
equilibrium solubility curve, ES, in Figure 5.17. The freezing
curve, FE, shows the variation of freezing point as a function of
temperature. Aqueous solution is in equilibrium with ice Ih along
FE. At the eutectic point, E, the intersection of the solubility and
freezing curves, solids Th and sucrose coexist with a saturated
solution. The eutectic point is the lowest mp of water—sugar
solutions. However, viscous aqueous sugar solutions or syrups
may exist beyond the eutectic point. These conditions may be
present in freezing and tempering (thawing) of food.

Dry sugar is stable, but it spoils easily if it contains more
than 5% water. The changes that occur as a sugar solution is
chilled exemplify the changes in some food components when
foods freeze. Ice Ih forms when a 10% sugar solution is cooled
below the freezing point. As water forms Ih, leaving sugar in the
solution, the solution becomes more concentrated, decreasing
the freezing point further along the FE toward the E. However,
when cooled, this solution may not reach equilibrium and yield
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Figure 5.17. A sketch showing the phase and state diagram of
water-sucrose binary system.

sugar crystals at the eutectic point. Part of the reason for not
having sucrose crystals is the high viscosity of the solution,
which prevents molecules from moving and orienting properly to
crystallize. The viscous solution reaches a glassy or amorphous
state at the glass transition temperature (Tg), point G. The glass
state is a frozen liquid with extremely high viscosity. In this
state, the molecules are immobile. The temperature, Tg, for
glass transition depends on the rate of cooling (Angell 2002). The
freezing of sugar solution may follow different paths, depending
on the experimental conditions.

In lengthy experiments, Young and Jones (1949) warmed
glassy states of water-sucrose and observed the warming curve
over hours and days for every sample. They observed the
eutectic mixture of 54% sucrose (Te = —13.95°C). They
also observed the formation of phases C;,H,,0;;-2.5H,0 and
C12H204;-3.5H,0 hydrated crystals formed at temperatures
higher than the Te, which is for anhydrous sucrose. The water-
sucrose binary system illustrates that the states of food com-
ponents during freezing and thawing can be very complicated.
Freshly made ice creams have wonderful texture, and the physics
and chemistry of the process are even more interesting.

INTERACTION OF WATER AND
MICROWAVE

Wavelengths of microwave range from meters down to a mil-
limeter, their frequencies ranging from 0.3 to 300 GHz. A typi-
cal domestic oven generates 2.45 GHz microwaves, wavelength
0.123 m, and energy of photon 1.62 x 1072* J (10 pueV). For
industrial applications, the frequency may be optimized for the
specific processes.

Percy L. Spencer (1894-1970), the story goes, noticed that
his candy bar melted while he was inspecting magnetron test-
ing at the Raytheon Corporation in 1945. As a further test, he
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microwaved popping corns, which popped. A team at Raytheon
developed microwave ovens, but it took more than 25 years and
much more effort to improve them and make them practical and
popular. Years ago, boiling water in a paper cup in a microwave
oven without harming the cup amazed those who were used to
see water being heated in a fire-resistant container over a stove
or fire. Microwaves simultaneously heat all the water in the bulk
food.

After the invention of the microwave oven, many offered ex-
planations on how microwaves heat food. Water’s high dipole
moment and high dielectric constant caused it to absorb mi-
crowave energy, leading to an increase in its temperature. Driven
by the oscillating electric field of microwaves, water molecules
rotate, oscillate, and move about faster, increasing water temper-
ature to sometimes even above its bp. In regions where water has
difficulty forming bubbles, the water is overheated. When bub-
bles suddenly do form in superheated water, an explosion takes
place. Substances without dipole moment cannot be heated by
microwaves. Therefore, plastics, paper, and ceramics won’t get
warm. Metallic conductors rapidly polarize, causing sparks due
to arcing. The oscillating current and resistance of some metals
cause a rapid heating. In contrast, water is a poor conductor,
and the heating mechanism is very complicated. Nelson and
Datta (2001) reviewed microwave heating in the Handbook of
Microwave Technology for Food Applications.

Molecules absorb photons of certain frequencies. However,
microwave heating is due not only to absorption of photons by
the water molecules, but also to a combination of polarization
and dielectric induction. As the electric field oscillates, the wa-
ter molecules try to align their dipoles with the electric field.
Crowded molecules restrict one another’s movements. The re-
sistance causes the orientation of water molecules to lag behind
that of the electric field. Since the environment of the water
molecules is related to their resistance, the heating rate of the
water differs from food to food and region to region within
the same container. Water molecules in ice, for example, are
much less affected by the oscillating electric field in domes-
tic microwave ovens, which are not ideal for thawing frozen
food. The outer thawed layer heats up quickly, and it is cooked
before the frozen part is thawed. Domestic microwave ovens
turn on the microwave intermittently or at very low power to
allow thermal conduction for thawing. However, microwaves of
certain frequencies may heat ice more effectively for temper-
ing frozen food. Some companies have developed systems for
specific purposes, including blanching, tempering, drying, and
freeze-drying.

The electromagnetic wave form in an oven or in an industrial
chamber depends on the geometry of the oven. If the wave forms
a standing wave in the oven, the electric field varies according to
the wave pattern. Zones where the electric field varies with the
largest amplitude cause water to heat up most rapidly, and the
nodal zones where there are no oscillations of electric field will
not heat up at all. Thus, uniform heating has been a problem with
microwave heating, and various methods have been developed
to partly overcome this problem. Also, foodstuffs attenuate mi-
crowaves, limiting their penetration depth into foodstuff. Uneven
heating remains a challenge for food processors and microwave

chefs, mostly due to the short duration of microwaving. On the
other hand, food is also seldom evenly heated when convention-
ally cooked.

Challenges are opportunities for food industries and indi-
viduals. For example, new technologies in food preparation,
packaging, and sensors for monitoring food temperature dur-
ing microwaving are required. There is a demand for expertise
in microwaving food. Industries microwave-blanche vegetables
for drying or freezing to take advantage of its energy efficiency,
time saving, decreased waste, and retention of water-soluble nu-
trients. The ability to quickly temper frozen food in retail stores
reduces spoilage and permits selling fresh meat to customers.

Since water is the heating medium, the temperature of the food
will not be much higher than the boiling point of the aqueous
solutions in the food. Microwave heating does not burn food;
thus, the food lacks the usual color, aroma, flavor, and texture
found in conventional cooking. The outer layer of food is dry
due to water evaporation. Retaining or controlling water content
in microwaved food is a challenge.

When microwaved, water vapor is continually removed. Un-
der reduced pressure, food dries or freeze-dries at low tempera-
ture due to its tendency to restore the water activity. Therefore,
microwaving is an excellent means for drying food because of its
savings in energy and time. Microwaves are useful for industrial
applications such as drying, curing, and baking or parts thereof.

Microwave ovens have come a long way, and their popularity
and improvement continue. Food industry and consumer atti-
tudes about microwavable food have gone up and down, often
due to misconceptions. Microwave cooking is still a challenge.
The properties of water affect cooking in every way. Water con-
verts microwave energy directly into heat, attenuates microwave
radiation, transfers heat to various parts of the foodstuff, affects
food texture, and interacts with various nutrients. All proper-
ties of water must be considered in order to take advantage of
microwave cooking.

WATER RESOURCES AND THE
HYDROLOGICAL CYCLE

Fresh waters are required to sustain life and maintain living stan-
dards. Therefore, fresh waters are called water resources. En-
vironmentalists, scientists, and politicians have sounded alarms
about limited water resources. Such alarms appear unwarranted
because the earth has so much water that it can be called a water
planet. Various estimates of global water distribution show that
about 94% of earth’s water lies in the oceans and seas. These
salt waters sustain marine life and are ecosystems in their own
right, but they are not fresh waters that satisfy human needs. Of
the remaining 6%, most water is in solid form (at the poles and
in high mountains before the greenhouse effect melts them) or
underground. Less than 1% of earth’s water is in lakes, rivers,
and streams, and waters from these sources flow into the seas
or oceans. A fraction of 1% remains in the atmosphere, mixed
with air (Franks 2000).

A human may drink only a few liters of water in various forms
each day, but ten times more water is required for domestic
usages such as washing and food preparation. A further equal
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amount is needed for various industries and social activities
that support individuals. Furthermore, much more is required
for food production, maintaining a healthy environment, and
supporting lives in the ecosystems. Thus, one human may require
more than 1000 L of water per day. In view of these requirements,
a society has to develop policies for managing water resources
both near and far as well as in the short and long terms. This
chapter has no room to address the social and political issues,
but facts are presented for readers to formulate solutions to these
problems, or at least to ask questions regarding them. Based on
these facts, is scarcity of world water resources a reality or not?

A major threat to water resources is climate change, because
climate and weather are responsible for the hydrologic cycle of
salt and fresh waters. Of course, human activities influence the
climate in both short and long terms.

Based on the science of water, particularly its transformations
among solid, liquid, and vapor phases under the influence of en-
ergy, we easily understand that heat from the sun vaporizes water
from the ocean and land alike. Air movement carries the moisture
(vapor) to different places than those from which it evaporated.
As the vapor ascends, cooling temperature condenses the vapor
into liquid drops. Cloud and rain eventually develop, and rain
erodes, transports, shapes the landscape, creates streams and
rivers, irrigates, and replenishes water resources. However, too
much rain falling too quickly causes disaster in human life. On
the other hand, natural water management for energy and irri-
gation has brought prosperity to society, easing the effects on
humans of droughts and floods, when water does not arrive at
the right time and place.

Water is a resource. Competition for this resource leads to
“water war.” Trade in food and food aid is equivalent to flow
of water, because water is required for food production. Food
and water management, including wastewater treatment, enable
large populations to concentrate in small areas. Urban dwellers
take these commodities for granted, but water enriches life both
physically and mentally.
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INTRODUCTION

Before 1961, researchers reported on enzymes or enzymatic ac-
tivities with names of their own preference. This situation caused
confusion to others as various names could be given to the same
enzyme. In 1956, the International Union of Biochemistry (IUB,
later changed to International Union of Biochemistry and Molec-
ular Biology, IUBMB) created the International Commission on
Enzymes in consultation with the International Union of Pure
and Applied Chemistry (IUPAC) to look into this situation. This
Commission (now called the Nomenclature Committee of the
IUBMB, NC-IUBMB) subsequently recommended classifying
enzymes into six divisions (classes) with subclasses and sub-
subclasses. General rules and guidelines were also established
for classifying and naming enzymes. Each enzyme accepted
to the Enzyme List was given a recommended name (trivial
or working name; now called the common name), a system-
atic name, and an Enzyme Commission, or Enzyme Code (EC)
number. The enzymatic reaction is also provided. A common

name (formerly called recommended name) is assigned to each
enzyme. This is normally the name most widely used for that
enzyme, unless that name is ambiguous or misleading. A newly
discovered enzyme can be given a common name and a system-
atic name, but not the EC number, by the researcher. EC numbers
are assigned only by the authority of the NC-IUBMB.

The first book on enzyme classification and nomenclature
was published in 1961. Some critical updates were announced
as newsletters in 1984 (IUPAC-IUB and NC-IUB Newsletters
1984). The last (sixth) revision was published in 1992. An-
other update in electronic form was published in 2000 (Boyce
and Tipton 2000). With the development of the Internet, most
updated information on enzyme classification and nomencla-
ture is now available through the website of the IUBMB
(http://www.chem.qmul.ac.uk/iubmb/enzyme.html). This chap-
ter should be considered as an abbreviated version of enzyme
classification and nomenclature, with examples of common
enzymes related to food processing. Readers should visit the
IUBMB enzyme nomenclature website for the most up-to-date
details on enzyme classification and nomenclature.

CLASSIFICATION AND NOMENCLATURE
OF ENZYMES

GENERAL PRINCIPLES

e First principle: Names purporting to be names of enzymes,
especially those ending in -ase should be used only for sin-
gle enzymes, that is, single catalytic entities. They should
not be applied to systems containing more than one en-
zZyme.

e Second principle: Enzymes are classified and named ac-
cording to the reaction they catalyze.

e Third principle: Enzymes are divided into groups on the
basis of the type of reactions catalyzed, and this, together
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with the name(s) of the substrate(s), provides a basis for de-
termining the systematic name and EC number for naming
individual enzymes.

COMMON AND SYSTEMATIC NAMES

e The common name (recommended, trivial, or working
name) follows immediately after the EC number.

e  While the common name is normally that used in the liter-
ature, the systematic name, which is formed in accordance
with definite rules, is more precise chemically. It should
be possible to determine the reaction catalyzed from the
systematic name alone.

SCHEME OF CLASSIFICATION AND NUMBERING OF
ENzZYMES

The first EC, in its report in 1961, devised a system for the
classification of enzymes that also serves as a basis for assigning
EC numbers to them. These code numbers (prefixed by EC),
which are now widely in use, contain four elements separated
by periods (e.g., 1.1.1.1), with the following meaning:

1. The first number shows to which of the six divisions
(classes) the enzyme belongs.

2. The second figure indicates the subclass.

The third figure gives the sub-subclass.

4. The fourth figure is the serial number of the enzyme in its
sub-subclass.

bt

The main classes are as follows:

e Class I: Oxidoreductases (dehydrogenases, reductases, or
oxidases).

e (Class 2: Transferases.

e Class 3: Hydrolases.

e Class 4: Lyases.

e (lass 5: Isomerases (racemases, epimerases, Cis-trans-
isomerases, isomerases, tautomerases, mutases, cycloiso-
merases).

e C(Class 6: Ligases (synthases).

Class 1: Oxidoreductases

Enzymes catalyzing oxidoreductions belong to this class. The
reactions are of the form AH, + B = A + BH, or AH, + Bt =
A + BH + HT. The substrate oxidized is regarded as the
hydrogen or electron donor. All reactions within a particular
sub-subclass are written in the same direction. The classifica-
tion is based on the order “donor:acceptor oxidoreductase.” The
common name often takes the form “substrate dehydrogenase,”
wherever this is possible. If the reaction is known to occur in the
opposite direction, this may be indicated by a common name of
the form “acceptor reductase” (e.g., the common name of EC
1.1.1.9 is p-xylose reductase). “Oxidase” is used only in cases
where O, is an acceptor. Classification is difficult in some cases
because of the lack of specificity toward the acceptor.

Class 2: Transferases

Transferases are enzymes transferring a group (e.g., the methyl
group or a glycosyl group), from one compound (gener-
ally regarded as donor) to another compound (generally re-
garded as acceptor). The classification is based on the scheme
“donor:acceptor group transferase.” The common names are nor-
mally formed as “acceptor grouptransferase.” In many cases, the
donor is a cofactor (coenzyme) carrying the group to be trans-
ferred. The aminotransferases constitute a special case (subclass
2.6): the reaction also involves an oxidoreduction.

Class 3: Hydrolases

These enzymes catalyze the hydrolysis of various bonds. Some
of these enzymes pose problems because they have a very wide
specificity, and it is not easy to decide if two preparations de-
scribed by different authors are the same, or if they should be
listed under different entries.

While the systematic name always includes “hydrolase,” the
common name is, in most cases, formed by the name of the
substrate with the suffix -ase. It is understood that the name of
this substrate with the suffix means a hydrolytic enzyme. The
peptidases, subclass 3.4, are classified in a different manner from
other enzymes in this class.

Class 4: Lyases

Lyases are enzymes cleaving C—C, C-0O, C-N, and other bonds
by means other than hydrolysis or oxidation. They differ from
other enzymes in that two substrates are involved in one reac-
tion direction, but only one in the other direction. When acting
on the single substrate, a molecule is eliminated, leaving an
unsaturated residue. The systematic name is formed according
to “substrate group-lyase.” In common names, expressions like
decarboxylase, aldolase, and so on are used. “Dehydratase” is
used for those enzymes eliminating water. In cases where the
reverse reaction is the more important, or the only one to be
demonstrated, “synthase” may be used in the name.

Class 5: Isomerase

These enzymes catalyze changes within one molecule.

Class 6: Ligases

Ligases are enzymes catalyzing the joining of two molecules
with concomitant hydrolysis of the diphosphate bond in ATP or
a similar triphosphate. The bonds formed are often high-energy
bonds. “Ligase” is commonly used for the common name, but
in a few cases, “synthase” or “carboxylase” is used. Use of the
term “synthetase” is discouraged.

GENERAL RULES AND GUIDELINES FOR
CLASSIFICATION AND NOMENCLATURE OF ENZYMES

Table 6.1 shows the classification of enzymes by class, subclass,
and sub-subclass, as suggested by the Nomenclature Committee
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Table 6.1. Classification of Enzymes by Class, Subclass, and Sub-subclass?

111

1. Oxidoreductases

1.1.

1.2.

1.3.

14.

15.

1.6.

1.7.

1.8.

Acting on the CH-OH group of donors

1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.99

With NAD™ or NADP™ as acceptor

With a cytochrome as acceptor

With oxygen as acceptor

With a disulfide as acceptor

With a quinone or similar compound as acceptor
With other acceptors

Acting on the aldehyde or oxo group of donors

1.2.1
1.2.2
1.2.3
1.2.4
1.2.7
1.2.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor

With oxygen as acceptor

With a disulfide compound as acceptor
With an iron—sulfur protein as acceptor
With other acceptors

Acting on the CH-CH group of donors

1.3.1
1.32
1.33
1.3.5
1.3.6
1.3.99

With NAD™ or NADP™ as acceptor

With a cytochrome as acceptor

With oxygen as acceptor

With a quinone or related compound as acceptor
With an iron—sulfur protein as acceptor

With other acceptor

Acting on the CH-NH; of donors

1.4.1
1.4.2
1.4.3
1.4.4
1.4.7
1.4.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor

With oxygen as acceptor

With a disulfide as acceptor

With an iron—sulfur protein as acceptor
With other acceptors

Acting on the CH-NH group of donors

1.5.1
1.5.3
1.5.4
1.5.5
1.5.8
1.5.99

With NAD™ or NADP™ as acceptor

With oxygen as acceptor

With disulfide as acceptor

With a quinone or similar compound as acceptor
With a flavin as acceptor

With other acceptors

Acting on NADH or NADPH

1.6.1
1.6.2
1.6.3
1.6.4
1.6.5
1.6.6
1.6.8
1.6.99

With NAD™ or NADP™ as acceptor

With a heme protein as acceptor

With oxygen as acceptor

With a disulfide compound as acceptor

With a quinone or similar compound as acceptor
With a nitrogenous group as acceptor

With a flavin as acceptor

With other acceptors

Acting on other nitrogenous compounds as donors

1.7.1
1.7.2
1.7.3
1.7.7
1.7.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor

With oxygen as acceptor

With an iron—sulfur protein as acceptor
With other acceptors

Acting on a sulfur group of donors

1.8.1
1.8.2
1.8.3
1.8.4

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor
With oxygen as acceptor

With a disulfide as acceptor

(Continued)
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Table 6.1. (Continued)

1.10.

1.12.

1.13.

1.14.

1.15.
1.16.

1.17.

1.18.

1.19.

1.8.5
1.8.7
1.8.98
1.8.99
193
1.9.5
1.9.99

With a quinone or related compound as acceptor
With an iron—sulfur protein as acceptor

With other, known, acceptors

With other acceptors

With oxygen as acceptor

With a nitrogenous group as acceptor

With other acceptors

Acting on diphenols and related substances as donors

1.10.1
1.10.2
1.10.3
1.10.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor
With oxygen as acceptor

With other acceptors

Acting on hydrogen peroxide as acceptor

1.11.1

The peroxidases

Acting on hydrogen as donor

1.12.1
1.12.2
1.12.5
1.12.7
1.12.98
1.12.99

With NAD™ or NADP™ as acceptor

With a cytochrome as acceptor

With a quinone or similar compound as acceptor
With an iron—sulfur protein as acceptor

With other known acceptors

With other acceptors

Acting on single donors with incorporation of molecular oxygen (oxygenases)

1.13.11
1.13.12
1.13.99

With incorporation of two atoms of oxygen
With incorporation of one atom of oxygen (internal monoxygenase or internal mixed-function oxidases)
Miscellaneous

Acting on paired donors with incorporation of molecular oxygen

1.14.11
1.14.12
1.14.13
1.14.14
1.14.15
1.14.16
1.14.17
1.14.18
1.14.19
1.14.20
1.14.21
1.14.99

With 2-oxoglutarate as one donor, and incorporation of one atom of oxygen into both donors
With NADH or NADPH as one donor, and incorporation of two atoms of oxygen into one donor
With NADH or NADPH as one donor, and incorporation of one atom of oxygen

With reduced flavin or flavoprotein as one donor, and incorporation of one atom of oxygen

With reduced iron—sulfur protein as one donor, and incorporation of one atom of oxygen

With reduced pteridine as one donor, and incorporation of one atom of oxygen

With reduced ascorbate as one donor, and incorporation of one atom of oxygen

With another compound as one donor, and incorporation of one atom of oxygen

With oxidation of a pair of donors resulting in the reduction of molecular oxygen to two molecules of water
With 2-oxoglutarate as one donor, and the other dehydrogenated

With NADH or NADPH as one donor, and the other dehydrogenated

Miscellaneous (requires further characterization)

Acting on superoxide as acceptor
Oxidizing metal ions

1.16.1
1.16.2

With NAD" or NADP™ as acceptor
With oxygen as donor

Acting on -CH»- groups

1.17.1
1.17.2
1.17.4
1.17.99

With NAD" or NADP™ as acceptor
With oxygen as acceptor

With a disulfide compound as acceptor
With other acceptors

Acting on reduced ferredoxin as donor

1.18.1
1.18.3
1.18.6
1.18.96
1.18.99

With NAD™ or NADP™ as acceptor
With HT as acceptor (now EC 1.18.99)
With dinitrogen as acceptor

With other, known, acceptors

With H' as acceptor

Acting on reduced flavodoxin as donor

1.19.6

With dinitrogen as acceptor
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Table 6.1. (Continued)
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1.20. Acting on phosphorus or arsenic in donors

1.21.

1.20.1  With NAD(P)™ as acceptor

1.20.4  With disulfide as acceptor

1.20.98  With other, known, acceptors
1.20.99  With other acceptors

Acting on X-H and Y-H to form an X-Y bond
1.21.3  With oxygen as acceptor

1.21.4  With disulfide as acceptor

1.21.99  With other acceptors

1.97.  Other oxidoreductases
2. Transferases

2.1.

2.2.

2.3.

24.

2.5.

2.6.

2.7.

2.8.

2.9.

Transferring one-carbon groups
2.1.1 Methyltransferases
2.1.2 Hydroxymethyl-, formyl-, and related transferases

2.1.3 Carboxyl- and carbamoyl transferases

2.14 Amidinotransferases

Transferring aldehyde or ketonic groups

2.2.1 Transketolases and transaldolase
Acyltransferases

23.1 Transferring groups other than amino-acyl groups
232 Aminoacyltransferases

233 Acyl groups converted into alkyl on transfer
Glycosyltransferases

24.1 Hexosyltransferases

24.2 Pentosyltransferases

2.4.99  Transferring other glycosyl groups

Transferring alkyl or aryl groups, other than methyl groups
(There is no subdivision in this section.)

Transferring nitrogenous groups

2.6.1 Transaminases
2.6.2 Amidinotransferases
2.6.3 Oximinotransferases

2.6.99  Transferring other nitrogenous groups
Transferring phosphorus-containing groups

2.7.1 Phosphotransferases with an alcohol group as acceptor
2.7.2 Phosphotransferases with a carboxy group as acceptor
2.7.3 Phosphotransferases with a nitrogenous group as acceptor

2.7.4 Phosphotransferases with a phosphate group as acceptor
2.7.6 Diphosphotransferases

2.7.7 Nucleotidyltransferases

2.7.8 Transferases for other substituted phosphate groups

2.7.9 Phosphotransferases with paired acceptors
Transferring sulfur-containing groups

2.8.1 Sulfurtransferases

2.8.2 Sulfotransferases

2.8.3 CoA-transferases

2.8.4 Transferring alkylthio groups
Transferring selenium-containing groups
29.1 Selenotransferases

3. Hydrolases

3.1.

Acting on ester bonds
3.1.1 Carboxylic ester hydrolases

3.1.2 Phosphoric monoester hydrolases
3.1.3 Phosphoric diester hydrolases
3.14 Triphosphoric monoester hydrolases

3.1.5 Sulfuric ester hydrolases

(Continued)
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Table 6.1. (Continued)
3.1.6 Diphosphoric monoester hydrolases
3.1.7 Phosphoric triester hydrolases
3.1.11  Exodeoxyribonucleases producing 5’-phosphomonoesters
3.1.13  Exoribonucleases producing 5'-phosphomonoesters
3.1.14  Exoribonucleases producing 3’-phosphomonoesters
3.1.15  Exonucleases active with either ribo- or deoxyribonucleic acids and producing 5’-phosphomonoesters
3.1.16  Exonucleases active with either ribo- or deoxyribonucleic acids and producing 3’-phosphomonoesters
3.1.21  Endodeoxyribonucleases producing 5'-phosphomonoesters
3.1.22  Endodeoxyribonucleases producing 3’-phosphomonoesters
3.1.25  Site-specific endodeoxyribonucleases: specific for altered bases
3.1.26  Endoribonucleases producing 5'-phosphomonoesters
3.1.27  Endoribonucleases producing other than 5’-phosphomonoesters
3.1.30  Endonucleases active with either ribo- or deoxyribonucleic acids and
producing 5'-phosphomonoesters
3.1.31  Endonulceases active with either ribo- or deoxyribonucleic acids and producing 3’-phophomonoesters
3.2.  Glycosylases
3.2.1 Glycosidases, i.e., enzymes hydrolyzing O- and S-glycosyl compounds
322 Hydrolyzing N-glycosyl compounds
3.2.3 Hydrolyzing S-glycosyl compounds
3.3.  Acting on ether bonds
3.3.1 Trialkylsulfonium hydrolases
332 Ether hydrolases
3.4.  Acting on peptide bonds (peptidases)
3.4.11  Aminopeptidases
3.4.13  Dipeptidases
3.4.14  Dipeptidyl-peptidases and tripeptidyl-peptidases
3.4.15  Peptidyl-dipeptidases
3.4.16  Serine-type carboxypeptidases
3.4.17  Metallocarboxypeptidases
3.4.18  Cysteine-type carboxypeptidases
3.4.19  Omega peptidases
3.4.21  Serine endopeptidases
3.4.22  Cysteine endopeptidases
3.4.23  Aspartic endopeptidases
3.4.24  Metalloendopeptidases
3.4.25  Threonine endopeptidases
3.4.99  Endopeptidases of unknown catalytic mechanism
3.5.  Acting on carbon-nitrogen bonds, other than peptide bonds
3.5.1 In linear amides
352 In cyclic amides
353 In linear amidines
3.5.4 In cyclic amidines
355 In nitriles
3.5.99 In other compounds
3.6.  Acting on acid anhydrides
3.6.1 In phosphorus-containing anhydrides
3.6.2 In sulfonyl-containing anhydrides
3.6.3 Acting on acid anhydrides; catalyzing transmembrane movement of substances
3.6.4 Acting on acid anhydrides; involved in cellular and subcellular movements
3.6.5 Acting on GTP; involved in cellular and subcellular movements
3.7.  Acting on carbon-carbon bonds
3.7.1 In ketonic substances
3.8.  Acting on halide bonds

3.8.3

In C-halide compounds
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3.9.
3.10.
3.11.
3.12.
3.13.
4. Lyases
4.1.

4.2.

4.3.

44.
4.5.
4.6.
4.99.

Acting on phosphorus-nitrogen bonds
Acting on sulfur-nitrogen bonds
Acting on carbon-phosphorus bonds
Acting on sulfur-sulfur bonds

Acting on carbon-sulfur bonds

Carbon-carbon lyases

4.1.1 Carboxy-lyases

4.1.2 Aldehyde-lyases

4.1.3 Oxo-acid-lyases

4.1.99  Other carbon-carbon lyases
Carbon-oxygen lyases

4.2.1 Hydro-lyases

422 Acting on polysaccharides
423 Acting on phosphates
4.2.99  Other carbon-oxygen lyases
Carbon-nitrogen lyases

43.1 Ammonia-lyases

432 Amidine-lyases

433 Amine-lyases

4.3.99  Other carbon-nitrogen lyases
Carbon-sulfur lyases

Carbon-halide lyases
Phosphorus-oxygen lyases

Other lyases

5. Isomerases

5.1.

5.2.
5.3.

54.

5.5.

5.99.

6. Ligases
6.1.

6.2.

Racemases and epimerases

5.1.1 Acting on amino acids and derivatives
5.12 Acting on hydroxy acids and derivatives
5.1.3 Acting on carbohydrates and derivatives

5.1.99  Acting on other compounds
Cis-trans-isomerases

Intramolecular oxidoreductases

5.3.1 Interconverting aldoses and ketoses
532 Interconverting keto and enol groups
533 Transposing C=C bonds

534 Transposing S-S bonds

5.3.99  Other intramolecular oxidoreductases
Intramolecular transferases

54.1 Transferring acyl groups

54.2 Phosphotransferases (phosphomutases)
543 Transferring amino groups

544 Transferring hydroxy groups

5.4.99  Transferring other groups
Intramolecular lyases

5.5.1 Catalyze reactions in which a group can be regarded as eliminated from one part of a molecule,
leaving a double bond, while remaining covalently attached to the molecule

Other isomerases
5.99.1  Miscellaneous isomerases

Forming carbon-oxygen bonds

6.1.1 Ligases forming aminoacyl-tRNA and related compounds
Forming carbon-sulfur bonds

6.2.1 Acid-thiol ligases

(Continued)
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Table 6.1. (Continued)

6.3.  Forming carbon-nitrogen bonds

6.3.1 Acid-ammonia (or amine) ligases (amide synthases)

6.3.2 Acid-amino-acid ligases (peptide synthases)

6.3.3 Cyclo-ligases

6.3.4 Other carbon-nitrogen ligases

6.3.5 Carbon-nitrogen ligases with glutamine as amido-/N-donor

6.4. Forming carbon-carbon bonds
6.5. Forming phosphoric ester bonds
6.6. Forming nitrogen-metal bonds

Sources: Ref. NC-IUBMB. 1992. Enzyme Nomenclature, 6th ed. San Diego (CA): Academic Press, Inc. With permission. NC-IUBMB Enzyme

Nomenclature Website (www.iubmb.org).

“Readers should refer to the website: http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html for the most up-to-date changes.

of the ICUMB (NC-IUBMB). The information is reformatted in
table form instead of text form for easier reading and compari-
son.

Table 6.2 shows the rules for systematic names and guide-
lines for common names as suggested by NC-IUBMB. Table 6.3
shows the rules and guidelines for particular classes of enzymes
as suggested by NC-IUBMB. The concept on reformatting used
in Table 6.1 is also applied.

EXAMPLES OF COMMON FOOD
ENZYMES

The food industry likes to use terms more easily understood
by its people and is slow to adopt changes. For example, some
commonly used terms related to enzymes are very general terms
and do not follow the recommended guidelines established by
NC-IUBMB. Table 6.4 is a list of enzyme groups commonly
used by the food industry and researchers (Nagodawithana and
Reed 1993).

Table 6.2. General Rules for Generating Systematic Names and Guidelines for Common Names?

Rules and
Guidelines No.

Descriptions

1. Common names: Generally accepted trivial names of substances may be used in enzyme names. The prefix
D-should be omitted for all b-sugars and L-for individual amino acids, unless ambiguity would be caused. In
general, it is not necessary to indicate positions of substitutes in common names, unless it is necessary to
prevent two different enzymes having the same name. The prefix keto- is no longer used for derivatives of
sugars in which -CHOH- has been replaced by —CO—; they are named throughout as dehydrosugars.

Systematic names: To produce usable systematic names, accepted names of substrates forming part of the
enzyme names should be used. Where no accepted and convenient trivial names exist, the official [UPAC
rules of nomenclature should be applied to the substrate name. The 1, 2, 3 system of locating substitutes
should be used instead of the «  y system, although group names such as g-aspartyl-, y-glutamyl- and also
B-alanine-lactone are permissible; o and 8 should normally be used for indicating configuration, as in
a-D-glucose. For nucleotide groups, adenylyl (not adenyl), etc. should be the form used. The name oxo acids
(not keto acids) may be used as a class name, and for individual compounds in which —-CH2- has been

replaced by —CO-, oxo should be used.

2. Where the substrate is normally in the form of an anion, its name should end in -ate rather than -ic, e.g., lactate
dehydrogenase, not “lactic acid dehydrogenase.”

3. Commonly used abbreviations for substrates, e.g., ATP, may be used in names of enzymes, but the use of new
abbreviations (not listed in recommendations of the [IUPAC-IUB Commission on Biochemical
Nomenclature) should be discouraged. Chemical formulae should not normally be used instead of names of
substrates. Abbreviations for names of enzymes, e.g., GDH, should not be used.

4. Names of substrates composed of two nouns, such as glucose phosphate, which are normally written with a
space, should be hyphenated when they form part of the enzyme names, and thus become adjectives, e.g.,
glucose-6-phosphate dehydrogenase (EC 1.1.1.49). This follows standard practice in phrases where two
nouns qualify a third; see e.g., Handbook of Chemical Society Authors, 2nd ed., p. 14 (The Chemical

Society, London, 1961).
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Table 6.2. (Continued)

Rules and
Guidelines No.

Descriptions

5.

10.

11.

12.

13.

14.

15.

16.

The use as enzyme names of descriptions such as condensing enzyme, acetate-activating enzyme, and pH 5
enzyme should be discontinued as soon as the catalyzed reaction is known. The word activating should not
be used in the sense of converting the substrate into a substance that reacts further; all enzymes act by
activating their substrates, and the use of the word in this sense may lead to confusion.

Common names: If it can be avoided, a common name should not be based on a substance that is not a true
substrate, e.g., enzyme EC 4.2.1.17 (Enoyl-CoA hydratase) should not be called “crotonase,” since it does
not act on crotonate.

Common names: Where a name in common use gives some indication of the reaction and is not incorrect or
ambiguous, its continued use is recommended. In other cases, a common name is based on the same
principles as the systematic name (see later), but with a minimum of detail, to produce a name short enough
for convenient use. A few names of proteolytic enzymes ending in -in are retained; all other enzyme names
should end in -ase.

Systematic names: Systematic names consist of two parts. The first contains the name of the substrate or, in the
case of a bimolecular reaction, of the two substrates separated by a colon. The second part, ending in -ase,
indicates the nature of the reaction.

A number of generic words indicating a type of reaction may be used in either common or systematic names:
oxidoreductase, oxygenase, transferase (with a prefix indicating the nature of the group transferred),
hydrolase, lyase, racemase, epimerase, isomerase, mutase, ligase.

Common names: A number of additional generic names indicating reaction types are used in common names,
but not in the systematic nomenclature, e.g., dehydrogenase, reductase, oxidase, peroxidase, kinase,
tautomerase, dehydratase, etc.

Where additional information is needed to make the reaction clear, a phrase indicating the reaction or a product
should be added in parentheses after the second part of the name, e.g., (ADP-forming), (dimerizing),
(CoA-acylating).

Common names: The direct attachment of -ase to the name of the substrate will indicate that the enzyme brings
about hydrolysis.

Systematic names: The suffix -ase should never be attached to the name of the substrate.

Common names: The name “dehydrase,” which was at one time used for both dehydrogenating and dehydrating
enzymes, should not be used. Dehydrogenase will be used for the former and dehydratase for the latter.

Common names: Where possible, common names should normally be based on a reaction direction that has
been demonstrated, e.g., dehydrogenase or reductase, decarboxylase or carboxylase.

Systematic names: In the case of reversible reactions, the direction chosen for naming should be the same for
all the enzymes in a given class, even if this direction has not been demonstrated for all. Thus, systematic
names may be based on a written reaction, even though only the reverse of this has been actually
demonstrated experimentally.

Systematic names: When the overall reaction included two different changes, e.g., an oxidative demethylation,
the classification and systematic name should be based, whenever possible, on the one (or the first one)
catalyzed by the enzyme: the other function(s) should be indicated by adding a suitable participle in
parentheses, as in the case of sarcosine:oxygen oxidoreductase (demethylating) (EC 1.5.3.1);
D-aspartate:oxygen oxidoreductase (deaminating) (EC 1.4.3.1); L-serine hydro-lyase (adding indole
glycerol-phosphatase) (EC 4.2.1.20).

When an enzyme catalyzes more than one type of reaction, the name should normally refer to one reaction
only. Each case must be considered on its merits, and the choice must be, to some extent, arbitrary. Other
important activities of the enzyme may be indicated in the list under “reaction” or “comments.”

Similarly, when any enzyme acts on more than one substrate (or pair of substrates), the name should normally
refer only to one substrate (or pair of substrates), although in certain cases it may be possible to use a term
that covers a whole group of substrates, or an alternative substrate may be given in parentheses.

A group of enzymes with closely similar specificities should normally be described by a single entry. However,
when the specificity of two enzymes catalyzing the same reactions is sufficiently different (the degree of
difference being a matter of arbitrary choice) two separate entries may be made, e.g., EC 1.2.1.4 (Aldehyde
dehydrogenase (NADP™)) and EC 1.2.1.7 (Benzylaldehyde (NADP™)).

Source: NC-IUBMB. 1992. Enzyme Nomenclature. 6th ed. San Diego, California: Academic Press, Inc. With permission.
“Readers should refer to the website: http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html for the most recent changes.
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Table 6.3. Rules and Guidelines for Particular Classes of Enzymes?

Rules and
Guidelines No. Description

Class 1: Oxidoreductases

1. Common names: The terms dehydrogenase or reductase will be used much as hitherto. The latter term is appropriate
when hydrogen transfer from the substance mentioned as donor in the systematic name is not readily
demonstrated. Transhydrogenase may be retained for a few well-established cases. Oxidase is used only for cases
where O, acts as an acceptor, and oxygenase only for those cases where the O, molecule (or part of it) is directly
incorporated into the substrate. Peroxidase is used for enzymes using H,O, as acceptor. Catalase must be regarded
as exceptional. Where no ambiguity is caused, the second reactant is not usually named; but where required to
prevent ambiguity, it may be given in parentheses, e.g., EC 1.1.1.1, alcohol dehydrogenase and EC 1.1.1.2 alcohol
dehydrogenase (NADP™).

Systematic names: All enzymes catalyzing oxidoreductions should be oxidoreductases in the systematic

nomenclature, and the names formed on the pattern donor:acceptor oxidoreductase.

2. Systematic names: For oxidoreductases using NAD™ or NADP*, the coenzyme should always be named as the
acceptor except for the special case of Section 1.6 (enzymes whose normal physiological function is regarded as
reoxidation of the reduced coenzyme). Where the enzyme can use either coenzyme, this should be indicated by

writing NAD(P)™.
3. Where the true acceptor is unknown and the oxidoreductase has only been shown to react with artificial acceptors, the
word acceptor should be written in parentheses, as in the case of EC 1.3.99.1, succinate:(acceptor)oxidoreductase.
4. Common names: Oxidoreductases that bring about the incorporation of molecular oxygen into one donor or into

either or both of a pair of donors are named oxygenase. If only one atom of oxygen is incorporated, the term
monooxygenase is used; if both atoms of O, are incorporated, the term dioxygenase is used.

Systematic names: Oxidoreductases that bring about the incorporation of oxygen into one pair of donors should be
named on the pattern donor, donor:oxygen oxidoreductase (hydroxylating).

Class 2: Transferases

1. Common names: Only one specific substrate or reaction product is generally indicated in the common names,
together with the group donated or accepted. The forms transaminase, etc. may be used, if desired, instead of the
corresponding forms aminotransferase, etc. A number of special words are used to indicate reaction types, e.g.,
kinase to indicate a phosphate transfer from ATP to the named substrate (not “phosphokinase’), diphospho-kinase
for a similar transfer of diphosphate.

Systematic names: Enzymes catalyzing group-transfer reactions should be named transferase, and the names formed
on the pattern donor:acceptor group-transferred-transferase, e.g., ATP :acetate phosphotransferase (EC 2.7.2.1).
A figure may be prefixed to show the position to which the group is transferred, e.g., ATP:D-fructose
1-phospho-transferase (EC 2.7.1.3). The spelling “transphorase” should not be used. In the case of the
phosphotransferases, ATP should always be named as the donor. In the case of the transaminases involving
2-oxoglutarate, the latter should always be named as the acceptor.

2. Systematic names: The prefix denoting the group transferred should, as far as possible, be noncommittal with respect
to the mechanism of the transfer, e.g., phospho- rather than phosphate-.

Class 3. Hydrolases

1. Common names: The direct addition of -ase to the name of the substrate generally denotes a hydrolase. Where this is
difficult, e.g., EC 3.1.2.1 (acetyl-CoA hydrolase), the word hydrolase may be used. Enzymes should not normally
be given separate names merely on the basis of optimal conditions for activity. The acid and alkaline
phosphatases (EC 3.1.3.1-2) should be regarded as special cases and not as examples to be followed. The
common name /ysozyme is also exceptional.

Systematic names: Hydrolyzing enzymes should be systematically named on the pattern substrate hydrolase. Where
the enzyme is specific for the removal of a particular group, the group may be named as a prefix, e.g., adenosine
aminohydrolase (EC 3.5.4.4). In a number of cases, this group can also be transferred by the enzyme to other
molecules, and the hydrolysis itself might be regarded as a transfer of the group to water.

Class 4. Lyases

1. Common names: The names decarboxylase, aldolase, etc. are retained; and dehydratase (not “dehydrase”) is used
for the hydro-lyases. “Synthetase” should not be used for any enzymes in this class. The term synthase may be
used instead for any enzyme in this class (or any other class) when it is desired to emphasize the synthetic aspect
of the reaction.
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Table 6.3. (Continued)

Rules and
Guidelines No.

Description

Class 5. Isomerases

Systematic names: Enzymes removing groups from substrates nonhydrolytically, leaving double bonds (or adding
groups to double bonds) should be called /yases in the systematic nomenclature. Prefixes such as hydro-,
ammonia- should be used to denote the type of reaction, e.g., (S)-malate hydro-lyase (EC 4.2.1.2). Decarboxylases
should be regarded as carboxy-lyases. A hyphen should always be written before /yase to avoid confusion with
hydrolases, carboxylases, etc.

Common names: Where the equilibrium warrants it, or where the enzyme has long been named after a particular
substrate, the reverse reaction may be taken as the basis of the name, using hydratase, carboxylase, etc., e.g.,
fumarate hydratase for EC 4.2.1.2 (in preference to “fumarase,”which suggests an enzyme hydrolyzing fumarate).

Systematic names: The complete molecule, not either of the parts into which it is separated, should be named as the
substrate. The part indicated as a prefix to -/yase is the more characteristic and usually, but not always, the smaller
of the two reaction products. This may either be the removed (saturated) fragment of the substrate molecule, as in
ammonia-, hydro-, thiol-lyase, or the remaining unsaturated fragment, e.g., in the case of carboxy-, aldehyde- or
oxo-acid-lyases.

Various subclasses of the lyases include a number of strictly specific or group-specific pyridoxal-5-phosphate
enzymes that catalyze elimination reactions of 8- or y-substituted ¢-amino acids. Some closely related
pyridoxal-5-phosphate-containing enzymes, e.g., tryptophan synthase (EC 4.2.1.20) and cystathionine-synthase
(4.2.1.22) catalyze replacement reactions in which a 8-, or y-substituent is replaced by a second reactant without
creating a double bond. Formally, these enzymes appeared to be transferases rather than lyases. However, there is
evidence that in these cases the elimination of the 8- or y-substituent and the formation of an unsaturated
intermediate is the first step in the reaction. Thus, applying rule 14 of the general rules for systematic names and
guidelines for common names (Table 6.2), these enzymes are correctly classified lyases.

In this class, the common names are, in general, similar to the systematic names that indicate the basis of classification.

1.

Class 6. Ligases
1.

Isomerase will be used as a general name for enzymes in this class. The types of isomerization will be indicated in
systematic names by prefixes, e.g., maleate cis-trans-isomerase (EC 5.2.1.1), phenylpyruvate keto-enol-isomerase
(EC 5.3.2.1), 3-oxosteroid A’-A*-isomerase (EC 5.3.3.1). Enzymes catalyzing an aldose-ketose interconversion
will be known as ketol-isomerases, e.g., L-arabinose ketol-isomerase (EC 5.3.1.4). When the isomerization
consists of an intramolecular transfer of a group, the enzyme is named a mutase, e.g., EC 5.4.1.1 (lysolecithin
acylmutase) and the phosphomutases in sub-subclass 5.4.2 (Phosphotransferases); when it consists of an
intramolecular lyase-type reaction, e.g., EC 5.5.1.1 (muconate cycloisomerase), it is systematically named a /yase
(decyclizing).

Isomerases catalyzing inversions at asymmetric centers should be termed racemases or epimerases, according to
whether the substrate contains one, or more than one, center of asymmetry: compare, e.g., EC 5.1.1.5 (lysine
racemase) with EC 5.1.1.7 (diaminopimelate epimerase). A numerical prefix to the word epimerase should be
used to show the position of the inversion.

Common names: Common names for enzymes of this class were previously of the type XP synthetase. However, as
this use has not always been understood, and synthetase has been confused with synthase (see Class 4, item 1), it is
now recommended that as far as possible the common names should be similar in form to the systematic name.

Systematic names: The class of enzymes catalyzing the linking together of two molecules, coupled with the breaking
of a diphosphate link in ATP, etc. should be known as ligases. These enzymes were often previously known as
“synthetase”; however, this terminology differs from all other systematic enzyme names in that it is based on the
product and not on the substrate. For these reasons, a new systematic class name was necessary.

Common name: The common names should be formed on the pattern X-Y ligase, where X-Y is the substance formed
by linking X and Y. In certain cases, where a trivial name is commonly used for XY, a name of the type XY
synthase may be recommended (e.g., EC 6.3.2.11, carnosine synthase).

Systematic names: The systematic names should be formed on the pattern X:Y ligase (ADP-forming), where X and Y
are the two molecules to be joined together. The phrase shown in parentheses indicates both that ATP is the
triphosphate involved and that the terminal diphosphate link is broken. Thus, the reaction is X + Y + ATP = X-Y
+ ADP + P;.

Common name: In the special case where glutamine acts an ammonia donor, this is indicated by adding in
parentheses (glutamine-hydrolyzing) to a ligase name.

Systematic names: In this case, the name amido-ligase should be used in the systematic nomenclature.

Source: NC-IUBMB. 1992. Enzyme Nomenclature. San Diego, California: Academic Press, Inc. With permission.

“Readers should refer to the web version of the rules, which are currently under revision to reflect the recent changes. Available at

http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html
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Table 6.4. Common Enzyme Group Terms Used in the Food Industry

Group Term Selected Enzymes in This Group

Carbohydrases Amylases (EC 3.2.1.1, 3.2.1.2,3.2.1.3)
Pectic enzymes (see later)
Lactases (EC 3.2.1.108, 3.2.1.23)
Invertase (EC 3.2.1.26)
a-galactosidases (EC 3.2.1.22, 3.2.1.23)
Cellulase (EC 3.2.1.4)
Hemicellulases (EC not known)
Dextranase (EC 3.2.1.11)

Proteases Serine proteases (EC 3.4.21)

(Endopeptidases) Cysteine proteases (EC 3.4.22)

Aspartic proteases (EC 3.4.23)
Metalloproteases (EC 3.4.24)

Proteases Aminopeptidases (EC 3.4.11)
(Exopeptidase)

Proteases Carboxypeptidases (EC 3.4.16)
(Carboxypeptidases) Metallocarboxypeptidases (EC 3.4.17)

Cysteine carboxypeptidases (EC 3.4.18)
Dipeptide hydrolases (EC 3.4.13)
Oxidoreductases Polyphenol oxidase (EC 1.10.3.1)
Peroxidase (EC 1.11.1.7)
Lactoperoxidase (EC 1.11.1.7)
Catalase (EC 1.11.1.6)
Sulfhydryl oxidase (EC 1.8.3.2)
Glucose oxidase (EC 1.1.3.4)
Pyranose oxidase (EC 1.1.3.10)
Xanthine oxidase (EC 1.1.3.22)
Lipoxygenase (EC 1.13.11.12)
Dehydrogenases (see below)
Alcohol oxidase (EC 1.1.3.13)
Pectolytic enzymes Pectin (methyl) esterase (PE, EC 3.1.11.1)
(Pectic enzymes) Polygalacturonase (PG, EC 3.2.2.15 or 3.2.1.67)
Pectate lyases or pectic acid lyases (PAL)
(Endo-type, EC 3.2.1.15 0r 4.2.2.2)
(Exo-type, EC 3.2.1.67 or 4.2.2.9)
Pectic lyase (PL, EC 4.2.2.10)
Heme enzymes Catalase (EC 1.11.1.6)
Peroxidase (EC 1.11.1.7)
Phenol oxidase (Monophenol monooxygenase, EC 1.14.18.1 ?7)
Lipoperoxidase (EC 1.13.11.12)
Hemicellulase Glucanases (EC 3.2.1.6, 3.2.1.39, 3.2.1.58, 3.2.1.75, 3.2.1.59, 3.2.1.71, 3.2.1.74, 3.2.1.84)
Xylanase (EC 3.2.1.32)
Galactanases (EC 3.2.1.89, 3.2.1.23, 3.2.1.145)
Mannanase (EC 3.2.1.25)
Galactomannanases (EC not known)
Pentosanases (EC not known)
Nucleolytic enzymes Nucleases
(Endonucleases, EC 3.1.30 or 3.1.27)
(Exonucleases, EC 3.1.15 or 3.1.14)
Phosphatases
(Nonspecific phosphatases, EC 3.1.3)
(Nucleotidases, EC 3.1.3)
Nucleosidases (EC 3)
(Inosinate nucleosidase, EC 3.2.2.12)
Nucleodeaminases
(Adenine deaminase, EC 3.5.4.2)
Dehydrogenase Alcohol dehydrogenase (EC 1.1.1.1)
Shikimate dehydrogenase (EC 1.1.1.25)
Maltose dehydrogenase (EC 3.1 to 3.3)
Isocitrate dehydrogenase (EC 1.1.1.41, 1.1.1.42)
Lactate dehydrogenase (EC 1.1.1.3, 1.1.1.4, 1.1.1.27)

Source: Nagodawithana and Reed. 1993, NC-IUBMB 1992, NC-IUBMB. Available at www.iubmb.org.



6 Enzyme Classification and Nomenclature

121

Table 6.5. Recommended Names, Systematic Names, and Enzyme Codes (EC) for Some Common Food Enzymes

Enzyme
Recommended Name Systematic Name Code (EC)
5'-nulceotidase 5'-ribonucleotide phosphohydrolase 3.1.35
a-amylase 1,4--D-glucan glucanohydrolase 3.2.1.1
(Glycogenase)
a-galactosidase a-D-galactoside galactohydrolase 3.2.1.22
(Melibiase)
a-glucosidase a-D-glucoside glucohydrolase 3.2.1.20
(Maltase, glucoinvertase,
glucosidosucrase, maltase-
glucoamylase)
D-amino acid oxidase D-amino-acid:oxygen oxidoreductase 1.4.3.3
(deaminating)
D-lactate dehydrogenase (R)-lactate:NAD(+) oxidoreductase 1.1.1.28
(Lactic acid dehydrogenase)
L-amino acid oxidase L-amino-acid:oxygen oxidoreductase 1432
(deaminating)
L-lactate dehydrogenase (S)-lactate:NAD(+) oxidoreductase 1.1.1.27
(Lactic acid dehydrogenase)
B-amylase 1,4-a-D-glucan maltohydrolase 32.1.2
(Saccharogen amylase, glycogenase)
B-galactosidase (Lactase) B-D-galactoside galactohydrolase 3.2.1.23
B-glucosidase B-D-glucoside glucohydrolase 3.2.1.21
(Gentiobiase, cellobiase, amyygdalase)
B-glucanase, see Hemicellulase
Acid phosphatase Orthophosphoric-monoester 3.1.32
(Acid phosphomonoesterase, phosphohydrolase (acid optimum)
phosphomonoesterase, glycerol phosphatase)
Adenine deaminase Adenine aminohydrolase 3542
(Adenase, adenine aminase)
Adenosine phosphate deaminase Adenosine-phosphate aminohydrolase 3.5.4.17
AMP deaminase AMP aminohydrolase 3.54.6
(Adenylic acid deaminase, AMP aminase)
Alcalase, see Subtilisin Carlsberg
Alcohol dehydrogenase Alcohol:NAD(+) oxidoreductase 1.1.1.1
(Aldehyde reductase)
Alcohol oxidase Alcohol:oxygen oxidoreductase 1.1.3.13
Alkaline phosphatase Orthophosphoric-monoester 3.1.3.1
(Alkaline phosphomono-esterase, phosphohydrolase(alkaline optimum)
phosphomonoesterase, glycerolphosphatase)
Alliin lyase Alliin alkyl-sulfenate-lyase 4.4.1.4
(Alliinase)
Aminoacylase N-acyl-L-amino-acid amidohydrolase 3.5.1.14
(Dehydropeptidase II, histozyme, acylase I,
hippuricase, benzamidase)
Aspartate amino-lyase L-amino-acid:oxygen oxidoreductase 4.3.1.1
(fumaric aminase) (deaminating)
Aspergillus nuclease S (1) None, see comments in original 3.1.30.1
[Endonuclease S (1) (aspergillus), reference
single-stranded-nucleate endo-
nuclease, deoxyribonuclease S (1)]
Bacillus thermoproteolyticus None, see comments in original 34.24.4
neutral proteinase reference
(Thermolysin)
Bromelain None, see comments in original reference 3.4.22.4

(Continued)
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Table 6.5. (Continued)

Enzyme

Recommended Name Systematic Name Code (EC)

Carboxy peptidase o Peptidyl-L-amino-acid hydrolase 3.4.17.1
(Carboxypolypeptidase)

Catalase Hydrogen-peroxide:hydrogen- 1.11.1.6

peroxide oxidoreductase

Catechol oxidase 1,2-benzenediol:oxygen 1.10.3.1
(Diphenol oxidase, o-diphenolase, phenolase, oxidoreductase
polyphenol oxidase, tyrosinase)

Cellulase 1,4-(1,3:1,4)-B-D-glucan 3.2.14
(Endo-1,4-B-glucanase) 4-glucanohydrolase

Chymosin None, see comments in original 34234
(Rennin) reference

Chymotrypsin None, see comments in original 34.21.1
(Chymotrypsin « and B) reference

Debranching enzyme, see

a-dextrin endo-1,6-a-glucosidase

Dextranase 1,6-a-D-glucan 6-glucanohydrolase 3.2.1.11

a-dextrin endo-1,6-a-glucosidase a-dextrin 6-glucanohydrolase 3.2.1.41

(Limit dextrinase, debranching enzyme,
amylopectin 6-gluco-hydrolase, pullulanase)
Diastase (obsolete term)
Dipeptidase
Dipeptidyl peptidase |
(Cathepsin C, dipeptidyl-amino-peptidase I,
dipeptidyl transferase)
Endopectate lyase, see Pectate lyase
Exoribonuclease I1
(Ribonuclease II)
Exoribonuclease H
Ficin
Galactose oxidase
Glucan-1,4-a-glucosidase
(Glucoamylase, amyloglucosidase, y-amylase,
acid maltase, lysosomal a-glucosidase,
exo-1,4-a-glucosidase)
Glucose-6-phosphate isomerase
[Phosphohexose isomerase, phosphohexomutase,
oxoisomerase, hexosephosphate isomerase
phosphosaccharomutase,

phosphoglucoisomerase, phosphohexoisomerase,

glucose isomerase (deleted, obsolete)]
Glucokinase
Glucose oxidase
(Glucose oxyhydrase)
Glycerol kinase
Glycogen (starch) synthase
(UDPglucose-glycogen glucosyl-transferase)
Inosinate nucleosidase
(Inosinase)
B-fructofuranosidase
(invertase, saccharase)
Lactase
D-lactate dehydrogenase
(Lactic acid dehydrogenase)

Dipeptide hydrolase
Dipeptidyl-peptide hydrolase

None, see comments in original

reference
None, see comments in original reference
None, see comments in original reference
D-galactose-1,4-lactone:oxygen 2-oxidoreductase
1,4-a-D-glucan glucohydrolase

D-glucose-6-phosphate keto-isomerase

ATP:D-gluconate 6-phosphotransferase
B-D-glucose:oxygen 1-oxidoreductase

ATP:glycerol 3-phosphotransferase

UDPglucoase:glycogen
glucosyltransferase

5’-inosinate phosphoribohydrolase

B-D-fructofuranoside fructohydrolase

Lactose galactohydrolase
(R)-lactate:NAD(+) oxidoreductase

3.2.1.1 (obsolete)
34.13.11

3.1.13.1
3.1.13.2
34223

1.1.39
3.2.1.3

53.19

2.7.1.12
1.1.34

2.7.1.30
24.1.11

3222
3.2.1.26

3.2.1.108
1.1.1.28
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Enzyme
Recommended Name Systematic Name Code (EC)
L-lactate dehydrogenase (8)-lactate:NAD(4) oxidoreductase 1.1.1.27
(Lactic acid dehydrogenase)
Lipoxygenase Linoleate:oxygen oxidoreductase 1.13.11.12
(Lipoxidase, carotene oxidase)
Lysozyme Peptidoglycan 3.2.1.17
(Muramidase) N-acetylmuramoylhydrolase
Malate dehydrogenase (S)-malate:NAD(+) oxidoreductase 1.1.1.37
(Malic dehydrogenase)
Microbial aspartic proteinase None, see comments in original 3.4.23.6
(Trypsinogen kinase) reference
Monophenol monooxygenase Monophenol, L-dopa:oxygen 1.14.18.1
(Tyrosinase, phenolase, monophenol oxidase, oxidoreductase
cresolase)
Palmitoyl-CoA hydrolase Palmitoyl-CoA hydrolase 3.1.2.2
(Long-chain fatty-acyl-CoA hydrolase)
Papain None, see comments in original 3.4.22.2
(Papaya peptidase I) reference
Pectate lyase Poly (1,4-a-p-galacturonide) lyase 4222
(Pectate transliminase)
Pectic esterase Pectin pectylhydrolase 3.1.1.11
(Pectin demethoxylase, pectin
methoxylase, pectin methylesterase)
Pepsin A (Pepsin) None, see comments in original 34.23.1
reference
Peroxidase Donor:hydrogen-peroxide 1.11.1.7
oxidoreductase
Phosphodiesterase | Oligonucleate 5’-nucleotidohydrolase 3.14.1
(5’-exonuclease)
Phosphoglucomutase a-D-glucose 1,6-phosphomutase 5422
(Glucose phosphomutase)
Phosphorylase 1,4-a-D-glucan:orthophosphate 24.1.1
(Muscle phosphorylase « and 8, a-D-glucosyltransferase
amylophosphorylase, polyphosphorylase)
Plasmin None, see comments in original 3.4.21.7
(Fibrinase, fibrinolysin) reference
Polygalacturonase Poly (1,4-a-p-galacturonide) 3.2.1.15
(Pectin depolymerase, pectinase) glycanohydrolase
Pyranose oxidase Pyranose:oxygen 2-oxidoreductase 1.1.3.10
(Glucoase-2-oxidase)
Rennet, see Chymosin
Pancreatic ribonuclease None, see comments in original 3.1.2.75
(RNase, RNase I, RNase A, pancreatic RNase, reference
ribonuclease I)
Serine carboxypeptidase Peptidyl-L-amino-acid hydrolase 3.4.16.1
Shikimate dehydrogenase Shikimate;NADP(4-) 3-oxidoreductase 1.1.1.25
Staphylococcal cysteine protease None, see comments in original 3.4.22.13
(Staphylococcal proteinase II) reference
Starch (bacterial glycogen) synthase ADPglucose:1,4-a-D-glucan 24.1.21
(ADPglucose-starch glucosyltransferase) 4-o-p-glucosyltransferase
Streptococcal cysteine protease None, see comments in original 3.4.22.10
(Streptococcal proteinase, streptococcus reference
peptidase a)
Subtilisin None, see comments in original reference 3.4.21.14

(Continued)
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Enzyme
Recommended Name Systematic Name Code (EC)
Sucrose-phosphate synthase UDPglucose:D-fructose-6-phosphate 24.1.14
(UDPglucaose-fructose phosphate 2-a-D-glucosyl-transferase
glucosyltransferase, sucrose-phosphate-UDP
glucosyl-transferase)
Sucrose synthase UDPglucose:D-fructose 2.4.1.13
(UDPglucoase-fructose glucosyltransferase, 2-a-D-glucosyltransferase
sucrose-UDP glucosyltransferase)
Thiol oxidase Thiol:oxygen oxidoreductase 1.83.2
Triacylglycerol lipase 3.1.1.3
(Lipase, tributyrase, triglyceride lipase)
Trimethylamine-N-oxide aldolase Trimethylamine-N-oxide formaldehydelase 4.1.2.32
Trypsin None, see comments in original 34214
(- and B-trypsin) reference
Tyrosinase, see Catechol oxidase 1.10.3.1
Xanthine oxidase Xanthine:oxygen oxidoreductase 1.1.3.22

(Hypoxanthin oxidase)

Sources: Nagadodawithana and Reed 1993, NC-IUBMB Enzyme Nomenclature. Available at www.iubmb.org.

Table 6.5 lists some common names, systematic names, and
EC numbers for some common food enzymes.

Enzyme classification and nomenclature are now standardized
procedures. Some journals already require that enzyme codes be
used in citing or naming enzymes. Other journals are following
the trend. It is expected that all enzymes will have enzyme codes
in new research articles as well as (one hopes) in new reference
books. However, for older literature, it is still difficult to identify
the enzyme codes. It is hoped that Tables 6.4 and 6.5 will be
useful as references.
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Abstract: Enzymes are biocatalysts evolved in nature to achieve
the speed and coordination of nearly all the chemical reactions that
define cellular metabolism necessary to develop and maintain life.
The application of biocatalysis is growing rapidly, since enzymes
offer potential for many exciting applications in industry. The ad-
vent of whole genome sequencing projects enabled new approaches
for biocatalyst development, based on specialised methods for en-
zyme heterologous expression and engineering. The engineering of
enzymes with altered activity, specificity and stability, using site-
directed mutagenesis and directed evolution techniques are now
well established. Over the last decade, enzyme immobilisation has
become important in industry. New methods and techniques for en-
zyme immobilisation allow for the reuse of the catalysts and the
development of efficient biotechnological processes. This chapter
reviews advances in enzyme technology as well as in the techniques
and strategies used for enzyme production, engineering and immo-
bilisation and discuss their advantages and disadvantages.

PREFACE

Enzymes are proteins with powerful catalytic functions. They
increase reaction rates sometimes by as much as one million
fold, but more typically by about one thousand fold. Catalytic
activity can also be shown, to a limited extent, by biological
molecules other than the ‘classical’ enzymes. For example, an-
tibodies raised to stable analogues of the transition states of
a number of enzyme-catalysed reactions can act as effective
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catalysts for those reactions (Hsieh-Wilson et al. 1996). In ad-
dition, RNA molecules can also act as a catalyst for a number
of different types of reactions (Lewin 1982). These antibod-
ies and RNA catalysts are known as abzymes and ribozymes,
respectively.

Enzymes have a number of distinct advantages over conven-
tional chemical catalysts. Among these are their high productiv-
ity, catalytic efficiency, specificity and their ability to discrim-
inate between similar parts of molecules (regiospecificity) or
optical isomers (stereospecificity). Enzymes, in general, work
under mild conditions of temperature, pressure and pH. This
advantage decreases the energy requirements and therefore re-
duces the capital costs. However, there are some disadvantages
in the use of enzymes, such as high cost and low stability. These
shortcomings are currently being addressed mainly by employ-
ing protein engineering approaches using recombinant DNA
technology (Stemmer 1994, Ke and Madison 1997). These ap-
proaches aim at improving various properties such as thermosta-
bility, specificity and catalytic efficiency. The advent of designer
biocatalysts enables production of not only process-compatible
enzymes, but also novel enzymes able to catalyse new or
unexploited reactions (Schmidt-Dannert et al. 2000, Umeno and
Arnold 2004). This is just the start of the enzyme technology era.

ENZYME STRUCTURE AND MECHANISM
NOMENCLATURE AND CLASSIFICATION OF ENZYMES

Enzymes are classified according to the nature of the reaction
they catalyse (e.g. oxidation/reduction, hydrolysis, synthesis,
etc.) and sub-classified according to the exact identity of their
substrates and products. This nomenclature system was estab-
lished by the Enzyme Commission (a committee of the Inter-
national Union of Biochemistry). According to this system, all
enzymes are classified into six major classes:

1. Oxidoreductases, which catalyse oxidation—reduction reac-
tions.

2. Transferases, which catalyse group transfer from one
molecule to another.

3. Hydrolases, which catalyse hydrolytic cleavage of C-C,
C-N, C-0, C-S or O-P bonds. These are group transfer
reactions but the acceptor is always water.

4. Lyases, which catalyse elimination reactions, resulting in
the cleavage of C-C, C-O, C-N, C-S bonds or the for-
mation of a double bond, or conversely adding groups to
double bonds.

5. Isomerases, which catalyse isomerisation reactions, e.g.,
racemisation, epimerisation, cis-frans-isomerisation, tau-
tomerisation.

6. Ligases, which catalyse bond formation, coupled with the
hydrolysis of a high-energy phosphate bond in ATP or a
similar triphosphate.

The Enzyme Commission system consists of a numerical clas-
sification hierarchy of the form ‘E.C. a.b.c.d’ in which ‘a’ rep-
resents the class of reaction catalysed and can take values from
1 to 6 according to the classification of reaction types given

above. ‘b’ denotes the sub-class, which usually specifies more
precisely the type of the substrate or the bond cleaved, e.g. by
naming the electron donor of an oxidation—reduction reaction or
by naming the functional group cleaved by a hydrolytic enzyme.
‘c’ denotes the sub-subclass, which allows an even more precise
definition of the reaction catalysed. For example, sub-subclasses
of oxidoreductases are denoted by naming the acceptor of the
electron from its respective donor. ‘d’ is the serial number of the
enzyme within its sub-subclass. An example will be analysed.
The enzyme that oxidises D-glucose using molecular oxygen
catalyses the following reaction:

Glucose oxidase

D-Glucono-1,5-lactone

B-b-Glucose

Scheme 7.1.

Hence, its systematic name is D-glucose: oxygen oxidoreduc-
tase, and its systematic number is EC 1.1.3.4.

The systematic names are often quite long, and therefore,
short trivial names along with systematic numbers are often
more convenient for enzyme designation. These shorter names
are known as recommended names. The recommended names
consist of the suffix ‘—ase’ added to the substrate acted on. For
example for the enzyme mentioned above, the recommended
name is glucose oxidase.

It should be noted that the system of nomenclature and classi-
fication of enzymes is based only on the reaction catalysed and
takes no account of the origin of the enzyme, that is from the
species or tissue it derives.

BAsic ELEMENTS OF ENZYME STRUCTURE
The Primary Structure of Enzyme

Enzymes are composed of L-a-amino acids joined together by
a peptide bond between the carboxylic acid group of one amino
acid and the amino group of the next.

i T T
H,N—C—COOH + H,N—C—COOH 2% H,N—C—C—N{—C—COOH

| \ | |
H H

H LO R,

Peptitde bond

Scheme 7.2.

There are 20 common amino acids in proteins, which are spec-
ified by the genetic code; in rare cases, others occur as the prod-
ucts of enzymatic modifications after translation. A common
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feature of all 20 amino acids is a central carbon atom (C,) to
which a hydrogen atom, an amino group (-NH,) and a carboxy
group (-COOH) are attached. Free amino acids are usually zwit-
terionic at neutral pH, with the carboxyl group deprotonated and
the amino group protonated. The structure of the most common
amino acids found in proteins is shown in Table 7.1. Amino
acids can be divided into four different classes depending on the
structure of their side chains, which are called R groups: non-
polar, polar uncharged, negatively charged (at neutral pH) and
positively charged (at neutral pH; Richardson 1981). The prop-
erties of the amino acid side chains determine the properties of
the proteins they constitute. The formation of a succession of
peptide bonds generates the ‘main chain’ or ‘backbone’.

The primary structure of a protein places several constrains
on how it can fold to produce its three-dimensional structure
(Cantor 1980, Fersht 1999). The backbone of a protein consists
of a carbon atom C, to which the side chain is attached, a NH
group bound to C, and a carbonyl group C = O, where the
carbon atom C is attached to C, (Fig. 7.1) The peptide bond is
planar since it has partial (~40%) double bond character with
7 electrons shared between the C—O and C-N bonds (Fig. 7.1).
The peptide bond has a trans-conformation, that is the oxygen of
the carbonyl group and the hydrogen of the NH group are in the
trans position; the cis conformation occurs only in exceptional
cases (Richardson 1981).

Enzymes have several ‘levels’ of structure. The protein’s se-
quence, that is the order of amino acids, is termed as its ‘primary
structure’. This is determined by the sequence of nucleotide
bases in the gene that codes for the protein. Translation of the
mRNA transcript produces a linear chain of amino acids linked
together by a peptide bond between the carboxyl carbon of the

fo.RrR H T AN
s + 2
2N CA
H ”f//R | H R H
H
(A)
R
AN K\\\\\\H
N—C H
N /
C—N P
o” “CI=C R
R W 1 \ l\\\\\\ H
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o c—cC
RY N
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Figure 7.1. (A) The amide bond showing delocalisation of
electrons. (B) A tripeptide unit of a polypeptide chain showing the
planar amide units and the relevant angles of rotation about the
bonds to the central «-carbon atom.

first amino acid and the free amino group of the second amino
acid. The first amino acid in any polypeptide sequence has a free
amino group and the terminal amino acid has a free carboxyl
group. The primary structure is responsible for the higher levels
of enzyme’s structure and therefore for the enzymatic activity
(Richardson 1981, Price and Stevens 1999).

The Three-Dimensional Structure of Enzymes

Enzymes are generally very closely packed globular structures
with only a small number of internal cavities, which are normally
filled by water molecules. The polypeptide chains of enzymes
are organised into ordered, hydrogen bonded regions, known
as secondary structure (Andersen and Rost 2003). In these or-
dered structures, any buried carbonyl oxygen forms a hydro-
gen bond with an amino NH group. This is done by forming
a-helices and SB-pleated sheets, as shown in Figure 7.2. The a-
helix can be thought of as having a structure similar to a coil or
spring (Surewicz and Mantsch 1988). The f-sheet can be visu-
alised as a series of parallel strings laid on top of an accordion-
folded piece of paper. These structures are determined by the
protein’s primary structure. Relatively small, uncharged, polar
amino acids readily organise themselves into «-helices, while
relatively small, non-polar amino acids form S-sheets. Proline is
a special amino acid because of its unique structure (Table 7.1).
Introduction of proline into the sequence creates a permanent
bend at that position (Garnier et al. 1990). Therefore, the pres-
ence of proline in an a-helix or B-sheet disrupts the secondary
structure at that point. The presence of a glycine residue confers
greater than normal flexibility on a polypeptide chain. This is
due to the absence of a bulky side chain, which reduces steric
hindrance.

Another frequently observed structural unit is the S-turn (Fang
and Shortle 2003). This occurs when the main chain sharply
changes direction using a bend composed of four successive
residues, often including proline and glycine. In these units,
the C = O group of residue i is hydrogen bonded to the NH of
residue i+3 instead of i+4 as in «-helix. Many different types of
B-turn have been identified, which differ in terms of the number
of amino acids and in conformation (e.g. Type I, Type II, Type
III; Sibanda et al. 1989).

The three-dimensional structure of a protein composed of
a single polypeptide chain is known as its tertiary structure.
Tertiary structure is determined largely by the interaction of
R groups on the surface of the protein with water and with
other R groups on the protein’s surface. The intermolecular non-
covalent attractive forces that are involved in stabilising the
enzyme’s structure are usually classified into three types: ionic
bonds, hydrogen bonds and van der Waals attractions (Matthews
1993). Hydrogen bonding results from the formation of hydro-
gen bridges between appropriate atoms; electrostatic bonds are
due to the attraction of oppositely charged groups located on
two amino acid side chains. Van der Waals bonds are gener-
ated by the interaction between electron clouds. Another im-
portant weak force is created by the three-dimensional structure
of water, which tends to force hydrophobic groups together in
order to minimise their disruptive effect on hydrogen-bonded



128

Part 2: Biotechnology and Enzymology

Table 7.1. Names, Symbols (One Letter and Three Letters Code) and Chemical Structures of the 20 Amino Acids

Found in Proteins

Non-polar amino acids
Alanine

Valine

Leucine

Isoleucine

Methionine

Tryptophan

Phenylalanine

Proline

Polar uncharged amino acids
Glycine

Asparagine

Glutamine

Serine

Threonine

Cysteine

Tyrosine

Negatively charged amino acids
Glutamate

Aspartate

Positively charged amino acids
Arganine

Lysine

Histidine

Ala (A)

Val (V)

Leu (L)

Te (I)

Met (M)

Trp (W)

Phe (P)

Pro (P)

Gly (G)

Asp (D)

Gln (Q)

Ser (S)

Thr (T)

Cys (C)

Tyr (Y)

Glu (E)

Asn (N)

Arg (R)

Lys (K)

His (H)

CH3—C|)H—COOH
NH,

HsC

HaC/CH—CIDH—COOH

NH,

GB.

o CH-CHz~CH-COOH

NH,

HsC—CH,

H.G SCH-GH-COOH

NH,

CH3—S—CH2—(I3H—COOH
NH,

(Y CHaGH-COOH
N NH,
@—CHQ—CIZH—COOH
NH,
+
[N]\COOH

H H

H—CIZH—COOH
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H,N-C—-CH,—CH,-CH-COOH
I |
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Figure 7.2. Representation of «-helix and g-sheet. Hydrogen bonds are depicted by doted lines.

network of water molecules. Apart from the peptide bond, the
only other type of covalent bond involved in linking amino-
acids is the disulphide (-S-S-) bond, which can be formed
between two cysteine side-chains under oxidising conditions.
The disulphide bond contributes significantly to the structural
stability of an enzyme and more precisely in tertiary structural
stabilisation (see below for details; Matthews 1993, Estape et al.
1998).

Detailed studies have shown that certain combinations of a-
helices or B-sheet together with turns occur in many proteins.
These often-occurring structures have been termed motifs, or
super-secondary structure (Kabsch and Sander 1983, Adamson
et al. 1993). Examples of motifs found in several enzymes are
shown in Figure 7.3. These protein folds represent highly stable
structural units, and it is believed that they may form nucleating
centres in protein folding (Richardson 1981).



130 Part 2: Biotechnology and Enzymology

Helix-loop-helix Paf motif
o o~
= >
o 32 \R Y =

c

Greek key

J

Hairpin

Figure 7.3. Common examples of motifs found in proteins.

Certain combinations of a-helices and §-sheets pack together
to form compactly folded globular units, each of which is called
protein domain with molecular mass of 15,000 to 20,000 Da
(Orengo et al. 1997). Domains may be composed of secondary
structure and identifiable motifs and therefore represent a higher
level of structure than motifs. The most widely used classifica-
tion scheme of domains has been the four-class system (Fig. 7.4;
Murzin et al. 1995). The four classes of protein structure are as
follows:

1. All-a-proteins, which have only «-helix structure.

2. All-B-proteins, which have -sheet structure.

3. «/B-proteins, which have mixed or alternating segments of
«-helix and B-sheet structure.

4. «a+p proteins, which have a-helix and S-sheet struc-
tural segments that do not mix but are separated along
the polypeptide chain.

While small proteins may contain only a single domain, larger
enzymes contain a number of domains. In fact, most enzymes
are dimers, tetramers or polymers of several polypeptide chains.
Each polypeptide chain is termed ‘subunit’ and it may be iden-
tical or different to the others. The side chains on each polypep-
tide chain may interact with each other, as well as with water
molecules to give the final enzyme structure. The overall or-
ganisation of the subunits is known as the quaternary struc-
ture and therefore the quaternary structure is a characteristic of
multi-subunit enzymes. The four levels of enzyme structure are
illustrated in Figure 7.5.

THEORY OF ENZYME CATALYSIS AND MECHANISM

In order for a reaction to occur, the reactant molecules must
possess sufficient energy to cross a potential energy barrier,
which is known as the activation energy (Fig. 7.6; Hackney
1990). All reactant molecules have different amounts of energy,
but only a small proportion of them have sufficient energy to

cross the activation energy of the reaction. The lower the activa-
tion energy, the more substrate molecules are able to cross the
activation energy. The result is that the reaction rate is increased.

Enzyme catalysis requires the formation of a specific re-
versible complex between the substrate and the enzyme. This
complex is known as the enzyme—substrate complex (ES) and
provides all the conditions that favour the catalytic event (Hack-
ney 1990, Marti et al. 2004). Enzymes accelerate reactions by
lowering the energy required for the formation of a complex of
reactants that is competent to produce reaction products. This
complex is known as the transition state complex of the reaction
and is characterised by lower free energy than it would be found
in the uncatalysed reaction.

E+Se—2ES+—2ES «—> EP— E+P

Scheme 7.3.

The ES must pass to the transition state (ES*). The transition
state complex must advance to an enzyme—product complex (EP),
which dissociates to free enzyme and product (P). This reaction’s
pathway goes through the transition states TS;, TS, and TS;.
The amount of energy required to achieve the transition state
is lowered; hence, a greater proportion of the molecules in the
population can achieve the transition state and cross the activa-
tion energy (Benkovic and Hammes-Schiffer 2003, Wolfenden
2003). Enzymes speed up the forward and reverse reactions
proportionately, so that they have no effect on the equilibrium
constant of the reactions they catalyse (Hackney 1990).

Substrate is bound to the enzyme by relatively weak non-
covalent forces. The free energy of interaction of the ES com-
plex ranges between —12 to —36 kJ/mole. The intermolecular
attractive forces between enzyme—substrate, in general, are of
three types: ionic bonds, hydrogen bonds and van der Waals
attractions.

Specific part of the protein structure that interacts with the
substrate is known as the substrate binding site (Fig. 7.7). The
substrate binding site is a three-dimensional entity suitably de-
signed as a pocket or a cleft to accept the structure of the substrate
in three-dimensional terms. The binding residues are defined as
any residue with any atom within 4 A of a bound substrate. These
binding residues that participate in the catalytic event are known
as the catalytic-residues and form the active-site. According to
Bartlett et al. (Bartlett et al. 2002), a residue is defined as cat-
alytic if any of the following take place:

1. Direct involvement in the catalytic mechanism, for exam-
ple as a nucleophile.

2. Exerting an effect, that aids catalysis, on another residue or
water molecule, which is directly involved in the catalytic
mechanism.

3. Stabilisation of a proposed transition-state intermediate.

4. Exerting an effect on a substrate or cofactor that aids catal-
ysis, for example by polarising a bond that is to be broken.
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(©)
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Figure 7.4. The four-class classification system of domains. (A) The « + B class (structure of glycyl-tRNA synthetase «-chain). (B) the all «
class (structure of the hypothetical protein (Tm0613) from Thermotoga maritima). (C) The «/f class (structure of glycerophosphodiester
phosphodiesterase). (D) The all 8 class (structure of allantoicase from Saccharomyces cerevisiae).

Despite the impression that the enzyme’s structure is static and
locked into a single conformation, several motions and confor-
mational changes of the various regions always occur (Hammes
2002). The extent of these motions depends on many factors, in-
cluding temperature, the properties of the solvating medium, the
presence or absence of substrate and product (Hammes 2002).
The conformational changes undergone by the enzyme play an
important role in controlling the catalytic cycle. In some en-
zymes, there are significant movements of the binding residues,
usually on surface loops, and in other cases, there are larger con-
formational changes. Catalysis takes place in the closed form and
the enzyme opens again to release the product. This favoured
model that explains enzyme catalysis and substrate interaction is
the so-called induced fit hypothesis (Anderson et al. 1979, Joseph

et al. 1990). In this hypothesis, the initial interaction between
enzyme and substrate rapidly induces conformational changes
in the shape of the active site, which results in a new shape of
the active site that brings catalytic residues close to substrate
bonds to be altered (Fig. 7.8). When binding of the substrate
to the enzyme takes place, the shape adjustment triggers catal-
ysis by generating transition-state complexes. This hypothesis
helps to explain why enzymes only catalyse specific reactions
(Anderson et al. 1979, Joseph et al. 1990). This basic cycle has
been seen in many different enzymes, including triosephosphate
isomerase, which uses a small hinged loop to close the active
site (Joseph et al. 1990) and kinases, which use two large lobes
moving towards each other when the substrate binds (Anderson
et al. 1979).
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Figure 7.5. Schematic representation of the four levels of protein
structure.

COENZYMES, PROSTHETIC GROUPS AND METAL
IoN COFACTORS

Non-protein groups can also be used by enzymes to affect catal-
ysis. These groups, called cofactors, can be organic or inorganic
and are divided into three classes: coenzymes, prosthetic groups
and metal ion cofactors (McCormick 1975). Prosthetic groups
are tightly bound to an enzyme through covalent bond. Coen-
zymes bind to enzyme reversibly and associate and dissociate
from the enzyme during each catalytic cycle and therefore may
be considered as co-substrates. An enzyme containing a cofactor
or prosthetic group is termed as holoenzyme. Coenzymes can be
broadly classified into three main groups: coenzymes that trans-
fer groups onto substrate, coenzymes that accept and donate
electrons and compounds that activate substrates (Table 7.2).
Metal ions such as Ca*?, Mg*?, Zn*?2, Mn™2, Fe*? and Cu™?
may in some cases act as cofactors. These may be bound to the
enzyme by simple coordination with electron-donating atoms
of side chains (imidazole of His, —SH group of Cys, carboxy-

late O~ of Asp and Glu). In some cases, metals, such as Mg*?,
are associated with the substrate rather than the enzyme. For
example, Mg-ATP is the true substrate for kinases (Anderson
et al. 1979). In other cases, metals may form part of a prosthetic
group in which they are bound by coordinate bonds (e.g. heme;
Table 7.2) in addition to side-chain groups. Usually, in this case,
metal ions participate in electron transfer reactions.

KINETICS OF ENZYME-CATALYSED REACTIONS

The term enzyme kinetics implies a study of the velocity of an
enzyme-catalysed reaction and of the various factors that may
affect this (Moss 1988). An extensive discussion of enzyme
kinetics would stay too far from the central theme of this chapter,
but some general aspects will be briefly considered.

The concepts underlying the analysis of enzyme kinetics con-
tinue to provide significant information for understanding in vivo
function and metabolism and for the development and clinical
use of drugs aimed at selectively altering rate constants and in-
terfering with the progress of disease states (Bauer et al. 2001).
Central scope of any study of enzyme kinetics is knowledge of
the way in which reaction velocity is altered by changes in the
concentration of the enzyme’s substrate and of the simple math-
ematics underlying this (Wharton 1983, Moss 1988, Watson
and Dive 1994). As we have already discussed, the enzymatic
reactions proceed through an intermediate ES in which each
molecule of enzyme is combined, at any given instant during
the reaction, with one substrate molecule. The reaction between
enzyme and substrate to form the ES is reversible. Therefore,
the overall enzymatic reaction can be shown as

E+S%ES%E+P

—1

Scheme 7.4.

where k1, k_ and k., are the respective rate constants. The re-
verse reaction concerning the conversion of product to substrate
is not included in this scheme. This is allowed at the beginning
of the reaction when there is no, or little, product present. In
1913, biochemists Michaelis and Menten suggested that if the
reverse reaction between E and S is sufficiently rapid, in com-
parison with the breakdown of ES complex to form product, the
latter reaction will have a negligible effect on the concentration
of the ES complex. Consequently, E, S and ES will be in equi-
librium, and the rates of formation and breakdown of ES will be
equal. On the basis of these assumptions Michaelis and Menten
produced the following equation:

v = Vmax . [S]
K +[S]
This equation is a quantitative description of the relationship

between the rate of an enzyme-catalysed reaction (x) and the
concentration of substrate [S]. The parameters Vi, and K, are
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Figure 7.6. A schematic diagram showing the free energy profile of the course of an enzyme catalysed reaction involving the formation of
enzyme—substrate (ES) and enzyme—product (EP) complexes. The catalysed reaction pathway goes through the transition states TS, TS,
and TS3, with standard free energy of activation AG., whereas the uncatalysed reaction goes through the transition state TS, with standard

free energy of activation AGy.

constants at a given temperature and a given enzyme concentra-
tion. The K, or Michaelis constant is the substrate concentration
at which v = Vj,x/2 and its usual unit is M. The K, provides
us with information about the substrate binding affinity of the
enzyme. A high K, indicates a low affinity and vice versa (Moss
1988, Price and Stevens 1999).

The Viax is the maximum rate of the enzyme-catalysed re-
action and it is observed at very high substrate concentrations
where all the enzyme molecules are saturated with substrate, in
the form of ES complex. Therefore

Vinax = Keat[ Et]

where [E,] is the total enzyme concentration and k., is the rate
of breakdown of the ES complex (k,, in the equation), which
is known as the turnover number. ke, represents the maximum
number of substrate molecules that the enzyme can convert to
product in a set time. The K., depends on the particular en-
zyme and substrate being used and on the temperature, pH,
ionic strength, etc. However, note that K, is independent of the
enzyme concentration, whereas Vi,.x is proportional to enzyme
concentration. A plot of the initial rate (v) against initial substrate
concentration ([S]) for a reaction obeying the Michaelis—Menten

kinetics has the form of a rectangular hyperbola through the ori-
gin with asymptotes v = V¢ and [S] = — Ky, (Fig. 7.9A). The
term hyperbolic kinetics is also sometimes used to characterise
such kinetics.

There are several available methods for determining the pa-
rameters from the Michaelis—Menten equation. A better method
for determining the values of Vj,.x and K, was formulated by
Hans Lineweaver and Dean Burk and is termed the Lineweaver-
Burk (LB) or double reciprocal plot (Fig. 7.9B). Specifically, it
is a plot of 1/v versus 1/[S], according to the equation:

1 Kn 1 1

" Vo 181 Vo

Such a plot yields a straight line with a slope of K,/ Vipax.
The intercept on the 1/v axis is 1/ Viyax and the intercept on the
1/[S] axis is —1/Ky,.

The rate of an enzymatic reaction is also affected by changes
in pH and temperature (Fig. 7.10). When pH is varied, the veloc-
ity of reaction in the presence of a constant amount of enzyme is
typically greatest over a relatively narrow range of pH. Since en-
zymes are proteins, they possess a large number of ionic groups,
which are capable of existing in different ionic forms (Labrou
et al. 2004a). The existence of a fairly narrow pH-optimum for
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Figure 7.7. The substrate binding site of maize glutathione
S-transferase. The binding residues are depicted as sticks, whereas
the substrate is depicted in a space fill model. Only Ser 11 is
involved directly in catalysis and is considered as catalytic residue.

Open form

% Substrate

Closed form

Figure 7.8. A schematic representation of the induced fit
hypothesis.

most enzymes suggests that one particular ionic form of the
enzyme molecule, out of the many that it can potentially exist,
is the catalytically active one. The effect of pH changes on v
is reversible, except after exposure to extremes of pH at which
denaturation of the enzyme may occur.

The rate of an enzymatic reaction increases with increasing
temperature. Although there are significant variations from one
enzyme to another, on average, for each 10°C rise in temper-
ature, the enzymatic activity is increased by an order of two.
After exposure of the enzyme to high temperatures (normally
greater that 65°C), denaturation of the enzyme may occur and
the enzyme activity decreased. The Arrhenius equation

—E,
2303RT

provides a quantitative description of the relationship between
the rate of an enzyme-catalysed reaction (V) and the temper-
ature (T). Where E, is the activation energy of the reaction, R
is the gas constant, and A is a constant relevant to the nature of
the reactant molecules.

The rates of enzymatic reactions are affected by changes in
the concentrations of compounds other than the substrate. These
modifiers may be activators, that is they increase the rate of
reaction or their presence may inhibit the enzyme’s activity. Ac-
tivators and inhibitors are usually small molecules or even ions.
Enzyme inhibitors fall into two broad classes: those causing ir-
reversible inactivation of enzymes and those whose inhibitory
effects can be reversed. Inhibitors of the first class bind cova-
lently to the enzyme so that physical methods of separating the
two are ineffective. Reversible inhibition is characterised by the
existence of equilibrium between enzyme and inhibitor (I):

LogVimax = + A

E+1 == EI

Scheme 7.5.

The equilibrium constant of the reaction, Kj, is given by the
equation:

[ES]

[E]
K; is a measure of the affinity of the inhibitor for the enzyme.
Reversible inhibitors can be divided into three main categories:
competitive inhibitors, non-competitive inhibitors and uncom-
petitive inhibitors. The characteristic of each type of inhibition
and their effect on the kinetic parameters K, and Vy,x are shown
in Table 7.3.

i

THERMODYNAMIC ANALYSIS

Thermodynamics is the science that deals with energy. Chemi-
cal bonds store energy, as the subatomic particles are being at-
tracted and chemical reactions are occurred with energy changes.
Originally, thermodynamic laws were used to analyse and char-
acterise mechanical systems, but the kinetic molecular theory
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Table 7.2. The Structure of Some Common Coenzymes: Adenosine Triphosphate (ATP), Coenzyme A (CoA),
Flavin Adenine Dinucleotide (FAD), Nicotinamide Adenine Dinucleotide (NAD") and Heam ¢

Cofactor

Type of Reactions Catalysed

Structure

Adenosine triphosphate (ATP)

Coenzyme A (CoA)

Flavin adenine dinucleotide (FAD)

Nicotinamide adenine dinucleotide
(NAD™)

Heam ¢

Phosphate transfer reactions (e.g. kinases)

Acyl transfer reactions (transferases)

Redox reactions (reductases)

Redox reactions (e.g. dehydrogenases)

Activate substrates

NH,
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I " I </ f\N
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OH OH
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Figure 7.9. (A) A plot of the initial rate (v) against initial substrate
concentration ([S]) for a reaction obeying the Michaelis-Menten
kinetics. The substrate concentration, which gives a rate of half the
maximum reaction velocity, is equal to the Ki,. (B) The
Lineweaver-Burk plot. The intercept on the 1/v axis is 1/ Vnax, the
intercept on the 1/[S] axis is —1/Km and the slope is K/ Vmnax-

(Eblin 1964) suggests that molecules are in constant motion,
which obey the same laws of mechanics as macroscopic objects.
Since enzymes are biomolecules, which catalyse chemical reac-
tions, they contribute to the energetic background of a chemical
system. As a result, enzymes are directly related to thermody-
namic parameters.

In this section, we will focus on the most representative ther-
modynamic parameters that are useful, in order to describe ex-
perimental data. The fundamental thermodynamic parameters
are the Helmholtz free energy (F), the entropy (S) and the en-
thalpy (H). Free energy (F') correlates the energy (E) of a system
with its entropy (S): F = E — TS, where T is the temperature.
The entropy (S) of a system is the range of its disorder and the
thermodynamic definition is (Rakintzis 1994) (the symbol ¢ is
used to represent the amount of heat absorbed by a system):

S=/%dT©S=qln(T)

Furthermore, enthalpy is a constitutive function of pressure
(P) and temperature (T'), and energy (E) is a constitutive func-

A

Temperature

Figure 7.10. Relationship of the activity—pH and
activity—temperature for a putative enzyme.

tion of volume (V') and temperature (T'), respectively (Rakintzis
1994):

H=f(P,T)
dH = [%] dpP + [ﬁ} ar

P |, T |,
E=fWV.T)

O O
dE:[—] dv+[—] ar
v |, aT |,

At this point, we have to emphasise that in biological systems,
anormal experiment deals with a constant pressure (atmospheric
pressure) and not with a constant volume. This means, that we
determine not a change of energy (F) of a studied body (e.g.
enzyme), but a change in its enthalpy: H = E + PV. However,
the quantity (PV) is considered insignificant in case that we study
a protein for instance, because the volume per molecule is too
small. Hence, there is no difference between H and E, and we can
refer both of them simply as “energy’ (Finkelstein and Ptitsyn
2002). Likewise, there is no difference between Helmholtz free
energy (F = E —TS) and Gibb’s free energy (G = H — T9),
since we consider that H is equivalent to E. As a result, we
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Table 7.3. The Characteristic of Each Type of Inhibition and Their Effect on the Kinetic Parameters K,, and Vi«

Inhibitor Type Binding Site on Enzyme Kinetic Effect
Competitive Inhibitor The inhibitor specifically binds at the A
enzyme’s catalytic site, where it competes 1/v
Increase of [l]

with substrate for binding:

E = ES - E+P

. Jf 1/ Vinax \ Absence of
- VPN inhibitor
m
N L7

v

0 1/[9]

K, is increased; Vi« is unchanged.

LB equation:

1 K I 1 1
= K (U L

v Vmax Ki [S ] Vmax

Non-competitive Inhibitor ~ The inhibitor binds to E or to the ES
complex (may form an ESI complex) at a 4 \
site other than the catalytic. Substrate v Increase of {1
binding is unchanged, whereas ESI
complex cannot form products. " \ Absence of
s g inhibitor
E << ES —> E+P

J P

El == ES<= E+P

=1/Km

< »
< »

0 1/[S]
K is unchanged; Vi, is decreased proportionately
to inhibitor concentration.
LB equation:

1 K [7] 1 1 [7]

i 1+ =) — 14+ =

vwm<+m>m+mx+&>
'\ Increase of [l]

\Absence of

inhibitor

Uncompetitive Inhibitor Binds only to ES complexes at a site other 4
than the catalytic site. Substrate binding 1y
alters enzyme structure, making
inhibitor-binding site available:

1/ Vimax

E = ES - E+P
I >

EIS 1/Km

N\

v

1/[S]
K., and Vi, are decreased.
LB equation:

L _ Ky 11 (D
v Vow IS] (+E

can refer both F and G as ‘free energy’ (Finkelstein and Ptitsyn
2002). Eventually, when we study the thermodynamic behaviour
of an enzyme, regarding its structural stability or its functionality,
we have to do with Gibb’s free energy (G), entropy (S) and
enthalpy (H).

As far as experimental procedures are concerned, someone
can use two equations in order to measure the thermodynamic

parameters, applying temperature differentiation experimental
protocols (Kotzia and Labrou 2005). These equations are the
Arrhenius (Equation 4) and the Eyring equations, which basi-
cally describe the temperature dependence of reaction state. So,
considering an enzymic reaction as a chemical reaction, which
is characterised by a transition state, we can efficiently use the
Eyring’s equation. This equation is based on transition state
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model, whose principles are (i) there is a thermodynamic equi-
librium between the transition state and the state of reactants at
the top of the energy barrier and (ii) the rate of chemical reac-
tion is proportional to the concentration of the particles in the
high-energy transition state.

Combining basic kinetic expressions, which describe a simple
chemical reaction:

A+B—C

Scheme 7.6.

and thermodynamic equations, such as (Finkelstein and Ptitsyn
2002)

AG = —RT Ink
AG =AH —-TAS
Eyring’s equation is formed:
kgT
h
where k is the reaction velocity, R is the universal gas
constant (8.3145 J-mol~! K), kg the Boltzmann’s constant
(1.381-10723 . K1), his the Plank constant (6.626 - 10734 ] - 5)
and T is the absolute temperature in degrees Kelvin (K). If
we compare Eyring’s equation and Arrhenius equation (Laidler
1984), we can realise that £ and AH are parallel quantities, as we
concluded above. Eyring’s equation is an appropriate and useful
tool, which allows us to simplify the complicated meaning of
thermodynamics and, simultaneously, to interpret experimental
data to physical meanings.

49 _ kT s

k

ENzZYME DyYNAMICS DURING CATALYSIS

Multiple conformational changes and intramolecular motions
appear to be a general feature of enzymes (Agarwal et al. 2002).
The structures of proteins and other biomolecules are largely
maintained by non-covalent forces and are therefore subject to
thermal fluctuations ranging from local atomic displacements to
complete unfolding. These changes are intimately connected to
enzymatic catalysis and are believed to fulfil a number of roles in
catalysis: enhanced binding of substrate, correct orientation of
catalytic groups, removal of water from the active site and trap-
ping of intermediates. Enzyme conformational changes may be
classified into four types (Gutteridge and Thornton 2004): (i)
domain motion, where two rigid domains, joined by a flexi-
ble hinge, move relative to each other; (ii) loop motion, where
flexible surface loops (2—10 residues) adopt different conforma-
tions; (iii) side chain rotation, which alters the position of the
functional atoms of the side chain and (iv) secondary structure
changes.

Intramolecular motions in biomolecules are usually very fast
(picosecond—nanosecond) local fluctuations. The flexibility as-
sociated with such motions provides entropic stabilisation of
conformational states (Agarwal et al. 2002). In addition, there are

also slower- (microsecond-millisecond) and larger-scale, ther-
mally activated, transitions. Large-scale conformational changes
are usually key events in enzyme regulation.

ENZYME PRODUCTION

In the past, enzymes were isolated primarily from natural
sources, and thus a relatively limited number of enzymes were
available to the industry (Aehle 2007). For example, of the hun-
dred or so enzymes being used industrially, over one half are
from fungi and yeast and over a third are from bacteria, with the
remainder divided between animal (8§%) and plant (4%) sources
(Panke and Wubbolts 2002, van Beilen and Li 2002, Bornscheuer
2005). Today, with the recent advances of molecular biology and
genetic engineering, several expression systems were developed
and exploited and used for the commercial production of several
therapeutic (Mcgrath 2005), analytical or industrial enzymes
(van Beilen and Li 2002, Kirk et al. 2002, Otero and Nielsen
2010). These systems have not only improved the efficiency,
availability and cost with which enzymes can be produced, but
they have also improved their quality (Labrou and Rigden 2001,
Andreadeli et al. 2008, Kapoli et al. 2008, Kotzia and Labrou
2009, Labrou 2010).

EnzyME HETEROLOGOUS EXPRESSION

There are two basic steps involved in the assembly of every
heterologous expression system:

1. The introduction of the DNA, encoding the gene of inter-
est, into the host cells, which requires: (i) the identification
and isolation of the gene of the protein we wish to express,
(ii) insertion of the gene into a suitable expression vector
and (iii) introduction of the expression vector into the se-
lected cell system that will accommodate the heterologous
protein.

2. The optimisation of protein expression by taking into
account the effect of various factors such as growing
medium, temperature, and induction period.

A variety of vectors able to carry the DNA into the host
cells are available, ranging from plasmids, cosmids, phagemids,
viruses as well as artificial chromosomes of bacterial, yeast or
human origin (BAC, YAC or HAC, respectively; Grimes and
Monaco 2005, Monaco and Moralli 2006, Takahashi and Ueda
2010). The vectors are either integrated into the host chromoso-
mal DNA or remain in an episomal form. In general, expression
vectors have the following characteristics (Fig. 7.11):

1. Polylinker: it contains multiple restriction sites that facili-
tate the insertion of the desired gene into the vector.

2. Selection marker: encodes for a selectable marker, allow-
ing the vector to be maintained within the host cell under
conditions of selective pressure (i.e. antibiotic).

3. Ori: a sequence that allows for the autonomous replication
of the vector within the cells.

4. Promoter: inducible or constitutive, that regulates RNA
transcription of the gene of interest.
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Figure 7.11. Generalised heterologous gene expression vector.
Polylinker sequence (multiple cloning site (MCS)), promoter
(PeukPro) terminator (TeUk/Pro) selectable marker (prokaryotic and/or
eukaryotic — MeUkPr) “and origin of replication (eukaryotic and/or
prokaryotic — Orieuk/pro).

5. Terminator: a strong terminator sequence that ensures that
the RNA polymerase disengages and does not continue to
transcribe other genes located downstream.

Vectors are usually designed with mixed characteristics for ex-
pression in both prokaryotic and eukaryotic host cells (Brondyk
2009, Demain and Vaishnav 2009). Artificial chromosomes are
designed for cloning of very large segments of DNA (100 kb),
usually for mapping purposes, and contain host-specific telom-
eric and centromeric sequences. These sequences permit the
proper distribution of the vectors to the daughter cells during
cell division and increase chromosome stability (Fig. 7.12).

THE CHOICE OF EXPRESSION SYSTEM

There are two main categories of expression systems: eukary-
otic and prokaryotic (Demain and Vaishnav 2009). The choice
of a suitable expression system involves the consideration of
several important factors, such as protein yield, proper folding,
post-translational modifications (e.g. phosphorylation, glycosy-
lation), industrial applications of the expressed protein, as well
as economic factors. For these reasons, there is no universally
applied expression system. A comparison of the most commonly
used expression systems is shown in Table 7.4.

Bacterial Cells

Expression of heterologous proteins in bacteria remains the most
extensively used approach for the production of heterologous
proteins (Zerbs et al. 2009), such as cytokines (Tang et al.
2006, Rabhi-Essafi et al. 2007), membrane proteins (Butzin
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Figure 7.12. Artificial chromosome cloning system. Initially, the
circular vector is digested with restriction endonucleases (RE) for
linearisation and then ligated with size-fractionated DNA (=100 kb).
The vector contains centromeric and telomeric sequences, which
assure chromosome-like propagation within the cell, as well as
selection marker sequences for stable maintenance. Origin of
replication (eukaryotic or prokaryotic — OrieUk/Pr0) ' selectable marker
(eukaryotic or prokaryotic — MeUK/Pro) ' centromeric sequence (C),
and telomeric sequence (T).
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et al. 2009, Zoonens and Miroux 2010), enzymes (Melissis et al.
2006, Kotzia and Labrou 2007, Melissis et al. 2007, Andread-
eli et al. 2008, Wu et al. 2009, Okino et al. 2010), antibodies
(Kwong and Rader 2009, Xiong et al. 2009) and antigens (vi-
ral or non-viral; Donayre-Torres et al. 2009, Liu et al. 2009a,
Vahedi et al. 2009, Ebrahimi et al. 2010) at both laboratory and
industrial scale (Koehn and Hunt 2009, Sahdeyv et al. 2008, Peti
and Page 2007, Jana and Deb 2005). Bacteria can be grown
inexpensively and genetically manipulated very easily. They
can reach very high densities rapidly and express high levels
of recombinant proteins, reaching up to 50% of the total pro-
tein. However, in many cases, high-level expression correlates
with poor quality. Often, the expressed protein is accumulated
in the form of insoluble inclusion bodies (misfolded protein
aggregate) and additional, sometimes labour-intensive, genetic
manipulation or re-solubilisation/refolding steps are required
(Burgess 2009). Bacterial cells do not possess the eukaryotes’
extensive post-translational modification system (such as N- or
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Table 7.4. Comparison of the Main Expression Systems

Mammalian  Transgenic  Transgenic
Bacteria Yeast Fungi Insect Cells Cells Plants Animals
Developing time Short Short Short Intermediate Intermediate Intermediate Long
Costs for downstream +++ ++ ++ ++ ++ ++ ++
processing
Levels of expression High Intermediate Intermediate Intermediate Low Low Low
Recombinant protein stability — +/— +/— +/— +/— +/— +++ +/—
Production volume Limited Limited Limited Limited Limited Unlimited Unlimited
Postranslational modifications = No Yes Yes Yes Yes Yes Yes
(disulphide bond
formation, glycosylation,
etc.)
‘Human-type’ glycosylation No No No No Yes No Yes
Folding capabilities - ++ +++ +++ +++ +++ +++
Contamination level ++ — — — ++ - ++
(pathogens, EPL, etc.)
O-glycosylation), a serious disadvantage, when post- advantages of bacteria (low cultivation cost, high doubling rate,

translational modifications are essential to the protein’s function
(Zhang et al. 2004). However, they are capable of a surpris-
ingly broad range of covalent modifications such as acetylation,
amidation and deamidation, methylation, myristylation, biotiny-
lation and phosphorylation.

Mammalian Cells

Mammalian cells are the ideal candidate for expression hosts
(Engelhardt et al. 2009, Hacker et al. 2009) when post-
translational modifications (N- and O-glycosylation, disulfide
bond formation) are a critical factor for the efficacy of the ex-
pressed protein (Baldi et al. 2007, Werner et al. 2007, Durocher
and Butler 2009, Geisse and Fux 2009, Hacker et al. 2009).
Despite substantial limitations, such as high cost, low yield, in-
stability of expression and time-consuming, a significant number
of proteins (e.g. cytokines; Fox et al. 2004, Sunley et al. 2008,
Suen et al. 2010), antibodies (Kim et al. 2008, Chusainow et al.
2009), enzymes (Zhuge et al. 2004), viral antigens (Holzer et al.
2003), blood factors and related proteins (Halabian et al. 2009,
Su et al. 2010) are produced in this system because it offers
very high product fidelity. However, oligosaccharide process-
ing is species- and cell type-dependent among mammalian cells
and differences in the glycosylation pattern have been reported
in rodent cell lines and human tissues. The expressed proteins
are usually recovered in a bioactive, properly folded form and
secreted into the cell culture fluids.

Yeast

Yeast is a widely used expression system with many commercial,
medical and basic research applications. The fact that the yeast is
the most intensively studied eukaryote at the genetic/molecular
level makes it an extremely advantageous expression system
(Idiris et al. 2010). Being unicellular organism, it retains the

ease of genetic manipulation, ability to produce heterologous
proteins in large-scale quantities) combined with the advantages
of higher eukaryotic systems (post-translational modifications).
The vast majority of yeast expression work has focused on
the well-characterised baker’s yeast Saccharomyces cerevisiae
(Holz et al. 2003, Terpitz et al. 2008, Joubert et al. 2010), but
a growing number of non-Saccharomyces yeasts are becoming
available as hosts for recombinant polypeptide production, such
as Hansenula polymorpha, Candida boidinii, Kluyveromyces
lactis, Pichia pastoris (Cregg et al. 2000, Jahic et al. 2006, van
Ooyen et al. 2006, Yurimoto and Sakai 2009), Schizosaccha-
romyces pombe (Alberti et al. 2007, Ahn et al. 2009, Takegawa
et al. 2009), Schwanniomyces occidentalis and Yarrowia lipoly-
tica (Madzak et al. 2004, 2005, Bankar et al. 2009). As in bac-
teria, expression in yeast relies on episomal or integrated multi-
copy plasmids with tightly regulated gene expression. Despite
these advantages, expressed proteins are not always recovered
in soluble form and may have to be purified from inclusion bod-
ies. Post-translational modifications in yeast differ greatly from
mammalian cells (Jacobs and Callewaert 2009, Hamilton and
Gerngross 2007). This has sometimes proven to be a hindrance
when high fidelity of complex carbohydrate modifications found
in eukaryotic proteins appears to be important in many medical
applications. Yeast cells do not add complex oligosaccharides
and are limited to the high-mannose-type carbohydrates. These
higher order oligosaccharides are possibly immunogenic and
could potentially interfere with the biological activity of the
protein.

Filamentous Fungi

Filamentous fungi have been extensively used for studies of
eukaryotic gene organisation, regulation and cellular differen-
tiation. Additionally, fungi belonging to the genus Aspergillus
and Penicillium are of significant industrial importance because
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of their applications in food fermentation and their ability to
secrete a broad range of biopolymer degrading enzymes and to
produce primary (organic acids) and secondary metabolites (an-
tibiotics, vitamins). The extensive genetic knowledge as well as
the already well-developed fermentation technology has allowed
for the development of heterologous protein expression systems
(Nevalainen et al. 2005, Wang et al. 2005) expressing fungal
(e.g. glucoamylase (Verdoes et al. 1993), propyl aminopepti-
dase (Matsushita-Morita et al. 2009)) or mammalian (e.g. hu-
man interleukin-6 (Contreras et al. 1991), antitrypsin (Chill et al.
2009), lactoferrin (Ward et al. 1995), bovine chymosin (Ward
et al. 1990, Cardoza et al. 2003)) proteins of industrial and clin-
ical interest using filamentous fungi as hosts. However, the ex-
pression levels of mammalian proteins expressed in Aspergillus
and Trichoderma species are low compared to homologous pro-
teins. Significant advances in heterologous protein expression
have dramatically improved the expression efficiency by fus-
ing the heterologous gene to the 3’-end of a highly expressed
homologous gene (mainly glucoamylase). Even so, limitations
in protein folding, post-translational modifications, transloca-
tion and secretion as well as secretion of extracellular proteases
could pose a significant hindrance for the production of bioactive
proteins (Gouka et al. 1997, Nevalainen et al. 2005, Lubertozzi
and Keasling 2009).

Insect Cells

Recombinant baculoviruses are widely used as a vector for the
expression of recombinant proteins in insect cells (Hitchman
et al. 2009, Jarvis 2009, Trometer and Falson 2010), such as
enzymes (Zhao et al. 2010), immunoglobulins (lizuka et al.
2009), viral antigens (Takahashi et al. 2010) and transcription
factors (Fabian et al. 1998). The recombinant genes are usually
expressed under the control of the polyhedrin or p/0 promoter
of the Autographa californica nuclear polyhedrosis virus (Ac-
NPV) in cultured insect cells of Spodoptera frugiperda (Sf9
cells) or in insect larvae of Lepidopteran species infected with
the recombinant baculovirus containing the gene of interest. The
polyhedron and p10 genes possess very strong promoters and
are highly transcribed during the late stages of the viral cycle.
Usually, the recombinant proteins are recovered from the in-
fected insect cells in soluble form and targeted in the proper
cellular environment (membrane, nucleus and cytoplasm). In-
sect cells have many post-translational modification, transport
and processing mechanisms found in higher eukaryotic cells
(Durocher and Butler 2009), although their glycosylation effi-
ciency is limited and they are not able to process complex-type
oligosaccharides containing fucose, galactose and sialic acid.

Dictyostelium discoideum

Recently, the cellular slime mould Dictyostelium discoideum, a
well-studied single-celled organism, has emerged as a promis-
ing eukaryotic alternative system (Arya et al. 2008b) for the
expression of recombinant proteins (e.g. human antithrombin
IIT; Dingermann et al. 1991, Tiltscher and Storr 1993, Dittrich
et al. 1994) and enzymes (e.g. phosphodiesterase; Arya et al.

2008a). Its advantage over other expression systems lies in its
extensive post-translational modification system (glycosylation,
phosphorylation, acylation), which resembles that of higher eu-
karyotes (Jung and Williams 1997, Jung et al. 1997, Slade et al.
1997). It is a simple organism with a haploid genome of 5 X
107 bp and a life cycle that alternates between single-celled and
multicellular stages. Recombinant proteins are expressed from
extrachromosomal plasmids (Dictyostelium discoideum is one
of a few eukaryotes that have circular nuclear plasmids) rather
than being integrated in the genome (Ahern et al. 1988). The nu-
clear plasmids can be easily genetically manipulated and isolated
in a one-step procedure, as in bacteria. This system is ideally
suited for the expression of complex glycoproteins and although
it retains many of the advantages of the bacterial (low cultivation
cost) and mammalian systems (establishment of stable cell lines,
glycosylation), the development of this system at an industrial
scale is hampered by the relatively low productivity, compared
to bacterial systems.

Trypanosomatid Protozoa

A newly developed eukaryotic expression system is based on the
protozoan lizard parasites of the Leishmania and Trypanosoma
species (Basile and Peticca 2009). Its gene and protein regula-
tion and editing mechanisms are remarkably similar to those of
higher eukaryotes and include the capability of ‘mammalian-
like’ glycosylation. It has a very rapid doubling time and can be
grown to high densities in relatively inexpensive medium. The
recombinant gene is integrated into the small ribosomal subunit
rRNA gene and can be expressed to high levels. Increased ex-
pression levels and additional promoter control can be achieved
in T7 polymerase-expressing strains. Being a lizard parasite, it is
not pathogenic to humans, which makes this system invaluable
and highly versatile. Proteins and enzymes of significant inter-
est, such as human tissue plasminogen activator (Soleimani et al.
2007), EPO (Breitling et al. 2002), IFNy (Tobin et al. 1993) and
IL-2 (La Flamme 1995), have been successfully expressed in
this system.

Transgenic Plants

The current protein therapeutics market is clearly an area of
enormous interest from a medical and economic point of view.
Recent advances in human genomics and biotechnology have
made it possible to identify a plethora of potentially impor-
tant drugs or drug targets. Transgenic technology has provided
an alternative, more cost-effective bioproduction system than
the previously used (E. coli, yeast, mammalian cells; Larrick
and Thomas 2001, Demain and Vaishnav 2009). The accumu-
lated knowledge on plant genetic manipulation has been re-
cently applied to the development of plant bioproduction sys-
tems (Twyman et al. 2005, Boehm 2007, Lienard et al. 2007,
Faye and Champey 2008, Sourrouille et al. 2009). Expression in
plants could be either constitutive or transient and directed to a
specific tissue of the plant (depending on the type of promoter
used). Expression of heterologous proteins in plants offers sig-
nificant advantages, such as low production cost, high biomass
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production, unlimited supply and ease of expandability. Plants
also have high-fidelity expression, folding and post-translational
modification mechanisms, which could produce human proteins
of substantial structural and functional equivalency compared
to proteins from mammalian expression systems (Gomord and
Faye 2004, Joshi and Lopez 2005). Additionally, plant-made hu-
man proteins of clinical interest (Schillberg et al. 2005, Twyman
et al. 2005, Vitale and Pedrazzini 2005, Tiwari et al. 2009), such
as antibodies (Hassan et al. 2008, Ko et al. 2009, De Muynck
et al. 2010, Lai et al. 2010), vaccines (Hooper 2009, Alvarez
and Cardineau 2010), cytokines (Elias-Lopez et al. 2008) and
enzymes (Kermode et al. 2007, Stein et al. 2009), are free of po-
tentially hazardous human diseases, viruses or bacterial toxins.
However, there is considerable concern regarding the potential
hazards of contamination of the natural gene pool by the trans-
genes and possible additional safety precautions will raise the
production cost.

Transgenic Animals

Besides plants, transgenic technology has also been applied to
many different species of animals (mice, cows, rabbits, sheep,
goats and pigs; Niemann and Kues 2007, Houdebine 2009).
The DNA containing the gene of interest is microinjected into
the pronucleus of a single-cell fertilised zygote and integrated
into the genome of the recipient; therefore, it can be faithfully
passed on from generation to generation. The gene of interest
is coupled with a signal targeting protein expression towards
specific tissues, mainly the mammary gland, and the protein
can therefore be harvested and purified from milk. The proteins
produced by transgenic animals are almost identical to human
proteins, greatly expanding the applications of transgenic ani-
mals in medicine and biotechnology. Several human protein of
pharmaceutical value have been produced in transgenic animals,
such as haemoglobin (Swanson 1992, Logan and Martin 1994),
lactoferrin (Han et al. 2008, Yang et al. 2008), antithrombin III
(Yang et al. 2009), protein C (Velander 1992) and fibrinogen
(Prunkard 1996), and there is enormous interest for the genera-
tion of transgenic tissues suitable for transplantation in humans
(only recently overshadowed by primary blastocyte technology
(Klimanskaya et al. 2008)). Despite the initial technological ex-
pertise required to produce a transgenic animal, the subsequent
operational costs are low and subsequent inbreeding ensures that
the ability to produce the transgenic protein will be passed on
to its offspring. However, certain safety issues have arisen con-
cerning the potential contamination of transgenically produced
proteins by animal viruses or prions, which could possibly be
passed on to the human population. Extensive testing required
by the FDA substantially raises downstream costs.

ENZYME PURIFICATION

Once a suitable enzyme source has been identified, it becomes
necessary to design an appropriate purification procedure to iso-
late the desired protein. The extent of purification required for
an enzyme depends on several factors, the most important of
which being the degree of enzyme purity required as well as

Table 7.5. Protein Properties Used During Purification

Protein Property Technique

Solubility Precipitation

Size Gel filtration

Charge Ion exchange

Hydrophobicity Hydrophobic interaction chromatography
Biorecognition Affinity chromatography

the starting material, for example the quantity of the desired
enzyme present in the initial preparation (Lesley 2001, Labrou
and Clonis 2002). For example, industrial enzymes are usually
produced as relatively crude preparations. Enzymes used for
therapeutic or diagnostic purposes are generally subjected to the
most stringent purification procedures, as the presence of com-
pounds other than the intended product may have an adverse
clinical impact (Berthold and Walter 1994).

Purification of an enzyme usually occurs by a series of inde-
pendent steps in which the various physicochemical properties
of the enzyme of interest are utilised to separate it progressively
from other unwanted constituents (Labrou and Clonis 2002,
Labrou et al. 2004b). The characteristics of proteins that are
utilised in purification include solubility, ionic charge, molec-
ular size, adsorption properties and binding affinity to other
biological molecules. Several methods that exploit differences
in these properties are listed in Table 7.5.

Precipitation methods (usually employing (NH4),SOy,
polyethyleneglycol or organic solvents) are not very efficient
method of purification (Labrou and Clonis 2002). They typ-
ically give only a few fold purification. However, with these
methods, the protein may be removed from the growth medium
or from cell debris where harmful proteases and other detri-
mental compounds may affect protein stability. On the other
hand, chromatography is a highly selective separation tech-
nique (Regnier 1987, Fausnaugh 1990). A wide range of chro-
matographic techniques has been used for enzyme purification:
size-exclusion chromatography, ion-exchange, hydroxyapatite,
hydrophobic interaction chromatography, reverse-phase chro-
matography and affinity chromatography (Labrou 2003). Of
these, ion-exchange and affinity chromatography are the most
common and probably the most important (Labrou and Clonis
1994).

Ion-Exchange Chromatography

Ton-exchange resins selectively bind proteins of opposite charge;
that is, a negatively charged resin will bind proteins with a net
positive charge and vice versa (Fig. 7.13). Charged groups are
classified according to type (cationic and anionic) and strength
(strong or weak); the charge characteristics of strong ion ex-
change media do not change with pH, whereas with weak ion-
exchange media they do. The most commonly used charged
groups include diethylaminoethyl, a weakly anionic exchanger;
carboxymethyl, a weakly cationic exchanger; quaternary am-
monium, a strongly anionic exchanger; and methyl sulfonate,
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Figure 7.13. (A) Schematic diagram of a chromatogram showing
the steps for a putative purification. (B) Schematic diagram
depicting the principle of ion-exchange chromatography.

a strongly cationic exchanger (Table 7.6; Levison 2003). The
matrix material for the column is usually formed from beads of
carbohydrate polymers, such as agarose, cellulose or dextrans
(Levison 2003).

The technique takes place in five steps (Labrou 2000;
Fig. 7.13): equilibration of the column to pH and ionic strength
conditions suitable for target protein binding; protein sample
application to the column and reversible adsorption through

counter-ion displacement; washing of the unbound contami-
nating proteins, enzymes, nucleic acids and other compounds;
introduction of elution conditions in order to displace bound
proteins; and regeneration and re-equilibration of the adsorbent
for subsequent purifications. Elution may be achieved either by
increasing the salt concentration or by changing the pH of the
irrigating buffer. Both methods are used in industry, but rais-
ing the salt concentration is by far the most common because it
is easier to control (Levison 2003). Most protein purifications
are done on anion exchange columns because most proteins are
negatively charged at physiological pH values (pH 6-8).

Affinity Chromatography

Affinity chromatography is potentially the most powerful and
selective method for protein purification (Fig. 7.14; Labrou
and Clonis 1994, Labrou 2003). According to the International
Union of Pure and Applied Chemistry, affinity chromatography
is defined as a liquid chromatographic technique that makes use
of a ‘biological interaction’ for the separation and analysis of
specific analytes within a sample. Examples of these interactions
include the binding of an enzyme with a substrate/inhibitor or
of an antibody with an antigen or in general the interaction of
a protein with a binding agent, known as the ‘affinity ligand’
(Fig. 7.14; Labrou 2002, 2003, Labrou et al. 2004b). The devel-
opment of an affinity chromatography-based purification step
involves the consideration of the following factors: (i) selection
of an appropriate ligand and (ii) immobilisation of the ligand
onto a suitable support matrix to make an affinity adsorbent.
The selection of the immobilised ligand for affinity chromatog-
raphy is the most challenging aspect of preparing an affinity
adsorbent. Certain factors need to be considered when selecting
a ligand (Labrou and Clonis 1995, 1996): (i) the specificity of
the ligand for the protein of interest, (ii) the reversibility of the
interaction with the protein, (iii) its stability against the biolog-
ical and chemical operation conditions and (iv) the affinity of
the ligand for the protein of interest. The binding site of a pro-
tein is often located deep within the molecule and adsorbents
prepared by coupling the ligands directly to the support exhibit
low binding capacities. This is due to steric interference between
the support matrix and the protein’s binding site. In these cir-
cumstances, a ‘spacer arm’ is inserted between the matrix and
ligand to facilitate effective binding (Fig. 7.14). A hexyl spacer
is usually inserted between ligand and support by substitution
of 1,6-diaminohexane (Lowe 2001).

The ideal matrix should be hydrophilic, chemically and bio-
logically stable and have sufficient modifiable groups to permit
an appropriate degree of substitution with the enzyme. Sepharose
is the most commonly used matrix for affinity chromatography
on the research scale. Sepharose is a commercially available
beaded polymer, which is highly hydrophilic and generally inert
to microbiological attack (Labrou and Clonis 2002). Chemically,
it is an agarose (poly-{p-1,3-p-galactose-a-1,4-(3,6-anhydro)-
L-galactose}) derivative.

The selection of conditions for an optimum affinity chromato-
graphic purification involves the study of the following factors:
(1) choice of adsorption conditions (e.g. buffer composition,
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Table 7.6. Functional Groups Used on lon Exchangers

Functional Group

Anion exchangers
Diethylaminoethyl (DEAE)
Quaternary aminoethyl (QAE)
Quaternary ammonium (Q)

Cation exchangers
Carboxymethyl (CM)
Sulphopropyl (SP)

~0-CH,—CH,-N*H(CH,CHj),
~0-CH,~CH,-N"*(C,Hs),—~CH,—~CHOH-CH,
~0-CH,~CHOH-CH,0-CH,-CHOH-CH,N*(CHs),

—O-CH,—-COO~
—0-CH,-CHOH-CH,-0-CH,-CH,-CH,S03 ™~

pH, ionic strength) to maximise the conditions required for the
formation of strong complex between the ligand and the pro-
tein to be purified, (2) choice of washing conditions to desorb
non-specifically bound proteins and (3) choice of elution con-
ditions to maximise purification (Labrou and Clonis 1995). The
elution conditions of the bound macromolecule should be both

Support
— / Ligand
Spacer

Adsorption

Washing

Figure 7.14. Schematic diagram depicting the principle of affinity
chromatography.

tolerated by the affinity adsorbent and effective in desorbing
the biomolecule in good yield and in the native state. Elution
of bound proteins is performed in a non-specific or biospecific
manner. Non-specific elution usually involves (1) changing the
ionic strength (usually by increasing the buffer’s molarity or
including salt, e.g. KCIl or NaCl) and the pH (adsorption gen-
erally weakens with increasing pH), (2) altering the polarity of
the irrigating buffer by employing, for example ethylene glycol
or other organic solvents, if the hydrophobic contribution in the
protein-ligand complex is large. Biospecific elution is achieved
by inclusion in the equilibration buffer of a suitable ligand, which
usually competes with the immobilised ligand for the same bind-
ing site on the enzyme/protein (Labrou 2000). Any competing
ligand may be used. For example, substrates, products, cofac-
tors, inhibitors or allosteric effectors are all potential candidates
as long as they have higher affinity for the macromolecule than
the immobilised ligand.

Dye-ligand affinity chromatography represents a powerful
affinity-based technique for enzyme and protein purification
(Clonis et al. 2000, Labrou 2002, Labrou et al. 2004b). The tech-
nique has gained broad popularity due to its simplicity and wide
applicability to purify a variety of proteins. The employed dyes
as affinity ligands are commercial textile chlorotriazine polysul-
fonated aromatic molecules, which are usually termed as triazine
dyes (Fig. 7.15). Such dye-ligands have found wide applications
over the past 20 years as general affinity ligands in the research
market to purify enzymes, such as oxidoreductases, decarboxy-
lases, glycolytic enzymes, nucleases, hydrolases, lyases, syn-
thetases and transferases (Scopes 1987). Anthraquinone triazine
dyes are probably the most widely used dye-ligands in enzyme
and protein purification. Especially the triazine dye Cibacron
Blue F3GA (Fig. 7.18) has been widely exploited as an affinity
chromatographic tool to separate and purify a variety of pro-
teins (Scopes 1987). With the aim of increasing the specificity
of dye-ligands, the biomimetic dye-ligand concept was intro-
duced. According to this concept, new dyes that mimic natural
ligands of the targeted proteins are designed by substituting the
terminal 2-aminobenzene sulfonate moiety of the dye Cibacron
Blue 3GA (CB3GA) for (77 with) a substrate-mimetic moiety
(Clonis et al. 2000, Labrou 2002, 2003, Labrou et al. 2004b).
These biomimetic dyes exhibit increased purification ability and
specificity and provide useful tools for designing simple and
effective purification protocols.
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Figure 7.15. Structure of several representative triazine dyes: (A) Cibacron Blue 3GA, (B) Procion Red HE-3B and (C) Procion Rubine MX-B.

The rapid development of recombinant DNA technology since
the early 1980s has changed the emphasis of a classical enzyme
purification work. For example, epitope tagging is a recombinant
DNA method for inserting a specific protein sequence (affinity
tag) into the protein of interest (Terpe 2003). This allows the
expressed tagged protein to be purified by affinity interactions
with a ligand that selectively binds to the affinity tag. Examples
of affinity tags and their respective ligands used for protein and
enzyme purification are shown in Table 7.7.

ENZYME ENGINEERING

Another extremely promising area of enzyme technology is en-
zyme engineering. New enzyme structures may be designed and
produced in order to improve existing ones or create new ac-
tivities. Over the past two decades, with the advent of protein
engineering, molecular biotechnology has permitted not only
the improvement of the properties of these isolated proteins, but
also the construction of ‘altered versions’ of these ‘naturally
occurring’ proteins with novel or ‘tailor-made’ properties (Ryu

Table 7.7. Adsorbents and Elution Conditions of Affinity Tags

Affinity Tag Matrix Elution Condition

Poly-His Ni?*-NTA Imidazole 20-250 mM or low pH

FLAG Anti-FLAG monoclonal antibody pH 3.0 or 2-5 mM EDTA

Strep-tag II Strep-Tactin (modified streptavidin) 2.5 mM desthiobiotin

c-myc Monoclonal antibody Low pH

S S-fragment of RNaseA 3 M guanidine thiocyanate, 0.2 M citrate pH 2, 3 M
magnesium chloride

Calmodulin-binding peptide Calmodulin EGTA or EGTA with 1 M NaCl

Cellulose-binding domain Cellulose Guanidine HCI or urea > 4 M

Glutathione S-transferase Glutathione 5-10 mM reduced glutathione
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Figure 7.16. Comparison of rational design and directed evolution.

and Nam 2000, Gerlt and Babbitt 2009, Tracewell and Arnold
2009).

TAILOR-MADE ENZYMES BY PROTEIN ENGINEERING

There are two main intervention approaches for the construction
of tailor-made enzymes: rational design and directed evolution
(Chen 2001, Schmidt et al. 2009; Fig. 7.16).

Rational design takes advantage of knowledge of the
three-dimensional structure of the enzyme, as well as struc-
ture/function and sequence information to predict, in a ‘ratio-
nal/logical’ way, sites on the enzyme that when altered would
endow the enzyme with the desired properties (Craik et al.
1985, Wells et al. 1987, Carter et al. 1989, Scrutton et al. 1990,
Cedrone et al. 2000). Once the crucial amino acids are identified,
site-directed mutagenesis is applied and the expressed mutants
are screened for the desired properties. It is clear that protein en-
gineering by rational design requires prior knowledge of the ‘hot
spots’ on the enzyme. Directed evolution (or molecular evolu-
tion) does not require such prior sequence or three-dimensional
structure knowledge, as it usually employs random-mutagenesis
protocols to engineer enzymes that are subsequently screened
for the desired properties (Tao and Cornish 2002, Dalby 2003,

Jaeger and Eggert 2004, Jestin and Kaminski 2004, Williams
et al. 2004). However, both approaches require efficient expres-
sion as well as sensitive detection systems for the protein of
interest (Kotzia et al. 2006). During the selection process, the
mutations that have a positive effect are selected and identified.
Usually, repeated rounds of mutagenesis are applied until en-
zymes with the desired properties are constructed. For example,
it took four rounds of random mutagenesis and DNA shuffling of
Drosophila melanogaster 2'-deoxynucleoside kinase, followed
by FACS analysis, in order to yield an orthogonal ddT kinase
with a 6-fold higher activity for the nucleoside analogue and a
20-fold kco/ Ky preference for ddT over thymidine, an overall
10,000-fold change in substrate specificity (Liu et al. 2009b).
Usually, a combination of both methods is employed by the
construction of combinatorial libraries of variants, using ran-
dom mutagenesis on selected (by rational design) areas of the
parental ‘wild-type’ protein (typically, binding surfaces or spe-
cific amino acids; Altamirano et al. 2000, Arnold 2001, Saven
2002, Johannes and Zhao 2006). For example, Park et al. ratio-
nally manipulated several active site loops in the ab/ba metal-
lohydrolase scaffold of glyoxalase II through amino acid inser-
tion, deletion, and substitution, and then used directed evolution
to introduce random point-mutations to fine-tune the enzyme
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activity (Park et al. 2006). The resulting enzyme completely lost
its original activity and instead showed S-lactamase activity.

The industrial applications of enzymes as biocatalysts are
numerous. Recent advances in genetic engineering have made
possible the construction of enzymes with enhanced or altered
properties (change of enzyme/cofactor specificity and enantios-
electivity, altered thermostability, increased activity) to satisfy
the ever-increasing needs of the industry for more efficient cata-
lysts (Bornscheuer and Pohl 2001, Zaks 2001, Jaeger and Eggert
2004, Chaput et al. 2008, Zeng et al. 2009).

RAaTiONAL ENZYME DESIGN

The rational protein design approach is mainly used for the
identification and evaluation of functionally important residues
or sites in proteins. Although the protein sequence contains all
the information required for protein folding and functions, to-
day’s state of technology does not allow for efficient protein
design by simple knowledge of the amino acid sequence alone.
For example, there are 10°% ways of rearranging amino acids
in a 250-amino-acid-long protein, and prediction of the number
of changes required to achieve a desired effect is an obstacle
that initially appears impossible. For this reason, a successful
rational design cycle requires substantial planning and could be
repeated several times before the desired result is achieved. A
rational protein design cycle requires the following:

1. Knowledge of the amino acid sequence of the enzyme of
interest and availability of an expression system that al-
lows for the production of active enzyme. Isolation and
characterisation (annotation) of cDNAs encoding pro-
teins with novel or pre-observed properties has been sig-
nificantly facilitated by advances in genomics (Schena
et al. 1995, Zweiger and Scott 1997, Schena et al. 1998,
Carbone 2009) and proteomics (Anderson and Anderson
1998, Anderson et al. 2000, Steiner and Anderson 2000,
Xie et al. 2009) and is increasing rapidly. These cDNA se-
quences are stored in gene (NCBI) and protein databanks
(UniProtKB/Swiss-Prot; Release 57.12 of 15 Dec 09 of
UniProtKB/Swiss-Prot contains 513,77 protein sequence
entries; Apweiler et al. 2004, The UniProt Consortium
2008). However, before the protein design cycle begins, a
protein expression system has to be established. Introduc-
tion of the cDNA encoding the protein of interest into a
suitable expression vector/host cell system is nowadays a
standard procedure (see above).

2. Structure/function analysis of the initial protein sequence
and determination of the required amino acids changes.
As mentioned before, the enzyme engineering process
could be repeated several times until the desired result
is obtained. Therefore, each cycle ends where the next
begins. Although, we cannot accurately predict the con-
formation of a given protein by knowledge of its amino
acid sequence, the amino acid sequence can provide sig-
nificant information. Initial screening should therefore
involve sequence comparison analysis of the original pro-
tein sequence to other sequence homologous proteins with

potentially similar functions by utilising current bioinfor-
matics tools (Andrade and Sander 1997, Fenyo and Beavis
2002, Nam et al. 2009, Yen et al. 2009, Zhang et al. 2009a,
2009b). Areas of conserved or non-conserved amino acids
residues can be located within the protein and could pos-
sibly provide valuable information, concerning the iden-
tification of binding and catalytic residues. Additionally,
such methods could also reveal information pertinent to
the three-dimensional structure of the protein.

3. Availability of functional assays for identification of
changes in the properties of the protein. This is probably
the most basic requirement for efficient rational protein de-
sign. The expressed protein has to be produced in a bioac-
tive form and characterised for size, function and stability
in order to build a baseline comparison platform for the en-
suing protein mutants. The functional assays should have
the required sensitivity and accuracy to detect the desired
changes in the protein’s properties.

4. Availability of the three-dimensional structure of the pro-
tein or capability of producing a reasonably accurate three-
dimensional model by computer modelling techniques.
The structures of thousands of proteins have been solved
by various crystallographic techniques (X-ray diffraction,
NMR spectroscopy) and are available in protein struc-
ture databanks. Current bioinformatics tools and elabo-
rate molecular modeling software (Wilkins et al. 1999,
Gasteiger et al. 2003, Guex et al. 2009) permit the accurate
depiction of these structures and allow the manipulation
of the aminoacid sequence. For example, they are able to
predict, with significant accuracy, the consequences of a
single aminoacid substitution on the conformation, elec-
trostatic or hydrophobic potential of the protein (Guex
and Peitsch 1997, Gasteiger et al. 2003, Schwede et al.
2003). Additionally, protein—ligand interactions can, in
some cases, be successfully simulated, which is especially
important in the identification of functionally important
residues in enzyme—cofactor/substrate interactions (Saxena
et al. 2009). Finally, in allosteric regulation, the induced
conformational changes are very difficult to predict. In
last few years, studies on the computational modelling of
allostery have also began (Kidd et al. 2009).

Where the three-dimensional structure of the protein of interest
is not available, computer modelling methods (homology mod-
elling, fold recognition using threading and ab initio prediction)
allow for the construction of putative models based on known
structures of homologous proteins (Schwede et al. 2003, Kopp
and Schwede 2004, Jaroszewski 2009, Qu et al. 2009). Addi-
tionally, comparison with proteins having homologous three-
dimensional structure or structural motifs could provide clues as
to the function of the protein and the location of functionally im-
portant sites. Even if the protein of interest shows no homology
to any other known protein, current amino acid sequence anal-
ysis software could provide putative tertiary structural models.
A generalised approach to predict protein structure is shown in
Figure 7.17.
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Figure 7.17. A generalised schematic for the prediction of protein three-dimensional structure.

Genetic manipulation of the wild-type nucleotide
sequence. A combination of previously published
experimental literature and sequence/structure analysis
information is usually necessary for the identification

of functionally important sites in the protein. Once an

adequate three-dimensional structural model of the protein

of interest has been constructed, manipulation of the gene
of interest is necessary for the construction of mutants.

Polymerase chain reaction (PCR) mutagenesis is the

basic tool for the genetic manipulation of the nucleotide

sequences. The genetically redesigned proteins are

engineered by the following:

a. Site-directed mutagenesis: alteration of specific amino
acid residues. There are a number of experimental
approaches designed for this purpose. The basic
principle involves the use of synthetic oligonucleotides
(oligonucleotide-directed mutagenesis) that are com-
plementary to the cloned gene of interest but contain
a single (or sometimes multiple) mismatched base(s)
(Balland et al. 1985, Garvey and Matthews 1990,
Wagner and Benkovic 1990). The cloned gene is
either carried by a single-stranded vector (M13
oligonucleotide-directed mutagenesis) or a plasmid
that is later denatured by alkali (plasmid DNA
oligonucleotide-directed mutagenesis) or heat
(PCR-amplified oligonucleotide-directed mutagenesis)
in order for the mismatched oligonucleotide to anneal.

The latter then serves as a primer for DNA synthesis
catalysed by externally added DNA polymerase for the
creation of a copy of the entire vector, carrying, how-
ever, a mutated base. PCR mutagenesis is the most fre-
quently used mutagenesis method (Fig. 7.18). For ex-
ample, substitution of specific amino acid positions by
site-directed mutagenesis (S67D/H68D) successfully
converted the coenzyme specificity of the short-chain
carbonyl reductase from NADP(H) to NAD(H) as well
as the product enantioselectivity without disturbing
enzyme stability (Zhang et al. 2009). In another exam-
ple, engineering of the maize GSTF1-1 by mutating
selected G-site residues resulted in substantial changes
in the pH-dependence of kinetic parameters of the
enzyme (Labrou et al. 2004a). Mutation of a key
residue in the H-site of the same enzyme (Ile118Phe)
led to a fourfold improved specificity of the en-

zyme towards the herbicide alachlor (Labrou et al.
2005).

So far, substitution of a specific amino acid by an-
other has been limited by the availability of only 20
naturally occurring amino acids. However, it is chemi-
cally possible to construct hundreds of designer-made
amino acids. Incorporation of these novel protein
building blocks could help shed new light into the
cellular and protein functions (Wang and Schultz 2002,
Chin et al. 2003, Deiters et al. 2003, Arnold 2009).
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b. Construction of deletion mutants: deletion of specified
areas within or at the 5'/3" ends (truncation mutants) of
the gene.

c. Construction of insertion/fusion mutants: insertion of a
functionally/structurally important epitope or fusion to
another protein fragment.

There are numerous examples of fusion proteins de-
signed to facilitate protein expression and purification,
display of proteins on surfaces of cells or phages, cel-
lular localisation, metabolic engineering as well as
protein—protein interaction studies (Nixon et al. 1998).

d. Domain swapping: exchanging of protein domains
between homologous or heterologous proteins.

For example, exchange of a homologous region be-
tween Agrobacterium tumefaciens -glucosidase (op-
timum at pH 7.2-7.4 and 60°C) and Cellvibrio gilvus
B-glucosidase (optimum at pH 6.2—-6.4 and 35°C) re-
sulted in a hybrid enzyme with optimal activity at pH
6.6-7.0 and 45-50°C (Singh et al. 1995). Also, domain
swapping was used to clarify the control of electron
transfer in nitric-oxide synthases (Nishida and Ortiz de
Montellano 2001). In another example, domain swap-
ping was observed in the structurally unrelated capsid
of arice yellow mottle virus, a member of the plant
icosahedral virus group, where it was demonstrated to
increase stability of the viral particle (Qu et al. 2000).

Although site-directed mutagenesis is widely used, it is
not always feasible due to the limited knowledge of protein
structure—function relationship and the approximate nature of
computer-graphic modelling. In addition, rational design ap-
proaches can fail due to unexpected influences exerted by the
substitution of one or more amino acid residues (Cherry and
Fidantsef 2003, Johannes and Zhao 2006). Irrational approaches
can therefore be preferable alternatives to direct the evolution of
enzymes with highly specialised traits (Hibbert and Dalby 2005,
Chatterjee and Yuan 2006, Johannes and Zhao 2006).

DIRECTED ENZYME EVOLUTION

Directed evolution by DNA recombination can be described as
a mature technology for accelerating protein evolution. Evolu-
tion is a powerful algorithm with proven ability to alter enzyme
function and especially to ‘tune’ enzyme properties (Cherry and
Fidantsef 2003, Williams et al. 2004, Hibbert and Dalby 2005,
Roodveldt et al. 2005, Chatterjee and Yuan 2006). The methods
of directed evolution use the process of natural selection but in a
directed way (Altreuter and Clark 1999, Kaur and Sharma 2006,
Wong et al. 2006, Glasner et al. 2007, Gerlt and Babbitt 2009,
Turner 2009). The major step in a typical directed enzyme evolu-
tion experiment is first to make a set of mutants and then to find
the best variants through a high-throughput selection or screen-
ing procedure (Kotzia et al. 2006). The process can be iterative,
so that a ‘generation’” of molecules can be created in a few weeks
or even in a few days, with large numbers of progeny subjected
to selective pressures not encountered in nature (Arnold 2001,
Williams et al. 2004).

There are many methods to create combinatorial libraries,
using directed evolution (Labrou 2010). Some of these are ran-
dom mutagenesis using mainly error-prone PCR (Ke and Madi-
son 1997, Cirino et al. 2003), DNA shuffling (Stemmer 1994,
Crameri et al. 1998, Baik et al. 2003, Bessler et al. 2003, Dixon
etal. 2003, Wada et al. 2003), StEP (staggered extension process;
Zhao et al. 1998, Aguinaldo and Arnold 2003), RPR (random-
priming in vitro recombination; Shao et al. 1998, Aguinaldo
and Arnold 2003), incremental truncation for the creation of
hybrid enzymes (ITCHY; Lutz et al. 2001), RACHITT (ran-
dom chimeragenesis on transient templates; Coco et al. 2001,
Coco2003), ISM (iterative saturation mutagenesis; Reetz 2007),
GSSM (gene site saturation mutagenesis; DeSantis et al. 2003,
Dumon et al. 2008), PDLGO (protein domain library generation
by overlap extension; Gratz and Jose 2008) and DuARCheM
(dual approach to random chemical mutagenesis; Mohan and
Banerjee 2008). The most frequently used methods for DNA
shuffling are shown in Figure 7.19.

Currently, directed evolution has gained considerable atten-
tion as a commercially important strategy for rapid design of
molecules with properties tailored for the biotechnological and
pharmaceutical market. Over the past four years, DNA family
shuffling has been successfully used to improve enzymes of in-
dustrial and therapeutic interest (Kurtzman et al. 2001, Chiang
2004, Dai and Copley 2004, Yuan et al. 2005). For example, by
applying the DNA family shuffling approach, the catalytic prop-
erties of cytochrome P450 enzymes were further extended in the
chimeric progeny to include a new range of blue colour forma-
tions. Therefore, it may be possible to direct the new enzymes
towards the production of new dyes (Rosic 2009).

IMMOBILISED ENZYMES

The term ‘immobilised enzymes’ describes enzymes physically
confined, localised in a certain region of space or attached on a
support matrix (Abdul 1993). The main advantages of enzyme
immobilisation are listed in Table 7.8.

There are at least four main areas in which immobilised en-
zymes may find applications, that is industrial, environmen-
tal, analytical and chemotherapeutic (Powell 1984, Liang et al.
2000). Environmental applications include waste water treat-
ment and the degradation of chemical pollutants of industrial
and agricultural origin (Dravis et al. 2001). Analytical appli-
cations include biosensors. Biosensors are analytical devices,
which have a biological recognition mechanism (most com-
monly enzyme) that transduce it into a signal, usually electrical,
and can be detected by using a suitable detector (Phadke 1992).
Immobilised enzymes, usually encapsulated, are also being used
for their possible chemotherapeutic applications in replacing
enzymes that are absent from individuals with certain genetic
disorders (DeYoung 1989).

METHODS FOR IMMOBILISATION

There are a number of ways in which an enzyme may be im-
mobilised: adsorption, covalent coupling, cross-linking, matrix
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Figure 7.19. A schematic representation of the most frequently used methods for DNA shuffling.

entrapment or encapsulation (Podgornik and Tennikova 2002;
Fig. 7.20). These methods will be discussed in the following
sections.

Adsorption

Adsorption is the simplest method and involves reversible
interactions between the enzyme and the support material
(Fig. 7.20A). The driving force causing adsorption is usually
the formation of several non-covalent bonds such as salt links,

Table 7.8. Advantages of Immobilised Enzymes

1. Repetitive use of a single batch of enzymes.
Immobilisation can improve enzyme’s stability by
restricting the unfolding of the protein.

3. Product is not contaminated with the enzyme. This is very
important in the food and pharmaceutical industries.

4. The reaction is controlled rapidly by removing the enzyme
from the reaction solution (or vice versa).

van der Waals, hydrophobic and hydrogen bonding (Calleri
et al. 2004). The methodology is easy to carry out and can be
applied to a wide range of support matrices such as alumina,
bentonite, cellulose, anion and cation exchange resins, glass,
hydroxyapatite, kaolinite, etc. The procedure consists of mixing
together the enzyme and a support under suitable conditions
of pH, ionic strength, temperature, etc. The most significant
advantages of this method are (i) absence of chemicals resulting
to a little damage to enzyme and (ii) reversibility, which allows
regeneration with fresh enzyme. The main disadvantage of the
method is the leakage of the enzyme from the support under
many conditions of changes in the pH, temperature and ionic
strength. Another disadvantage is the non-specific, adsorption
of other proteins or other substances to the support. This may
modify the properties of the support or of the immobilised
enzyme.

Covalent Coupling

The covalent coupling method is achieved by the formation
of a covalent bond between the enzyme and the support
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Figure 7.20. Representation of the methods by which an enzyme
may be immobilised: adsorption, covalent coupling, cross-linking,
matrix entrapment and encapsulation.

(Fig. 7.20B). The binding is very strong and therefore little
leakage of enzyme from the support occurs (Calleri et al. 2004).
The bond is formed between reactive electrophile groups present
on the support and nucleophile side chains on the surface of the
enzyme. These side-chains are usually the amino group (-NH,)
of lysine, the imidazole group of histidine, the hydroxyl group
(—OH) of serine and threonine, and the sulfydryl group (—SH)
of cysteine. Lysine residues are found to be the most gener-
ally useful groups for covalent bonding of enzymes to insoluble
supports due to their widespread surface exposure and high re-
activity, especially in slightly alkaline solutions.

It is important that the amino acids essential to the catalytic
activity of the enzyme are not involved in the covalent linkage to
the support (Dravis et al. 2001). This may be difficult to achieve,
and enzymes immobilised in this fashion generally lose activity
upon immobilisation. This problem may be prevented if the en-
zyme is immobilised in the presence of saturating concentrations
of substrate, product or a competitive inhibitor to protect active
site residues. This ensures that the active site remains ‘unre-

acted’ during the covalent coupling and reduces the occurrence
of binding in unproductive conformations.

Various types of beaded supports have been used successfully
as for example, natural polymers (e.g. agarose, dextran and cel-
Iulose), synthetic polymers (e.g. polyacrylamide, polyacryloyl
trihydroxymethylacrylamide, polymethacrylate), inorganic (e.g.
silica, metal oxides and controlled pore glass) and microporous
flat membrane (Calleri et al. 2004).

The immobilisation procedure consists of three steps (Cal-
leri et al. 2004): (i) activation of the support, (ii) coupling of
ligand and (iii) blocking of residual functional groups in the
matrix. The choice of coupling chemistry depends on the en-
zyme to be immobilised and its stability. A number of meth-
ods are available in the literature for efficient immobilisation
of enzyme through a chosen particular functional side chain’s
group by employing glutaraldehyde, oxirane, cyanogen bro-
mide, 1,1-carbonyldiimidazole, cyanuric chloride, trialkoxysi-
lane to derivatise glass, etc. Some of them are illustrated in
Figure 7.21.

Cross-linking

This type of immobilisation is achieved by cross-linking the
enzymes to each other to form complex structures as shown
in Figure 7.20C. It is therefore a support-free method and less
costly than covalent linkage. Methods of cross-linking involve
covalent bond formation between the enzymes using bi- or multi-
functional reagent. Cross-linking is frequently carried out using
glutaraldehyde, which is of low cost and available in industrial
quantities. To minimise close proximity problems associated
with the cross-linking of a single enzyme, albumin and gelatin
are usually used to provide additional protein molecules as spac-
ers (Podgornik and Tennikova 2002).

Entrapment and Encapsulation

In the immobilisation by entrapment, the enzyme molecules are
free in solution, but restricted in movement by the lattice struc-
ture of the gel (Fig. 7.20D; Balabushevich et al. 2004). The
entrapment method of immobilisation is based on the locali-
sation of an enzyme within the lattice of a polymer matrix or
membrane (Podgornik and Tennikova 2002). It is done in such
a way as to retain protein while allowing penetration of sub-
strate. Entrapment can be achieved by mixing an enzyme with
chemical monomers that are then polymerised to form a cross-
linked polymeric network, trapping the enzyme in the intersti-
tial spaces of lattice. Many materials have been used, such as
alginate, agarose, gelatin, polystyrene and polyacrylamide. As
an example of this latter method, the enzymes’ surface lysine
residues may be derivatised by reaction with acryloyl chloride
(CH, = CH-CO-Cl) to give the acryloyl amides. This product
may then be copolymerised and cross-linked with acrylamide
(CH, = CH-CO-NH,) and bisacrylamide (H,N-CO-CH =
CH-CH = CH-CO-NH,) to form a gel.

Encapsulation of enzymes can be achieved by enveloping the
biological components within various forms of semipermeable
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Figure 7.21. Commonly used methods for the covalent
immobilisation of enzymes. (A) Activation of hydroxyl support by
cyanogen bromide. (B) Carbodiimides may be used to attach amino
groups on the enzyme to carboxylate groups on the support or
carboxylate groups on the enzyme to amino groups on the support.
(C) Glutaraldehyde is used to cross-link enzymes or link them to
supports. The product of the condensation of enzyme and
glutaraldehyde may be stabilised against dissociation by reduction
with sodium borohydride.

membranes as shown in Figure 7.20E. Encapsulation is most
frequently carried out using nylon and cellulose nitrate to con-
struct microcapsules varying from 10 to 100 M. In general,
entrapment methods have found more application on the immo-
bilisation of cells.

NEW APPROACHES FOR ORIENTED ENZYME
IMMOBILISATION: THE DEVELOPMENT
OF ENZYME ARRAYS

With the completion of several genome projects, attention has
turned to the elucidation of functional activities of the encoded
proteins. Because of the enormous number of newly discovered
open reading frames, progress in the analysis of the correspond-
ing proteins depends on the ability to perform characterisation
in a parallel and high throughput format (Cahill and Nordhoff
2003). This typically involves construction of protein arrays
based on recombinant proteins. Such arrays are then analysed
for their enzymatic activities and the ability to interact with
other proteins or small molecules, etc. The development of en-
zyme array technology is hindered by the complexity of protein
molecules. The tremendous variability in the nature of enzymes
and consequently in the requirement for their detection and iden-
tification makes the development of protein chips a particularly
challenging task. Additionally, enzyme molecules must be im-
mobilised on a matrix in a way that they preserve their native
structures and are accessible to their targets (Cutler 2003). The
immobilisation chemistry must be compatible with preserving
enzyme molecules in native states. This requires good control
of local molecular environments of the immobilised enzyme
molecule (Yeo et al. 2004). There is one major barrier in en-
zyme microarray development: the immobilisation chemistry
has to be such that it preserves the enzyme in native state and
with optimal orientation for substrate interaction. This problem
may be solved by the recently developed in vitro protein liga-
tion methodology. Central to this method is the ability of certain
protein domains (inteins) to excise themselves from a precur-
sor protein (Lue et al. 2004). In a simplified intein expression
system, a thiol reagent induces cleavage of the intein—extein
bond, leaving a reactive thioester group on the C-terminus of
the protein of interest. This group can then be used to couple
essentially any polypeptide with an N-terminal cysteine to the
thioester tagged protein by restoring the peptide bond. In another
methodology, optimal orientation is based on the unique ability
of protein prenyl-transferases to recognise short but highly spe-
cific C-terminal protein sequences (Cys—A—-A-X-), as shown
in Figure 7.22. The enzyme accepts a spectrum of phosphoiso-
prenoid analogues while displaying a very strict specificity for
the protein substrate. This feature is explored for protein derivati-
sation. Several types of pyrophosphates (biotin analogues, pho-
toreactive aside and benzophenone analogues; Fig. 7.22) can
be covalently attached to the protein tagged with the Cys-A-
A-X motif. After modification, the protein can be immobilised
directly either reversibly through biotin—avidin interaction on
avidin modified support or covalently through the photoreactive
group on several supports.
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Figure 7.22. Principal scheme of using CAAX-tagged proteins for covalent modification with prenyl transferases.

ENZYME UTILISATION IN INDUSTRY

Enzymes offer potential for many exciting applications in in-
dustry. Some important industrial enzymes and their sources are
listed in Table 7.9. In addition to the industrial enzymes listed
above, a number of enzyme products have been approved for
therapeutic use. Examples include tissue plasminogen activator
and streptokinase for cardiovascular disease, adenosine deami-
nase for the rare severe combined immunodeficiency disease, -
glucocerebrosidase for Type 1 Gaucher disease, L-asparaginase
for the treatment of acute lymphoblastic leukemia, DNAse for
the treatment of cystic fibrosis and neuraminidase which is being
targeted for the treatment of influenza (Cutler 2003).

There are also thousands of enzyme products used in small
amounts for research and development in routine laboratory
practice and others that are used in clinical laboratory assays.
This group also includes a number of DNA- and RNA-modifying
enzymes (DNA and RNA polymerase, DNA ligase, restriction
endonucleases, reverse transcriptase, etc.), which led to the de-

velopment of molecular biology methods and were a foundation
for the biotechnology industry (Yeo et al. 2004). The clever ap-
plication of one thermostable DNA polymerase led to the PCR
and this has since blossomed into numerous clinical, forensic and
academic embodiments. Along with the commercial success of
these enzyme products, other enzyme products are currently in
commercial development.

Another important field of application of enzymes is in
metabolic engineering. Metabolic engineering is a new ap-
proach involving the targeted and purposeful manipulation of
the metabolic pathways of an organism, aiming at improving
the quality and yields of commercially important compounds.
It typically involves alteration of cellular activities by manipu-
lation of the enzymatic functions of the cell using recombinant
DNA and other genetic techniques. For example, the combina-
tion of rational pathway engineering and directed evolution has
been successfully applied to optimise the pathways for the pro-
duction of isoprenoids such as carotenoids (Schmidt-Dannert
et al. 2000, Umeno and Arnold 2004).
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Table 7.9. Some Important Industrial Enzymes and Their Sources

Enzyme EC Number Source Industrial Use
Rennet 34.23.4 Abomasum Cheese
a-Amylase 3.2.1.1 Malted barley, Bacillus, Aspergillus Brewing, baking
a-Amylase 3.2.1.2 Malted barley, Bacillus Brewing
Bromelain 34224 Pineapple latex Brewing
Catalase 1.11.1.6 Liver, Aspergillus Food

Penicillin amidase 3.5.1.11 Bacillus Pharmaceutical
Lipoxygenase 1.13.11.12 Soybeans Food

Ficin 34223 Fig latex Food

Pectinase 3.2.1.15 Aspergillus Drinks
Invertase 3.2.1.26 Saccharomyces Confectionery
Pectin lyase 4.2.2.10 Aspergillus Drinks
Cellulase 32.14 Trichoderma Waste
Chymotrypsin 3.4.21.1 Pancreas Leather

Lipase 3.1.1.3 Pancreas, Rhizopus, Candida Food

Trypsin 34214 Pancreas Leather
a-Glucanase 3.2.1.6 Malted barley Brewing
Papain 34222 Pawpaw latex Meat
Asparaginase 3.5.1.1 Erwinia chrisanthemy, Erwinia carotovora, Escherichia coli Human health
Glucose isomerase 5.3.1.5 Bacillus Fructose syrup
Protease 34.21.14 Bacillus Detergent
Aminoacylase 3.5.1.14 Aspergillus Pharmaceutical
Raffinase 3.2.1.22 Saccharomyces Food

Glucose oxidase 1.1.3.4 Aspergillus Food
Dextranase 3.2.1.11 Penicillium Food

Lactase 3.2.1.23 Aspergillus Dairy
Glucoamylase 3.2.1.3 Aspergillus Starch
Pullulanase 3.2.1.41 Klebsiella Starch
Raffinase 3.2.1.22 Mortierella Food

Lactase 3.2.1.23 Kluyveromyces Dairy

ENZYMES INVOLVED IN XENOBIOTIC
METABOLISM AND BIOCHEMICAL
INDIVIDUALITY

The term xenobiotic metabolism refers to the set of metabolic
pathways that chemically modify xenobiotics, which are com-
pounds foreign to an organism’s normal biochemistry, such as
drugs and poisons. The term biochemical individuality of xeno-
biotic metabolism refers to variability in xenobiotic metabolism
and drug responsiveness among different people. Biochemi-
cal individuality is a significant factor that can improve public
health, drug therapy, nutrition and health impacts such as cancer,
diabetes 2 and cardiovascular disease.

Most xenobiotics are lipophilic and able to bind to lipid mem-
branes and be transported in the blood (Hodgson 2004). The en-
zymes that are involved in xenobiotic metabolism (Table 7.10)
comprise one of the first defense mechanism against environ-
mental carcinogens and xenobiotic compounds (Zhang et al.
2009a). Xenobiotic metabolism follows mainly three phases (I,
IL, III). In Phase I, the original compound obtain increased hy-
drophilicity and constitute an adequate substrate for phase II
enzymes, by the introduction of a polar reactive group (—OH,

—NH;, —SH or -COOH). In Phase II, the products of Phase I can
be conjugated to substrates such as GSH, which result in a sig-
nificant increase of water solubility of xenobiotic, promoting its
excretion (Hodgson 2004). The ATP-dependent transporters that
facilitate the movement of the polar conjugates (by phase I and
II) across biological membranes and their excretion from the cell
constitute Phase III proteins (Josephy and Mannervik 2006). In
general, the enzymes that are involved in xenobiotic metabolism
are genetically polymorphic, affecting the individual delicacy to
environmental pollutants (Zhang et al. 2009a).

PHASE 1

Human cytochrome P450, is one of the most important enzymes
that takes part in xenobiotic metabolism; therefore, its genetic
polymorphisms have been studied in depth. For example, P450
2A6 (CYP2AO6) catalyses nicotine oxidation, and it has been
found to have inter-individual and inter-ethnic variability. Ge-
netic polymorphisms of this gene impact smoking behaviour
(Xu et al. 2002). Another example of genetic polymorphism’s
impact of this enzyme came from Siraj et al., who suggested
that CYP1A1 phenotype AA showed association with increased
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Table 7.10. The Main Enzymes Involved in Xenobiotic Metabolism

Reactions

Phase I enzymes
Cytochrome P450 (CYPs)

Flavin-containing monooxygenases (FMOs)
Alcohol dehydrogenase

Aldehyde dehydrogenase
Prostaglandin synthetase co-oxidation

Molybdenum hydroxylases

Esterases and amidases
Epoxide hydrolase

Phase Il enzymes

UDP (uridine diphospho) glucuronosyl transferase
(UGT)

Sulfotransferases

Sulfatases

Methyltransferases

Glutathione S-transferase

y-Glutamyltranspeptidase

N-acetyltransferase
Aminopeptidases
N,O-Acyltransferase
Cysteine conjugate B-lyase

Phase Ill enzymes

MRP (multi-drug resistance — associated protein)
MDR (multi-drug resistance family/P-glycoprotein)
MXR (mitoxantrone-resistance protein) efflux

Epoxidation/hydroxylation
N-, O-, S-dealkylation

N-, §-, P-oxidation
Desulfuration
Dehalogenation

Azo reduction

Nitro reduction

N-, S-, P-oxidation
Desulfuration

Oxidation

Reductions

Oxidation
Dehydrogenation
N-dealkylation
Epoxidation/hydroxylation
Oxidation

Oxidation

Reductions

Hydrolysis

Hydrolysis

Glucuronide conjugation

Sulfation reaction

Hydrolysis of sulfate esters

N-, O-, S-methylation,

Alkyltransferase, aryltransferase, aralkyltransferase,
alkenetransferase, epoxidetransferase

Hydrolysis

Transpeptidation

Acetylation

Hydrolysis of peptides

Acylation

Methylation

Transport and excretion of soluble products from phase I and II
metabolic pathways

Source: Rommel and Richard 2002, Hodgson 2004, Josephy and Mannervik 2006.

risk of developing papillary thyroid cancer in Middle Eastern
population (Siraj et al. 2008).

Another studied genetic polymorphic enzyme is superoxide
dismutase-2 (SOD). The heterozygosity 9Val-allele of MnSOD
is associated with a higher risk and severity of orofaciolin-
gual dyskinesias (TDof) in Russian psychiatric inpatients from
Siberia (Al Hadithy et al. 2010). In addition, there are several
studies that have reported and showed that the 9Val/9Val geno-
type confer great susceptibility to tardive dyskinesia (Zhang
et al. 2003, Akyol et al. 2005, Galecki et al. 2006, Hitzeroth
et al. 2007). In addition, human MnSOD gene encoding alanine

(A) or valine at codon 16 (Shimoda-Matsubayashi et al. 1996)
can be a risk factor for several malignancies (Iguchi et al. 2009).

PHASE 11

Polymorphisms of human UGT correlate with diseases and side
effects of drugs, for example the isoform UGT1Al is asso-
ciated with diseases of bilirubin metabolism (Hodgson 2004).
N-Acetyltransferases (NAT) are important enzymes that par-
ticipate in metabolic activation of carcinogenic aromatic and
heterocyclic amines that are present in cigarette smoke (Wang
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et al. 1999). An association was found between smokers with
MnSOD AA genotype and prostate cancer risk, especially in
case of rapid NAT1 subjects (Iguchi et al. 2009). Tamini et al.
found that the AA genotype of MnSOD in women smokers have
an elevated risk for breast cancer (Tamini et al. 2004).

Tobacco smoke (Lioy and Greenberg 1990) as well as smoked
foods, cereals, leafy green vegetables and fossil fuels combus-
tion by-products (Waldman et al. 1991) are the sources of expo-
sure to polycyclic aromatic hydrocarbons (PAHs). PAHs have
been considered as potential carcinogens for human (Shimada
2006). According to McCarty et al., the lack of dose—response
relationship of PAHs and breast cancer may be due to genetic
differences in metabolic activation and detoxification of PAHs
(McCarty et al. 2009).

PHASE 111

The proteins of phase III are membrane transporters. These pro-
teins seem to be significantly implicated in the absorption, distri-
bution and discard of drugs (Rommel and Richard 2002). There
are genetic polymorphisms of drug transporters, which appear to
have clinical impact and have been detected in multiple clinical
and in vitro studies (Maeda and Sugiyama 2008).
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INTRODUCTION

Long before human history, our ancestors, chimpanzees, might
have already experienced the mild drunk feeling of drinking
wine when they ate the fermented fruits that contained small
amounts of alcohol. Archaeologists have also found some sculp-
tured signs on 8000-year-old plates describing the beer-making
processes. Chinese historians wrote about the lavish life of Tsou,
atyrant of Shang dynasty (around 1100 Bc), who lived in a castle
with wine-storing pools. All these indicated that people grasped
the wine fermentation technique thousands of years ago. In the
Chin dynasty (around 220 Bc) China, a spicy paste or sauce made
from fermentation of soybean and/or wheat was mentioned. It is
now called soybean sauce.

Although people applied fermentation techniques and ob-
served the changes from raw materials to special products, they
did not realize the mechanisms that caused the changes. This
mystery was uncovered by the development of biological sci-
ences. Louis Pasteur claimed the existence and function of or-
ganisms that were responsible for the changes. In the same era,
Justus Liebig observed the digestion of meat with pepsin, a
substance found in stomach fluid, and proposed that a whole
organism is not necessary for the process of fermentation.

In 1878, Kuhne was the first person to solve the conflict by in-
troducing the word “enzyme,” which means “in yeast” in Greek.
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This word emphasizes the materials inside or secreted by the
organisms to enhance the fermentation (changes of raw mate-
rial). Buchner (1897) performed fermentation by using a cell-
free extract from yeast of significantly high light, and these
were molecules rather than lifeforms that did the work. In 1905,
Harden and Young found that fermentation was accelerated by
the addition of some small dialyzable molecules to the cellfree
extract. The results indicated that both macromolecular and mi-
cromolecular compounds are needed. However, the nature of
enzymes was not known at that time. A famous biochemist,
Willstatter, was studying peroxidase for its high catalytic ef-
ficiency; since he never got enough samples, even though the
reaction obviously happened, he hesitated (denied) to conclude
that the enzyme was a protein. Finally, in 1926, Summer pre-
pared crystalline urease from jack beans, analyzed the properties
of the pure compound, and drew the conclusion that enzymes are
proteins. In the following years, crystalline forms of some pro-
teases were also obtained by Northrop et al. The results agreed
with Summer’s conclusion.

The studies on enzyme behavior were progressing in paral-
lel. In 1894, Emil Fischer proposed a “lock and key” theory
to describe the specificity and stereo relationship between an
enzyme and its substrate. In 1902, Herri and Brown indepen-
dently reported a saturation-type curve for enzyme reactions.
They revealed an important concept in which the enzyme sub-
strate complex was an obligate intermediate formed during the
enzyme-catalyzed reaction. In 1913, Michaelis and Menten de-
rived an equation describing quantitatively the saturation-like
behavior. At the same time, Monod and others studied the kinet-
ics of regulatory enzymes and suggested a concerted model for
the enzyme reaction. In 1959, Fischer’s hypothesis was slightly
modified by Koshland. He proposed an induced-fit theory to
describe the moment the enzyme and substrate are attached,
and suggested a sequential model for the action of allosteric
enzymes.

For the studies on enzyme structure, Sanger et al. were the
first to announce the unveiling of the amino acid sequence of
a protein, insulin. After that, the primary sequences of some
hydrolases with comparatively small molecular weights, such
as ribonuclease, chymotrypsin, lysozyme, and others, were
defined. Twenty years later, Sanger won his second Nobel
Prize for the establishment of the chain-termination reaction
method for nucleotide sequencing of DNA. On the basis of this
method, the deduction of the primary sequences of enzymes
blossomed; to date, the primary structures of 55,410 enzymes
have been deduced. Combining genetic engineering technology
and modern computerized X-ray crystallography and/or Nucleai
magnetic resonance (NMR), about 15,000 proteins, including
9268 proteins and 2324 enzymes, have been analyzed for their
three-dimensional structures (Protein Data Bank (PDB): http://
www.rcsb.org/pdb). Computer software was created, and
protein engineering on enzymes with demanded properties
was carried on successfully (Fang and Ford 1998, Igarashi
et al. 1999, Pechkova et al. 2003, Shiau et al. 2003, Swiss-
PDB Viewer(spdbv): http://www.expasy.ch/spdbv/mainpage
.htm, SWISSMODELserver: http://www.expasy.org/swissmod/
SWISS-MODEL.htm).

FEATURES OF ENZYMES
MosT OF THE ENZYMES ARE PROTEINS

Proteins are susceptible to heat, strong acids and bases, heavy
metals, and detergents. They are hydrolyzed to amino acids by
heating in acidic solution and by the proteolytic action of en-
zymes on peptide bonds. Enzymes give positive results on typi-
cal protein tests, such as the Biuret, Millions, Hopkins-Cole, and
Sakaguchi reactions. X-ray crystallographic studies revealed that
there are peptide bonds between adjacent amino acid residues in
proteins. The majority of the enzymes fulfill the above criterion;
therefore, they are proteins in nature. However, the catalytic el-
ement of some well-known ribozymes is just RNAs in nature
(Steitz and Moore 2003, Raj and Liu 2003).

CHEMICAL COMPOSITION OF ENZYMES

For many enzymes, protein is not the only component required
for its full activity. On the basis of the chemical composi-
tion of enzymes, they are categorized into several groups, as
follows:

1. Polypeptide, the only component, for example, lysozyme,
trypsin, chymotrypsin, or papain.

2. Polypeptide plus one to two kinds of metal ions, for
example, a-amylase containing Ca>*, kinase contain-
ing Mg?*, and superoxide dismutase having Cu?>* and/or
Zn*,

3. Polypeptide plus a prosthetic group, for example, peroxi-
dase containing a heme group.

4. Polypeptide plus a prosthetic group and a metal ion, for
example, cytochrome oxidase (a + a3) containing a heme
group and Cu’*,

5. Polypeptide plus a coenzyme, for example, many dehydro-
genases containing NAD™ or NADP™.

6. Combination of polypeptide, coenzyme, and a metal ion,
for example, succinate dehydrogenase containing both the
FAD and nonheme iron.

ENZYMES ARE SPECIFIC

In the life cycle of a unicellular organism, thousands of reac-
tions are carried out. For the multicellular higher organisms
with tissues and organs, even more kinds of reactions are pro-
gressing in every moment. Less than 1% of errors that occur
in these reactions will cause accumulation of waste materials
(Drake 1999), and sooner or later the organism will not be able
to tolerate these accumulated waste materials. These phenomena
can be explained by examining genetic diseases; for example,
phenylketonuria (PKU) in humans, where the malfunction of
phenylalanine hydroxylase leads to an accumulation of metabo-
lites such as phenylalanine and phenylacetate, and others, fi-
nally causing death (Scriver 1995, Waters 2003). Therefore,
enzymes catalyzing the reactions bear the responsibility for pro-
ducing desired metabolites and keeping the metabolism going
smoothly.
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Enzymes have different types of specificities. They can be
grouped into the following common types:

1. Absolute specificity: For example, urease (Sirko and
Brodzik 2000) and carbonate anhydrase (Khalifah 2003)
catalyze only the hydrolysis and cleavage of urea and
carbonic acid, respectively. Those enzymes having small
molecules as substrates or that work on biosynthesis path-
ways belong to this category.

2. Group specificity: For example, hexokinase prefers D-
glucose, but it also acts on other hexoses (Cardenas et al.
1998).

3. Stereo specificity: For example, b-amino acid oxidase re-
acts only with p-amino acid, but not with L-amino acid;
and succinate dehydrogenase reacts only with the fumarate
(trans form), but not with maleate (cis form).

4. Bond specificity: For example, many digestive enzymes.
They catalyze the hydrolysis of large molecules of food
components, such as proteases, amylases, and lipases.
They seem to have broad specificity in their substrates; for
example, trypsin acts on all kinds of denatured proteins in
the intestine, but prefers the basic amino acid residues at
the C-terminal of the peptide bond. This broad specificity
brings up an economic effect in organisms; they are not
required to produce many digestive enzymes for all kinds
of food components.

The following two less common types of enzyme specificity
are impressive: (1) An unchiral compound, citric acid is formed
by citrate synthase with the condensation of oxaloacetate and
acetyl-CoA. An aconitase acts only on the moiety that comes
from oxaloacetate. This phenomenon shows that, for aconitase,
the citric acid acts as a chiral compound (Barry 1997). (2) If
people notice the rare mutation that happens naturally, they will
be impressed by the fidelity of certain enzymes, for example,
amino acyltRNA synthethase (Burbaum and Schimmel 1991,
Cusack 1997), RNA polymerase (Kornberg 1996), and DNA
polymerase (Goodman 1997); they even correct the accidents
that occur during catalyzing reactions.

ENZYMES ARE REGULATED

The catalytic activity of enzymes is changeable under different
conditions. These enzymes catalyze the set steps of a metabolic
pathway, and their activities are responsible for the states of cells.
Intermediate metabolites serve as modulators on enzyme activ-
ity; for example, at high concentrations of adenosine diphos-
phate, the catalytic activity of the phosphofructokinase, pyruvate
kinase, and pyruvate dehydrogenase complex are enhanced; as
adenosine triphosphate becomes high, they will be inhibited.
These modulators bind at allosteric sites on enzymes (Hammes
2002). The structure and mechanism of allosteric regulatory en-
zymes such as aspartate transcarbamylase (Cherfils et al. 1990)
and ribonucleoside diphosphate reductase (Scott et al. 2001)
have been well studied. However, allosteric regulation is not
the only way that the enzymatic activity is influenced. Covalent
modification by protein kinases (Langfort et al. 1998) and phos-
phatases (Luan 2003) on enzymes will cause large fluctuations

in total enzymatic activity in the metabolism pool. In addition,
sophisticated tuning phenomena on glycogen phosphorylase and
glycogen synthase through phosphorylation and dephosphory-
lation have been observed after hormone signaling (Nuttall et al.
1988, Preiss and Romeo 1994).

ENZYMES ARE POWERFUL CATALYSTS

The compound glucose will remain in a bottle for years without
any detectable changes. However, when glucose is applied in a
minimal medium as the only carbon source for the growth of
Salmonella typhimurium (or Escherichia coli), phosphorylation
of this molecule to glucose-6-phosphate is the first chemical
reaction that occurs as it enters the cells. From then on, the
activated glucose not only serves as a fuel compound to be
oxidized to produce chemical energy, but also goes through
numerous reactions to become the carbon skeleton of various
micro- and macrobiomolecules. To obtain each end product,
multiple steps have to be carried out. It may take less than 30
minutes for a generation to go through all the reactions. Only
the existence of enzymes guarantees this quick utilization and
disappearance of glucose.

ENZYMES AND ACTIVATION ENERGY
ENzZYMES LOWER THE ACTIVATION ENERGY

Enzymes are mostly protein catalysts; except for the presence
of a group of ribonucleic acid-mediated reactions, they are re-
sponsible for the chemical reactions of metabolism in cells. For
the catalysis of a reaction, the reactants involved in this reaction
all require sufficient energy to cross the potential energy bar-
rier, the activation energy (E, ), for the breakage of the chemical
bonds and the start of the reaction. Few have enough energy to
cross the reaction energy barrier until the reaction catalyst (the
enzyme) forms a transition state with the reactants to lower the
E, (Fig. 8.1). Thus, the enzyme lowers the barrier that usually
prevents the chemical reaction from occurring and facilitates the
reaction proceeding at a faster rate to approach equilibrium. The
substrates (the reactants), which are specific for the enzyme in-
volved in the reaction, combine with enzyme to lower the E5 of
the reaction. One enzyme type will combine with one specific
type of substrate, that is, the active site of one particular enzyme
will only fit one specific type of substrate, and this leads to the
formation of and enzyme—substrate (ES) complex. Once the en-
ergy barrier is overcome, the substrate is then changed to another
chemical, the product. It should be noted that the enzyme itself
is not consumed or altered by the reaction, and that the overall
free-energy change (AG) or the related equilibrium also remain
constant. Only the activation energy of the uncatalyzed reaction
(E av) decreases to that of the enzyme-catalyzed reaction (Ea¢).
One of the most important mechanisms of the enzyme function
that decreases the £ involves the initial binding of the enzyme
to the substrate, reacting in the correct direction, and closing of
the catalytic groups of the ES complex. The binding energy, part
of the E4, is required for the enzyme to bind to the substrate
and is determined primarily by the structure complementarities
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Figure 8.1. A transition state diagram, also called reaction
coordinate diagram, shows the activation energy profile of the
course of an enzyme-catalyzed reaction. One curve depicts the
course of the reaction in the absence of the enzyme, while the other
depicts the course of reaction in the presence of the enzyme that
facilitates the reaction. The difference in the level of free energy
between the beginning state (ground state) and the peak of the
curve (transition state) is the activation energy of the reaction. The
presence of enzyme lowers the activation energy (Ea) but does not
change the overall free energy (AG).

between the enzyme and the substrate. The binding energy is
used to reduce the free energy of the transition-state ES complex
but not to form a stable, not easily separated, complex. For
a reaction to occur, the enzyme acts as a catalyst by efficiently
binding to its substrate, lowering the energy barrier, and allowing
the formation of product. The enzyme stabilizes the transition
state of the catalyzed reaction, and the transition state is the rate-
limiting state in a single-step reaction. In a two-step reaction,
the step with the highest transition-state free energy is said to
be the rate-limiting state. Though the reaction rate is the speed
at which the reaction proceeds toward equilibrium, the speed of
the reaction does not affect the equilibrium point.

How DoOES AN ENZYME WORK?

An enzyme carries out the reaction by temporarily combining
with its specific kind of substrate, resulting in a slight change
of their structures to produce a very precise fit between the two
molecules. The introduction of strains into the enzyme and sub-
strate shapes allows more binding energy to be available for the
transition state. Two models of this minor structure modification
are the induced fit, in which the binding energy is used to distort
the shape of the enzyme, and the induced strain, in which bind-
ing energy is used to distort the shape of the substrate. These
two models, in addition to a third model, the nonproductive
binding model, have been proposed to describe conformational
flexibility during the transition state. The chemical bonds of the

substrate break and form new ones, resulting in the formation of
new product. The newly formed product is then released from
the enzyme, and the enzyme combines with another substrate
for the next reaction.

ENZYME KINETICS AND MECHANISM
REGULATORY ENZYMES

For the efficient and precise control of metabolic pathways in
cells, the enzyme, which is responsible for a specific step in a
serial reaction, must be regulated.

Feedback Inhibition

In living cells, a series of chemical reactions in a metabolic path-
way occurs, and the resulting product of one reaction becomes
the substrate of the next reaction. Different enzymes are usu-
ally responsible for each step of catalysis. The final product of
each metabolic pathway will inhibit the earlier steps in the serial
reactions. This is called feedback inhibition.

Noncompetitive Inhibition

An allosteric site is a specific location on the enzyme where an
allosteric regulator, a regulatory molecule that does not directly
block the active site of the enzyme, can bind. When the allosteric
regulator attaches to the specific site, it causes a change in the
conformation of enzyme active site, and the substrate therefore
will not fit into the active site of enzyme; this results in the inhi-
bition phenomenon. The enzyme cannot catalyze the reaction,
and not only the amount of final product but also the concen-
tration of the allosteric regulator decrease. Since the allosteric
regulator (the inhibitor) does not compete with the substrate for
binding to the active site of enzyme, the inhibition mechanism
is called noncompetitive inhibition.

Competitive Inhibition

A regulatory molecule is not the substrate of the specific enzyme
but shows affinity for attaching to the active site. When it occu-
pies the active site, the substrate cannot bind to the enzyme for
the catalytic reaction, and the metabolic pathway is inhibited.
Since the regulatory molecule will compete with the substrate
for binding to the active site on enzyme, this inhibitory mecha-
nism of the regulatory molecule is called competitive inhibition.

EnzyME KINETICS

During the course of an enzyme-catalyzed reaction, the plot
of product formation over time (product formation profile) re-
veals an initial rapid increase, approximately linear, of prod-
uct, and then the rate of increase decreases to zero as time
passes (Fig. 8.2A). The slope of initial rate (v; or v), also called
the steady state rate, appears to be initially linear in a plot
where the product concentration versus reaction time follows the
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Figure 8.2. (A) Plot of progress curve during an enzyme-catalyzed
reaction for product formation. (B) Plot of progress curves during an
enzyme-catalyzed reaction for product formation with a different
starting concentration of substrate. (C) Plot of reaction rate as a
function of substrate concentration measured from slopes of lines
from (B).

establishment of the steady state of a reaction. When the reac-
tion is approaching equilibrium or the substrate is depleted, the
rate of product formation decreases, and the slope strays away
from linearity. As is known by varying the conditions of the
reaction, the kinetics of a reaction will appear linear during a
time period in the early phase of the reaction, and the reaction
rate is measured during this phase. When the substrate concen-
trations are varied, the product formation profiles will display
linear substrate dependency at this phase (Fig. 8.2B). The rates

for each substrate concentration are measured as the slope of a
plot of product formation over time. A plot of initial rate as a
function of substrate concentration is demonstrated as shown in
Figure 8.2C. Three distinct portions of the plot will be noticed: an
initial linear relationship showing first-order kinetic at low sub-
strate concentrations; an intermediate portion showing curved
linearity dependent on substrate concentration, and a final por-
tion revealing no substrate concentration dependency, i.e., zero-
order kinetic, at high substrate concentrations. The interpretation
of the phenomenon can be described by the following scheme:

The initial rate will be proportional to the ES complex concentra-
tion if the total enzyme concentration is constant and the substrate
concentration varies. The concentration of the ES complex will
be proportional to the substrate concentration at low substrate
concentrations, and the initial rate will show a linear relationship
and substrate concentration dependency. All of the enzyme will
be in the ES complex form when substrate concentration is high,
and the rate will depend on the rate of ES transformation into
enzyme-product and the subsequent release of product. Adding
more substrate will not influence the rate, so the relationship of
rate versus substrate concentration will approach zero (Brown
1902).

However, a lag phase in the progress of the reaction will be
noticed in coupled assays due to slow or delayed response of the
detection machinery (see below). Though v can be determined
at any constant concentration of substrate, it is recommended
that the value of substrate concentration approaching saturation
(high substrate concentration) be used so that it can approach its
limiting value Vi, with greater sensitivity and prevent errors
occurring at lower substrate concentrations.

Measurement of the rate of enzyme reaction as a function of
substrate concentration can provide information about the ki-
netic parameters that characterize the reaction. Two parameters
are important for most enzymes—K,, an approximate measure-
ment of the tightness of binding of the substrate to the enzyme;
and Vi, the theoretical maximum velocity of the enzyme reac-
tion. To calculate these parameters, it is necessary to measure the
enzyme reaction rates at different concentrations of substrate, us-
ing a variety of methods, and analyze the resulting data. For the
study of single-substrate kinetics, one saturating concentration
of substrate in combination with varying substrate concentra-
tions can be used to investigate the initial rate (v), the catalytic
constant (kca), and the specific constant (ko / Kry). For inves-
tigation of multisubstrate kinetics, however, the dependence of
v on the concentration of each substrate has to be determined,
one after another; that is, by measuring the initial rate at vary-
ing concentrations of one substrate with fixed concentrations of
other substrates.

A large number of enzyme-catalyzed reactions can be ex-
plained by the Michaelis-Menten equation:

VoIS keulEIIS)

(Km +[SD (Km +[SD’
where [E] and [S] are the concentrations of enzyme and sub-
strate, respectively (Michaelis and Menten 1913). The equation

describes the rapid equilibrium that is established between the
reactant molecules (E and S) and the ES complex, followed by
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slow formation of product and release of free enzyme. It assumes
that k, < k_; in the following equation, and K, is the value of
[S] when v = Vipax/2:

E+SeES S E4P,
k_y

Briggs and Haldane (1924) proposed another enzyme kinetic
model, called the steady state model; steady state refers to a
period of time when the rate of formation of ES complex is the
same as rate of formation of product and release of enzyme. The
equation is commonly the same as that of Michaelis and Menten,
but it does not require k, < k_1, and Ky, = (k_; + k»)/ ki, be-
cause [ES] now is dependent on the rate of formation of the
ES complex (k;) and the rate of dissociation of the ES com-
plex (k_; and k). Only under the condition that k, < k_; will
K = k_1/k; and be equivalent to K,, the dissociation constant
of the ES complex {K = k_;/k; = ([E] — [ES])[S]/[ES]}, oth-
erwise K, > K.

The K, is the substrate concentration at half of the maximum
rate of enzymatic reaction, and it is equal to the substrate con-
centration at which half of the enzyme active sites are saturated
by the substrate in the steady state. So, Ky, is not a useful mea-
sure of ES binding affinity in certain conditions when K, is not
equivalent to K. Instead, the specific constant (k.. /Kp) can be
substituted as a measure of substrate binding; it represents the
catalytic efficiency of the enzyme. The k., the catalytic con-
stant, represents conversion of the maximum number of reactant
molecules to product per enzyme active site per unit time, or the
number of turnover events occurring per unit time; it also rep-
resents the turnover rate whose unit is the reciprocal of time. In
the Michaelis-Menten approach, the dissociation of the EP com-
plex is slow, and the k., contribution to this rate constant will
be equal to the dissociation constant. However, in the Briggs-
Haldane approach, the dissociation rate of ES complex is fast,
and the k., is equal to k. In addition, the values of k¢a/ Kry are
used not only to compare the efficiencies of different enzymes
but also to compare the efficiencies of different substrates for a
specified enzyme.

Deviations of expected hyperbolic reaction are occasionally
found due to such factors as experimental artifacts, substrate
inhibition, existence of two or more enzymes competing for
the same substrate, and the cooperativity. They show nonhyper-
bolic behavior that cannot fit well into the Michaelis-Menten
approach. For instance, a second molecule binds to the ES com-
plex and forms an inactive ternary complex that usually occurs
at high substrate concentrations and is noticed when rate values
are lower than expected. It leads to breakdown of the Michaelis-
Menten equation. It is not only the Michaelis-Menten plot that
is changed to show a nonhyperbolic behavior; it is also the
Lineweaver—Burk plot that is altered to reveal the nonlinearity
of the curve (see later).

A second example of occasionally occurring nonhyperbolic
reactions is the existence of more than one enzyme in a reac-
tion that competes for the same substrate; the conditions usually
are realized when crude or partially purified samples are used.
Moreover, the conformational change in the enzymes may be
induced by ligand binding for the regulation of their activities,

as discussed earlier in this chapter; many of these enzymes are
composed of multimeric subunits and multiple ligand-binding
sites in cases that do not obey the Michaelis-Menten equation.
The sigmoid, instead of the hyperbolic, curve is observed; this
condition, in which the binding of a ligand molecule at one site of
an enzyme may influence the affinities of other sites, is known as
cooperativity. The increase and decrease of affinities of enzyme
binding sites are the effects of positive and negative cooperativ-
ity, respectively. The number of potential substrate binding sites
on the enzymes can be quantified by the Hill coefficient, /, and
the degree of cooperativity can be measured by the Hill equation
(see page 164). More detailed illustrations and explanations of
deviations from Michaelis-Menten behavior can be found in the
literatures (Bell and Bell 1988, Cornish-Bowden 1995).

DATA PRESENTATION
Untransformed Graphics

The values of K, and Vi« can be determined graphically using
nonlinear plots by measuring the initial rate at various substrate
concentrations and then transforming them into different kinetic
plots. First, the substrate stock concentration can be chosen at a
reasonably high level; then, a two-fold (stringently) or five- or
ten-fold (roughly) serial dilution can be made from this stock.
After the data obtained has been evaluated, a Michaelis-Menten
plot of rate v; as a function of substrate concentration [S] is
subsequently drawn, and the values of both Ky, and Vj,,x can
be estimated. Through the plot, one can check if a hyperbolic
curve is observed, and if the values estimated are meaningful.
Both values will appear to be infinite if the range of substrate
concentrations is low; on the other hand, although the value
of Vinax can be approximately estimated, that of Ky, cannot be
determined if the range of substrate concentrations is too high.
Generally, substrate concentrations covering 20-80% of Viax,
which corresponds to a substrate concentration of 0.25-5.0 K,
is appreciated.

Lineweaver—Burk Plots

Though nonlinear plots are useful in determining the values of
K, and Vi, transformed, linearized plots are valuable in deter-
mining the kinetics of multisubstrate enzymes and the interaction
between enzymes and inhibitors. One of the best known plots
is the double-reciprocal or Lineweaver—Burk plot (Lineweaver
and Burk 1934). Inverting both sides of the Michaelis-Menten
equation gives the Lineweaver—Burk plot: 1/v = (Kp/ Vinax)
(1/[SD + 1/ Vinax (Fig. 8.3). The equation is for a linear curve
when one plots 1/v against 1/[S] with a slope of K,,/Vim.x and a
y intercept of 1/Viax. Thus, the kinetic values can also be deter-
mined from the slope and intercept values of the plot. However,
caution should be taken due to small experimental errors that
may be amplified by taking the reciprocal (the distorting effect),
especially in the measurement of v values at low substrate con-
centrations. The problem can be solved by preparing a series of
substrate concentrations evenly spaced along the 1/[S] axis, that
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Figure 8.3. The Lineweaver—Burk double-reciprocal plot.

is, diluting the stock solution of substrate by two-, three-, four-,
five-, ... fold (Copeland 2000).

Eadie-Hofstee Plots

The Michaelis-Menten equation can be rearranged to give
v=—Kpn (v/[S]) + Viax by first multiplying both sides by
K., + [S], and then dividing both sides by [S]. The plot will give
a linear curve with a slope of —K, and a y intercept of v when
v is plotted against v/[S] (Fig. 8.4). The Eadie—Hofstee plot has
the advantage of decompressing data at high substrate concen-
trations and being more accurate than the Lineweaver—Burk plot,
but the values of v against [S] are more difficult to determine
(Eadie 1942, Hofstee 1959). It also has the advantage of observ-
ing the range of v from zero to V.« and is the most effective
plot for revealing deviations from the hyperbolic reaction when
two or more components, each of which follows the Michaelis-
Menten equation, although errors in v affect both coordinates

(Cornish-Bowden 1996).
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Figure 8.4. The Eadie—Hofstee plot.

Hanes—-Wolff Plots

The Lineweaver—Burk equation can be rearranged by multiply-
ing both sides by [S]. This gives a linear plot [S]/v = (1/ Vinax)
[S]+ K/ Vimax, With a slope of 1/ V., the y intercept of
K/ Vimax, and the x intercept of — K, when [S]/v is plotted
as a function of [S] (Fig. 8.5). The plot is useful in obtaining
kinetic values without distorting the data (Hanes 1932).

Eisenthal-Cornish-Bowden Plots
(the Direct Linear Plots)

As in the Michaelis-Menten plot, pairs of rate values of v and
the negative substrate concentrations [S] are applied along the
y and x axis, respectively. Each pair of values is a linear curve
that connects two points of values and extrapolates to pass the
intersection. The location (x, y) of the point of intersection on
the two-dimensional plot represents K, and Vi, respectively
(Fig. 8.6). The direct linear plots (Eisenthal and Cornish-Bowden
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Figure 8.6. The Eisenthal-Cornish-Bowden direct plot.
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log[v/(V,, -v)]

Figure 8.7. The Hill plot.

1974) are useful in estimating the Michaelis-Menten kinetic
parameters and are the better plots for revealing deviations from
the reaction behavior.

Hill Plot

The Hill equation is a quantitative analysis measuring
non—-Michaelis-Menten behavior of cooperativity (Hill 1910).
In a case of completely cooperative binding, an enzyme con-
tains / binding sites that are all occupied simultaneously with
a dissociation constant K = [E][S]"/[ES,], where 4 is the Hill
coefficient, which measures the degree of cooperativity. If there
is no cooperativity, 1 = 1; there is positive cooperativity when
h > 1, negative cooperativity when & < 1. The rate value can
be expressed as v = Vi [S]"/(K + [S]"), and the Hill equa-
tion gives a linear log(vi/ Vimax — v) = h log[S] — log K, when
log(v/ Vimax — v) is plotted as a function of log[S] with a slope of
h and a y intercept of —log K (Fig. 8.7). However, the equation
will show deviations from linearity when outside a limited range
of substrate concentrations, that is, in the range of [S] = K.

FACTORS AFFECTING ENZYME
ACTIVITY

As discussed earlier in this chapter, the rate of an enzymatic reac-
tion is very sensitive to reaction conditions such as temperature,
pH, ionic strength, buffer constitution, and substrate concentra-
tion. To investigate the catalytic mechanism and the efficiency
of an enzyme with changes in the parameters, and to evaluate a
suitable circumstance for assaying the enzyme activity, the con-
ditions should be kept constant to allow reproducibility of data
and to prevent a misleading interpretation.

ENZYME, SUBSTRATE, AND COFACTOR
CONCENTRATIONS

In general, the substrate concentration should be kept much
higher than that of enzyme in order to prevent substrate concen-

tration dependency of the reaction rate at low substrate concen-
trations. The rate of an enzyme-catalyzed reaction will also show
linearity to the enzyme concentration when substrate concentra-
tion is constant. The reaction rate will not reveal the linearity
until the substrate is depleted, and the measurement in initial rate
will be invalid. Preliminary experiments must be performed to
determine the appropriate range of substrate concentrations over
a number of enzyme concentrations to prevent the phenomenon
of substrate depletion. In addition, the presence of inhibitor, acti-
vator, and cofactor in the reaction mixture also influence enzyme
activity. The enzymatic activity will be low or undetectable in
the presence of inhibitors or in the absence of activators or co-
factors. In the case of cofactors, the activated enzymes will be
proportional to the cofactor concentration added in the reaction
mixture if enzymes are in excess. The rate of reaction will not
represent the total amount of enzyme when the cofactor sup-
plement is not sufficient, and the situation can be avoided by
adding excess cofactors (Tipton 1992). Besides, loss of enzyme
activity may be seen before substrate depletion, as when the
enzyme concentration is too low and leads to the dissociation
of the dimeric or multimeric enzyme. To test this possibility,
addition of the same amount of enzyme can be applied to the
reaction mixture to measure if there is the appearance of another
reaction progression curve.

ErFrEcTS oF PH

Enzymes will exhibit maximal activity within a narrow range of
pH and vary over a relatively broad range. For an assay of en-
zymatic catalysis, the pH of the solution of the reaction mixture
must be maintained in an optimal condition to avoid pH-induced
protein conformational changes, which lead to diminishment or
loss of enzyme activity. A buffered solution, in which the pH is
adjusted with a component with pK, at or near the desired pH
of the reaction mixture, is a stable environment that provides the
enzyme with maximal catalytic efficiency. Thus, the appropriate
pH range of an enzyme must be determined in advance when
optimizing assay conditions.

To determine if the enzymatic reaction is pH dependent and to
study the effects of group ionizations on enzyme kinetics, the rate
as a function of substrate concentration at different pH conditions
can be measured to simultaneously obtain the effects of pH on the
kinetic parameters. It is known that the ionizations of groups are
of importance, either for the active sites of the enzyme involved
in the catalysis or for maintaining the active conformation of
the enzyme. Plots of k¢, Km, and ke /K values at varying
pH ranges will reflect important information about the roles of
groups of the enzyme. The effect of pH dependence on the value
of ke reveals the steps of ionization of groups involved in the
ES complex and provides a pK, value for the ES complex state;
the value of Ky, shows the ionizing groups that are essential
to the substrate-binding step before the reaction. Moreover, the
keat/ Km value reveals the ionizing groups that are essential to
both the substrate-binding and the ES complex—forming steps,
and provides the pK, value of the free reactant molecules state
(Brocklehurst and Dixon 1977, Copeland 2000). From a plot of
the k.t / Ky value on the logarithmic scale as a function of pH,
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pH

Figure 8.8. The effect of pH on the kat/Km value of an enzymatic
reaction that is not associated with the Henderson-Hasselbalch
equation.

the pK, value can be determined from the point of intersection
of lines on the plot, especially for an enzymatic reaction that is
not associated with the Henderson-Hasselbalch equation pH =
pK. + log ([A7]/[HA]) (Fig. 8.8). Thus, the number of ionizing
groups involved in the reaction can be evaluated (Dixon and
Webb 1979, Tipton and Webb 1979).

EFFECTS OF TEMPERATURE

Temperature is one of the important factors affecting enzyme
activity. For a reaction to occur at room temperature without the
presence of an enzyme, small proportions of reactant molecules
must have sufficient energy levels to participate in the reaction
(Fig. 8.9A). When the temperature is raised above room tem-
perature, more reactant molecules gain enough energy to be
involved in the reaction (Fig. 8.9B). The E4 is not changed,
but the distribution of energy-sufficient reactants is shifted to a
higher average energy level. When an enzyme is participating in
the reaction, the E4 is lowered significantly, and the proportion
of reactant molecules at an energy level above the activation
energy is also greatly increased (Fig. 8.9C). That means the
reaction will proceed at a much higher rate.

Most enzyme-catalyzed reactions are characterized by an in-
crease in the rate of reaction and increased thermal instability
of the enzyme with increasing temperature. Above the critical
temperature, the activity of the enzyme will be reduced signifi-
cantly; while within this critical temperature range, the enzyme
activity will remain at a relatively high level, and inactivation of
the enzyme will not occur. Since the rate of reaction increases
due to the increased temperature by lowering the activation en-
ergy Ea, the relationship can be expressed by the Arrhenius
equation: k = Aexp(—Ea/RT), where A is a constant related
to collision probability of reactant molecules, R is the ideal gas
constant (1.987 cal/mol—deg), T is the temperature in degrees
Kelvin (K = °C 4 273.15), and k represents the specific rate
constant for any rate, that is, k¢, Or Vinax. The equation can be

(A)

(B)

(©)

Figure 8.9. Plots of temperature effect on the energy levels of
reactant molecules involved in a reaction. (A) The first plot depicts
the distribution of energy levels of the reactant molecules at room
temperature without the presence of an enzyme. (B) The second
plot depicts that at the temperature higher than room temperature
but in the absence of an enzyme. (C) The third plot depicts that at
room temperature in the presence of an enzyme. The vertical line in
each plot indicates the required activation energy level for a reaction
to occur. The shaded portion of distribution in each plot indicates the
proportion of reactant molecules that have enough energy levels to
be involved in the reaction. The x-axis represents the energy level of
reactant molecules, while the y-axis represents the frequency of
reactant molecules at an energy level.

transformed into: In K = In A — E /RT, where the plot of In K
against 1/ T usually shows a linear relationship with a slope of
—EA/R, where the unit of E4 is cal/mol. The calculated Ea
of a reaction at a particular temperature is useful in predicting
the Ex of the reaction at another temperature. And the plot is
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useful in judging if there is a change in the rate-limiting step
of a sequential reaction when the line of the plot reveals
bending of different slopes at certain temperatures (Stauffer
1989).

Taken together, the reaction should be performed under a
constantly stable circumstance, with both temperature and pH
precisely controlled from the start to the finish of the assay,
for the enzyme to exhibit highly specific activity at appropriate
acidbase conditions and buffer constitutions. Whenever possi-
ble, the reactant molecules should be equilibrated at the required
assay condition following addition of the required components
and efficient mixing to provide a homogenous reaction mixture.
Because the enzyme to be added is usually stored at low
temperature, the reaction temperature will not be significantly
influenced when the enzyme volume added is at as low as 1-5%
of the total volume of the reaction mixture. A lag phase will be
noticed in the rate measurement as a function of time when the
temperature of the added enzyme stock eventually influences
the reaction. Significant temperature changes in the components
stored in different environments and atmospheres should be
avoided when the reaction mixture is mixed and the assay has
started.

METHODS USED IN ENZYME ASSAYS
GENERAL CONSIDERATIONS

A suitable assay method is not only a prerequisite for detecting
the presence of enzyme activity in the extract or the purified ma-
terial: it is also an essential vehicle for kinetic study and inhibitor
evaluation. Selection of an assay method that is appropriate to
the type of investigation and the purity of the assaying material
is of particular importance. It is known that the concentration
of the substrate will decrease and that of product will increase
when the enzyme is incubated with its substrate. Therefore,
an enzyme assay is intended to measure either the decrease in
substrate concentration or the increase in product concentration
as a function of time. Usually, the latter is preferred because
a significant increase of signal is much easier to monitor. It is
recommended that a preliminary test be performed to determine
the optimal conditions for a reaction including substrate
concentration, reaction temperature, cofactor requirements, and
buffer constitutions, such as pH and ionic strength, to ensure
the consistency of the reaction. Also, an enzyme blank should
be performed to determine if the nonenzymatic reaction is
negligible or could be corrected. When a crude extract, rather
than purified enzyme, is used for determining enzyme activity,
one control experiment should be performed without adding
substrate to determine if there are any endogenous substrates
present and to prevent overcounting of the enzyme activity in
the extract.

Usually, the initial reaction rate is measured, and it is re-
lated to the substrate concentration. Highly sufficient substrate
concentration is required to prevent a decrease in concentration
during the assay period of enzyme activity, thus allowing the
concentration of the substrate to be regarded as constant.

TYPES OF ASSAY METHODS

On the basis of measuring the decrease of the substrate or the
increase of the product, one common characteristic property
that is useful for distinguishing the substrate and the product is
their absorbance spectra, which can be determined using one of
the spectrophotometric methods. Observation of the change in
absorbance in the visible or near UV spectrum is the method
most commonly used in assaying enzyme activity. NAD(P)*
is quite often a cofactor of dehydrogenases, and NAD(P)H is
the resulting product. The absorbance spectrum is 340 nm for
the product, NAD(P)H, but not for the cofactor, NAD (P)*. A
continuous measurement at absorbance 340 nm is required to
continuously monitor the disappearance of the substrate or the
appearance of the product. This is called a continuous assay,
and it is also a direct assay because the catalyzed reaction it-
self produces a measurable signal. The advantage of continuous
assays is that the progress curve is immediately available, as
is confirmation that the initial rate is linear for the measuring
period. They are generally preferred because they give more in-
formation during the measurement. However, methods based on
fluorescence, the spectrofluorometric methods, are more sensi-
tive than those based on the changes in the absorbance spectrum.
The reaction is accomplished by the release or uptake of protons
and is the basis of performing the assay. Detailed discussions on
the assaying techniques are available below.

Sometimes, when a serial enzymatic reaction of a metabolic
pathway is being assayed, no significant products, the substrates
of the next reaction, can be measured in the absorbance spectra
due to rapid changes in the reaction. Therefore, there may be no
suitable detection machinery available for this single enzymatic
study. Nevertheless, there is still a measurable signal when one
or several enzymatic reactions are coupled to the desired assay
reaction. These are coupled assays, one of the particular indirect
assays whose coupled reaction is not enzymatic. This means
that the coupled enzymes and the substrates have to be present
in excess to make sure that the rate-limiting step is always the
reaction of the particular enzyme being assayed. Though a lag
in the appearance of the preferred product will be noticed at
the beginning of the assay, before reaching a steady state, the
phenomenon will only appear for a short period of time if the
concentration of the coupling enzymes and substrates are kept
in excess. So, the Vy,.x of the coupling reactions will be greater
than that of the preferred reaction. Besides, not only the substrate
concentration but also other parameters may affect the preferred
reaction (see previously). To prevent this, control experiments
can be performed to check if the Vj;,x of the coupling reactions
is actually much higher than that of the preferred reaction. For
other indirect assays in which the desired catalyzed reaction
itself does not produce a measurable signal, a suitable reagent
that has no effect on enzyme activity can be added to the reaction
mixture to react with one of the products to form a measurable
signal.

Nevertheless, sometimes no easily readable differences be-
tween the spectrum of absorbance of the substrate and that of
the product can be measured. In such cases, it may be possi-
ble to measure the appearance of the colored product, by the
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chromogenic method (one of the spectrofluorometric methods).
The reaction is incubated for a fixed period of time. Then, be-
cause the development of color requires the inhibition of enzyme
activity, the reaction is stopped and the concentration of colored
product of the substrate is measured. This is the discontinuous
or end point assay. Assays involving product separation that
cannot be designed to continuously measure the signal change,
such as electrophoresis, high performance liquid chromatogra-
phy (HPLC), and sample quenching at time intervals, are also
discontinuous assays. The advantage of discontinuous assays is
that they are less time consuming for monitoring a large num-
ber of samples for enzyme activity. However, additional control
experiments are needed to ensure that the initiation rate is linear
for the measuring period of time. Otherwise, the radiolabeled
substrate of an enzyme assay is a highly sensitive method that
allows the detection of radioactive product. Separation of the
substrate and the product by a variety of extraction methods
may be required to accurately assay the enzyme activity.

DETECTION METHODS
Spectrophotometric Methods

Both the spectrophotometric method and the spectrofluoromet-
ric method discussed below use measurements at specific wave-
lengths of light energy (in the wavelength regions of 200-400 nm
(UYV, ultraviolet) and 400-800 nm (visible)) to determine how
much light has been absorbed by a target molecule (resulting in
changes in electronic configuration). The measured value from
the spectrophotometric method at a specific wavelength can be
related to the molecule concentration in the solution using a cell
with a fixed path length (/ cm) that obeys the Beer-Lambert law:

A=—logT = ecl,

where A is the absorbance at certain wavelength, T is the trans-
mittance, representing the intensity of transmitted light, ¢ is the
extinction coefficient, and c¢ is the molar concentration of the
sample. Using this law, the measured change in absorbance,
AA, can be converted to the change in molecule concentration,
Ac, and the change in rate, v;, can be calculated as a function of
time, At, thatis, v = AA/elAt.

Choices of appropriate materials for spectroscopic cells (cu-
vettes) depend on the wavelength used; quartz cuvettes must be
used at wavelengths less than 350 nm because glass and dis-
posable plastic cuvettes absorb too much light in the UV light
range. However, the latter glass and disposible plastic cuvettes
can be used in the wavelength range of 350-800 nm. Selection
of a wavelength for the measurement depends on finding the
wavelength that produces the greatest difference in absorbance
between the reactant and product molecules in the reaction.
Though the wavelength of measurement usually refers to the
maximal wavelength of the reactant or product molecule, the
most meaningful analytical wavelength may not be the same as
the maximum wavelength because significant overlap of spec-
tra may be found between the reactant and product molecules.
Thus, a different spectrum between two molecules can be calcu-

lated to determine the most sensitive analytical wavelengths for
monitoring the increase in product and the decrease in substrate.

Spectrofluorometric Methods

When a molecule absorbs light at an appropriate wavelength,
an electronic transition occurs from the ground state to the ex-
cited state; this short-lived transition decays through various
high-energy, vibrational substrates at the excited electronic state
by heat dissipation, and then relaxes to the ground state with a
photon emission, the fluorescence. The emitted fluorescence is
less energetic (longer wavelength) than the initial energy that is
required to excite the molecules; this is referred to as the Stokes
shift. Taking advantage of this, the fluorescence instrument is
designed to excite the sample and detect the emitted light at dif-
ferent wavelengths. The ratio of quanta fluoresced over quanta
absorbed offers a value of quantum yield (Q), which measures
the efficiency of the reaction leading to light emission. The light
emission signals vary with concentration of fluorescent mate-
rial by the Beer-Lambert law, where the extinction coefficient
is replaced by the quantum yield, and gives: It = 2.31 IyeclQ,
where Iy and [ are the intensities of light emission and of in-
cident light that excites the sample, respectively. However, con-
version of light emission values into concentration units requires
the preparation of a standard curve of light emission signals as
a function of the fluorescent material concentration, which has
to be determined independently, due to the not strictly linear
relationship between I and ¢ (Lakowicz 1983).

Spectroflurometric methods provide highly sensitive capac-
ities for detection of low concentration changes in a reaction.
However, quenching (diminishing) or resonance energy transfer
(RET) of the measured intensity of the donor molecule will
be observed if the acceptor molecule absorbs light and the
donor molecule emits light at the same wavelength. The acceptor
molecule will either decay to its ground state if quenching occurs
or fluoresce at a characteristic wavelength if energy is trans-
ferred (Lakowicz 1983). Both situations can be overcome by
using an appropriate peptide sequence, up to 10 or more amino
acid residues, to separate the fluorescence donor molecule from
the acceptor molecule if peptide substrates are used. Thus, both
effects can be relieved by cleaving the intermolecular bonding
when protease activity is being assayed.

Care should be taken in performing the spectrofluorometric
method. For instance, the construction of a calibration curve
as the experiment is assayed is essential, and the storage con-
ditions for the fluorescent molecules are important because of
photodecomposition. In addition, the quantum yield is related to
the temperature, and the fluorescence signal will increase with
decreasing temperature, so a temperature-constant condition is
required (Bashford and Harris 1987, Gul et al. 1998).

Radiometric Methods

The principle of the radiometric methods in enzymatic catal-
ysis studies is the quantification of radioisotopes incorporated
into the substrate and retained in the product. Hence, success-
ful radiometric methods rely on the efficient separation of the
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radiolabled product from the residual radiolabeled substrate and
on the sensitivity and specificity of the radioactivity detection
method. Most commonly used radioisotopes, for example, l4c,
32p 35S, and *H, decay through emission of B particles; how-
ever, 2’ decays through emission of y particles, whose loss is
related to loss of radioactivity and the rate of decay (the half-life)
of the isotope. Radioactivity expressed in Curies (Ci) decays at a
rate of 2.22 x 10'? disintegrations per minute (dpm); expressed
in Becquerels (Bq), it decays at a rate of 1 disintegrations per
second (dps). The experimental units of radioactivity are counts
per minute (cpm) measured by the instrument; quantification of
the specific activity of the sample is given in units of radioac-
tivity per mass or per molarity of the sample (e.g., ©Ci/mg or
dpm/pemol).

Methods of separation of radiolabeled product and residual
radiolabeled substrate include chromatography, electrophoresis,
centrifugation, and solvent extraction (Gul et al. 1998). For the
detection of radioactivity, one commonly used instrument is a
scintillation counter that measures light emitted when solutions
of p-terphenyl or stilbene in xylene or toluene are mixed with
radioactive material designed around a photomultiplier tube.
Another method is the autoradiography that allows detecting ra-
dioactivity on surfaces in close contact either with X-ray film or
with plates of computerized phosphor imaging devices. When-
ever operating the isotopescontaining experiments, care should
always be taken for assuring safety.

Chromatographic Methods

Chromatography is applied in the separation of the reactant
molecules and products in enzymatic reactions and is usually
used in conjunction with other detection methods. The most
commonly used chromatographic methods include paper chro-
matography, column chromatography, thin-layer chromatogra-
phy (TLC), and HPLC. Paper chromatography is a simple and
economic method for the readily separation of large numbers
of samples. By contrast, column chromatography is more ex-
pensive and has poor reproducibility. The TLC method has the
advantage of faster separation of mixed samples, and like pa-
per chromatography, it is disposable and can be quantified and
scanned; it is not easily replaced by HPLC, especially for mea-
suring small, radiolabeled molecules (Oldham 1992).

The HPLC method featured with low compressibility resins
is a versatile method for the separation of either low molecular
weight molecules or small peptides. Under a range of high pres-
sures up to 5000 psi (which approximates to 3.45 x 107 Pa),
the resolution is greatly enhanced with a faster flow rate and
a shorter run time. The solvent used for elution, referred to as
the mobile phase, should be an HPLC grade that contains low
contaminants; the insoluble media is usually referred to as the
stationary phase. Two types of mobile phase are used during
elution; one is an isocratic elution whose composition is not
changed, and the other is a gradient elution whose concentra-
tion is gradually increased for better resolution. The three HPLC
methods most commonly used in the separation steps of enzy-
matic assays are reverse phase, ion-exchange, and size-exclusion
chromatography.

The basis of reverse phase HPLC is the use of a nonpolar
stationary phase composed of silica covalently bonded to alkyl
silane, and a polar mobile phase used to maximize hydrophobic
interactions with the stationary phase. Molecules are eluted in a
solvent of low polarity (e.g., methanol, acetonitrile, or acetone
mixed with water at different ratios) that is able to efficiently
compete with molecules for the hydrophobic stationary phase.

The ion-exchange HPLC contains a stationary phase co-
valently bonded to a charged functional group; it binds the
molecules through electrostatic interactions, which can be dis-
rupted by the increasing ionic strength of the mobile phase.
By modifying the composition of the mobile phase, differential
elution, separating multiple molecules, is achieved.

In the size-exclusion HPLC, also known as gel filtration, the
stationary phase is composed of porous beads with a particular
molecular weight range of fractionation. However, this method is
not recommended where molecular weight differences between
substrates and products are minor, because of overlapping of the
elution profiles (Oliver 1989).

Selection of the HPLC detector depends on the types of signals
measured, and most commonly the UV/visible light detectors are
extensively used.

Electrophoretic Methods

Agarose gel electrophoresis and polyacrylamide gel elec-
trophoresis (PAGE) are widely used methods for separation of
macromolecules; they depend, respectively, on the percentage
of agarose and acrylamide in the gel matrix. The most com-
monly used method is the sodium dodecyl sulfate (SDS)-PAGE
method; under denaturing conditions, the anionic detergent
SDS is coated on peptides or proteins giving them equivalently
the same anionic charge densities. Resolving of the samples will
thus be based on molecular weight under an electric field over a
period of time. After electrophoresis, peptides or proteins bands
can be visualized by staining the gel with Coomassie Brilliant
Blue or other staining reagents, and radiolabeled materials can
be detected by autoradiography. Applications of electrophoresis
assays are not only for detection of molecular weight and
radioactivity differences, but also for detection of charge
differences. For instance, the enzyme-catalyzed phosphoryla-
tion reactions result in phosphoryl transfer from substrates to
products, and net charge differences between two molecules
form the basis for separation by electrophoresis. If radioisotope
32p_labeled phosphate is incorporated into the molecules, the
reactions can be detected by autoradiography, by monitoring
the radiolabel transfer after gel electrophoresis, or by immuno-
logical blotting with antibodies that specifically recognize
peptides or proteins containing phosphate-modified amino acid
residues.

Native gel electrophoresis is also useful in the above ap-
plications, where not only the molecular weight but also the
charge density and overall molecule shape affect the migration
of molecules in gels. Though SDS-PAGE causes denaturing to
peptides and proteins, renaturation in gels is possible and can
be applied to several types of in situ enzymatic activity studies
such as activity staining and zymography (Hames and Rickwood
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1990). Both methods assay enzyme activity after electrophore-
sis, but zymography is especially intended for proteolytic en-
zyme activity staining in which gels are cast with high concen-
trations of proteolytic enzyme substrates, for example, casein,
gelatin, bovine serum albumin, collagen, and others. Samples
containing proteolytic enzymes can be subjected to gel elec-
trophoresis, but the renaturation step has to be performed if a
denaturing condition is used; then the reaction is performed un-
der conditions suitable for assaying proteolytic enzymes. The
gel is then subjected to staining and destaining, but the entire gel
background will not be destained because the gel is polymerized
with protein substrates, except in clear zones where the signifi-
cant proteolysis has occurred; the amount of staining observed
will be greatly diminished due to the loss of protein. This process
is also known as reverse staining. Otherwise, reverse zymogra-
phy is a method used to assay the proteolytic enzyme inhibitor
activity in gel. Similar to zymography, samples containing prote-
olytic enzyme inhibitor can be subjected to gel electrophoresis.
After the gel renaturation step is performed, the reaction is as-
sayed under appropriate conditions in the presence of a specific
type of proteolytic enzyme. Only a specific type of proteolytic
enzyme inhibitor will be resistant to the proteolysis, and after
staining, the active proteolytic enzyme inhibitor will appear as
protein band (Oliver et al. 1999).

Other Methods

The most commonly used assay methods are the spectrophoto-
metric, spectrofluorometric, radiometric, chromatographic, and
electrophoretic methods described above, but a variety of other
methods are utilized as well. Immunological methods make use
of the antibodies raised against the proteins (Harlow and Lane
1988). Polarographic methods make use of the change in cur-
rent related to the change in concentration of an electroactive
compound that undergoes oxidation or reduction (Vassos and
Ewing 1983). Oxygen-sensing methods make use of the change
in oxygen concentration monitored by an oxygen-specific elec-
trode (Clark 1992), and pH-stat methods use measurements of
the quantity of base or acid required to be added to maintain a
constant pH (Jacobsen et al. 1957).

SELECTION OF AN APPROPRIATE SUBSTRATE

Generally, a low molecular mass, chromogenic substrate con-
taining one susceptible bond is preferred for use in enzymatic
reactions. A substrate containing many susceptible bonds or dif-
ferent functional groups adjacent to the susceptible bond may
affect the cleavage efficiency of the enzyme, and this can re-
sult in the appearance of several intermediate-sized products.
Thus, they may interfere with the result and make interpretation
of kinetic data difficult. Otherwise, the chromophore-containing
substrate will readily and easily support assaying methods with
absorbance measurement. Moreover, substrate specificity can
also be precisely determined when an enzyme has more than one
recognition site on both the preferred bond and the functional
groups adjacent to it. Different sized chromogenic substrates

can then be used to determine an enzyme’s specificity and to
quantify its substrate preference.

UNIT OF ENZYME ACTIVITY

The unit of enzyme activity is usually expressed as either micro-
moles of substrate converted or product formed per unit time,
or unit of activity per milliliter under a standardized set of con-
ditions. Though any unit of enzyme activity can be used, the
Commission on Enzymes of the International Union of Bio-
chemistry and Molecular Biology (IUBMB) has recommended
that a unit of enzyme, Enzyme Unit or International Unit (U),
be used. An Enzyme Unit is defined as that amount that will
catalyze the conversion of 1 micromole of substrate per minute,
1 U = 1 pumol/min, under defined conditions. The conditions
include substrate concentration, pH, temperature, buffer compo-
sition, and other parameters that may affect the sensitivity and
specificity of the reaction, and usually a continuous spectropoto-
metric method or a pH stat method is preferred. Another enzyme
unit that now is not widely used is the International System of
Units (SI unit) in which 1 katal (kat) = 1 mol/sec, so 1 kat =
60 mol/min = 6 x 107 U.

In ascertaining successful purification of a specified enzyme
from an extract, it is necessary to compare the specific activity
of each step to that of the original extract; a ratio of the two
gives the fold purification. The specific activity of an enzyme
is usually expressed as units per milligram of protein when the
unit of enzyme per milliliter is divided by milligrams of protein
per milliliter, the protein concentration. The fold purification is
an index reflecting only the increase in the specific activity with
respect to the extract, not the purity of the specified enzyme.
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foods can be stopped relatively easily after the desired transforma-
tion is attained. The chapter is organized in six sections and covers
the major groups and sources of food enzymes, their properties and
modes of action, the rationale for their use in food, their use in
the manufacture of various foods, and the different strategies em-
ployed to control their undesirable effects in foods. The chapter also
provides information on the future prospects of enzymes.

INTRODUCTION

Enzymes are biological molecules that enable biological reac-
tions proceed at perceptible rates in living organisms (plants, an-
imals, and microorganisms) and the products derived from these
sources. Living organisms produce basically the same functional
classes of enzymes to enable them carry out similar metabolic
processes in their cells and tissues. Thus, it is to be expected that
foodstuffs would also possess endogenous enzymes to catalyze
biological reactions that occur in them both pre- and posthar-
vest. The molecules that enzymes act upon are called substrates,
while the resulting compounds from the enzymatic conversions
are called products. Enzymes are able to speed up biological
reactions by lowering the free energy of activation (AG*) of the
reaction (van Oort 2010). Unlike chemical catalysts, enzymes
are much more specific and active under mild reaction conditions
of pH, temperature, and ionic strength.

Humans have intentionally or unintentionally used enzymes
to modify foodstuffs to alter their functional properties, extend
their storage life, improve flavors, and provide variety and de-
light, and the use of enzymes in food processing has been in-
creasing for reasons such as consumer preferences for their use
in food modification instead of chemical treatments, their capac-
ity to retain high nutritive value of foods, and the advances in
biotechnology that are enabling the discoveries of new enzymes
that are much more efficient in transforming foods. The recent
advances in molecular biotechnology that are permitting the dis-
coveries of new and better food enzymes augur well both for the
need and capacity for food technologists and food manufacturers
to produce food products in highly nutritious, safe, and stable
forms as part of the overall strategy to achieve food security.

However, not all reactions catalyzed by enzymes in foods
are useful; naturally present enzymes in fresh foods and their
counterparts that survive food-processing operations can induce
undesirable changes in foods, some of which may even be toxic.
Thus, there is the need to also develop novel and more effective
strategies to control the deleterious effects of enzymes in foods
to reduce postharvest food losses and/or spoilage.

SOME TERMS AND DEFINITIONS

Several useful terms are encountered in the study of enzymes.
The active enzyme molecule may comprise a protein part exclu-
sively, or the enzyme protein may require as essential nonpro-
tein part for its functional activity. The essential nonprotein part
that some enzymes require for functional activity is known as a
cofactor or prosthetic group. For those enzymes requiring cofac-
tors for activity, the enzyme—cofactor complex is known as the

holoenzyme, and the protein part that has no functional activity
without the cofactor is known as apoenzyme. Thus, cofactors
or prosthetic groups may be regarded as “helper molecules”
for the apoenzymes. Cofactors may be inorganic (e.g., metal
ions like Zn, Mg, Mn, and Cu), or organic (e.g., riboflavin,
thiamine, or folic acid) materials. Examples of food enzymes
that do not require cofactors or prosthetic groups for activity
include lysozyme, pepsin, trypsin, and chymotrypsin; examples
of those enzymes that require cofactors or prosthetic groups
for functional activity include carboxypeptidase, carbonic an-
hydrase and alcohol dehydrogenase (all have Zn>* as cofactor),
cytochrome oxidase (has Cu®* as cofactor), glutathione peroxi-
dase (which has Se cofactor), catalase (with either Fe?* or Fe’t
as cofactor), and pyruvate carboxylase (that has thiamine in the
form of thiamin pyrophosphate or TPP as cofactor).

Enzymes have a catalytic region known as the active site where
substrate molecules (S) bind prior to their transformation into
products (P). The active site is a very small region of the very
large enzyme molecule, and the transformation of substrates to
products may be measured by either the rate of disappearance of
the substrate (—4§S/5¢) or the rate of appearance of the products
(6P/6t) in the reaction mixture. The activity of the enzyme is usu-
ally expressed in units, where a unit of activity may be defined as
the amount of enzyme required to convert 1 wmol of the substrate
per unit time under specified conditions (e.g., temperature, pH,
ionic strength, and/or substrate concentration). Enzyme activity
may also be expressed in terms of specific activity, which may
be defined as the number of enzyme units per unit amount (e.g.,
milligram) of enzyme; or it may be denoted by the molecular ac-
tivity or turnover number, defined as the number of enzyme units
per mol of the enzyme at optimal substrate concentration. The ef-
ficiency of an enzyme (catalytic efficiency) may be derived from
knowledge of the binding capacity of the enzyme for the sub-
strate (K|, which is the apparent Michaelis—Menten constant)
and the subsequent transformation of the substrate into products
(Kcat or Vinax). The catalytic efficiency of an enzyme is defined
as the ratio of the maximum velocity (Vi) of the transforma-
tion of the substrate(s) into product(s) to the binding capacity of
the enzyme (or the apparent Michaelis—Menten constant, K/,
i.e., Viax/K,, or Kea/K},). The catalytic efficiency is a useful
parameter in selecting more efficient enzymes from a group of
homologous enzymes for carrying out particular operations.

RATIONALE FOR INTEREST IN FooD ENZYMES
Beneficial Effects

Enzymes have several advantages for food use compared to con-
ventional chemical catalysts. They are relatively more selective
and specific in their choice and action on substrates, thus obviat-
ing side reactions that could lead to the formation of undesirable
coproducts in the finished products. They have higher efficiency
and can conduct reactions several times faster than other cata-
lysts. They are active in low concentrations and perform well
under relatively mild reaction conditions (e.g., temperature and
pH); thus, their use in food processing helps to preserve the
integrity of heat-labile essential nutrients. They can also be
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immobilized onto stationary support materials to permit their
reuse and thereby reduce processing costs. Most of them are
quite heat labile; thus, they can be readily inactivated by mild
heat treatments after they have been used to achieve the de-
sired transformation in foods, and they are natural and relatively
innocuous components of agricultural materials that are consid-
ered “safe” for food and other nonfood uses (e.g., drugs and
cosmetics). Their action on food components other than their
substrates are negligible, and more gentle, thus resulting in the
formation of purer products with more consistent properties;
and they are also more environmentally friendly and produce
less residuals (or processing waste that must be disposed of at
high costs) compared to traditional chemical catalysts (van Oort
2010). Because of these beneficial effects, enzymes are used in
the food industry for a plethora of applications including: baking
and milling, production of (both alcoholic and nonalcoholic bev-
erages), cheese and other dairy products manufacture, as well
as the manufacture of eggs and egg products, fish and fish prod-
ucts, meats and meat products, cereal and cereal products, and
in confectionaries.

Undesirable Effects

Certain food enzymes cause undesirable autolytic changes in
food products, such as excessive proteolysis to produce bitter-
ness in cheeses and protein hydrolysates, or excessive texture
softening in meats and fish products (e.g., canned tuna). En-
zymes like proteases, lipases, and carbohydrases break down
biological molecules (proteins, fats, and carbohydrates, respec-
tively) to adversely impact flavor, texture, and keeping quali-
ties of the products. Decarboxylases and deaminases degrade
biomolecules (e.g., free amino acids, peptides, and proteins)
to form undesirable and/or toxic components, e.g., biogenic
amines, in foods. Some others, for example, polyphenol oxi-
dases (PPO) and lipoxygenases (LOX), promote oxidations and
undesirable discolorations and/or color loss in fresh vegetables,
fruits, crustacea, and salmonids, and others like thiaminase and
ascorbic acid oxidase cause destruction of essential components
(vitamins) in foods. Thus, more effective treatments must be de-
veloped and implemented to safeguard against such undesirable
effects of enzymes in foods.

SOURCES OF FOOD ENZYMES (PLANT,
ANIMAL, MICROBIAL, AND
RECOMBINANT)

Enzymes have been used inadvertently or deliberately in food
processing since ancient times to make a variety of food prod-
ucts, such as breads, fermented alcoholic beverages, fish sauces,
and cheeses, and for the production of several food ingredients.
Enzymes have been traditionally produced by extraction and
fermentation processes from plant and animal sources, as well
as from a few cultivatable microorganisms.

Industrial enzymes have traditionally been derived from plant,
animal, and microbial sources (Table 9.1). Examples of plant en-
zymes include o-amylase, S-amylase, bromelain, 8-glucanase,

ficin, papain, chymopapain, and LOX; examples of animal en-
zymes are trypsins, pepsins, chymotrypsins, catalase, pancreatic
amylase, pancreatic lipase, and rennet; and examples of mi-
crobial enzymes are «-amylase, f-amylase, glucose isomerase,
pullulanase, cellulase, catalase, lactase, pectinases, pectin lyase,
invertase, raffinose, microbial lipases, and proteases.

Microorganisms constitute the foremost enzyme source be-
cause they are easier and faster to grow and take lesser space
to cultivate, and their use as enzyme source is not affected by
seasonal changes and inclement climatic conditions and are thus
more consistent. Their use as sources of enzymes is also not
affected by various political and agricultural policies or deci-
sions that regulate the slaughter of animals or felling of trees
or plants. Industrial microbial enzymes are obtained from bac-
teria (e.g., «- and B-amylases, glucose isomerase, pullulanase,
and asparaginase), yeasts (e.g., invertase, lactase, and raffinose),
and fungi (e.g., glucose oxidase (GOX), catalase, cellulase, dex-
tranase, glucoamylase, pectinases, pectin lyase, and fungal ren-
net). Even though all classes of enzymes are expected to occur
in all or most microorganisms, in practice, the great majority
of industrial microbial enzymes are derived from only a very
few GRAS (generally recognized as safe) species, the predomi-
nant ones being types like Aspergillus species, Bacillus species,
and Kluyveromyces species. This is because microorganisms can
coproduce harmful toxins, and therefore need to be stringently
evaluated for safety at high cost before they can be put to use
for food production. As such, there are only very few microor-
ganisms currently used as safe sources of enzymes and most of
these strains have either been used by the food industry for sev-
eral years or been derived from such strains by genetic mutation
and selection.

The traditionally produced enzymes are invariably not well
suited for efficient use in food-processing applications for rea-
sons such as sensitivity to processing temperature and pH, in-
hibitory reaction components naturally present in foods, as well
as availability, consistency, and cost. Recent developments in
industrial biotechnology (including recombinant DNA and fer-
mentation technologies) have permitted molecular biologists
and food manufacturers to design and manufacture novel en-
zymes tailor-made to suit particular food-processing applica-
tions (Olempska-Beer et al. 2006). These new microbial en-
zymes are adapted to have specific characteristics that make
them better suited to function under extreme environmental con-
ditions, e.g., pH and temperature. The production of recombinant
enzymes by recombinant DNA technology entails the introduc-
tion of the genes that encode for those enzymes from traditional
sources into special vectors to produce large amounts of the
particular enzyme. Recombinant enzymes are useful because
they can be produced to a high degree of purity, and they can
be produced in high yields and made available on a continu-
ing and consistent basis at much reduced cost. As well, their
purity and large-scale production reduce extensive quality as-
surance practices; and the technique itself enables useful (food)
enzymes from unsafe organisms to be produced in useful forms
as recombinant enzymes in safer microorganisms.

Examples of recombinant enzymes available for food use
include various amylases, lipases, chymosins, and GOX.
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Table 9.1. Sources of Industrial Food Enzymes—Selected Traditional and Recombinant Forms

Source Enzyme Some Food Applications
Plant sources

Papaya tree Papain Meats, baked goods, brewing
Pineapple stem Bromelain Meats, baked goods

Animal sources
Stomachs of ruminants
Mammals (guts)

Microbial sources
Bacillus spp.

Aspergillus niger

Aspergillus niger, Candida
guilliermondii, Kluyveromyces
marxianus

Candida cylindracea, Penicillium
spp., Rhizopus spp., Mucor spp.

Aspergillus spp., Penicillium spp.,
Aureobasidium spp.

Streptoverticillium mobaraense

Pleurotus ostreatus

Recombinant enzymes®
Aspergillus oryzae

Aspergillus oryzae, Pichia pastoris
Bacillus lichenformis

Bacillus subtilis

Escherichia coli K-12

Fusarium venenatum
Kluyveromyces maxianus var. lactis
Pseudomonas fluorenscens Biovar 1
Trichoderma reesei

Chymosin (rennet)
Lipase

Alcalase
a-Amylase
B-Amylase
Pectinase (alkaline)
a-D-Galactosidase
Protease

Pectinase (acidic)
Lipase

Glucose oxidase
Fructosidase

Lipase
Fructosyl transferase

Transglutaminase (TGase)
Laccase

Aspartic proteinase
Chymosin

Glucose oxidase
Laccase

Lipase

Pectin esterase
Phytase
Phospholipase A
a-Amylase
Pullulanase
a-Acetolactate dehydrogenase
Chymosin
Xylanase
Chymosin
o-Amylase

Pectin lyase

Dairy (cheese)
Dairy products, oleo products, baked goods

Waste utilization, bioactive compounds

Baked goods, beverages, and high-glucose syrups
Baked goods, beverages, and high-glucose syrups
Fruit juices, coffee, and tea

Soybean pretreatment

Soy sauce

Fruit juices

Dairy products, oleo products, baked goods
Baked goods, beverages, dried food mixes
Fructose production

Dairy products, oleo products, baked goods
Fructo-oligosaccharides production

Meats, seafood, dairy products
Beverages (wine, fruit juice, beer), jams, baked goods

Meats (potential as tenderizer)

Dairy (cheese)

Baked goods, beverages, dried food mixes
Beverages (wine, fruit juice, beer), jams, baked goods
Dairy products, oleo products, baked goods
Beverages (wine, fruit juice, beer)

Baked goods, animal feeds

Refining of vegetable oils

Baked goods, beverages, and high-glucose syrups
Baked goods, beverages, and high-glucose syrups
Dairy, flavor generation

Dairy (cheese)

Cereals, baked goods, animal feed

Dairy (cheese)

Baked goods, beverages, and high-glucose syrups
Beverages (wine, fruit juice, beer)

“Olempska-Beer et al. (2000).

Table 9.1 also lists other recombinant food enzymes, their source
microorganisms, and their food applications, as well as those of

their traditional counterparts.

MAJOR FOOD ENZYMES BY GROUPS

The major enzymes used in the food industry include various
members from the oxidoreductase, transferase, hydrolase, and

isomerase families of enzymes. The oxidoreductases catalyze
oxidation—reduction reactions in their substrates. Examples of

the oxidoreductases are catalases, GOXs, LOX, PPO, and per-
oxidases. The transferases catalyze the transfer of groups be-

tween molecules to results in new molecules or form inter-/
intramolecular cross-linkages in their substrates. An exam-
ple of transferase used in the food industry is transglutami-
nase (TGase). The hydrolases catalyze the hydrolytic splitting
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of large molecules (e.g., proteins, carbohydrates, lipids, and
nucleic acids) into smaller ones (e.g., amino acids and peptides;
mono-, di-, and oligosaccharides; free fatty acids, mono-, and di-
glycerides; nucleotides and purines). Examples of the hydrolases
include the proteases, carbohydrases, lipases, and nucleases. The
isomerases potentiate intramolecular rearrangements in their
substrate molecules. An example of isomerase used in food pro-
cessing is xylose isomerase (also known as glucose isomerase).

OXIDOREDUCTASES

Oxidoreductases are the group of enzymes that catalyze
oxidation-reduction reactions in their substrates. They occur
widely in plants, animals, and microorganisms. In the food in-
dustry, the oxidoreductases of economic importance include
GOX, PPO, peroxidase and catalase, lipoxygenase, xanthine
oxidase (XO), ascorbic acid oxidase, and sulfhydryl oxidase
(SO). Other well-known oxidoreductases are alcohol dehydro-
genase, aldehyde dehydrogenase, lactate dehydrogenase (LDH),
glutathione dehydrogenase, laccases, and lactoperoxidase.

Glucose Oxidase

GOX is produced commercially from the fungi Aspergillus
niger, Penicillium chrysogenum (formerly known as P. notatum),
P. Amagaskinese, and P. vitale. GOX catalyzes the oxidation of
B-D-glucose initially to D-glucono-§-lactone and hydrogen per-
oxide (H,0,); the gluconolactone is subsequently hydrolyzed to
D-gluconic acid. In the food industry, GOX is used to improve
bread dough texture (in place of oxidants like ascorbate or bro-
mate), and the H,O, formed as coproduct in the oxidation of
D-glucose facilitates formation of a network of disulfide bonds
through the oxidation of thiol groups in proteins and cysteine
to result in stronger doughs. GOX is used in the food industry
to desugar egg white and prevent Maillard-type browning reac-
tions, and is also used in combination with catalase to eliminate
O, from the head spaces of beverages (e.g., wines) and dried
food packages to curtail enzymatic browning reactions and off-
flavor development.

Polyphenol Oxidase

The term PPO is used here to encompass all those enzymes
that have variously been referred to as catecholase, cresolase,
diphenolase, laccase, phenolase, polyphenolase, or tyrosinase.
PPO is widespread in nature and occurs in plants, animals, and
microorganisms, and is produced on a large scale from mush-
rooms and by fermentation from fungi such as Alternaria te-
nius, Chaetomium thermophile, and Thermomyces lanuginosus,
and from bacteria, particularly from the genus Bacillus such as
B. licheniformis, B. Natto, and B. sphaericus. They are Cu™™-
containing enzymes and enhance enzymatic browning, whereby
phenolic compounds are hydroxylated and/or oxidized via in-
termediates such as quinones that polymerize into dark-colored
pigments known as melanins. These browning reactions are re-
sponsible for the undesirable darks discoloration in bruised or
freshly cut fruits (e.g., apples, avocadoes, and bananas) and veg-

etables (e.g., lettuce and potatoes), as well as in melanosis or
“blackspot” formation in raw crustacea (e.g., shrimps, lobsters,
crabs). Nonetheless, PPO-induced browning is desirable in other
products such as chocolate, cocoa, coffee, prunes, raisins, tea,
and tobacco.

In the food industry, PPO is used to enhance the color and
flavor in coffee, tea, and cocoa. PPO is also put to nonfood uses
in the pharmaceutical and biomedical industries: as components
of biosensors for distinguishing between codeine and morphine;
for the treatment of Parkinson’s disease, phenylketonuria, and
leukemia; and in wastewater treatment for the removal of phe-
nolic pollutants.

Lipoxygenase

LOX, also known as lipoxidases, are non-heme, iron-containing
enzymes that are found in plants, animals, and microorganisms.
LOX is obtained for commercial use from soy flour. The enzyme
causes oxidization of essential unsaturated fatty acids, e.g., oleic,
linoleic, linolenic, arachidonic, and other polyunsaturated fatty
acids such as eicosapentaenoic acid and docosahexaenoic acid,
as well as carotenoids, to form their breakdown products (e.g.,
hydrocarbons, alcohols, carbonyl compound, and epoxides). As
aresult of the activities of LOX, off flavors develop in foodstuffs
(oxidative rancidity); as well, there is formation of free radical
intermediates that cause destruction of biomolecules and essen-
tial food components (e.g., proteins, astaxanthin, f-carotene,
and vitamin A).

In general, the action of LOX in foods is undesirable, partic-
ularly the generation of harmful free radicals, the destruction of
essential biomolecules like carotenoids and other essential food
components that manifest in effects such as gradual color loss
in salmonids during frozen storage, and off flavor development
in fatty foods. However, LOX is put to some beneficial uses in
bread making for the bleaching of flour and for improving the
viscoelastic properties of dough. In plants, LOX participate
in flavor formation through the formation of the aldehyde 2-
hexenal. Some of the aldehyde thus formed may be oxidized
to the corresponding carboxylic acid by the enzyme aldehyde
dehydrogenase or reduced by alcohol dehydrogenase to the cor-
responding alcohol. Esters form from the carboxylic acids and
alcohols to impart flavors to the plant material.

Peroxidase and Catalase

These are heme iron-containing enzymes that occur naturally
in plants, animals, and microorganisms. They use H,O, as co-
reactant to catalyze the oxidation of other peroxides to form
H,O and oxidized products, such as alcohols. Examples of per-
oxidases are horseradish peroxidase, glutathione peroxidase, cy-
tochrome ¢ peroxidase, and catalase. Catalase is usually men-
tioned separately from the rest of the peroxidases as it displays
absolute specificity for H,O,. In the food industry, thermal inac-
tivation of peroxidases is used as a measure of the efficiency of
blanching treatment. Catalase is used for the removal of HO,
from food products (e.g., to remove residual H,O, from cold
pasteurization of milk); it is also used in conjunction with GOX
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for desugaring eggs and removing head space O,. Peroxidases
may also be used to remove phenolic pollutants from industrial
waste waters. However, some other effects of peroxidases in
foods are undesirable, such as browning in fruits and off flavors
in vegetables.

Xanthine Oxidase

XO is a molybdo-flavoprotein enzyme that is found largely in
the milk and liver of mammals, and it catalyzes the oxidation
of hypoxanthine and xanthine (breakdown products of nucleic
acids) to uric acid.

Hypoxanthine + H,O + 1/ »0, & Xanthine + 1/2H202 (1)
Xanthine + H,O + '/,0, < Uric acid + '/,H,0, )

It is variously suggested that XO is involved in the spontaneous
development of oxidized flavors in raw milks. This defect caused
by XO in raw milk may be prevented by treatment with the
digestive enzyme trypsin (Lim and Shipe 1972).

Ascorbic Acid Oxidase

Ascorbic acid oxidase (or more precisely, L-ascorbic acid oxi-
dase) catalyzes the oxidation of L-ascorbic acid (vitamin C) to
dehydroascorbic acid.

2 L-ascorbate 4+ O, < 2 Dehydroascorbate + 2 H,O

The above reaction is important as the presence of the enzyme
can lead to the destruction of vitamin C in fruits and vegetables.
The same reaction serves as the basis for its use for the enzymatic
determination of vitamin C (in fruit juices) and for eliminating
the interferences due to the vitamin in clinical analysis. Sources
of ascorbic acid oxidase include squash (plant source) and the
bacterium Aerobacter aerogenes.

Lactate Dehydrogenase

LDH occurs in plants, animals, and microorganisms (e.g., lactic
acid bacteria such as Lactococcus, Enterococcus, Streptococcus,
Pediococcus). LDH catalyzes the interconversions between lac-
tate and pyruvate with the participation of nicotinamide adenine
dinucleotide (NAD™) as hydrogen acceptor (i.e., from lactate
to pyruvate) or NADH as hydrogen donor (i.e., in the reverse
reaction from pyruvate to lactate).

Lactate + NAD' « Pyruvate + NADH + H"

Lactate formed by the enzymes is an essential component of
dairy products such as sour milk products, yogurt, ititu, kefir,
and cottage cheese. The formation of lactate lowers the pH
and promotes curdling of casein in fermented milks; it also
contributes to the sour flavor of sourdough breads and is used in
beer brewing to lower the pH and add “body” to beer.

In general, the breakdown of body tissues is accompanied by
an increase in the levels of LDH, thus LDH levels are used as
part of the diagnosis for hemolysis and other health disorders,
including cancer, meningitis, acute pancreatitis, and HIV.

Sulfhydryl Oxidase

SO enzymes catalyze the oxidation of thiol groups into disulfides
as follows:

2RSH + O, — RS — SR + H,0,

The enzymes have been described in animal milk (Burgess and
Shaw 1983) and egg white (Hoober et al. 1996, 1999, Thorpe
et al. 2002), and in microorganisms (de la Motte and Wagner
1987). SO enzymes from bovine milk, pancreas, and kidney
have been reported to be Fe dependent (Schmelzer et al. 1982,
Sliwkowski et al. 1984, Clare et al. 1988), while others from the
small intestine and the skin have been shown to contain Cu™*
ions (Yamada 1989).

The enzyme has been used in the food industry for flavor con-
trol in ultra-high temperature (UHT)-processed milk (Kaufman
and Fennema 1987).

TRANSFERASES

The transferases catalyze the transfer of groups from one sub-
strate molecule (donor molecule) to another (acceptor molecule).
The reaction is typified by the equation:

A-X+B - A+B-X

where A is the donor and B is the acceptor. Examples in-
clude TGases, transglycosidases, transacetylases, transmethy-
lases, and transphosphorylases. Some of them like TGases,
and various glucanotransferases (e.g., fructosyl transferase, cy-
clodextrin glycosyl transferase (CGTase), and amylomaltase),
are used extensively in the food industry.

Fructosyl Transferase

Fructosyl transferases catalyze the synthesis of fructose
oligomers, also known as fructose oligosaccharides (FOS). The
enzymes have been found in plants, e.g., onions (Robert and
Darbyshire 1980) and asparagus (Shiomi et al. 1979), and in
microorganisms, such as Streptococcus mutans (Wenham et al.
1979), Fusarium oxysporum (Gupta and Bhatia 1980, 1982), B.
subtilis (Cheetham et al. 1989, Homann and Seibel 2009), As-
pergillus spp, Penicillium spp, and Aureobasidium spp (Prapulla
et al. 2000).

Fructo-oligosaccharides account for about 30% of the sweet-
ness of sucrose, but are non-digestible in the gastrointestinal
tracts of humans (Oku et al. 1984, Yun et al. 1995), thus they
serve as dietary fiber and render the gut milieu more conducive
for the growth and proliferation of beneficial intestinal mi-
croflora. So, they are applied as low calorie sweeteners and
as functional food ingredients with health benefits (Lee et al.
1992). FOS are also used as sugar substitutes in foods such as
light jam products, ice cream, and confectionery. The use of FOS
in these foods helps to reduce the caloric intake and contributes
to a lowering of blood glucose levels and related health issues
with diabetes. The enzyme from B. subtilis has been used to
synthesize fructose disaccharides such as xylsucrose, galactosu-
crose, and 6-deoxysucrose for use as antigens, in glycosylated
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proteins, or as sweeteners or bulking agents in food products
(Cheetham et al. 1989).

Cyclodextrin Glycosyl Transferase

CGTase is also known by names like cyclodextrin glucanotrans-
ferase and cyclodextrin glucosyltransferase. CGTases have been
characterized from various genera of bacteria, including Bacil-
lus, Klebsiella, Pseudomonas, Brevibacterium, Micrococus, and
Clostridium (Bonilha et al. 2006, Menocci et al. 2008). CG-
Tases are known to catalyze at least four different reactions;
namely coupling, cyclization, disproportionation, and hydrol-
ysis. The most important of these reactions is intramolecular
cyclization, whereby linear polysaccharide chains in molecules
such as amylose are cleaved, and the two ends of the result-
ing fragments joined together to produce cyclic dextrins or cy-
clodextrins or CDs for short. CDs with varying units of glucose
that are linked together by «(1"4) glycosidic bonds have been
described, namely the 6 glucose CD (or «-CD), the 7 glucose
CD (or B-CD), and the 8 glucose CD (or y-CD). By virtue of
their ringed structures, CDs are able to trap or encapsulate other
molecules to form inclusion composites with altered physico-
chemical properties that have great potential for applications in
the (functional) foods, cosmetics, and fine chemicals (Shahidi
and Xiao-Qing 1993).

Amylomaltase

The enzyme amylomaltase, also known as 4-o-
glucanotransferase, catalyzes the transfer of glucans from
one «-1,4-glucan to another «-1,4-glucan or to glucose. The
amylomaltase enzyme has been found in microorganisms, e.g.,
Clostridium butyricum, E. coli, S. pneumonia (Goda et al.
1997, Pugsley and Dubreuil 1988, Tafazoli et al. 2010) and
in plants, e.g., potato (Jones and Whelan 1969, Strater et al.
2002) and barley (Yoshio et al. 1986). The enzyme acts on
both malto-oligosaccharides and amylose to form medium to
highly polymerized cycloamyloses that are highly water-soluble
(Takaha et al. 1996, Terada et al. 1997). These products are also
expected to be of use in the (functional) food, pharmaceuticals,
and fine chemical industries.

Transglutaminase

TGases are transferase enzymes that catalyze the acyl trans-
fer reactions between free amino groups furnished by —NH;
groups (e.g., the e-NH; group of lysine) of amino acids and pro-
teins, and the y-carboxyamide groups of glutamines (Motoki
and Seguro 1998). The TGase-assisted acyl transfer results in
the extensive formation of strong and resistant covalent bonds
between biomolecules like proteins. The products formed in-
variably have altered properties in terms of mechanical strength
and solubility in aqueous systems. This feature of the enzyme
is exploited in commercial food processing to improve the tex-
ture of gluten-free breads for individuals suffering from celiac
disease (Moore et al. 2004, 2006), for making imitation crab-

meat and fish balls, and for binding small pieces of meat into
larger chunks of meat. The enzyme is also used as a binding
agent to improve the physical qualities (e.g., texture, firmness,
and elasticity) of protein-rich foods such as surimi or ham, and
emulsified meat products, such as sausages and hot dogs. They
are also used to improve the texture of low-grade meats such as
the so-called pale, soft, exudative meat or PSE meats; to improve
the consistency of dairy products (milk and yogurt) to make them
thicker and creamier; and to make noodles firmer (Kim and Kim
2009). TGases have been found to be present in animals (e.g.,
threadfin bream, big-eye snapper, white croaker (Benjakul et al.
2010), guinea pig (Huang et al. 2008), in birds, amphibians, and
invertebrates (Lantto et al. 2005), and in plants and microorgan-
isms (e.g., Bacillus, Streptoverticullium, and Streptomyces spp
(Yokoyama et al. 2004).

PROTEASES

The term protease is used to represent the group of enzymes that
catalyze the cleavage of peptide bonds in proteins and peptide
molecules with the participation of water as co-reactant. Other
names for this group of enzymes include proteinases or prote-
olytic enzymes. The majority of industrial enzymes currently in
use are proteases, and it is estimated that they constitute about
40% of the total global enzyme production and use (Layman
1986, Godfrey and West 1996). These enzymes are used in
the food processing, animal feed, detergent, leather and textiles,
photographic, and other industries (Kalisz 1988). Proteolytic en-
zymes are also used as a digestive aid to facilitate digestion and
use of proteins by some people who otherwise cannot readily
digest these molecules.

On the basis of their mode of action on the protein/peptide
molecules, proteases are classified as either endopeptidases (or
endoproteases) or exopeptidases (or exoproteases). Endopepti-
dases are those proteases that cleave peptide bonds randomly
within protein molecules to result in smaller peptides. Exam-
ples include trypsin, chymotrypsin, pepsin, chymosin, elastase,
and thermolysin. Exopeptidases cleave peptide bonds by suc-
cessively removing terminal amino acid residues to produce
free amino acids and the residual polypeptide molecule. Thus,
two types of exoproteases are distinguished, the carboxypep-
tidases, that is, those that cleave amino acids at the carboxyl
or C-terminal of the protein or polypeptide molecule, and
the aminopeptidases that cleave amino acids from the amino
or N-terminal of the molecule. Examples of carboxypepti-
dases include depeptidase, cathepsin A, cathepsin C, metallo-
carboxypeptidases (e.g., carboxypeptidases A, A2, B, and C),
and angiotensin-converting enzyme; examples of aminopepti-
dase are glutamyl aminopeptidase (a.k.a. aminopeptidase A),
arginyl aminopeptidase (also known as aminopeptidase B), ala-
nine aminopeptidase, leucine aminopeptidase, and the methion-
ine aminopeptidases 1 & 2 (also known as METAP 1 & 2).

Proteases are traditionally classified into four sub-groups
based on the nature of their active sites as acid, serine, sulthydryl,
and metallo-proteases. Their distinctive features are summarized
in the following subsections.
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Acid Proteases

The acid proteases (also known as aspartate proteases) are so
called because the enzymes in this group tend to have one or
more side chain carboxyl groups from aspartic acid as essential
component(s) of their active sites, and they are optimally active
within the acid pH range. Examples include pepsins, chymosins,
rennets, gastricins (from animal sources), cyprosin, and cardosin
(from plant sources), and several other aspartic acid proteases
from microorganisms such as Rhizomucor miehei, R. pusillus,
R. racemosus, Cryphonectria parasitica, and A. niger (Mistry
2006). Most of the known acid proteases are inhibited by the
hexapeptide pepstatin. The major food industry use of acid pro-
teases is in dairy processing, such as for the milk coagulation
step in cheese making. In cheese making, the acid proteases
added (e.g., rennet of chymosin) act to cleave critical peptide
bonds between phenylalanine and leucine residues in x-casein
of the milk to form micelles that aggregate and precipitate out as
the curd. The characteristic specificity of these proteases in these
dairy products is important to restrict hydrolysis to the peptide
bonds between the critical phenylalanine and leucine residues in
Kk -casein; otherwise, excessive proteolysis could elicit undue tex-
ture softening, bitterness, and/or “off-odors” in the product(s).

Serine Proteases

The serine proteases are the most abundant group of the known
proteases (Hedstrom 2002). The characteristic features of this
group of enzymes include the presence of a seryl residue in their
active sites, as well as a general susceptibility to inhibition by ser-
pins, organophosphates (e.g., di-isopropylphosphofluoridate),
aprotinin (also known as trasylol), and phenyl methyl sul-
fonyl fluoride. Examples of the animal serine proteases are
chymotrypsin, trypsin, thrombin, and elastase; examples of
plant serine proteases are cucumisin (from melon; Kaneda and
Tominaga 1975), macluralisin, and taraxilisin (from the osage
orange fruit and dandelion, respectively; Rudenskaya et al.
1995); and examples of microbial serine proteases are pro-
teinase K and subtilisin A (Couto et al. 1993). Several of the
serine proteases function optimally within neutral to alkaline
pH range (pH 7-11), and they find extensive use in the food
and animal feed industries. They are used to produce highly
nutritive protein hydrolysates from protein substrates such as
whey, casein, soy, keratinous materials, and scraps from meat
processing, as well as from fish processing discards; for the
development of flavor during ripening of dairy products; and
for the production of animal fodder from keratinous waste
materials generated from meat and fish processing (Dalev 1994,
Wilkinson and Kilcawley 2005). Other industrial applications
of serine proteases include their use for the regioselective
esterification of sugars, resolution of racemic mixtures of
amino acids, and production of synthetic peptides to serve as
pharmaceutical drugs and vaccines (Chen et al. 1999, Guzmén
et al. 2007, Barros et al. 2009). Serine proteases are also used
commercially for the treatment and bating of leather to remove
undesirable pigments and hair from leather (Valera et al. 1997,
Adigtizel et al. 2009). They are also used for the treatment of

industrial effluents and household waste, to lower the biological
oxygen demand, and viscosity, to increase the flow properties
of solid proteinaceous waste (e.g., feather, hair, hooves, skin,
and bones), as well as wastewater from animal slaughterhouses
and fish processing plants (Dalev and Simeonova 1992). Serine
proteases also find some use in the degumming and the detergent
industries (Godfrey and West 1996), and in medicine for the
treatment of burns, wounds, and abscesses (Lund et al. 1999).

Sulfhydryl Proteases

The sulthydryl (also known as thiol or cysteine) proteases are
so called because they contain intact sulfhydryl groups in their
active sites and are inhibited by thiol reagents such as alkylat-
ing agents and heavy metal ions. Examples include plant types
like actinidain, papain, bromelain, chymopapain, and ficin; ani-
mal types like cathepsins B and C, calpains, and caspases; and
clostripain, protease 1 and others from various microorganisms
such as Streptococcus sp (Whitaker 1994), thermophilic Bacillus
sp (Almeida do Nascimento and Martins 2004), and Pyrococ-
cus sp (Morikawa et al. 1994). The activities of this group of
enzymes are enhanced by dithiothreitol and its epimer dithio-
erythritol, cysteine, and 2-mercaptoethanol, and they are inhib-
ited by compounds such as iodoacetate, p-chloromercuribenzoic
acid, cystatin, leupeptin, and N-ethylmaleimide. The enzymes
in this group tend to be optimally active around neutral pH (i.e.,
pH 6-7.5) and are relatively heat stable, which accounts for their
use in meat tenderizers. Thiol proteases act to degrade myofibril
protein and collagen fibers to make meats tender. Meat tender-
ness is a very important factor in meat quality evaluation. Ficin
tends to have the greatest effect on myofibril protein hydrolysis
due to its relatively higher thermal stability and broader speci-
ficity, followed by bromelain and papain in that order, although
bromelain tends to degrade collagen fibers more extensively
(Miyada and Tappel 1956). In commercial application, papain
and bromelain are more frequently used because the higher hy-
drolytic capacity of ficin often results in excessive softening and
mushiness in the treated meat (Wells 1966). These proteases
may be applied in various ways to achieve meat tenderization,
as by blending, dipping, dusting, soaking, spraying, injection,
and vascular pumping (Etherington and Bardsley 1991). A com-
mon drawback with most of these approaches is the unequal
distribution of the enzyme that could result in excessive ten-
derization or inadequate tenderization of different parts of the
meat. The problem of uneven distribution of the enzyme may be
minimized by using an additional tumbling step after enzyme
treatment to increase distribution or by pre-slaughter injections
of the animal with the enzyme (Beuk et al. 1962, Etherington
and Bardsley 1991).

Sulthydryl proteases are also used in the brewing industry to
control haziness and improve clarity of the beverage. Haziness
may form in the product during the aging process via aggrega-
tion of larger peptide and polyphenol molecules to form high
molecular weight complexes. This is particularly enhanced dur-
ing chilling of the beer, where solubility is minimal, and this
group of enzymes is also used in the baking industry to im-
prove the stretchability and firmness of the dough, through the
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modification of gluten. The enzymes are able to do this by in-
creasing the viscoelastic, gas-retaining, and thermosetting prop-
erties of the dough. The action of these enzymes results in bene-
fits such as shorter time of mixing, better flow, improved shaping,
and increased gas retention of the flour or dough (Mathewson
1998).

Metalloproteases

The term metalloproteases is used to encompass those proteases
that have metal ions in their active sites. These enzymes typically
require an essential metal ion (e.g., Ni>*t, Mg>", Mn?*, Ca?*,
Zn>*, and Co**) for functional activity. Urease is an example
of the nickel (Ni**)-containing metalloenzymes. It catalyzes the
breakdown of urea into carbon dioxide (CO,) and ammonia
(NH3). The urease-catalyzed reaction occurs as follows:

(NH»), CO + H,O — CO; + 2NH;

The NHj; thus produced functions to neutralize gastric acid
in the stomach. Urease is found in bacteria, yeast, and several
higher plants. The major sources of urease include the Jack bean
(Canavalia ensiformis) plant and the bacteria B. pasteurii. The
enzyme is also found in large quantities in soybeans and other
plant seeds, in certain animal tissues (e.g., liver, blood, and mus-
cle), in intestinal bacteria (e.g., Eubacterium aerofaciens, E.
lentum, and Peptostreptococcus productus), and in yeasts (e.g.,
Candida curvata, C. humicola, C. bogoriensis, C. diffluens, and
Rhodotorula and Cryptococcus species), as well as the blue-
green algae (Anabaena doliolum and Anacystis nidulans). Ex-
amples of the metalloproteases that are Mg?* dependent include
inorganic diphosphatase that catalyzes the cleavage of diphos-
phate into inorganic phosphates, that is,

Diphosphate + H,O <« 2 Phosphate

and phosphatidylinositol triphosphate 3-phosphatase that
catalyzes the hydrolysis of phosphatidylinositol 3,4,5-
trisphosphate, that is,

Phosphatidylinositol 3,4, 5-trisphosphate + H,O
< Phosphatidylinositol 4,5-bisphosphate + Phosphate

An example of metalloproteases containing manganese
(Mn**) metal ions is phosphoadenylylsulfatase, which partici-
pates in sulfur metabolism and catalyzes the hydrolytic cleavage
of 3’-phosphoadenylyl sulfate into adenosine 3',5'-bisphosphate
and sulfate:

3'-Phosphoadenylyl sulfate + H,O
& Adenosine 3',5'-Bisphosphate + Sulfate

A well-known calcium (Ca®*)-containing metalloprotease is
lactonase, which hydrolyzes lactones into their corresponding
hydroacids, that is,

Lactone(s) + H,O < 4-Hydroxyacid(s)

The enzyme lactonase also participates in the metabolism of
galactose and ascorbic acid.

Other metalloproteases contain zinc (Zn’>*) metal ions,
e.g., glutamate carboxypeptidase and glutamyl aminopepti-
dase. Glutamate carboxypeptidase catalyzes the hydrolysis

of N-acetylaspartylglutamic acid into glutamic acid and N-
acetylaspartate as shown in the following reaction:

N-Acetylaspartylglutamate + H,O
< Glutamic acid + N-Acetylaspartate

while glutamyl aminopeptidase (also known as aminopeptidase
A) catalyzes the hydrolysis of glutamic and aspartic acid residues
from the N-termini of polypeptides, e.g.,

Aspartic acid-polypeptide + H,O
< Aspartic acid + Polypeptide

Glutamyl aminopeptidase is important because of its capacity
to degrade angiotensin II into angiotensin III, which promote
vasoconstriction and high blood pressure. Both glutamate car-
boxypeptidase and glutamyl aminopeptidase are present in mem-
branes. Another important Zn>*-containing metalloprotease is
the insulin-degrading enzyme that is found in humans and de-
grades short chain polypeptides such as the S-chain of insulin,
glucagon, transforming growth factor, and endorphins. Collage-
nases are also Zn>" dependent and they act to break down the
peptide bonds in collagen. Cobalt (Co’*)-containing metallo-
proteases include methylmalonyl coenzyme A mutase that con-
verts methyl malonyl-CoA to succinyl-CoA, which is involved
in the extraction of energy from proteins and fats; other Co**-
containing metalloenzymes are methionine aminopeptidase and
nitrile hydratase (Kobayashi and Shimizu 1999).

Sources of metalloproteases include those derived from an-
imals, like carboxypeptidases A and B, collagenases, gelati-
nases, and procollagen proteinase; microbial ones such as
thermolysin, lysostaphin (from Staphylococcus sp), acidolysin
(from Clostridium acetobutylicum), and neutral metallopro-
teases (from Bacillus sp); as well as plant types like the zinc-
dependent endoproteases in the seeds of grass pea (Lathyrus
sativus L.). Agents or substances that are capable of bind-
ing or interacting with the catalytic metal ions tend be po-
tent inhibitors of this group of enzymes. Examples of these
inhibitors include phosphoramidon, ethylenediaminetetraacetic
acid (EDTA), methylamine, vitamin B-12, dimercaprol, por-
phine, phosphonates, and 1,10-phenanthroline.

Common commercially available metalloenzymes are Neu-
trase (Novo Nordisk 1993) and Thermoase (Amano Enzymes)
and some of the industrial applications of metalloenzymes in-
clude the synthesis of peptides for use as low calorie sweetener
and drugs for the food and pharmaceutical industries, respec-
tively. Thermolysin and vimelysin (from Vibrio sp) are both
used for the synthesis of aspartame (Murakami et al. 1998); in
this regard, vimelysin is superior to thermolysin for synthesis
of the dipeptide at low temperatures. The metalloprotease ther-
molysin is also used in combination with other proteases (pro-
tease cocktails) for the production of food protein hydrolysates
and flavor-enhancing peptides and for accelerating the ripening
of dry sausages (Fernandez et al. 2000). They are also used for
the hydrolysis of slaughterhouse waste, and in the brewing in-
dustry to facilitate filtration of beer and production of low calorie
beers.
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CARBOHYDRASES

Carbohydrases are a group of enzymes that catalyze the hydrol-
ysis or synthesis of polysaccharides. Examples include the amy-
lases that hydrolyze starch molecules, maltases that break down
maltose into glucose units, and lactases that degrade lactose into
galactose and glucose. Other examples include invertases that
hydrolyze sucrose into glucose and fructose, glucanases that
catalyze the hydrolysis of glucans, cellulases that break down
celluloses into low molecular weight cellodextrins, cellobiose,
and/or glucose. Carbohydrases are ubiquitous in nature and are
widespread in animals, plants, and microorganisms. For exam-
ple, the amylases, pectinases, chitinases, and S-galactosidases
are all found in plants, animals, and microorganisms (bacteria,
fungi, and yeast). Microbial sources of commercially available
carbohydrases are bacteria (e.g., B. licheniformis), various fungi
(e.g., A. niger, A. oryzae, A. aculeatus, Trichoderma reesei), and
yeasts (e.g., Kluyveromyces lactis, Saccharomyces cerevisiae).
They are also present in algae, e.g., marine algae.

Two types of carbohydrases may be distinguished based on
their modes of action as the endo- versus exo-carbohydrases.
The endo-hydrolases (e.g., «-amylase) catalyze the cleavage
of the internal glycosidic bonds of carbohydrate molecules,
while the exo-hydrolases (e.g., f-amylase) catalyze the hydrol-
ysis of carbohydrates by removing the maltose units from the
nonreducing end of complex carbohydrate molecules. Carbohy-
drases may also be classified into the starch-hydrolyzing types
and the nonstarch-hydrolyzing types. The starch-hydrolyzing
carbohydrases (amylases, glucanases) act on amylose and amy-
lopectin, and their principal applications are in the production of
glucose syrups, ethanol, as well as in baking and brewing. The
nonstarch-hydrolyzing carbohydrases are those that break down
polymers of hexoses other than amylose and amylopectin, e.g.,
cellulases, lactases, maltases, galactosidases, pectic enzymes,
invertases, chitinases, and fructosidases.

Amylases, Glucanases, and Pullulanases

Some of the more common carbohydrases and their uses in
the food industry are the amylases that are used in the starch,
alcoholic beverages, and the sugar industries. For example,
Novozymes produces a heat-stable «-amylase (known as ter-
mamyl) from a genetically modified strain of B. licheniformis
for the continuous liquefaction of starch at high temperatures
(105-110°C). This same heat-stable enzyme is used to liquefy
or “thin” starch during brewing and mash distillation. It is also
used in sugar manufacture to hydrolyze the starch in sugar cane
juice. Nonfood applications of a-amylases include their use in
the textiles industry for de-sizing of fabrics and in detergent for-
mulations for the removal of starch-based stains from fabrics.
Amyloglucosidase (AMG) is a type of amylase that cleaves the
a-1,4- and «-1,6-glycosidic bonds and removes glucose units
from liquefied starch sequentially. The commercially available
AMG enzyme is derived from a strain of the fungus A. niger, and
it is used to produce sugar syrups from starches and dextrins.
Glucanases are a group of hydrolytic enzymes that cat-
alyze the cleavage of glucans into various glucose oligomers,

trisaccharides (e.g., maltotriose and nigerotriose), disaccharides
(e.g., maltose, trehalose, and cellobiose), and the monosaccha-
ride glucose. The term glucans encompasses those carbohy-
drate compounds made up of repeating glucose units linked
together by glycosidic bonds. Examples of glucans include
amylose starch (with a-1,4-glycosidic bonds), cellulose (8-1,4-
glycosidic bonds), zymosan (B-1,3-glycosidic bonds), glyco-
gen (with both @-1,4- and «-1,6-glycosidic bonds), amylopectin
starch (with both a-1,4- and a-1,6-glycosidic bonds), and pullu-
lan (with both «-1,4- and -1,6-glycosidic bonds). They occur in
plants, animals, and microorganisms; in plants and fungi, in par-
ticular, they serve as structural, defense, and growth functions,
and as storage forms of chemical energy (Thomas et al. 2000).

Several microorganisms (fungi, bacteria (Kikuchi et al. 2005),
and yeasts (Abd-El-Al and Phaff 1968) produce glucanases that
enable them to digest glucans for use as nutrients and energy
source. Glucanases are also widespread in plants, e.g., in seed
plants (Elortza et al. 2003), rice (Thomas et al. 2000), tobacco
(Leubner-Metzger 2003), acacia (Gonzalez-Teuber et al. 2010),
and in animal tissues, e.g., the embryo of sea urchins (Bachman
and McClay 1996), nematodes (Kikuchi et al. 2005), mollusks
(Kozhemyako et al. 2004), crayfish (Lee et al. 1992), earthworms
(Beschin et al. 1998), shrimp (Sritunyalucksana et al. 2002),
and insects (Hrassnigg and Crailsheim 2005). Bacteria are used
industrially to produce glucanases for use in applications such
as brewing to break down glucans in barley, thereby facilitating
filtration and preventing clogging of filters.

Pullulanase (also known as “debranching enzyme”) is a spe-
cific glucanase that degrades pullulan, a carbohydrate made up
of repeating units of the trisaccharide maltotriose linked together
by a-1,6 glycosidic bonds. Depending on the nature of the glyco-
sidic bond cleaved, two types of pullulanases are distinguished.
The type I pullulanases cleave the a-1,6 bonds, while the type II
pullulanases hydrolyze both the «-1,4 and «-1,6 linkages. Pul-
lulanases are produced by bacteria (e.g., B. cereus (Nair et al
2006) and Klebsiella sp. (Pugsley et al. 1986)), and they are also
found in plants (e.g., rice (Yamasaki et al. 2008), wheat (Liu
et al. 2009), maize (Dinges et al. 2003)).

By virtue of their capacity to break down glucans into glucose
and low molecular weight oligomers of glucose, glucanases and
pullulanases are used extensively in industry for the manufacture
of animal feeds, alcoholic (beer and wine) and nonalcoholic
beverages (tea, fruit pulps), baked goods (breads), leather, and
textiles, as well as for waste treatment, oil extraction, and in
detergents.

Various amylase mixes are used as multienzyme cocktails,
which are employed to hydrolyze carbohydrates. An example is
the product Viscozyme, produced and marketed by Novozymes
from the fungus A. aculeatus. Viscozyme is used widely in the
food industry to degrade nonstarch polysaccharides, including
branched pectin-like substances often associated with starch in
plant materials, thereby reducing the viscosity of such materials
to facilitate the extraction of useful products from plant materi-
als. This way, the enzyme can also make starches more readily
available for fermentation into various liquefied products.

Other carbohydrases available under various trade names for
food uses include a fungal amylase powder derived from A.
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oryzae known as asperzyme and a liquid saccharifying amylase
for the production of fermentable sugars known as adjuzyme,
whichis derived from A. niger. An Enzeco glucoamylase powder
derived from A. niger is also commercially available for use in
baked goods to improve proofing in lean or frozen doughs, and
brewers amylase produced in powder form from Aspergillus
sp and Rhizopus oryzae is used for the manufacture of light
beers. Others are Brewers Fermex derived from Aspergillus sp.
and Rhizopus oryzae in powder form for use in increasing the
fermentability of wort and cookerzyme derived from B. subtilis
for accelerated hydrolysis of starch adjuncts.

Galactosidases and Lactases

Galactosidases are those carbohydrases that catalyze the
hydrolysis of galactosides such as lactose, lactosylceramides,
ganglioside, and various glycoproteins into their constituent
monosaccharide units. Two types of galactosidases are
distinguished based on their mode of action as «- and f-
galactosidases. The «-galactosidases (also known as «-gal)
catalyze the hydrolytic cleavage of the terminal «-galactosyl
residues from «-galactosides (including certain glycoproteins
and glycolipids) and they can catalyze the hydrolysis of the
disaccharide melibiose into galactose and glucose. @-Gal is used
as a dietary supplement (e.g., beano) to facilitate the breakdown
of complex sugars into simpler forms to permit easier digestion
and reduce intestinal gas and bloating. The enzyme may also be
used to reduce the complex carbohydrate content of the beer to
increase the simple sugar content and hence the alcohol content
of beer. The B-gals facilitate the hydrolysis of f-galactosides
such as lactose, various glycoproteins, and ceramides into
simpler forms.

Lactases belong to the S-galactosidase family of enzymes;
they catalyze the breakdown of the milk sugar lactose into
its constituent monosaccharides, galactose and glucose units,
that is,

Lactose + H,O < Galactose + Glucose

Lactases are produced in commercial quantities from yeasts
such as K. fragilis and K. lactis, and from fungi such as A. niger
and A. oryza (Mustranta et al. 1981). Other lactase-producing
microorganisms include the bacteria Streptococcus cremoris,
Lactobacillus bulgaricus, and Leuconostoc citrovorum (Ramana
Rao and Dutta 1978). Lactases are also found in the mucous
lining of the small intestines of cows and rabbits, and in the
walls of the small intestines of humans from as early as the
fifth month of intrauterine life. However, lactase levels tend to
be higher in younger animals and human infants, and the levels
generally decrease with age (Heilskov 1951). The enzyme is
also found in plants, e.g., from the calli and roots of gherkin,
pea, poppy, and eastern blue star seedlings (Neubert et al. 2004).

Lactase is commercially produced by Novozymes from the
dairy yeast K. lactis and marketed as Lactozym. Lactase as lac-
tozym is widely used in the dairy industry to produce fermented
milks, ice-cream, milk drinks, and lactose-reduced milk for peo-
ple who are lactose-intolerant and for household pets (e.g., cats)
that cannot utilize lactose. Milks treated with lactose tend to be

sweeter than their untreated counterparts because the monosac-
charides glucose and galactose produced in the treated milks are
sweeter than the disaccharide lactose in untreated milks. Crys-
tallization of lactose in condensed milk can also be prevented by
treating the milk first with lactase. Lactase-treated milks used for
the preparation of cultured milk products (e.g., cottage cheese
or yogurt) ferment faster than untreated milks, because lactose
in the latter ferment at a slower pace than the glucose and galac-
tose in the treated milks. As well, the cultured milk products
from the lactase-treated milks tend to be sweeter than the prod-
ucts prepared from the nontreated milks. Milk whey may also
be treated with lactase and concentrated to form syrups for use
as a sweetener in food products. Ice cream made from lactase-
treated milk (or whey) also has little or no lactose crystals, thus
the undesirable “sandy” feel due to lactose crystallization is
averted.

Maltases

Maltase is the carbohydrase that breaks down the disaccharide
maltose into glucose units as summarized in the reaction below:

Maltose + H,O < 2 o-Glucose

Maltase is found in humans and other vertebrate animals,
plants, and microorganisms (bacteria and yeast). In humans,
digestion of starch commences in the mouth with ptyalin (saliva
enzyme) and pancreatic amylases breaking down the starch into
maltose. The maltose is subsequently hydrolyzed by intestinal
maltase into glucose for utilization by the body to produce energy
or for storage in the liver as glycogen. Maltase (from barley malt)
is used in brewing to increase the glucose content for conversion
into alcohol. Maltase from A. oryzae is used in the beet-sugar and
molasses distilleries, and in the industrial production of glucose
syrups (McWethy and Hartman 1979).

Cellulases

Cellulases are enzymes that potentiate the breakdown of the -
1,4-glycosidic bonds in cellulose. They are produced commonly
by bacteria (e.g., Clostridium thermocellum, Acidothermus
cellulolyticus (Tucker et al. 1988)), fungi (Trichoderma reesei,
T. hamatum, Fusarium roseum, Curvularia lunata (Sidhu et al.
1986)), and protozoa (e.g., Trichomitopsis termopsidis (Odelson
and Breznak 1985), Eudiplodinium maggii, Epidinium ecauda-
tum caudatum, and Ostracodinium obtusum bilobum (Coleman
1985)), although the enzymes are also found in plants (e.g., cress
and pepper (Ferrarese et al. 29)) and animals (e.g., termites, crus-
tacea, insects, and nematodes (Watanabe and Tokuda 2001)). A
simplified equation for the hydrolysis of cellulose by cellulases
may be summarized as

Cellulose + H,O < nB-D-Glucose

Native cellulose is highly crystalline in nature and its com-
plete hydrolysis entails stepwise reactions catalyzed by a com-
plex of cellulase enzymes. It entails the preliminary unraveling
of the crystalline cellulose molecules into simple (or linear)
cellulose chains by endocellulases. The linear cellulose chains
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then serve as substrates for exocellulases to produce smaller
oligosaccharides (such as cellobiose and cellotetrose), and the
latter molecules are hydrolyzed further by cellobiases into 8-D-
glucose units.

Cellulase is used in coffee processing to hydrolyze cellu-
lose during drying of the beans. They are also used extensively
in laundry detergents, in textile, pulp, and paper industries, as
digestive supplements in pharmaceutical applications, and to
facilitate in the biotransformation of feedstock into biofuels,
although this process is presently in its infancy. The enzyme is
marketed commercially as Celluclast by Novozymes and is used
to digest cellulose into fermentable sugars in the form of glucose
oligomers, cellobiose, and glucose, or to reduce the viscosity of
soluble cellulosic materials.

Invertases and Sucrases

Invertases, also known as f-fructofuranosidases, are enzymes
that hydrolyze the disaccharide sucrose into its corresponding
monosaccharide units, fructose and glucose, that is,

Sucrose + H,O < Fructose + Glucose

Sucrases also spilt sucrose into equimolar mixtures of glu-
cose and fructose, the difference between the two being that
invertases split the O—C (fructose) bond, while sucrases break
the O-C (glucose) bond. The equimolar mixture of glucose and
fructose thus produced is known as invert sugar or artificial
honey. Invertase is produced for commercial use from the yeast
S. cerevisiae or S. carlsbergensis, although bees also synthesize
the enzyme to make honey from nectar. The enzymes are also
present in bacteria (Bogs and Geider 2000), in the cell walls and
vacuoles of higher plants like carrots (Quiroz-Castaneda et al.
2009), tomatoes (Elliot et al. 1993), as well as in the seeds,
stems, roots, and tubers of several higher plants (Cooper and
Greenshields 1961, 1964).

Invertase is produced and marketed commercially under the
brand name Maxinvert by Novozymes and is used extensively in
the confectionery industry to make products such as chocolate-
covered berries and nuts, soft-centered candies, marshmallows,
and fudges. Invertase derived from yeast is also commercially
available from Enzeco for the inversion of sucrose into a mixture
of fructose and glucose.

Pectinases

Pectinase or pectic enzymes are a group of carbohydrases that
hydrolyze pectins, large and complex heteropolysaccharides
comprising of 1,4-«-D-galactosyluronic acid residues. Pectins
occur naturally in fruits and can contribute to the viscosity and
haziness of alcoholic and nonalcoholic beverages. Pectic en-
zymes act to break down pectins into smaller molecules to en-
hance their solubility. By this action, pectic enzymes clear hazes
in beverages that form from residual pectins in the juices and
also increase the yields of fruit juices. Members of the pecti-
nase family of enzymes include pectinesterase (also known as
pectyl hydrolase, pectin methyl esterase, or PME) and poly-
galacturonase. They are widespread in the cell walls of higher

plants (e.g., avocado, carrots, tomato), as well as in some bacte-
ria (e.g., B. polymyxa, Closytidium multifermentans, and Er-
wina aroideae), fungi (e.g., A. niger, Penicillium digitatum,
Geotricum candidum, and Fusarium oxysporum), and yeasts
(e.g., S. fragilis). PME catalyzes the hydrolysis of pectins via
the removal of methoxyl groups to form pectic acids, that is:

Pectin + H,O < Pectic acid + Methanol

Pectin lyase also known as pectolyase hydrolyzes pectins via
eliminative cleavage of (1,4)-a-D-galacturonan methyl esters
in pectins with 4-deoxy-6-O-methyl-o-D-galact-4-enuronosyl
residues at the nonreducing termini. Food-grade pectolyase is
produced on a commercial scale from fungi and is used to re-
move residual pectins in wines and ciders. The enzyme is also
used in combination with cellulase in plant cell culture to de-
grade plant cell walls to generate protoplasts.

Polygalacturonases (PGases) break down the glycosidic
bonds linking the galacturonic acid residues in the polymer,
and they may be either endo or exo in action. The endo-PGases
cleave the 1,4-a-D-galactosyluronic acid residues of pectins in
a random fashion, while the exo-PGases degrade pectins by ter-
minal action to produce galacturonic acid residues.

A variety of pectic enzymes are commercially available from
Novozymes for applications in the food industry. Examples in-
clude Pectinex (a mixture of pectinases produced from A. niger)
for fruit and vegetable juice processing and the maceration of
plant tissues, Peelzym (produced from A. aculeatus) for hands-
free peeling of citrus fruits, and NovoShape (produced from A.
aculeatus and A. oryzae) for maintaining the shape and structure
of whole chunks or pieces of fruits in a finished product.

Fructosidases

Fructosidases, also known as inulases, are a group of enzymes
that catalyze the hydrolysis of inulin or fructans into simpler
components. Inulin s a linear polysaccharide naturally present in
plants. The linear chains consist of about 35 fructose molecules
linked together by B-1,2-glycosidic bonds and terminating in a
glucose unit. Interest in this group of enzymes has been growing
in recent years because of their capacity to form industrial fruc-
tose from fructans. These enzymes are commonly found in plants
and are also produced by microorganisms such as Aspergillus
sp., S. fragilis, and S. marxianus. Fructosidases produce fructose
from inulin in high yield for commercial use (Singh et al. 2007,
Sirisansaneeyakul et al. 2007, Mufioz-Gutiérrez et al. 2009).

LIPASES

The term lipases is used to refer to a large group of hy-
drolytic enzymes that catalyze the breakdown of ester bonds
in biomolecules such as triglycerides (TGs), phospholipids,
cholesterol esters, and vitamin esters. On the basis of the nature
of their substrate molecules, lipases are classified into triacyl-
glycerol lipase (or true lipases), phospholipases, sterol esterase,
and retinyl-palmitate esterase. For TGs, arguably the most
abundant food lipids, lipases hydrolyze the ester bonds in TGs
to form free fatty acids and glycerol. Lipases belong to the o/
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hydrolase family of enzymes that are characterized by a partic-
ular «-helix and S-structure topology, that is, a fan-like pattern
of the central B-sheets, and also include esterases, thioesterases,
and several other intracellular hydrolases. The catalytic triad
of the /B hydrolase proteins consists of a nucleophilic serine
residue, an aspartic or glutamic acid residue, and a histidine
group and differs from the catalytic triad in serine proteases
only in the sequence in which the amino acids in the triad
occur (Wang and Hartsuck 1993, Wong and Schotz 2002).
Homologous lipases exhibit subtle differences from one another,
and four major types are distinguished based on structural,
functional, or sequence homologies: (i) the consensus sequence
GxSxG around the active site serine, where x can be any amino
acid, (ii) those with the strand-helix motif also around the active
site serine; (iii) those with a buried active site covered by a region
known in different lipases as active site loop, lid domain, or flap,
and (iv) those with the order of the catalytic triad residues Ser . . .
Asp/Glu ... His (Carriere et al. 2000, Svendsen 2000, Hui and
Howles 2002).

Lipase Specificity, Mechanism of Action, and Some
General Properties

There are several categories of lipase specificity. Fatty acid-
specific lipases tend to prefer specific fatty acids or classes
of fatty acids (e.g., short-chain, polyunsaturated, etc.). Some
lipases exhibit positional specificity and are regioselective in
discriminating between the external, primary (sn-1 and sn-3 po-
sitions), and internal, secondary (sn-2 position), ester bonds.
For example, several lipases of microbial origin, as well as gas-
tric and phospholipases, show a preference for the external ester
bonds; some exhibit partial stereospecificity, that is, a preference
for either sn-1 or sn-3 position of TG, and some others exhibit
enantioselectivity and can differentiate between enantiomers of
chiral molecules (Anthonsen et al. 1995, Hou 2002).

The most accepted kinetic model of lipase activity is that
the lipase exists in both the active and inactive conformation
in solution. In aqueous solutions, the inactive conformation is
predominant, thus the enzyme activity is low. However, at the
lipid—water interface, the active conformation is favored, and
water-insoluble substrates are hydrolyzed by the enzyme. The
active forms of the enzyme in solution that are adsorbed at the
interface may have different conformations (Martinelle and Hult
1995). Interfacial activation of lipases is well documented. Ex-
cess substrate induces a drastic increase in lipase activity, while
esterases display a hyperbolic, Michaelis—Menten relationship
between the enzyme activity and substrate concentration, lipases
show a sigmoidal response (Anthonsen et al. 1995). Binding of
lipase to the emulsified substrate at the lipid—water interface elic-
its a conformational change that greatly enhances its catalytic
activity: the lid domain flips backwards to expose the active site;
as well, the 85 loop orients in a way to enhance access of the
substrate to the enzyme’s active site.

Lipases are water-soluble proteins; nonetheless, their sub-
strates are water-insoluble. Pancreatic lipases have the following
features: temperature optima around 37°C and thermal stabilities
up to approximately 50°C (Gjellesvik et al. 1992), and pH op-

tima in the range of 6.5-8.5 and pH stabilities between pH 6 and
10 (Wang and Hartsuck 1993). The molecular weights range be-
tween 45 and 100 kDa (Wong and Schotz 2002, Wang and Hart-
suck 1993), and they are anionic with isoelectric points typically
ranging from 4.5 to 7 under physiological conditions (Armand
2007). They are inhibited by organophosphorous compounds
like di-isopropyl fluorophosphates via irreversible phosphoryla-
tion of active site serine. High concentrations of both cationic
(e.g., quaternary ammonium salts) and anionic (e.g., SDS) sur-
factants also inhibit lipase activity. Other inhibitors of lipases
include metal ions (e.g., Fe?*3* and mercury derivatives). Cal-
cium and zinc ions may either activate lipases or produce no
effect (Patkar and Bjorkling 1994, Anthonsen et al. 1995).

Conventional Sources of Lipases—Mammalian,
Microbial, and Plant

The pancreas and serous glands of ruminants, especially young
calf and lamb, and the pancreas of pigs have served as important
sources of lipases for flavor development in dairy products for
quite some time now. In subsequent years, microbial lipases
have received most of the attention in lipase research and
have been considerably exploited in numerous applications
as a consequence of the relative ease of their production and
genetic manipulation, as well as the wider range in properties.
Microbial lipases constitute the most significant commercially
produced lipases.

Lipases have also been sourced from plants. However, there
is a dearth of information on plant lipases compared to mam-
malian and microbial lipases. Plant lipases thus far characterized
include the triacylglyceride lipases, various phospholipases, as
well as glycolipase and sulpholipase. The appeal of plant li-
pases derives from their unique capacity to cleave all three fatty
acids from TGs (e.g., as shown by oat lipase) and their dis-
tinct substrate specificities and abilities to synthesize “structured
lipids” (as demonstrated with rape-seed lipase that esterifies fatty
acids to primary alcohols exclusively). Several distinctive fea-
tures of plant lipases have been imputed to phospholipases, such
as the use of phospholipase D from cabbage to synthesize phos-
phatidylglycerols for use as an artificial lung surfactant. In food
processing and preservation, an understanding of the properties
of plant lipases is crucial for maintaining quality and freshness,
particularly in oilseeds, cereals, and oily fruits, and for the pro-
duction of high-quality edible oils (Mukherjee and Hills 1994,
Mukherjee and Kiewit 2002).

Phospholipases are a broad class of enzymes catalyzing
mainly water-insoluble substrates and are involved in diges-
tive, regulatory, and signal transduction pathways, among oth-
ers. Their nomenclature (phospholipase Aj, A;, B, C, and D)
is based on which phospholipid ester bond they attack. The
majority of these enzymes require Ca’* for (maximal) catal-
ysis, have many disulfide bonds, and are relatively small with
molecular weights ranging from 13 to 30 kDa, but there are
few above 80 kDa (Lopez-Amaya and Marangoni 2000a). The
amino acid sequences of most phospholipases are totally differ-
ent from those of TG lipases (Svendsen 2000). Like lipase activ-
ity, phospholipase activity has also been associated with the
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deterioration of seafood postharvest (Lopez-Amaya and
Marangoni 2000b).

Sphingomyelin (SM) phosphodiesterase (also known as sph-
ingomyelinase or SMase) is a hydrolytic enzyme involved in
sphingolipid metabolism and is responsible for the formation
of ceramide (and phosphocholine) from sphingomyelin in re-
sponse to cellular stresses. However, SMase is usually treated
separately from “regular” lipases.

Some Applications of Lipases

Dairy Products Lipases occur naturally in milk and have been
shown to be present in the milk of the cow, goat, sheep, sow,
donkey, horse, camel, and humans. Perhaps, the natural role of
lipases in mammalian milks is to aid digestion for the young
suckling. However, in dairy products, lipases play an important
role in flavor development: for example, “membrane” lipases
can produce undesirable rancidity in freshly drawn milks. In
processed milk and milk products, this may not be expected to
pose a problem due to the high pH range for milk lipase activity
(pH 6-9), the low thermal stability of the lipases, and their inabil-
ity to survive pasteurization treatments. In some dairy products,
post-process lipolysis is desirable to produce the flavors nor-
mally associated with such products, such as butterfat, cheddar
cheese, blue cheese, and Roquefort cheese. In these products,
supplementation with microbial lipases is done to facilitate the
ripening process. During “ripening,” the added lipases break
down milk fat into free fatty acids. Different types of lipases con-
tribute to distinctive flavors. In this regard, lipases that release
short-chain fatty acids (i.e., C4—C6) produce “sharp” flavors in
food products, while the lipases furnishing long-chain fatty acid
(> C12) tend to elicit more subtle tastes (Schmidt and Verger
1998). For example, cheddar cheese has higher levels of butyric
acid (C4:0) versus milk fat (Bills and Day 1964). In this regard,
lipases from Penicillium roqueforti, A. niger, Rhizopus arrhizus,
and Candida cylindracea have been found to be very useful (Ha
and Lindsay 1993). Although free fatty acids produce distinctive
flavors in cheeses and other dairy products, controlling of lipol-
ysis after the desired transformation has been achieved in the
product is necessary because excessive lipolysis could induce
objectionable rancid flavors in the products (McSweeney and
Sousa 2000).

Oleo Products Oleo products are spreads prepared mostly
from vegetable oils and used as a substitute for butter. The term
covers a broad spectrum of products ranging from margarines
to specialty fats, shortenings, and lard substitutes. The making
of oleo products takes advantage of the capacity of lipases to
catalyze interesterification reactions that enable modifications
in acylglycerols from fats and oils. An example is the mak-
ing of cocoa butter equivalents. Cocoa butter has 1-palmitoyl-
2-oleoyl-3-stearoyl-glycerol (POS) or 1,3-distearoyl-2-oleoyl-
glycerol (SOS) as its key components and is widely used in
making chocolates and candies. Palm oil mid fraction with its
predominant TG as 1,3-dipalmitoyl-2-oleoyl-glycerol has been
used as common substrates to mimic cocoa butter by mixing it
with co-substrates such as tristearin. In the presence of lipase,

interesterification reactions proceed, whereby fatty acids in sn-1
and sn-3 positions are interchanged to produce POS and/or SOS.
Some commercially available fungal lipases, e.g., lipozyme pro-
duced by Novozymes from Mucor miehei and Enzymatix F3
produced from Rhizopus sp. by Gist-brocades have been shown
to be able to carry out such product-simulating interesterification
reactions (Bloomer et al. 1983). Immobilized Rhizopus arrhizus
lipase has been utilized to produce cocoa butter equivalent from
oils, and the substrate conversion rate was significantly increased
by addition of defatted soy lecithin (Mojovic et al. 1993).

Lipase-catalyzed interesterifications are also employed to
produce shortenings devoid of trans-fatty acids. Shortenings
are usually produced by the hydrogenating of vegetable oils
and the process forms trans-fatty acids as common compo-
nents. Lipozyme TLIM from Thermomyces lanuginosus pro-
duces trans-fatty acids-free shortening from high oleic acid sun-
flower oil and fully hydrogenated soybean oil (Li et al. 2010).
Trans-fatty acids-free shortening was also formed from palm
stearin and rice bran oil by using the same lipozyme.

Lipases in Human Health and Disease

In humans, lipase breaks down dietary fats in food so they can
be absorbed in the intestines. The enzyme is primarily produced
in the pancreas but is also produced in the mouth and stomach.
Proper digestion of dietary fat is important prior to their absorp-
tion because the end products must be carried in an aqueous
milieu (blood and lymph) in which fats are not soluble.

The importance of lipase in the gastrointestinal tract is due to
the fact that it is the primary agent for splitting fats into free fatty
acids and glycerol. Gastric lipases digest pre-emulsified fats in
foods such as egg yolk and cream; however, emulsification in the
small intestine followed by lipolysis is the basis for the proper
digestion of dietary fats and oils. Emulsification is effected by
the action of bile salts produced by the liver and results in the
breakdown of the large fat molecules into tiny droplets, which
provide lipases with an increased surface area to act on. If bile
is insufficient or when the liver is not stimulated to produce
bile, fats remain in such large particles that enzymes cannot
readily combine with; hence, fat digestion is incomplete and fat
absorption is markedly reduced. Most people produce enough
pancreatic lipase for this purpose; however, individuals with
cystic fibrosis, Crohn’s disease, or celiac disease may not have
sufficient lipase to assure proper absorption and assimilation of
the lipid breakdown products.

Lipases control cell permeability so that nutrients can enter
while waste exit. Lipase-deficient individuals have reduced cell
permeability; thus, nutrients cannot enter into cells nor can waste
metabolites leave. For example, diabetics are lipase-deficient
and glucose entry into their cells is impaired, while waste or
unwanted substances tend to accumulate in the cells. When li-
pase is deficient, individuals may suffer health defects including
a tendency toward high cholesterol, high TGs, difficulty in los-
ing weight, diabetes or glucosuria, and ultimately cardiovascular
diseases.

In humans, inhibition of digestive lipases is important for the
control of obesity. The inhibitors act by targeting gastric and
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pancreatic lipases. In this regard, an understanding of lipase
structure and function relationship as well as lipase catalytic
mechanism is crucial for the development of inhibitors for
pharmacological and medical use. The well-known drug
Orlistat (also known as xenical or tetrahydrolipstatin) used to
treat obesity acts by blocking digestive lipase action, leaving
consumed fat undigested (Halford 2006). The basic polypeptide,
protamine, is a natural lipase inhibitor and acts to hinder fat
absorption (Tsujita et al. 1996). Several soy proteins including
lipoxygenase-1 are able to inhibit pancreatic and microbial
lipases (Satouchi et al. 2002). The inhibitory capacity of
soybean proteins has been attributed to interactions with lipids
and the ability to transform the substrate emulsion. There are
also reports of other promising natural inhibitors of lipases, e.g.,
medicinal plant extracts (Sharma et al. 2005), polyphenolics,
e.g., resveratrol, catechins, and 3-O-trans-p-coumaroyl actinidic
acid from red wine, green tea, and kiwi fruit (Armand 2007,
Koo and Noh 2007, Jang et al. 2008).

While high dietary fat can cause severe adverse health effects
(including cardiovascular diseases and cancer), some amount of
fat is absolutely required to serve as components of biological
membranes, hormones, vitamins, etc. Thus, an adequate supply
of essential fats in the diet is important to sustain human health.

ISOMERASES

This group of enzymes catalyzes structural rearrangement of
molecules into their corresponding isomers. Thus, for the gen-
eral reaction A— B, catalyzed by an isomerase, A and B are
isomers. While several isomerases have been characterized in
the literature, the one with food use is glucose isomerase, or
more specifically, xylose isomerase (Chaplin and Burke 1990).
The enzyme is produced from several microorganisms, such as
Actinoplanes missouriensis, B. coagulans, Streptomyces albus,
S. olivaceus, and S. olivochromogenes, and it normally isomer-
izes D-xylose to D-xylulose, that is,

D-Xylose < D-Xylulose

However, this same enzyme can act on D-glucose and isomer-
ize it to D-fructose, that is,

D-Glucose < D-Fructose

D-fructose is about 30% sweeter than both p-glucose and D-
xylose, and plays an important role in the food industry as a
sweetener or component of sweeteners; hence, the enzyme is
commonly referred to as glucose isomerase instead of its more
apt name xylose isomerase.

The free form of the enzyme is quite expensive; thus, it is
produced in the immobilized form to permit reuse and reduce
cost for the commercial production of fructose from D-glucose.
Thus, high-fructose corn syrup (HFCS) is produced through iso-
merization by glucose isomerase from D-glucose derived from
the hydrolysis of corn starch. To make HFCS, corn starch is first
converted to liquefied starch by a-amylase and subsequently
to glucose by glucoamylase before the isomerization step. The
fructose yield in HFCS is temperature dependent, with much
higher yields (about 55%) recovered at 95°C versus 42% at the

conventional 60-70°C production temperature. The high ther-
mal stability of glucose isomerase permits its use at high tem-
peratures.

ENZYMES IN FOOD AND FEED
MANUFACTURE

Enzymes from plants, animals, and microorganisms have been
used since time immemorial to modify foodstuffs. Examples of
the food enzymes of plant origin include papain, bromelain, and
ficin; examples of animal enzymes include rennets, pepsins,
trypsins, chymotrypsins, pancreatic lipases, lysozyme, and
cathepsins; and examples of microbial enzymes are various amy-
lases, cellulases, proteases, lipases, TGases, glucose isomerase,
and GOX derived from selected bacteria, yeasts, and fungi. The
uses of these enzymes in foods result in desirable changes with
respect to improvements in appearance, consistency, flavor, sol-
ubility, texture, and yield, among others. In this regard, enzymes
have been used as processing aids in the manufacture of various
baked goods, dairy products, meats and fish products, beverages
(alcoholic and nonalcoholic), etc. (Table 9.2).

BAKED GOooDS

Baked goods are prepared from flours such as wheat flour, which
has starch as its main constituent. Amylolytic enzymes break
down flour starch into small dextrins that become better sub-
strates for yeast to act upon in the bread-making process. The
use of enzymes in the baking industry is expanding to replace
the use of chemicals in making high-quality products, in terms
of better dough handling, anti-staling properties, as well as tex-
ture, color, taste, and volume. For example, enzymes like GOX
and lipase are used in baked goods to strengthen dough texture
and enhance elasticity in place of chemicals such as potassium
bromate and ascorbate. Other enzymes used in the baking indus-
try include LOX for bleaching flour and strengthening doughs;
proteases for degrading and weakening gluten to impart “plas-
tic” properties to doughs and make them more suitable for the
making of biscuits; pentosanases (also known as xylanases) for
enhancing dough machinability to result in more flexible, easier-
to-handle stable doughs that provide better crumb texture and
increased loaf volume; and asparaginases employed to curtail the
formation of acrylamide in baked goods derived from cereal- and
potato-based flours. The enzyme asparaginase breaks down as-
paragine in the flours to reduce its availability for reaction with
reducing sugars to form acrylamide at high temperature.

DAIRY PrRODUCTS

The formulation of dairy products entails the use of several
enzymes, such as proteases (e.g., microbial rennets or their ho-
mologs from calf and other ruminants), lipases, and lactases.
The proteases are used to precipitate milk caseins as “clots” or
“curds” during cheese-making; the proteases and lipases also
promote flavor development during ripening of cheese and in
products like coffee whiteners, snack foods, soups, and spreads
(margarines); while lactases are used to produce lactose-free
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Table 9.2. Selected Food Products and the Enzymes Involved in Their Transformations

Group(s) of Enzyme Used
Food Products in Transformations Nature of Transformation(s) Induced
Baked goods Amylases To effect break down of starches to increase reducing sugars to im-
prove fermentation, increase loaf volume, prevent staling, and in-
crease product shelf life

Cellulases and xylanases To improve conditioning, mixing time, and machinability of doughs

Oxidase To improve texture/structure of dough, increase dough volume, and
reduce the need for emulsifiers and chemical oxidants (e.g. bro-
mates)

Proteases To break down protein molecules in the dough and improve dough
handling; reduce dough mixing time and control dough retraction,
enhance flavor development; and to break down gluten and protect
individuals that are gluten intolerant

Lipase To modify fat to reduce dough stickiness, improve stability, and in-
crease volume of doughs; and also enhance flavor

Dairy products Proteases To act on milk proteins to modify texture and solubility properties
of milk and other dairy products; accelerate cheese ripening and
improve flavor intensity

Lipases To transform the fat in milk and other dairy products to produce
creamy texture, accelerate ripening, enhance flavor, and increase
emulsifying properties

Lactase To hydrolyze lactose and prevent development of “sandy” taste in
frozen ice cream and yoghurts, and protect individuals that are lac-
tose intolerant

Transglutaminases To improve texture and curtail syneresis in yoghurts, and to improve

(TGases) the mouthfeel properties of sugar-free low-calorie food products

Catalase To break down residual H,O, used for cold pasteurization of milk in

Starch products

Alcoholic beverages

Amylases, glucoamylases
and pullulanases

Glucose isomerase
(immobilized)

Carbohydrases and
protease mixtures
Proteases

Amylases including
glucoamylases (heat-

stable forms)
Cellulases and pectinases

Proteases

Xylanases and glucanases

Mix of glucanases and
proteases

certain countries

To liquefy starch to produce low-viscosity dextrose syrups comprised
of maltodextrins and other oligosaccharides; and to saccharify the
maltodextrins/oligosaccharides into glucose syrups that are high in
reducing sugars (glucose, maltose, and isomaltose)

To isomerize some of the high-glucose syrups (HGS) into
fructose—to result in high-fructose syrups (HES) that are sweeter
than glucose and HGS. HFS and HGS are both used as sweeteners in
the food and beverage industries

For the break down and removal of starches and proteins from oil
seeds during oils extraction, and to facilitate the recovery and im-
proved oil yields

To modify grain proteins and improve their utility as animal feed

To liquefy grain starches to increase fermentable sugar (glucose and
maltose) content and wort yields, ease clarification and filtration of
the beverage, enhance yeast growth and accelerate fermentation rates
To break down celluloses and pectic substances in plant materials

to facilitate liquefaction, increase fermentable sugar contents, and
reduce viscosity for easier handling by yeasts for faster fermentation
To break down proteins in plant materials to improve solubility and
flavor, facilitate filtration, and prevent post-product haze formation
for increased clarity and stability

To break down complex carbohydrates (xylans and glucans) to im-
prove filtration and clarity, and reduce residual carbohydrate levels
during the manufacture of light beers

To enhance beer clarity and storage stability, increase solubility and
nutritional value, and reduce viscosity haziness in beverages
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Food Products

Group(s) of Enzyme Used

in Transformations

Nature of Transformation(s) Induced

e Fruit juices
(non-alcoholic
beverages)

e (Coffee and tea
products

Meats and seafood
products

Egg products

Dietetic foods

Protein products

Pectinases

Mix of cellulases
and glucosidases

Carbohydrase enzyme
mix

Naringinase

Glucose oxidase
Pectinase

Tannases
Polyphenoloxidases
Proteases (heat stable

forms, e.g., papain,
ficin, and bromelain)

TGases

Mix of proteases and
carbohydrases

Lipases
Phospholipases

Glucose oxidase (GOX)
Catalase

Pancreatin and glutami-
nase
Lactase

Proteases

Carbohydrase mix

To break down and remove pectins to increase yields, facilitate clari-
fication, and improve stability; for peeling operations in some citrus
products

To facilitate maceration of high carbohydrate-containing fruits (e.g.,
mangoes, bananas, and papaya) and vegetables (e.g., carrots and
ginger) for better recovery of juices

To improve maceration to facilitate and enhance juice extraction,
increase juice yields, and enhance color and flavor of juices

To break down naringin and reduce bitterness in citrus juices

For the removal of glucose and head space O, from bottled/carton
packaged soft drinks and dry mixes

To assist in maceration of tea leaves to improve strength and color
To remove tannins

To improve enzymatic browning and enhance color of the products

To modify texture and induce tenderness in meats and squid, chewa-
bility, and digestibility; to reduce bitterness and improve flavor as
well as nutritive value, produce hydrolysates from meat scraps, un-
derutilized fish species and fish processing discards; enhanced flavors
in fermented herring (matjes)

To improve texture in meats and seafood products, form restructured
meats from trimmings and surimi-type products, some soft-fleshed
fish species, form “umami” flavors for use as additives to meat prod-
ucts

To de-skin fish and aid the break down of roe sacs to improve roe
yields

To eliminate egg (whole, liquid, or yolk) lipids to preserve its forma-
bility

To modify whole egg or egg yolk to increase its emulsifying and
gelling properties

To de-sugar powdered eggs and curtail enzymatic browning

To break down residual H,O, in egg products or egg ingredients
(into H,O and Oy) after partial sterilization of the eggs with H,O5.
used to sterilize the product

To facilitate digestion and utilization of wheat proteins (gluten) by
individuals that are intolerant to gluten

To break down milk lactose to enhance safe utilization by lactose
intolerants

To hydrolyze proteins derived from yeasts (e.g., single cell proteins),
meats, and vegetable such as corn, soy, pulses (e.g., peas and lentils),
and wheat to produce highly soluble and low viscosity protein hy-
drolysates with intense/improved flavors and high nutritive value for
use as food ingredients and flavor enhancers; proteases (e.g., chy-
motrypsins) are also used in food to reduce bitterness due to bitter
peptides

To break down complex carbohydrates in high protein-containing
vegetables, and facilitate their removal for the extraction of vegetable
proteins in “pure” form and in high yields

(Continued)



198 Part 2: Biotechnology and Enzymology

Table 9.2. (Continued)

Group(s) of Enzyme Used
Food Products in Transformations Nature of Transformation(s) Induced
Candies and e Amylases and invertases e To produce high-maltose and high-glucose syrups for the manu-
confectioneries facture of hard candies, soft drinks, and caramels; and to increase
sweetness and aid soft cream candy manufacture; and for the recov-
ery of sugars from candy scraps
e Amylase, invertase and e To improve sweetness, texture, and stability of candied fruits
protease mix
e Lipases ¢ To modify butterfat to increase buttery flavors and reduce sweetness
in candies and caramels
Animal feed and pet e Cellulases and pectinases ¢ To facilitate silage production
care ¢ Alkaline proteases e To decolorize whole blood from abattoirs for use as animal feed

e Carbohydrase, phytase, ¢ To increase metabolizable energy and protein utilization, reduce

and protease mix

viscosity, and liberate bound phosphorous

e Proteases e To reduce pain and inflammation and increase wound healing

milk and dairy products for the benefit of individuals that
are lactose-intolerant. Catalase from A. niger is used to de-
compose residual H,O, (that is used in some countries as a
preservative for milk and whey; Burgess and Shaw 1983) into
H>O and O that are nontoxic unlike H,O,.

MEAT AND FisH PRODUCTS
Meat Tenderization

Tenderness in meats relates to the ease of these products to
chomping or chewing. Meat tenderness arises from modifica-
tions in muscle proteins and entails breakdown of connective
tissue proteins by proteases. These hydrolytic enzymes may be
naturally present in the post-mortem animal (e.g., cathepsins)
or they may be added exogenously. In some meats, the action of
the endogenous enzymes may be inadequate to achieve tender-
ization within a time period that is useful. Exogenous enzymes
that are used for household or commercial purposes include
thermostable proteases from microbial and plant sources. Some
peculiar features of these proteases used as meat tenderizers
include their broader specificity and thermostability. Examples
are papain, ficin, and bromelain (all from plant sources). The
enzymes may be applied by sprinkling over the animal surface
or dipping chunks of the meat in a protease solution (mostly in
household practices). The disadvantage with these approaches
is that the enzymes get unevenly distributed in the meat and
results in unequal tenderness in different parts of the meat (e.g.,
the interior of the meat may invariably be tougher than the
outside). Commercial practices include spreading the enzyme
throughout the meat either by repeated pre-mortem injections
of the protease solutions into the animal prior to slaughter or via
post-mortem injections spread over several parts of the carcass.

Fish Processing

Enzymes are used in the fishing industry to achieve a variety of
results such as their use in de-skinning fish species that are nor-

mally difficult to de-skin by manual or mechanical operations
(e.g., squid, skate, and tuna). De-skinning is achieved using a
mixture of proteolytic and glycolytic enzymes (Haard and Simp-
son 1994, Gildberg et al. 2000, Shahidi and Janak Kamil 2001).
Heat-stable fungal and plant proteases are also used to accelerate
fish sauce fermentation (Raksakulthai and Haard 1992a,1992b,
Haard and Simpson 1994), and proteases are also used to en-
hance flavor development during the preparation of fermented
herring (Matjes; Simpson and Haard 1984) and to tenderize
squid meat (Raksakulthai and Haard 1992a,1992b).

ENZYMES IN BEVERAGES

A number of enzymes are used in the manufacture of alcoholic
and nonalcoholic beverages. Enzymes such as heat-stable bac-
terial amylases, glucanases, and pullanases are used to liquefy
starches from cereals during mashing to increase fermentable
sugar levels in the wort; heat-stable bacterial phytases are used
to break down insoluble phytins into phytic acid, which is more
soluble and lowers the pH for improved microbial and enzymatic
activity in the fermentation medium; and various proteases are
used to digest large-molecular weight and water-insoluble pro-
teins (e.g., albumins and globulins) into smaller and soluble
peptides in order to curtail haze formation in the products.

The nonalcoholic beverages include juices derived from
various fruits (citrus, apples, apricots; and tropical fruits such
as avocadoes, bananas, mangoes, and papayas) and vegetables
(e.g., carrots), as well as tea, cocoa, and coffee. The enzymes
that are used to facilitate the processing of fruits and vegetables
into juices include a range of pectinases for peeling the
fruits, maceration, removal of pectins, viscosity reduction, and
clarification of the juice); amylases and AMGs are applied for
breaking down starches in high starch-containing fruits (e.g.,
unripe apples, bananas) to prevent post-product haze develop-
ment in the products; cellulases and hemicellulases are used for
digesting cellulose and fruit cell wall hemicellulosic materials
(i.e., polysaccharides made up of a number of different
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monosaccahride units such as xylose, mannose, galactose,
rhamnose, and arabinose, and sugar acids such as mannuronic
acid and galacturonic acid); and the enzyme naringinase is used
for bitterness reduction in citrus fruit juice (e.g., grapefruit
juice) processing.

Tea, cocoa, and coffee contain varying levels of caffeine and
its related compound theobromine. Thus, intake of beverages
derived from these plant materials elicits a stimulant effect in the
consumer. Enzymes like polyphenoloxidases and peroxidases
promote oxidation and browning reactions during “fermenta-
tion” of these products (tea, coffee, and cocoa) as part of the
overall darker colors normally associated with these products;
in the particular case of coffee, the dark color is enhanced by the
roasting of the beans. Amylases are used in cocoa and chocolates
to liquefy starches to permit free flow, and in the case of teas,
the enzyme tannase breaks down tannins to enhance the solu-
bilization of tea solids. Other enzymes such as invertase, LOX,
peroxidases, and proteases also play an important role in flavor
development in the beverages derived from these products.

The enzyme GOX is also used to remove head-space O, from
bottled beverages.

ENZYMES IN CANDIES AND CONFECTIONERIES

Various hydrolytic enzymes are used as processing aids for the
manufacture of chocolate-covered soft cream candies, e.g., amy-
lases and invertase, and for the recovery of sugars from candy
scraps, e.g., amylases, invertase, and proteases (Cowan 1983).
A mixture of cellulases, invertase, pectinases, and proteases are
used in making candied fruits (Mochizuki et al. 1971). Amy-
lases are also used to produce high-maltose and high-glucose
syrups for use as sweetener in the manufacture of hard candies,
soft drinks, and caramels. Lipases are used to modify butterfat
to increase buttery flavors in candies and caramels and to reduce
sweetness as well (Burgess and Shaw 1983).

EnzYMES IN ANIMAL FEED AND PET CARE

Agricultural (used here to encompass plant, livestock, and fish)
harvesting and processing discards are high in useful nutrients
such as carbohydrates (both starch and nonstarch types), pro-
teins, and lipids, some of which cannot be fully digested and
utilized directly by animals. In general, the discards are used
as feed for animals. Different kinds of enzymes are added to
these source materials to modify them into forms that are more
amenable to digestion and utilization for improved feed effi-
ciency. Examples of enzymes used for this purpose include mi-
crobial amylases, cellulases, glucanases, xylanases, phytases,
and proteases, to degrade simple and complex carbohydrates,
as well as proteins. Cellulases and pectinases also play an im-
portant role in silage production, while alkaline proteases (from
bacteria and fungi) are employed for enzymatic decolorization
of whole blood from abattoirs for use as animal feed protein.
The enzymatic action results in an increase in available metab-
olizable energy and protein utilization, reduced viscosity, and
liberation of bound phosphorous.

Enzymes are also used in pet care to provide relief from the
effects of dry or scaly hair coats, skin problems, digestive and
immune disorders, weight problems, allergies, bloating, and
other disorders that afflict household pets. Enzymes are also
used to enhance wound healing and rectify soreness, pain, and
inflammations suffered by highly active as well as arthritic pets.

A summary of various foods produced commercially (and/or
in households) via enzyme-assisted transformations is provided
in Table 9.2.

CONTROLLING ENZYMATIC ACTIVITY
IN FOODS

The action of enzymes in foods may not always be desirable. For
example, continued enzymatic activity in foods after they have
been used to attain the desired transformation could adversely
affect food quality. The natural presence of certain enzymes in
agricultural materials (e.g., LOX, PPO, peroxidases, and lipases)
may induce undesirable changes (e.g., color loss, dark discol-
orations, and rancidity) in foods; the action of some naturally
occurring enzymes (e.g., histidine decarboxylases) may produce
toxic compounds (biogenic amines) in food products; and yet
other enzymes (e.g., thiaminase and ascorbic acid oxidase) may
act to destroy essential food components (e.g., vitamins B; and
C). Thus, it is necessary to control enzymatic activity in food
stuffs to obviate the potential deleterious effects they cause in
these products. There are several factors that are known to af-
fect enzyme activity and influence their behavior in foods. The
factors include temperature, pH, water activity (Ay,), and chem-
icals (inhibitors, chelating agents, and reducing agents), and
advantage is taken of this fact by food technologists and food
manufacturers to develop or rationalize procedures to control
enzymatic activity in foods.

TEMPERATURE EFFECTS

Temperature can affect the activity and stability of enzymes (as
well as the substrate the enzymes act on). Thus, temperature
effects on enzyme activity are mixed. Temperatures modulate
the motion of biomolecules (both enzymes and their substrates)
as well as interactions between molecules.

Heat Treatments

An increase in temperature (up to the temperature optimum of
the enzyme) generally elevates the average kinetic energy of en-
zyme molecules and their substrates, and manifests as increased
rates of enzyme catalyses. However, beyond the optimum tem-
perature, further increases in temperature do not increase the av-
erage kinetic energy of molecules, rather they disrupt the forces
that maintain the conformation and structural integrity of the
molecules that are crucial for their stability and normal catalytic
activity. Under those circumstances, enzyme molecules undergo
denaturation, inactivation, and lose catalytic activity. The heat
denaturation may be reversible or irreversible depending on the
severity and/or duration of the heat treatment. Advantage is
taken of this heat inactivation of enzymes in processes such as
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sterilization, blanching, UHT, high temperature short term treat-
ment, pasteurization, and related thermal treatments to curtail
undesirable enzymatic reactions in food and protect foods from
enzyme-induced postharvest and post-processing spoilage that
could arise from enzymes naturally occurring in food materi-
als, or from enzymes deliberately added to foods to bring about
particular transformations. Nevertheless, thermal processing of
foods has the disadvantage of destroying heat-labile essential
components in foods such as some vitamins and essential oils,
thus the need for effective nonthermal techniques.

Low Temperature Treatments

A decrease in temperature slows down the average kinetic en-
ergy of biomolecules such as enzymes and their substrates. The
molecules are sluggish at low temperatures and collide less fre-
quently and effectively with one another, thus reaction rates are
relatively slow. Hitherto, advantage is taken of lower thermal
energy in approaches such as refrigeration, iced storage, refrig-
erated sea water storage, and frozen storage to slow down the
undesirable effects of enzymes in foods after harvest. Low tem-
perature treatments are generally used to slow down the deleteri-
ous effects of enzymes in fresh foods (vegetables, eggs, seafood,
and meats); however, other processed food products such as
high-fat food spreads (margarine and butter), vacuum-packaged
meats and seafood products, pasteurized milk, cheeses, and yo-
ghurt also benefit from the desirable effects derived from low
temperature treatments.

It must be noted here that there are some enzymes that
are quite stable and active in extreme temperatures (high- or
low-temperature-adapted enzymes—known as extremophiles),
which may survive the traditional temperature treatments and
induce autolysis and spoilage in foods. For these enzymes, other
techniques are needed to stop their undesirable effects.

Low-temperature treatments (refrigeration, chilling, and
freezing) all slow down enzyme activity but do not completely
inactivate the enzymes. Enzymatic activity still takes place in
foods thus treated, albeit at much reduced rates. Once the food
material is out of the source of the low temperature, once the
frozen food material is thawed, enzyme activity may restart and
cause undesirable autolytic changes in foods. Refrigerated and
chilled storage in particular may not be considered as effective
methods for long-term storage of fresh foods in high quality.

EFrFEcT OF PH

Enzyme activity in foods is pH dependent (Table 9.3). In gen-
eral, enzymes tend to be destabilized and irreversibly inactivated
at extreme pH values, and advantage is taken of this property
of pH to control enzymatic activity in foods. For example, the
enzyme PPO is known to cause undesirable browning in fresh
fruits and vegetables. By adding acids such as citrate, lactate,
or ascorbate, acidic conditions are created (around pH 4) where
the PPO enzyme is inactive. A similar effect is achieved when
glucose/catalase/GOX cocktail is used on raw crustacea (e.g.,
shrimp); the GOX oxidizes the glucose to gluconic acid and this
is accompanied by a drop in pH, which inactivates the PPO.

Table 9.3. pH Stabilities of Selected Enzymes

Enzyme pH Stability Optimum
Pepsin 1.5

Malt amylase 4.5-5.0
Invertase 4.5

Gastric lipase 4.0-5.0
Pancreatic lipase 8.0

Maltase 6.5

Catalase 7.0

Trypsin 8.0

In household food preparations, vinegar or lemon juice is of-
ten sprinkled on fresh foods (e.g., vegetable salads) to prevent
dark discolorations. Lowering pH of citrus juice with HCI has
been used to achieve irreversible inactivation of pectin esterase
(PE; Owusu-Yaw et al. 1988), and LOX activity in soy flour is
drastically reduced at pH < 5.0 (Thakur and Nelson 1997).

EFFECT OF INHIBITORS

Enzyme inhibitors are substances that slow down or prevent
catalytic activities of enzymes. They do this by either binding
directly to the enzyme or by removing co-substrates (e.g., O in
enzymatic browning) in the reaction catalyzed by particular en-
zymes. Enzyme inhibitors fall into several categories, such as re-
ducing agents that remove co-substrates such as O, (e.g., sulfites
and cysteine), metal chelators that bind or remove essential metal
cofactors from enzymes (e.g., EDTA, polycarboxylic acids, and
phosphates), acidulants that reduce pH and cause enzyme inac-
tivation (e.g., phosphoric acids, citric acid, sorbates, benzoates),
and enzyme inhibitors that bind directly to the enzymes and pre-
vent their activity (e.g., polypeptides, organic acids, and resorci-
nols). Food-grade protein inhibitors from eggs, bovine/porcine
plasma, and potato flour are all used to control undesirable prote-
olytic activity in foods. Egg white contains ovomucoid, a serine
protease inhibitor; bovine and porcine plasmas have the broad
spectrum protease inhibitor op-macroglobulin; and potato flour
has a serine protease inhibitor (potato serine protease inhibitor
or PSPI). Fractions containing these inhibitors have been used to
prevent surimi texture softening due to proteolysis (Weerasinghe
et al. 1996).

EFFECT OF WATER ACTIVITY

Enzymatic activity depends to the availability of water. Wa-
ter availability, and hence water activity (Ay,), in foods may
be modified by using procedures that remove moisture, such as
drying, freezing, addition of water-binding agents or humectants
(such as salt, sugar, honey, glycerol, and other polyols), and by
lyophilization (Tejada et al. 2008). Most enzyme-catalyzed reac-
tions require moisture to progress effectively for several reasons:
(i) a thin film of moisture (bound water) is required to maintain
proper enzyme conformational integrity for functional activity,
(i1) to solubilize substrates and also serve as the reaction medium,
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and (iii) to participate in the reaction as co-reactant. When mois-
ture content is reduced by dehydration, there is conformational
destabilization and loss of catalytic activity. For example, most
enzymes such as proteases, carbohydrases, PPO, GOX, and per-
oxidases require Ay, > 0.85 to have functional activity, the well-
known exceptions being lipases that may actually gain in activity
and remain active at A, of 0.3, perhaps as low as 0.1 (Loncin
et al. 1968). The unusual behavior of lipases is observed in
lipase-catalyzed reactions with their water-insoluble substrates,
lipids, and is due to the interfacial phenomenon that proceeds
better in a reduced moisture milieu. Foodstuffs prepared based
on Ay, reduction to control the undesirable effects of enzymes
(and microorganisms) include the use of sugar in food spreads
(jams and jellies), salt in pickled vegetables, glycerol in cookies
and liqueurs, and gelatin in candies and confectioneries.

EFFECT OF IRRADIATION

Irradiation of foods (also known as cold pasteurization) is a
process during which foods are subjected to ionizing radiations
to preserve them. Food irradiation methods entail the use of
gamma rays, X-rays, and accelerated electron beams, and can
preserve food by curtailing enzymatic (and microbial) activities.
However, the irradiation dosage needed to achieve complete and
irreversible inactivation of enzymes may be too high and could
elicit undesirable effects of their own (e.g., nutrient loss) in
food materials. The technique is used to some extent in meats,
seafood, fruits, and vegetables (especially, cereal grains) for
long-term preservation; however, the procedure has low appeal
and acceptability to consumers and, therefore, not extensively
used in food processing.

EFFECTS OF PRESSURE

High-pressure treatment, also known as high-pressure process-
ing (HPP) or ultra high-pressure processing, is a nonthermal
procedure based on the use of elevated pressures (400-700 MPa)
for processing foods. At the elevated pressures, there is inacti-
vation of both enzymes and microorganisms, the two foremost
causative agents of food spoilage, and the inactivation arises
from conformational changes in the 3D structure of the enzyme
protein molecules (Cheftel 1992). Enzymes in foodstuffs display
different sensitivities to pressure; while some may be inactivated
at relatively low pressures (few hundred MPa), others can toler-
ate pressures up to a thousand MPa. The pressure effects may
also be reversible in some enzymes and irreversible in others,
depending on the pressure intensity and the duration of the treat-
ment. Those enzymes that can tolerate extreme pressures may
be deactivated using appropriate pressure treatments in combi-
nation with other barriers to enzyme activity such as such as
temperature, pH, and/or inhibitors (Ashie and Simpson 1995,
Ashie et al. 1996, Sareevoravitkul et al. 1996, Katsaros et al.
2010).

HPP has minimal effects on the attributes of food, such as
flavor, appearance, and nutritive value, compared with other pro-
cedures like thermal processing, dehydration, or irradiation. In
contrast to those other processing methods, high-pressure treat-

ments keep foods fresher and highly nutritious, improve food
texture, make foods look better and taste better. The HPP ap-
proach also retains the native flavors associated with foods, pro-
tects heat-labile essential food components, and extends product
shelf life with minimum need for chemical preservatives. The
technology has been used mostly by companies in Japan and
the United States to process foods such as ready-to-eat meats
and meat products, food spreads (jams), fresh juices and bev-
erages (sake), processed fruits and vegetables, fresh salads, and
dips. HPP is also used to shuck and retrieve meats from shellfish
(oysters, clams, and lobster).

CONCLUDING REMARKS: FUTURE
PROSPECTS

Foodstuffs have naturally present enzymes as well as in-
tentionally added ones that produce significant effects on
food-processing operations. The actions of these enzymes may
improve food quality or promote food quality deterioration. The
use of enzymes as food-processing aids has increased steadily for
several years now, and this trend is expected to continue for the
foreseeable future due to the interest and need for more effective
strategies and greener technologies to curtail the reliance on ex-
isting technologies and protect the environment. The factors that
augur well for the expanded use of enzymes as food-processing
aids include: consumer preferences for their use instead of
chemicals, their use as food-processing aids is perceived to be
more innocuous and more environmental friendly, their capacity
to selectively and specifically remove toxic components in
foods (e.g., glucosinolates with sulfatases, acrylamide with
asparaginase, or phytates with phytases), and recent advances
in enzyme engineering, which is permitting the discovery and
design of new and superior enzymes tailored to suit specific
applications.

Recent developments in enzyme engineering are enabling
yields of particular enzymes to be improved by increasing the
number of gene copies that code for enzyme proteins in safe
host organisms, and this feature is particularly significant be-
cause they are permitting useful enzymes from plant and ani-
mal sources, and even their counterparts from uncertified mi-
croorganisms (including hazardous ones) to be produced in high
yields much more consistently, rapidly, and safely for food use. It
is also significant because the cultivation and growth of microor-
ganisms for the purpose of producing recombinant enzymes is
not dependent of weather conditions, proceeds much faster, and
require much lesser space and regulations compared with plants
or animals.

Enzyme engineering is also facilitating the design of new en-
zyme structures with superior performance characteristics with
respect to catalytic activity, thermal stability, tolerance to pH
and inhibitors, and other properties to make them more suited
for applications in several fields of endeavor. This capacity is
also expected to enhance the design and creation of synthetic or
artificial enzymes (Chaplin and Burke 1990) with superior prop-
erties for both food and nonfood uses. Recombinant enzymes
with improved stability would facilitate their use in producing
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more useful biosensors for food analysis and other analytical
work (Chaplin and Burke 1990), stimulate the manufacture of
more immobilized enzymes that are also endowed with superior
properties for reuse and cost savings in food processing, produce
new enzymes that can function well in nonaqueous milieu, and
facilitate the synthesis of new molecules with predetermined
structures and functions (as was achieved with the synthesis
of aspartame by thermolysin) for use in foods. Recombinant
enzyme technology is also expected to facilitate the discovery
of newer applications for enzymes as food-processing aids
and also produce new enzymes to assist the incorporation of
specific essential molecules in food products to meet specific
dietary needs, as use as dietary supplements to manipulate
ingested carbohydrates, lipids, and cereal proteins (e.g., gluten)
for improved human health and wellness.

The undesirable effects of enzymes in foods are controlled to
some extent by traditional practices such as thermal treatments,
cold storage, water activity (Ay) reduction, pH control, and
treatment with chemicals. However, there are various limitations
with these methods, such as destruction of heat-labile essential
components in foods, continued enzymatic activity (albeit at a
reduced rate) even under iced, refrigerated, or frozen storage;
and the adverse effects of Ay, reducing agents such as salt or
sugar as well as chemicals on human health. Novel approaches
based on nonthermal treatments for controlling enzymes (such
as HPP and PEF) are promising, and studies to optimize their
use either exclusively or in combination with each other or other
barriers would be useful. Enzyme engineering provides a unique
opportunity for exploiting the distinct capacity of enzymes from
animals with no anatomical stomachs to inactivate native pro-
tein (and enzymes) molecules (Pfleiderer et al. 1967, Simpson
and Haard 1987, Guizani et al. 1992, Brown 1995) in food pro-
cessing. Thus, new enzymes designed to specifically recognize
and bind undesirable native enzyme molecules (e.g., PME in
fruit juices) could have a major impact on the use of nonthermal
strategies to control the deleterious effects elicited by certain
food enzymes.
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Abstract: The capacity of proteins to cross-link with each other has
important implications for food quality. Protein cross-linking can
influence food texture and appearance, or permit the incorporation
of useful nutrients such as essential amino acids or essential oils in
foods to accrue crucial benefits. Protein cross-linking in foods may
be achieved by enzymatic means with transglutaminase or with
cross-linking agents like glutaraldehyde. This chapter discusses the
different cross-linking effects and how they may be exploited by
food processor.

INTRODUCTION

Protein cross-links play an important role in determining the
functional properties of food proteins. Manipulation of the num-
ber and nature of protein cross-links during food processing

offers a means by which the food industry can manipulate the
functional properties of food, often without damaging the nutri-
tional quality. This chapter updates the chapter in the previous
edition of this book and discusses advances in our understand-
ing of protein cross-linking over the last two decades, as well as
examining current and future applications of this chemistry in
food processing and its implications for health and food safety.
It draws on, and updates, two reviews in this area (Gerrard 2002,
Miller and Gerrard, 2005) in addition to earlier reviews on this
subject (Matheis and Whitaker 1987, Feeney and Whitaker 1988,
Singh 1991).

The elusive relationship between the structure and the func-
tion of proteins presents a particular challenge for the food tech-
nologist. Food proteins are often denatured during processing,
so there is a need to understand the protein both as a biolog-
ical entity with a predetermined function and as a randomly
coiled biopolymer. To understand and manipulate food proteins
requires a knowledge of both protein biochemistry and poly-
mer science. If the protein undergoes chemical reaction during
processing, both the ‘natural’ function of the molecule and the
properties of the denatured polymeric state may be influenced.
One type of chemical reaction that has major consequences for
protein function in either their native or denatured states is pro-
tein cross-linking. It is, therefore, no surprise that protein cross-
linking can have profound effects on the functional properties
of food proteins.

This chapter sets out to define the different types of protein
cross-links that can occur in food, before and after processing,
and the consequences of these cross-links for the functional and
nutritional properties of the foodstuff. Methods that have been
employed to introduce cross-links into food deliberately are then
reviewed, and future prospects for the use of this chemistry
for the manipulation of food during processing are surveyed,
including a consideration of health and food safety aspects.
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PROTEIN CROSS-LINKS IN FOOD

Protein cross-linking refers to the formation of covalent bonds
between polypeptide chains within a protein (intramolecular
cross-links) or between proteins (intermolecular cross-links)
(Feeney and Whitaker 1988). In biology, cross-links are vital
for maintaining the correct conformation of certain proteins and
may control the degree of flexibility of the polypeptide chains.
As biological tissues age, further protein cross-links may form,
which often have deleterious consequences throughout the body
and play an important role in the many conditions of ageing
(Zarina et al. 2000, Ahmed 2005, Nass et al. 2007, Gul et al.
2009). Chemistry similar to that which occurs during ageing
may take place if biological tissues are removed from their nat-
ural environment — for example, when harvested as food for
processing.

Food processing often involves high temperatures, extremes
in pH, particularly alkaline, and exposure to oxidising conditions
and uncontrolled enzyme chemistry. Such conditions can result
in the introduction of protein cross-links, producing substantial
changes in the structure of proteins, and therefore the functional
(Singh 1991) and nutritional (Friedman 1999a, 1999b, 1999c¢)
properties of the final product. A summary of protein cross-
linking in foods is given in Figure 10.1, in which the information
is organised according to the amino acids that react to form
the cross-link. Not all amino acids participate in protein cross-
linking, no matter how extreme the processing regime. Those
that react do so with differing degrees of reactivity under various
conditions.

Di1SULFIDE CROSS-LINKS

Disulfide bonds are the most common and well-characterised
types of covalent cross-link in proteins in biology. They are
formed by the oxidative coupling of two cysteine residues that
are close in space within a protein. A suitable oxidant accepts the
hydrogen atoms from the thiol groups of the cysteine residues,
producing disulfide cross-links. The ability of proteins to form
intermolecular disulfide bonds during heat treatment is consid-
ered to be vital for the gelling of some food proteins, including
milk proteins, surimi, soybeans, eggs, meat and some vegetable
proteins (Zayas 1997). Gels are formed through the cross-linking
of protein molecules, generating a three-dimensional solid-like
network, which provides food with desirable texture (Dickinson
1997).

Disulfide bonds are thought to confer an element of thermal
stability to proteins and are invoked, for example, to explain
the stability of hen egg white lysozyme, which has four
intramolecular disulfide cross-links in its native conformation
(Masaki et al. 2001). This heat stability influences many of the
properties of egg white observed during cooking. Similarly, the
heat treatment of milk promotes the controlled interaction of
denatured S-lactoglobulin with «-casein through the formation
of a disulfide bond. This increases the heat stability of milk
and milk products, preventing precipitation of S-lactoglobulin
(Singh 1991). Disulfide bonds are also important in the forma-
tion of dough. Disulfide interchange reactions during the mixing

of flour and water result in the production of a protein network
with the viscoelastic properties required for bread making
(Lindsay and Skerritt 1999). The textural changes that occur in
meat during cooking have also been attributed to the formation
of intermolecular disulfide bonds (Singh 1991).

CROSS-LINKS DERIVED FROM DEHYDROPROTEIN

Alkali treatment is used in food processing for a number of rea-
sons, such as the removal of toxic constituents and the solubilisa-
tion of proteins for the preparation of texturised products. How-
ever, alkali treatment can also cause reactions that are undesir-
able in foods, and its safety has come into question (Savoie et al.
1991, Shih 1992, Friedman 1999a, 1999c¢). Exposure to alkaline
conditions, particularly when coupled to thermal processing, in-
duces racemisation of amino acid residues and the formation
of covalent cross-links, such as dehydroalanine, lysinoalanine
and lanthionine (Friedman 1999a, 1999b, 1999c¢). Dehydroala-
nine is formed from the base-catalysed elimination of persulfide
from an existing disulfide cross-link. The formation of lysinoala-
nine and lanthionone cross-links occurs through S-elimination
of cysteine and phosphoserine protein residues, thereby yielding
dehydroprotein residues. Dehydroprotein is very reactive with
various nucleophilic groups, including the e-amino group of ly-
sine residues and the sulfhydryl group of cysteine. In severely
heat- or alkali-treated proteins, imidazole, indole and guanidino
groups of other amino acid residues may also react (Singh 1991).
The resulting intra- and intermolecular cross-links are stable, and
food proteins that have been extensively treated with alkali are
not readily digested, reducing their nutritional value. Mutagenic
products may also be formed (Friedman 1999a, 1999c).

CROSS-LINKS DERIVED FROM TYROSINE

Various cross-links formed between two or three tyrosine
residues have been found in native proteins and glycoproteins,
for example in plant cell walls (Singh 1991). Dityrosine cross-
links have recently been identified in wheat and are proposed to
play a role in the formation of the cross-linked protein network
in gluten (Tilley et al. 2001). They have also been formed indi-
rectly by treating proteins with hydrogen peroxide or peroxidase
(Singh 1991) and are implicated in the formation of caseinate
films by gamma irradiation (Mezgheni et al. 1998). Polyphenol
oxidase can also lead indirectly to protein cross-linking, due
to reaction of cysteine, tyrosine, or lysine with reactive benzo-
quinone intermediates generated from the oxidation of phenolic
substrates (Matheis and Whitaker 1987, Feeney and Whitaker
1988). Such plant phenolics have been used to prepare cross-
linked gelatin gels to develop novel food ingredients (Strauss
and Gibson 2004).

CROSS-LINKS DERIVED FROM
THE MAILLARD REACTION

The Maillard reaction is a complex cascade of chemical
reactions, initiated by the deceptively simple condensation of an
amine with a carbonyl group, often within a reducing sugar or fat
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Figure 10.1. A summary of the cross-linking reactions that can occur during food processing, from Gerrard 2002. Further details are given in

breakdown product (Fayle and Gerrard 2002, Friedman 1996a)

During the course of the Maillard reaction, reactive intermedi-

ates, such as «-dicarbonyl compounds and deoxysones, are gen-
erated and lead to the production of a wide range of compounds,
including polymerised brown pigments called melanoidins, fu-
ran derivatives, nitrogenous, and heterocyclic compounds (e.g.
pyrazines; Fayle and Gerrard 2002). Protein cross-links form a
subset of the many reaction products, and the cross-linking of
food proteins by the Maillard reaction during food processing

is well established (Gerrard 2002, Miller and Gerrard, in press

2006). The precise chemical structures of these cross-links in

food, however, are less well understood. Thus, surprisingly
little is known about the extent of Maillard cross-linking in
processed foods, the impact of this process on food quality,
and how the reaction might be controlled to maximise food
quality.

In biology and medicine, where the Maillard reaction is impor-
tant during the ageing process, several cross-link structures have
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Figure 10.2. A selection of known protein cross-links derived from the Maillard reaction in the body, from Miller and Gerrard (2004). (Sell and
Monnier 1989, Nakamura et al. 1997, Prabhakaram et al. 1997, Brinkmann-Frye et al. 1998, Lederer and Buhler 1999, Lederer and Klaiber
1999, Al-Abed and Bucala 2000, Glomb and Pfahler 2001, Biemel et al. 2002 Tessier et al. 2003). The extent to which these cross-links are
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been identified, including those shown in Figure 10.2 (Ames
1992, Hill et al. 1993, Easa et al. 1996a, 1996b, Gerrard et al.
1998a, 1999, 2002a, 2003a, 2003b, Hill and Easa 1998, Fayle
et al. 2000, 2001, Mohammed et al. 2000). One of the first
protein-derived Maillard reaction products (MRPs) isolated and
characterised was the cross-link pentosidine (Sell and Monnier
1989, Dyer et al. 1991), a fluorescent moiety that is believed
to form through the condensation of a lysine residue with an
arginine residue and a reducing sugar. The exact mechanism
of formation of pentosidine remains the subject of considerable
debate (Chellan and Nagaraj 2001, Biemel et al. 2001).

Some of the earliest studies that assessed the effect of pro-
tein cross-linking on food quality examined the digestibility of a
model protein following glycation. Kato et al. (1986a) observed
that following incubation of lysozyme with a selection of dicar-
bonyl compounds for 10 days, the digestibility of lysozyme by a
pepsin-pancreatin solution was reduced to up to 30% relative to
the non-glycated sample. This trend of decreasing digestibility
was concomitant with an observed increase in cross-linking of
lysozyme. The increased resistance of cross-linked proteins to
enzymes commonly involved in the digestion of proteins in the
body is unfavourable from a nutritional standpoint. It has also
been reported that the digestion process can be inhibited by the
Maillard reaction (Friedman 1996b).

AGE PROTEIN CROSS-LINKS ISOLATED
TO DATE IN FOOD

Information regarding the presence of specific Maillard protein
cross-links in food is, to date, limited, with only a handful of
studies in this area (Henle et al. 1997, Schwarzenbolz et al. 2000,
Biemel et al. 2001). For example, compared with the extensive
literature on the Maillard chemistry in vivo, relatively little has
been reported on the existence of pentosidine in food. In a study
by Henle et al. (1997), the pentosidine content of a range of
foods was examined, with the highest values observed in roasted
coffee. Overall concentrations, however, were considered low,
amongst most of the commercial food products tested. It was,
therefore, concluded that pentosidine does not have a major role
in the polymerisation of food proteins. Schwarzenbolz et al.
(2000) showed that pentosidine formation in a casein-ribose
reaction is carried out under high hydrostatic pressure, which
could be relevant to some areas of food processing. Igbal et al.
have investigated the role of pentosidine in meat tenderness in
broiler hens (Igbal et al. 1997, Igbal et al. 1999a, 1999b, Igbal
et al. 2000).

Other Maillard cross-links have recently been detected in
food, and attempts have been made to quantify the levels found.
Biemel et al. (2001) examined the content of the lysine—arginine
cross-links, GODIC, MODIC, DODIC and glucosepane in food.
These cross-links were found to be present in proteins extracted
from biscuits, pretzels, salt stick and egg white in the range
of 7-151 mg/kg. The lysine-lysine imidazolium cross-links
MOLD and GOLD were also isolated but were present at a
lower concentration than MODIC and GODIC.

HEALTH AND FOOD SAFETY ASPECTS
OF MRPS

The complexity of the Maillard reaction means that during any
cross-linking reaction in the food matrix, a variety of other prod-
ucts are likely to form. Over the last decade, there has been an on-
going debate over the health and safety impacts of dietary MRPs,
particularly advanced glycation end products (AGEs) generated
in the later stages of the Maillard reaction in foods, with regards
to their potential risks and/or benefits towards human health
when consumed in the diet. To date, numerous research groups
have argued that MRPs pose a risk to human health, particularly
certain heterocyclic products, when consumed in the diet (Felton
and Knize 1998, Faist and Erbersdobler 2002, Shin 2003, Shin
et al. 2003, Bordas et al. 2004, Murkovic 2004, Taylor et al.
2004, Sebekova and Somoza 2007, Garcia et al. 2009). Other
research has provided evidence to the contrary, highlighting the
potential of MRPs to act as antioxidants or have other beneficial
effects (Manzocco et al. 2000, Faist and Erbersdobler 2002, Lee
and Shibamoto 2002, Morales and Babbel 2002, Dittrich et al.
2003, Morales and Jimenez-Perez 2004, Ames 2007), with a
few groups considering both the positive and negative effects of
MRPs when consumed in the diet (Faist and Erbersdobler 2002,
Somaza 2005, Gerrard 2006, Henle 2007).

This ongoing debate was discussed by Henle (2007) in a
review paper, in which he explored whether dietary MRPs are a
risk to human health based on the arguments from two prominent
papers on the topic by Ames (2007), who provided evidence
against the MRPs being a risk to human health, and Sebekova
and Somoza (2007), who argued the opposite. Both sides of the
debate are outlined here.

Sebekova and Somoza (2007) argued that there was sufficient
evidence concerning the negative impact of dietary AGEs on
health. Their argument is based on research from both experi-
mental studies in rodents and clinical studies in humans, includ-
ing healthy people and those suffering from diseases that are
associated with AGEs, such as diabetes and cardiovascular dis-
ease. Their analysis of the current literature revealed that a high
intake of thermally processed foods in the diet may have signif-
icant nephrotoxic effects, aggravate low levels of inflammation
and exert oxidative stress. There is also significant evidence to
show that a high AGE-diet can influence the development of
complications that are associated with diabetes and have detri-
mental effects on, for example, wound healing (Peppa et al.
2003, 2009) and atherosclerois (Lin et al. 2003, Walcher and
Marx 2009). This is supported by further studies that show po-
tential negative effects of an AGE-rich diet to health. The first
of these studies was an animal study in which Wistar rats were
fed either an AGE-rich diet or an AGE-poor diet over a 6-week
period, where wheat starch was replaced by bread crusts (Se-
bekova et al. 2005, Somoza et al. 2005). The results obtained
were interesting, with the rats on the AGE-rich diet gaining
weight more rapidly than those on the AGE-poor diet, with a
trend towards higher glucose and albumin levels. There was also
noticeable weight gain in specific organs such as the heart, kid-
ney, liver and lungs, but not the spleen, intestine or brain. These
results suggest the idea that some organs are more susceptible to
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MRP-rich diets. Similar results were found in a crossover study
carried out by Wittmann et al. (2001) on 21 healthy volunteers,
where those on the AGE-rich diet gained more weight. In this
study, 21 healthy volunteers were fed on either an AGE-rich or
AGE-poor diet of heated or unheated high protein (3 g/kg/day).
However, to date, the majority of knowledge on the effects of
AGE-rich diets is mainly based on experimental studies of ro-
dents rather than human studies.

In contrast, Ames (2007) supports the idea that dietary AGEs
are not a risk to human health and provides evidence to support
this claim based on information obtained from both animal and
human volunteer studies on the bioavailability and metabolic
fate of dietary AGEs. The majority of the literature to date on
the bioavailability and metabolic fate of AGEs is centred on the
compounds CML and pyrraline, due to their abundance in food
systems. Various studies have investigated the metabolic fate of
dietary CML. One such study involved feeding rats on a diet of
glycated casein (either 1.8 g of CML/kg or 6.2 g of CML/kg)
against the control of native casein (Faist et al. 2000). The results
found that approximately 50% of the initial CML consumed was
excreted through urine and faeces, with a small portion being
deposited on the kidney and liver. Although the majority of
the CML consumed was readily excreted, further investigations
would need to be carried out to determine the metabolic fate
of the rest of the CML, with suggestions that it could have
been degraded by the colonic microflora or metabolised post-
absorption. Another study looked at distribution and elimination
of AGEs, including CML, CEL (N°¢-carboxyethyllysine) and
lysine (Bergmann et al. 2001). These AGEs were studied via
fluorine-18-labelled analogues by [18F]-fluorobenzoylation of
the w-amino group of the AGE and then intravenously injected
into the tail vein of rats, which were subsequently sacrificed
within 30 minutes of the injection. The results obtained showed
all three compounds (CML, CEL and lysine) to be distributed
swiftly through the body and be rapidly excreted via the kidneys
with >87% of the radioactivity being excreted within 2 hours of
injection (Bergmann et al. 2001).

Many studies have been carried out investigating the distri-
bution and elimination of the other abundant AGE, pyrraline,
which is excreted via the kidneys within 48 hours (Forster and
Henle 2003). Other studies on excretion of pentosidine, another
MRP, in the body, as well pyrraline and fructoselysine (Miyata
etal. 1998, Forster et al. 2005) have found significant differences
in the excretion rate of the individual MRPs, according to indi-
vidual metabolic fates and whether the MRPs are free or protein
bound. However, the weight of evidence appears to suggest that
the majority of the ARPs and AGEs that are absorbed by the body
are subsequently, rapidly excreted and are therefore considered
not to be harmful to the body. Seiquer et al. (2008) carried out
experiments on healthy adolescent males by feeding some of
the participants a MRP-rich diet and the others a low MRP diet
over a two-week period. Surprisingly, they found there was no
obvious damage to the oxidative status or antioxidant defence
in the MRP-rich diet participants. Lindenmeier et al. (2002) and
Somoza et al. (2005) have suggested beneficial effects of AGEs.
Definitive conclusions await detailed research on the bioactivity
of dietary AGEs (Lopez-Garcia et al. 2004).

Ames (2009) suggests there needs to be a more holistic ap-
proach to the research of MRPs. The balance of evidence, based
on many centuries of eating cooked food, is that MRPs/AGEs are
not harmful, but further studies should be done to eliminate the
possibility and provide reassurance to food manufacturers and
consumers. An interdisciplinary approach incorporating food
science, biology, chemistry and medicine is required for a bet-
ter understanding into the biological consequences of thermally
processed foods and more carefully defined human trials should
resolve this. Food manufacturers wishing to harness the Mail-
lard reaction for protein cross-linking or other uses are advised
to keep a watching brief on this research.

MELANOIDINS

Very advanced glycation end-products that form as a result of
food processing are dubbed melanoidins. This is a structurally di-
verse class of compounds, which until recently were very poorly
characterised. However, a subset of food melanoidins undoubt-
edly includes those that cross-link proteins.

Melanoidins can have molecular weights of up to 100,000
Da (Hofmann 1998a). Because of their sheer chemical com-
plexity, it has been difficult to isolate and characterise these
molecules (Fayle and Gerrard 2002, Miller and Gerrard, 2005).
However, some recent work in this area has lead to some new
hypotheses. Hofmann proposed that proteins may play an im-
portant role in the formation of these complex, high-molecular
weight melanoidins (Hofmann 1998b). Thus, it was proposed
that a low-molecular weight carbohydrate-derived colourant re-
acts with protein-bound lysine and/or arginine, forming a pro-
tein cross-link. Formation of colour following polymerisation of
protein has indeed been observed following incubation with car-
bohydrates (Cho et al. 1984, 1986a, 1986b, Okitani et al. 1984).
Hofmann tested this hypothesis by the reaction of casein with a
pentose-derived intermediate furan-2-carboxaldehyde and sub-
sequent isolation of a melanoidin-type colourant compound from
this reaction mixture (Figure 10.3). Although non-cross-linking
in nature, the results encouraged further studies to isolate protein
cross-links that are melanoidins, and possible deconvolution of
the chemistry of melanoidin from these data. Further studies
by Hofmann (1998a) proposed a cross-link structure BISARG,
which was formed on reaction of N-protected arginine with
glyoxal and furan-2-carboxaldehyde (Figure 10.3). This cross-
link was proposed as plausible in food systems due to the large
amount of protein, furan-2-carboxaldehyde and glyoxal that may
be present in food (Hofmann 1998a).

A lysine-lysine radical cation cross-link, CROSSPY (Fig-
ure 10.3C), has been isolated from a model protein cross-link
system involving bovine serum albumin and glycoladehyde, fol-
lowed by thermal treatment (Hofmann et al. 1999). CROSSPY
was also shown to form from glyoxal, but only in the presence
of ascorbic acid, supporting the suggestion that reductones are
able to initiate radical cation mechanisms resulting in cross-links
(Hofmann et al. 1999). EPR spectroscopy of dark-coloured bread
crust revealed results that suggested CROSSPY was most likely
associated with the browning bread crust (Hofmann et al. 1999).
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Figure 10.3. Formation of a melanoidin-type colourants on reaction
of (A) protein-bound lysine with furan-2-aldehyde (Hofmann 1998b);
(B) two protein-bound arginine residues with glyoxal in the presence
of carbonyl compound (Hofmann 1998a); (C) two protein-bound
lysine residues with glycolaldehyde or glyoxal (in the presence of
ascorbate). R, remainder of carbonyl compound (Hofmann et al.
1999); (D) product of reaction of propylamine with glucose (Knerr

et al. 2001); and (E) butylaminammonium acetate with glucose
(Lerche et al. 2003).

Encouragingly, when browning was inhibited, radical formation
was completely blocked.

A model system containing propylamine and glucose was
found to yield a yellow cross-link product under food-processing
conditions (Fig. 10.3D; Knerr et al. 2001); however, this prod-
uct is still to be isolated from foodstuffs. In another model study
undertaken by Lerche et al., reacting butylaminammonium ac-
etate (a protein bound lysine mimic) with glucose resulted in the
formation of a yellow product (Fig. 10.3E); this molecule is also
still to be isolated from foodstuffs (Lerche et al. 2003).

The hypothesis that formation of melanoidins involves reac-
tion of protein with carbohydrate is supported by Brands et al.,

who noted that following dialysis of a casein-sugar (glucose
or fructose) system with 12,000 Da cutoff tubing, around 70%
of the brown-coloured products were present in the retentate
(Brands et al. 2002).

MAILLARD-RELATED CROSS-LINKS

Although not strictly classified under the heading of Maillard
chemistry, animal tissues such as collagen and elastin contain
complex heterocyclic cross-links, formed from the apparently
spontaneous reaction of lysine and derivatives with allysine,
an aldehyde formed from the oxidative deamination of lysine
catalysed by the enzyme lysine oxidase (Feeney and Whitaker
1988). A selection of cross-links that form from this reaction
is outlined in Figure 10.4. The extent to which these cross-
links occur in food has not been well-studied, although their
presence in gelatin has been discussed, along with the presence
of pentosidine in these systems (Cole and Roberts 1996, 1997).

CROSS-LINKS FORMED VIA TRANSGLUTAMINASE
CATALYSIS

An enzyme that has received extensive recent attention for
its ability to cross-link proteins is transglutaminase. Trans-
glutaminase catalyses the acyl-transfer reaction between the
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Figure 10.4. Trifunctional crosslinks reported to result from the
spontaneous reaction of allysine with lysine (Eyre et al. 1984,
Yamauchi et al. 1987, Brady and Robins 2001).
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y-carboxyamide group of peptide-bound glutamine residues
and various primary amines. As represented in Figure 10.1,
the e-amino groups of lysine residues in proteins can act as
the primary amine, yielding inter- and intramolecular e-N-(y -
glutamyl)lysine cross-links (Zhu et al. 1995, Motoki and Seguro
1998, Yokoyama et al. 2004, Jaros et al. 2006, Ozrenk 2006).
The formation of this cross-link does not reduce the nutritional
quality of the food as the lysine residue remains available for
digestion (Seguro et al. 1996).

Transglutaminase is widely distributed in most animal tissues
and body fluids and is involved in biological processes such
as blood clotting and wound healing. e-N-(y-glutamyl)lysine
cross-links can also be produced by severe heating (Motoki and
Seguro 1998), but are most widely found where a food is pro-
cessed from material that contains naturally high levels of the
enzyme. The classic example here is the gelation of fish muscle
in the formation of surumi products, a natural part of traditional
food processing of fish by the Japanese suwari process, although
the precise role of endogenous transglutaminase in this process is
still under debate (An et al. 1996, Motoki and Seguro 1998) and
an area of active research (Benjakul et al. 2004a, 2004b). e-N-(y -
Glutamyl)lysine bonds have been found in various raw foods in-
cluding meat, fish and shellfish. Transglutaminase-cross-linked
proteins have thus long been ingested by man (Seguro et al.
1996). The increasing applications of artificially adding this en-
zyme to a wide range of processed foods, along with safety
aspects, are discussed in detail below.

OTHER ISOPEPTIDE BONDS

In foods of low carbohydrate content, where Maillard chemistry
is inaccessible, severe heat treatment can result in the formation
of isopeptide cross-links during food processing, via condensa-
tion of the e-amino group of lysine, with the amide group of an
asparagine or glutamine residue (Singh 1991). This chemistry
has not been widely studied in the context of food.

MANIPULATING PROTEIN
CROSS-LINKING DURING FOOD
PROCESSING

A major task of modern food technology is to generate new
food structures with characteristics that please the consumer,
using only a limited range of ingredients. Proteins are one of the
main classes of molecule available to confer textural attributes,
and the cross-linking and aggregation of protein molecules is
an important mechanism for engineering food structures with
desirable mechanical properties (Dickinson 1997, Oliver et al.
2006). The cross-linking of food proteins can influence many
properties of food, including texture, viscosity, solubility, emul-
sification and gelling properties (Kuraishi et al. 2000, Motoki
and Kumazawa 2000, Oliver et al. 2006). Many traditional food
textures are derived from a protein gel, including those of yo-
ghurt, cheese, sausage, tofu and surimi. Cross-linking provides
an opportunity to create gel structures from protein solutions,
dispersions, colloidal systems, protein-coated emulsion droplets

or protein-coated gas bubbles and create new types of food or
improve the properties of traditional ones (Dickinson 1997). In
addition, judicious choice of starting proteins for cross-linking
can produce food proteins of higher nutritional quality through
cross-linking of different proteins containing complementary
amino acids (Kuraishi et al. 2000).

CHEMICAL METHODS

An increasing understanding of the chemistry of protein cross-
linking opens up opportunities to control these processes dur-
ing food processing. Many commercial cross-linking agents are
available, for example from Pierce (2001). These are usually
double-headed reagents developed from molecules that deriva-
tise the side chains of proteins (Matheis and Whitaker 1987,
Feeney and Whitaker 1988) and generally exploit the lysine
and/or cysteine residues of proteins in a specific manner. Doubt
has been cast as to the accuracy with which reactivity of these
reagents can be predicted (Green et al. 2001) but they remain
widely used for biochemical and biotechnological applications.

Unfortunately, these reagents are expensive and not often ap-
proved for food use, so their use has not been widely explored
(Singh 1991). They do, however, prove useful for ‘proof of
principle’ studies to measure the possible effects of introduc-
ing specific new cross-links into food. If an improvement in
functional properties is seen after treatment with a commercial
cross-linking agent, then further research effort is merited to
find a food approved, cost-effective means by which to intro-
duce such cross-links on a commercial scale. Such ‘proof of
principle’ studies include the use of glutaraldehyde to demon-
strate the potential effects of controlled Maillard cross-linking
on the texture of wheat-based foods (Gerrard et al. 2002, 2003a,
2003b). The cross-linking of hen egg white lysozyme with a
double-headed reagent has also been used to show that the pro-
tein is rendered more stable to heat and enzyme digestion, with
the foaming and emulsifying capacity reduced (Matheis and
Whitaker 1987, Feeney and Whitaker 1988). Similarly, milk
proteins cross-linked with formaldehyde showed greater heat
stability (Singh 1991).

Food preparation for consumption often involves heating,
which can result in a deterioration of the functional properties
of these proteins (Bouhallab et al. 1999, Morgan et al. 1999a,
Shepherd et al. 2000). In an effort to protect them from
denaturation, particularly in the milk processing industry, some
have harnessed the Maillard reaction to produce more stable
proteins following incubation with monosaccharide (Aoki et al.
1999, Bouhallab et al. 1999, 2001, Handa and Kuroda 1999,
Morgan et al. 1999a, Shepherd et al. 2000, Chevalier et al.
2001, Matsudomi et al. 2002). Increases in protein stability at
high temperatures and improved emulsifying activity have been
observed (Aoki et al. 1999, Bouhallab et al. 1999, Shepherd et al.
2000), and dimerisation and oligomerisation of these proteins
has been noted (Aoki et al. 1999, Bouhallab et al. 1999, Morgan
etal. 1999a, Pellegrino et al. 1999, Chevalier et al. 2001, French
et al. 2002). In B-lactoglobulin, it has been suggested that
oligomerisation is initiated by glycation of a B-lactoglobulin
monomer, resulting in a conformational change in this protein
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that engenders a propensity to form stable covalent homodimers
(Morgan et al. 1999b). From this point, it is thought that
polymerisation occurs via hydrophobic interactions between
unfolded homodimers and modified monomers (Morgan et al.
1999b). Experiments undertaken by Bouhallab et al. (1999)
showed that this final polymerisation process was not due
to intermolecular cross-linking via the Maillard reaction, but
did confirm that increased solubility of the protein at high
temperatures (65-90°C) was associated with polymerisation,
presumably invoking disulfide linkages. Some recent data, how-
ever, suggests that Maillard cross-links may also be important in
the polymerisation process (Chevalier et al. 2001). Interestingly,
Pellegrino et al. have observed that an increase in pentosidine
formation coincided with heat-induced covalent aggregation
of B-casein, which lacks cysteine, but could not account for
the extent of aggregation observed, suggesting the presence of
other cross-links that remain undefined (Pellegrino et al. 1999).

The glycation approach has also been also employed as a tool
to improve gelling properties of dried egg white (Handa and
Kuroda 1999, Matsudomi et al. 2002), a protein which is used in
the preparation of surimi and meat products (Weerasinghe et al.
1996, Chen 2000, Hunt et al. 2009). Some have suggested that
the polymerisation may occur via protein cross-links formed as
a result of the Maillard reaction, but disulfide bonds may still
play some role (Handa and Kuroda 1999); the exact mechanism
remains undefined (Matsudomi et al. 2002).

The effect of the Maillard reaction and particularly pro-
tein cross-linking on food texture has received some attention
(Gerrard et al. 2002a). Introduction of protein cross-links into
baked products has been shown to improve a number of proper-
ties that are valued by the consumer (Gerrard et al. 1998b, 2000).
In situ studies revealed that following addition of glutaraldehyde
to dough, albumin and globulin fraction of the extracted wheat
proteins were cross-linked (Gerrard et al. 2003a). Inclusion of
glutaraldehyde during bread preparation resulted in the forma-
tion of a dough with an increased dough relaxation time, relative
to the commonly used flour improver ascorbic acid (Gerrard
et al. 2003b). These results confirm that chemical cross-links
are important in the process of dough development and suggest
that they can be introduced via Maillard-type chemistry.

The Maillard reaction has also been used to modify properties
in tofu. Kaye etal. (2001) reported that following incubation with
glucose, a Maillard network formed within the internal structure
of tofu, resulting in a loss in tofu solubility and a reduction in
tofu weight loss. Furthermore, Kwan and Easa (2003) employed
low levels of glucose for the preparation of retort tofu, which re-
sulted in the production of firmer tofu product. Changes in tofu
structure have also been observed in our laboratory when in-
cluding glutaraldehyde, glyceraldehyde or formaldehyde in tofu
preparation (Yasir et al. 2007a, 2007b). However, these results
suggested that protein cross-linking agents may change the func-
tional properties of tofu via non-cross-linking modifications of
the side chains of the amino acid residues, perhaps by changing
their isoelectric point and gelation properties.

Caillard et al. (2008) have also observed interesting results
with soy protein that forms hydrogels in the presence of the
cross-linking agents glutaraldehyde and glyceraldehyde. Their

studies found that glutaraldehyde was the more efficient cross-
linker, because it was able to form stronger hydrogels with mod-
ifiable properties than glyceraldehyde. More recently, Caillard
et al. (2009) investigated the photophysical and microstructural
properties of soy protein hydrogels cross-linked with glutaralde-
hyde in the absence or presence of salts.

The covalent polymerisation of milk during food processing
has been reported (Singh and Latham 1993). This phenomenon
was shown to be sugar dependent, as determined in model studies
with B-casein. Further, pentosidine formation paralleled protein
aggregation over time at 70°C (Pellegrino et al. 1999).

The Maillard reaction has been studied under dry conditions
to gain an understanding of the details of the chemistry (Kato
et al. 1988, French et al. 2002, Oliver et al. 2006). Kato et al.
(1986b) reported the formation of protein polymers following
incubation of galactose or talose with ovalbumin under desic-
cating conditions: an increase in polymerisation, relative to the
protein only control, was observed. This study was extended us-
ing the milk sugar lactose, as milk can often be freeze dried for
shipping and storage purposes. In this study, it was shown, in a
dry reaction mixture, that ovalbumin was polymerised following
incubation with lactose and glucose (Kato et al. 1988). In model
studies with the milk protein S-lactoglobulin, the formation of
protein dimers has been observed on incubation with lactose
(French et al. 2002).

Proof of principle has thus been obtained in several systems,
demonstrating that reactive cross-linking molecules are able to
cross-link food proteins within the food matrix and lead to a no-
ticeable change in the functional properties of the food. However,
much work remains to be done in order to generate sufficient
quantities of cross-linking intermediates during food processing
to achieve a controlled change in functionality.

EnzymAaTIC METHODS

The use of enzymes to modify the functional properties of foods
is an area that has attracted considerable interest, since con-
sumers perceive enzymes to be more “natural” than chemicals.
Enzymes are also favoured as they require milder conditions,
have high specificity, are only required in catalytic quantities,
and are less likely to produce toxic products (Singh 1991). Thus,
enzymes are becoming commonplace in many industries for im-
proving the functional properties of food proteins (Chobert et al.
1996, Poutanen 1997, Oliver et al. 2006, Hiller and Lorenzen
2009).

Because of the predominance of disulfide cross-linkages in
food systems, enzymes that regulate disulfide interchange reac-
tions are of interest to food researchers. One such enzyme is
protein disulfide isomerase (PDI; Hatahet and Ruddock 2009).
PDI catalyses thiol/disulfide exchange, rearranging ‘incorrect’
disulfide cross-links in a number of proteins of biological in-
terest (Hillson et al. 1984, Singh 1991, Hatahet and Ruddock
2009). The reaction involves the rearrangement of low molecu-
lar sulfhydryl compounds (e.g. glutathione, cysteine and dithio-
threitol) and protein sulthydryls. It is thought to proceed by the
transient breakage of the protein disulfide bonds by the enzyme
and the reaction of the exposed active cysteine sulthydryl groups
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with other appropriate residues to reform native linkages (Singh
1991).

PDI has been found in most vertebrate tissues and in peas,
cabbage, yeast, wheat and meat (Singh 1991). It has been shown
to catalyse the formation of disulfide bonds in gluten proteins
synthesised in vitro. Early reports suggested that a high level of
activity corresponded to a low bread-making quality (Grynberg
et al. 1977). The use of oxidoreduction enzymes, such as PDI,
to improve product quality is an area of interest to the baking
industry (Watanabe et al. 1998, van Oort 2000, Joye et al. 2009a,
2009b) and the food industry in general (Hjort 2000). The po-
tential of enzymes such as PDI to catalyse their interchange has
been extensively reviewed by Shewry and Tatham (1997).

Sulthydryl (or thiol) oxidase catalyses the oxidative forma-
tion of disulfide bonds from sulthydryl groups and oxygen
and occurs in milk (Matheis and Whitaker 1987, Singh 1991).
Immobilised sulthydryl oxidase has been used to eliminate
the ‘cooked’ flavour of ultra-high temperature-treated milk
(Swaisgood 1980). It is not a well-studied enzyme, although the
enzyme from chicken egg white has received recent attention in
biology (Hoober 1999). Protein disulfide reductase catalyses a
further sulfhydryl—disulfide interchange reaction and has been
found in liver, pea and yeast (Singh 1991).

Peroxidase, lipoxygenase and catechol oxidase occur in vari-
ous plant foods and are implicated in the deterioration of foods
during processing and storage. They have been shown to cross-
link several food proteins, including bovine serum albumin, ca-
sein, B-lactoglobulin and soy, although the uncontrolled nature
of these reactions casts doubt on their potential for food im-
provement (Singh 1991). Lipoxygenase, in soy flour, is used
in the baking industry to improve dough properties and baking
performance. It acts on unsaturated fatty acids, yielding peroxy
free radicals and starting a chain reaction. The cross-linking ac-
tion of lipoxygenase has been attributed to both the free radical
oxidation of free thiol groups to form disulfide bonds and to the
generation of reactive cross-linking molecules such as malondi-
aldehyde (Matheis and Whitaker 1987).

Altering the functional properties of milk proteins by
cross-linking with transglutaminase (see below), as well as the
enzymes lactoglutaminase, lactoperoxidase, laccase and glu-
cose oxidase has recently been studied by Hiller and Lorenzen
(2009). In this study, a qualitative and quantitative overview
of the enzymatic oligomerisation of milk proteins by various
enzymes in relation to transglutaminase was presented, to fill a
gap in understanding of enzymatic oligomerisation of proteins.
A variety of milk proteins were chosen for this study, such as
sodium caseinate, whey protein isolate and skim milk powder.
Interestingly, the results from this study suggest it may be possi-
ble to specifically select the appropriate modified protein to use
for specific industrial applications, depending upon the require-
ments of the food proteins and the desired functional protein
properties.

All enzymes discussed so far have been over-shadowed in
recent years by the explosion in research on the enzyme trans-
glutaminase. Due largely to its ability to induce the gelation
of protein solutions, transglutaminase has been investigated for
uses in a diverse range of foods and food-related products. The

use of this enzyme has been the subject of a series of recent re-
views, covering both the scientific and patent literature (Nielson
1995, Zhu et al. 1995, Motoki and Seguro 1998, Kuraishi et al.
2001, Yokoyama et al. 2004, Jaros et al. 2006, Ozrenk 2006).
These are briefly highlighted below.

Transglutaminase

The potential of transglutaminase in food processing was hailed
for many years before a practical source of the enzyme became
widely available. The production of a microbially derived en-
zyme by Ajinomoto Inc. proved pivotal in paving the way for
industrial applications (Motoki and Seguro 1998). In addition,
the transglutaminases that were discovered in the early years
were calcium-ion dependent, which imposed a barrier for their
use in foods that did not contain a sufficient level of calcium.
The commercial preparation is not calcium dependent and thus
finds much wider applicability (Motoki and Seguro 1998). The
production of microbial transglutaminase, derived from Strep-
toverticillium mobaraense, is described by Zhu et al. (1995) and
methods with which to purify and assay the enzyme are reviewed
by Wilhelm et al. (1996). The commercial enzyme operates ef-
fectively over the pH range 4-9, from 0°C to 50°C (Motoki and
Seguro 1998).

There is a seemingly endless list of foods in which the use
of transglutaminase has been successfully used (De Jong and
Koppelman 2002): seafood, surimi, meat, dairy (Hiller and
Lorenzen 2009), baked goods, sausages (as a potential replace-
ment for phosphates and other salts), gelatin (Kuraishi et al.
2001), spaghetti (Aalami and Leelavathi 2008), noodles and
pasta (Larre et al. 1998, 2000). It is finding increasing use in
restructured products, such as those derived from scallops and
pork (Kuraishi et al. 1997). In all cases, transglutaminase is
reported to improve firmness, elasticity, water-holding capacity
and heat stability (Kuraishi et al. 2001). It also has potential to al-
leviate the allergenicity of some proteins (Watanabe et al. 1994).
Dickinson (1997) reviewed the application of transglutaminase
to cross-link different kinds of colloidal structures in food and
enhance their solid-like character in gelled and emulsified sys-
tems, controlling rheology and stability. These applications are
particularly appealing in view of the fact that cross-linking
by transglutaminase is thought to protect nutritionally valu-
able lysine residues in food from various deteriorative reactions
(Seguro et al. 1996). Furthermore, the use of transglutaminase
potentially allows production of food proteins of higher nutri-
tional quality, through cross-linking of different proteins con-
taining complementary amino acids (Zhu et al. 1995).

The use of transglutaminase in the dairy industry has been
explored extensively. The enzyme has been trialled in many
cheeses, from Gouda to Quark, and the use of transglutaminase
in ice cream is reported to yield a product that is less icy and
more easily scooped (Kuraishi et al. 2001). Milk proteins form
emulsion gels that are stabilised by cross-linking, opening new
opportunities for protein-based spreads, desserts and dressings
(Dickinson and Yamamoto 1996). The use of transglutaminase
has been explored in an effort to improve the functionality of
whey proteins (Truong et al. 2004, Gauche et al. 2008, 2010), for
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example recent developments include the use of transglutami-
nase to incorporate whey protein into cheese (Cozzolino et al.
2003, Pereira et al. 2009) and yoghurt (Ozer et al. 2007, Gauche
et al. 2009).

Soy products have also benefited from the introduction of
transglutaminase, with the enzyme providing manufacturers
with a greater degree of texture control. The enzyme is reported
to enhance the quality of tofu made from old crops, giving a
product with increased water-holding capacity, a good consis-
tency, a silky and firmer texture and one that is more robust in the
face of temperature change (Kuraishi et al. 2001, Soeda 2003).
Transglutaminase has also been used to incorporate soy protein
into new products, such as chicken sausages (Muguruma et al.
2003). More recent studies have found that transglutaminase
can potentially reduce the extent of the Maillard reaction and
cross-links (Gan et al. 2009). Soy protein isolate that had been
heated in the presence of transglutaminase to initiate the e-(y-
glutamyl)lysine bonds formed were then heated in the presence
of ribose to initiate Maillard reaction. It was found that the e-(y -
glutamyl)lysine bonds formed during incubation of soy protein
isolate with transglutaminase reduced the number of free amino
groups able to take part in the following Maillard reaction with
ribose. Consequently, the use of transglutaminase is most likely
to be most beneficial in products that contain reducing sugars,
where it is advantageous for the Maillard reaction to be limited.

New foods are being created using transglutaminase, for ex-
ample, imitation shark fin for the South East Asian market has
been generated by cross-linking gelatin and collagen (Zhu et al.
1995). Cross-linked proteins have also been tested as fat substi-
tutes in products such as salami and yoghurt (Nielson 1995) and
the use of transglutaminase-cross-linked protein films as edible
films has been patented (Nielson 1995).

Not surprisingly, the rate of cross-linking by transglutaminase
depends on the particular structure of the protein acting as sub-
strate. Most efficient cross-linking occurs in proteins that contain
a glutamine residue in a flexible region of the protein or within a
reverse turn (Dickinson 1997). Casein is a very good substrate,
but globular proteins such as ovalbumin and g-lactoglobulin are
poor substrates (Dickinson 1997). Denaturation of proteins in-
creases their reactivity, as does chemical modification by disrup-
tion of disulfide bonds or by adsorption at an oil-water interface
(Dickinson 1997). Many of the reported substrates of transglu-
taminase have actually been acetylated and/or denatured with
reagents such as dithiothreitol under regimes that are not food
approved (Nielson 1995). More work needs to be done to find
ways to modify certain proteins in a food-allowed manner in
order to render them amenable to cross-linking by transglutam-
inase in a commercial setting.

Whilst the applications of transglutaminase have been exten-
sively reported in the scientific and patent literature, the precise
mode of action of the enzyme in any one food processing situa-
tion remains relatively unexplored. The specificity of the enzyme
suggests that in mixtures of food proteins, certain proteins will
react more efficiently than others, and there is value in under-
standing precisely which protein modifications exert the most
desirable effects. Additionally, transglutaminase has more than
one activity: as well as cross-linking, the enzyme may catalyse

the incorporation of free amines into proteins by attachment to
a glutamine residue. Furthermore, in the absence of free amine,
water becomes the acyl acceptor and the y-carboxamide groups
are deamidated to glutamic acid residues (Ando et al. 1989). The
extent of these side reactions in foods, and the consequences of
any deamidation to the functionality of food proteins, has yet
to be fully explored. However, there have been suggestions that
in the case of wheat proteins, these side reactions may lead to
unwanted consequences, specifically associated with the celiac
response (Gerrard and Sutton 2005, Leszczynska et al. 2006,
Cabrera-Chavez et al. 2008), and the use in wheat products is
not advised until further research has been done to investigate
this possibility.

Perhaps the most advanced understanding of the specific
molecular effects of transglutaminase in a food product is seen
in yoghurt, where the treated product has been analysed by gel
electrophoresis and specific functional effects correlated to the
loss of B-casein, with the a-casein remaining. The specificity
of the reaction was found to alter according to the exact trans-
glutaminase source (Kuraishi et al. 2001). The specific effects
of transglutaminase in baked goods (Gerrard et al. 1998b, 2000)
have also been analysed at a molecular level. In particular, the en-
zyme produced a dramatic increase in the volume of croissants
and puff pastries, with desirable flakiness and crumb texture
(Gerrard et al. 2001). These effects were later correlated with
cross-linking of the albumins and globulins and high-molecular
weight glutenin fractions by transglutaminase (Gerrard et al.
2001). Subsequent research suggested that the dominant effect
was attributable to cross-linking of the high-molecular weight
glutenins (Gerrard et al. 2002). However, as noted above, the
use of transglutaminase for wheat-based produce is not recom-
mended (Gerrard and Sutton 2005).

FUTURE APPLICATIONS OF PROTEIN
CROSS-LINKING

Although protein cross-linking is often considered to be
detrimental to the quality of food, it is increasingly clear that
it can also be used as a tool to improve food properties. The
more we understand of the chemistry and biochemistry that
take place during processing, the better placed we are to exploit
it — minimising deleterious reactions and maximising beneficial
ones.

Food chemists are faced with the task of understanding the
vast array of reactions that occur during the preparation of food.
Food often has complex structures and textures, and through
careful manipulation of specific processes that occur during
food preparation, these properties can be enhanced to generate
a highly marketable product (Dickinson 1997). The formation
of a structural network within food is critical for properties such
as food texture. From a biopolymer point of view, this cross-
linking process has been successfully applied in the formation
of protein films, ultimately for use as packaging. Enhancing tex-
tural properties, emulsifying and foaming properties, by protein
cross-linking has been a subject of interest of many working in
this area, as exemplified by the number of studies detailed above.
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Cross-linking using chemical reagents remains challenging,
both in terms of controlling the chemistry and gaining con-
sumer acceptance. However, as the extensive recent use of trans-
glutaminase dramatically illustrates, protein cross-linking using
enzymes has huge potential for the improvement of traditional
products and the creation of new ones. Transglutaminase itself
will no doubt find yet more application as its precise mode of
action becomes better understood, especially if variants of the
enzyme are found with a broader substrate specificity.

Whether other enzymes, which cross-link by different mech-
anisms, can find equal applicability remains open to debate. The
thiol exchange enzymes, such as PDI, may offer advantages
to food processors if their mechanisms can be unravelled, and
then controlled within a foodstuff. Other enzymes, such as lysyl
oxidase, have not yet been used, but have potential to improve
foods (Dickinson 1997), especially in the light of recent work
characterising this class of enzymes (Buffoni and Ignesti 2000),
which may allow their currently unpredictable effects to be
better understood.
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INTRODUCTION

Cheeses are classified into those that are aged for the develop-
ment of flavor and body over time and those that are ready for
consumption shortly after manufacture. Many cheese varieties
are also expected to develop certain functional characteristics
either immediately after manufacture or by the end of the aging
period. It is fascinating that what starts in the cheese vat, as a
white liquid that is composed of many nutrients, emerges as
a completely transformed compact mass, cheese, sometimes

Reviewers of this chapter were Dr. Ashraf Hassan, Department of Dairy Science,
South Dakota State University, Brookings, and Dr. Lloyd Metzger, Department
of Food Science and Nutrition, University of Minnesota, St. Paul.

colored yellow, sometimes white, and sometimes with various
types of mold on the surface or within the cheese mass
(Kosikowski and Mistry 1997). Some cheeses may also exhibit
a unique textural character that turns stringy when heated, and
others may have shiny eyes. Each cheese also has unique flavor
qualities. Thus, cheese is a complex biological material whose
characteristics are specifically tailored by the cheese maker
through judicious blends of enzymes, starter bacteria, acid, and
temperature.

Milk is a homogeneous liquid in which components exist in
soluble, emulsion, or colloidal form. The manufacture of cheese
involves a phase change from liquid (milk) to solid (cheese).
This phase change occurs under carefully selected conditions
that alter the physicochemical environment of milk such that the
milk system is destabilized and is no longer homogeneous. In
many fresh cheeses, this conversion takes place with the help of
acid through isoelectric precipitation of casein and subsequent
temperature treatments and draining for the conversion of liquid
to solid. In the case of most ripened cheeses, this conversion oc-
curs enzymatically at higher pH and involves the transformation
of the calcium paracaseinate complex through controlled lactic
acid fermentation. Later on, the products of this reaction and
starter bacteria interact for the development of flavor and tex-
ture. All this is the result of the action of the enzyme chymosin
(Andren 2003).

CHYMOSIN

Chymosin, rennet, and rennin are often used interchangeably to
refer to this enzyme. The latter, rennin, should not be confused
with renin, which is an enzyme associated with kidneys and does
not clot milk. Chymosin is the biochemical name of the enzyme
that was formerly known as rennin. It belongs to the group of
aspartic acid proteinases, Enzyme classification (EC) 3.4.23, that
have a high content of dicarboxylic and hydroxyamino acids and
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alow content of basic amino acids. Its molecular mass is 40 kDa
(Andren 2003, Foltmann 1993).

Rennet is the stomach extract that contains the enzyme chy-
mosin in a stabilized form that is usable for cheese making
(Green 1977). While the amount of chymosin that is required
for cheese making is very small, this enzyme industry has under-
gone an interesting transformation over time. It is believed that
in the early days of cheese making, milk coagulation occurred
either by filling dried stomachs of calves or lambs with milk
or by immersing pieces of such stomachs in milk (Kosikowski
and Mistry 1997). The chymosin enzyme embedded within the
stomach lining diffused into the milk and coagulated it. This
crude process of extracting coagulating enzymes was eventu-
ally finessed into an industry that employed specific methods to
extract and purify the enzyme and develop an extract from the
fourth stomach of the calf or lamb. Extracts of known enzyme
activity and predictable milk clotting properties then became
available as liquids, concentrates, powders, and blends of var-
ious enzymes. Live calves were required for the manufacture
of these products. Because of religious and economic reasons,
another industry also had emerged for manufacturing alternative
milk clotting enzymes from plants, fungi, and bacteria. These
products remain popular and meet the needs of various Kosher
and other religious needs. Applications of genetic technology in
rennet manufacture were then realized, and in 1990 a new pro-
cess utilizing this technology was approved in the United States
for manufacturing rennet.

RENNET MANUFACTURE

For the manufacture of traditional rennet, calves, lambs, or kids
that are no more than about 2-weeks-old and fed only milk are
used (Kosikowski and Mistry 1997). As calves become older
and begin eating other feeds, the proportion of bovine pepsin
in relation to chymosin increases. Extracts from milk-fed calves
that are 3-weeks-old contain over 90% chymosin, and the bal-
ance is pepsin. As the calves age and are fed other feeds such
as concentrates, the ratio of chymosin to pepsin drops to 30:70
by 6 months of age. In a full-grown cow, there are only traces of
chymosin.

Milk-fed calves are slaughtered, and the unwashed stomachs
(vells) are preserved for enzyme extraction by emptying their
contents, blowing them into small balloons and drying them.
The vells may also be slit opened and dry salted or frozen for
preservation. Air-dried stomachs give lower yields of chymosin
than frozen stomachs; 12—13 air-dried stomachs make 1 L of
rennet standardized to 1:10,000 strength, but only 7-8 frozen
stomachs would be required for the same yield.

Extraction of chymosin and production of rennet begin by ex-
tracting, for several days, chopped or macerated stomachs with
a 10% sodium chloride solution containing about 5% boric acid
or glycerol. Additional salt up to a total of 16—-18% is introduced
followed by filtration and clarification. Mucine and grass par-
ticles in suspension are removed by introducing 1% of potash
alum, followed by an equal amount of potassium phosphate. The
suspension is adjusted to pH 5.0 to activate prochymosin (zymo-
gen) to chymosin, and the enzyme strength is standardized, so

that one part coagulates 15,000 or 10,000 parts of milk. Sodium
benzoate, propylene glycol, and salt are added as preservatives
for the final rennet. Caramel color is also usually added. The
finished rennet solutions must be kept cold and protected from
light.

Powdered rennet is manufactured by saturating a rennet sus-
pension with sodium chloride or acidifying it with a food-
grade acid. Chymosin precipitates and secondary enzymes such
as pepsin remain in the original suspension. The chymosin-
containing precipitate is dried to rennet powder (Kosikowski
and Mistry 1997).

A method has been developed for manufacturing rennet with-
out slaughtering calves. A hole (fistula) is surgically bored in
the side of live calves, and at milk feeding time, excreted rennet
is removed. After the calf matures, the hole is plugged, and the
animal is returned to the herd. This method has not been com-
mercialized but may be of value where religious practices do not
allow calf slaughter.

Rennet paste, a rich source of lipolytic enzymes, has been a
major factor in the flavor development of ripened Italian cheeses
such as Provolone and Romano. Conceivably, 2100 years ago,
Romans applied rennet paste to cheese milks to develop a typical
“picante” flavor in Romano and related cheeses, for even then
calf rennet was used to set their cheese milks. In more modern
times, many countries, including the United States, applied calf
rennet paste to induce flavor, largely for Italian ripened cheeses.

Farntiam et al. (1964) successfully produced, from goats,
dried preparations of a pregastric-oral nature, also rich in lipoly-
ticenzymes. They applied them to milk for ripened Italian cheese
with excellent results. Since then, lipase powders, of various
character and strength, have largely replaced rennet paste.

CHYMOSIN PRODUCTION BY GENETIC TECHNOLOGY

Genetic technology has been used for the commercial produc-
tion of a 100% pure chymosin product from microbes. This type
of chymosin is often called fermentation-produced chymosin.
Uchiyama et al. (1980) and Nishimori et al. (1981) published
early on the subject, and in 1990 Pfizer, Inc., received US Food
and Drug Administration approval to market a genetically trans-
formed product, Chy-Max, with GRAS stature (Duxbury 1990).
Other brands using other microorganisms have also been ap-
proved. Table 11.1 lists some examples of such products.

The microbes used for this type of rennet include nonpa-
thogenic microorganisms Escherichia coli K-12, Kluyveromyces
marxianus var. lactis and Aspergillus niger var. awamori.
Prochymosin genes obtained from young calves are transferred
through DNA plasmid intervention into microbial cells. Fermen-
tation follows to produce prochymosin, cell destruction, activa-
tion of the prochymosin to chymosin, and harvesting/producing
large yields of pure, 100% chymosin. This product, transferred
from an animal, is considered a plant product, as microbes are of
the plant kingdom. Thus, they are acceptable to various religious
groups.

These products have been widely studied to evaluate their
impact on the quality and yield of cheese. An initial concern
was that because of the absence of pepsin from these types of
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Table 11.1. Examples of Some New Chymosin
Products

Product Name Company and Type

AmericanPure Sanofi Bio-Industries
Calf rennet purified via ion exchange
Chy-max Pfizer (Now Chr. Hansen)
Fermentation—using Escherichia coli K-12
Chymogen Chr. Hansen
Fermentation—using Aspergillus niger var.
awamori
ChymoStar Rhone-Poulenc (Now Danisco)
Fermentation—using Aspergillus niger var.
awamori
Maxiren Gist-Brocades
Fermentation—using Kluyveromyces
marxianus var. lactis
Novoren” Novo Nordisk
(Marzyme GM)  Fermentation—using Aspergillus oryzae

“Novoren is not chymosin: it is the coagulating enzyme of Mucor
miehei cloned into A. oryzae. The other products listed above are all
100% chymosin.

rennets, proper cheese flavor might not develop. Most studies
have generally concluded that there are no significant differences
in flavor, texture, composition, and yield compared with calf
rennet controls (Banks 1992, Barbano and Rasmussen 1992,
Biner et al. 1989, Green et al. 1985, Hicks et al. 1988, IDF 1992,
Ortiz de Apodaca et al. 1994).

When these products were first introduced, it was expected
that a majority of cheese makers would convert to these types
of rennets because they are virtually identical to traditional calf
rennet and much cheaper. Except for some areas, this has not gen-
erally happened because of some concerns toward genetically
modified products. Further, some protected cheeses, such as
those under French AOC regulations or Italian DOP regulations,
require the use of only calf rennet. A method has been published
by the International Dairy Federation to detect fermentation-
produced chymosin (Collin et al. 2003). This method uses im-
munochemical techniques (ELISA) to detect such chymosin in
rennet solutions. It cannot be used for cheese.

Thus, traditional calf rennet and rennet substitutes derived
from Mucor Miehei, Cryphonectria, Parasitica, and others are
still used, especially for high cooking temperature cheeses such
as Swiss and Mozzarella. Since the introduction of fermentation
chymosin, the cost of traditional calf rennet has dropped consid-
erably, and they both now cost approximately the same. Fungal
rennets are still available at approximately 65% of the cost of
the recombinant chymosin.

A coagulating enzyme of Mucor miehei cloned into As-
pergillus oryzae was developed by Novo Nordisk of Denmark.
This product hydrolyzes kappa-casein only at the 105-106 bond,
and reduces protein losses to whey.

RENNET PRODUCTION BY SEPARATION
OF BOVINE PEPSIN

Traditional calf rennet contains about 5% pepsin and almost 95%
chymosin. Industrial purification of standard rennet to 100%
chymosin rennet by the removal of pepsin was developed by
Sanofi-Bioingredients Co. The process involves separation of
the pepsin by ion exchange. Chymosin has no charge at pH 4.5,
but bovine pepsin is negatively charged. Traditional commercial
calf rennet is passed through an ion-exchange column contain-
ing positively charged ions. Bovine pepsin, due to its negative
charge, is retained, and chymosin passes through and is col-
lected, resulting in a 100% chymosin product (Pszczola 1989).

RENNET SUBSTITUTES

Improved farming practices, including improved genetics, have
led over the years to significant increases in the milk production
capacity of dairy cattle. As a result, while total milk production
in the world has increased, the total cow population has declined.
Hence, there has been a reduction in calf populations and the
availability of traditional calf rennet. Furthermore, the increased
practice of raising calves to an older age for meat production fur-
ther reduced the numbers available for rennet production. It is
for these reasons that a shortage of calf rennet occurred and sub-
stitutes were sought. Various proteolytic enzymes from plant,
microbial, and animal sources were identified and developed
for commercial applications. These enzymes should possess
certain key characteristics to be successful rennet substitutes:
(1) the clotting-to-proteolytic ratio should be similar to that of
chymosin (i.e., the enzyme should have the capacity to clot milk
without being excessively proteolytic); (2) the proteolytic speci-
ficity for beta-casein should be low because otherwise bitterness
will occur in cheese; (3) the substitute product should be free of
contaminating enzymes such as lipases; and (4) cost should be
comparable to or lower than that of traditional rennet.

ANIMAL

Pepsin derived from swine shows proteolytic activity between
pH 2 and 6.5, but by itself it has difficulty in satisfactorily
coagulating milk at pH 6.6. For this reason, it is used in cheese
making as a 1:1 blend with rennet. Pepsin, used alone as a milk
coagulator, shows high sensitivity to heat and is inclined to create
bitter cheese if the concentrations added are not calculated and
measured exactly (Kosikowski and Mistry 1997).

PLANT

Rennet substitutes from plant sources are the least widely used
because of their tendency to be excessively proteolytic and to
cause formation of bitter flavors. Most such enzymes are also
heat stable and require higher setting temperatures in milk. Plant
sources include ficin from the fig tree, papain from the papaya
tree, and bromelin from pineapple. A notable exception to these
problems is the proteolytic enzymes from the flower of thistle
(Cynara Cardunculus), as reported by Vieira de Sa and Barbosa
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(1970) and Cynara humilis (Esteves and Lucey 2002). These
enzymes have been used successfully for many years in Portugal
to make native ripened Serra cheese with excellent flavor and
without bitterness.

In India, enzymes derived from Withania coagulans have been
used successfully for cheese making, but commercialization has
been minimal, especially with the development of genetically
derived chymosin.

MICROBIAL

Substitutes from microbial sources have been very successful
and continue to be used. Many act like trypsin and have an op-
timum pH activity between 7 and 8 (Green 1977, Kosikowski
and Mistry 1997). Microorganisms, including Bacillus subtilis,
B. cereus, B. polymyxa, Cryphonectria parasitica (formerly En-
dothia parasitica), and Mucor pusillus Lindt (also known as
Rhizomucor pusillus) and Rh. miehei have been extracted for
their protease enzymes. The bacilli enzyme preparations were
not suited for cheese making because of excessive proteolytic
activity while the fungal-derived enzymes gave good results,
but not without off flavors such as bitter. Commercial enzyme
preparations isolated from Cr. parasitica led to good quality Em-
mental cheese without bitter flavor, but some cheeses, such as
Cheddar, that use lower cooking temperatures reportedly showed
bitterness. Enzyme preparations of Rh. Miehei, at recommended
levels, produced Cheddar and other hard cheeses of satisfactory
quality without bitter flavor. Fungal enzyme preparations are in
commercial use, particularly in North America. In cottage cheese
utilizing very small amounts of coagulating enzymes, shattering
of curd was minimum in starter-rennet set milk and maximum
in starter—microbial milk coagulating enzyme set milk (Brown
1971).

Enzymes derived from RhA. miehei and Rh. pusillus are not
inactivated by pasteurization. Any residual activity in whey led
to hydrolysis of whey proteins during storage of whey powder.
This problem has been overcome by treating these enzymes with
peroxides to reduce heat stability. Commercial preparations of
Rh. miehei and Rh. pusillus are inactivated by pasteurization.
The heat stability of Cr. parasitica—derived enzyme is similar to
that of chymosin.

These fungal enzymes are also milk-clotting aspartic en-
zymes, and all except Cr. parasitica clot milk at the same peptide
bond as chymosin. Cryphonectria clots kappa-casein at the
104-105 bond.

CHYMOSIN ACTION ON MILK

Chymosin produces a smooth curd in milk, and it is relatively
insensitive to small shifts in pH that may be found in milk due
to natural variations, does not cause bitterness over a wide range
of addition, and is not proteolytically active if the cheese sup-
plements other foods. Chymosin coagulates milk optimally at
pH 6.0-6.4 and at 20-30°C in a two-step reaction, although
the optimum pH of the enzyme is approximately 4 (Kosikowski
and Mistry 1997, Lucey 2003). Optimum temperature for co-
agulation is approximately 40°C, but milk for cheese making

is coagulated with rennet at 31-32°C because at this tempera-
ture the curd is rheologically most suitable for cheese making.
Above pH 7.0, activity is lost. Thus, mastitic milk is only weakly
coagulable, or does not coagulate at all.

Chymosin is highly sensitive to shaking, heat, light, alkali,
dilutions, and chemicals. Stability is highest when stored at 7°C
and pH 5.4-6.0 under dark conditions. Liquid rennet activity is
destroyed at 55°C, but rennet powders lose little or no activity
when exposed to 140°C. Standard single-strength rennet activity
deteriorates at about 1% monthly when held cold in dark or
plastic containers.

Single-strength rennet is usually added at 100-200 mL per
1000 kg of milk. It serves to coagulate milk and to hydrolyze ca-
sein during cheese ripening for texture and flavor development.

It should be noted that bovine chymosin has greater speci-
ficity for cow’s milk than chymosin derived from kid or lamb.
Similarly, kid chymosin is better suited for goat milk.

Milk contains fat, protein, sugar, salts, and many minor com-
ponents in true solution, suspension, or emulsion. When milk is
converted into cheese, some of these components are selectively
concentrated as much as ten fold, but some are lost to whey. It
is the fat, casein, and insoluble salts that are concentrated. The
other components are entrapped in the cheese serum or whey, but
only at about the levels at which they existed in the milk. These
soluble components are retained, depending on the degree that
the serum or whey is retained in the cheese. For example, in a
fresh Cheddar cheese, the serum portion is lower in volume than
in milk. Thus, the soluble component percentage of the cheese
is smaller.

In washed curd cheeses such as Edam or Brick, the above rela-
tionship does not hold, and lactose, soluble salts, and vitamins in
the final cheese are reduced considerably. Approximately 90%
of living bacteria in the cheese-milk, including starter bacteria,
are trapped in the cheese curd. Natural milk enzymes and oth-
ers are, in part, preferentially absorbed on fat and protein, and
thus a higher concentration remains with the cheese. In rennet
coagulation of milk and the subsequent removal of much of the
whey or serum, a selective separation of the milk components
occurs, and in the resulting concentrated curd mass, many bio-
logical agents become active, marking the beginning of the final
product, cheese.

Milk for ripened cheese is coagulated at a pH above the iso-
electric point of casein by special proteolytic enzymes, which
are activated by small amounts of lactic acid produced by added
starter bacteria. The curds are sweeter and more shrinkable and
pliable than those of fresh, unripened cheeses, which are pro-
duced by isoelectric precipitation. These enzymes are typified
by chymosin that is found in the fourth stomach, or abomasum,
of a young calf.

The isoelectric condition of a protein is that at which the net
electric charge on a protein surface is zero. In their natural state
in milk, caseins are negatively charged, and this helps maintain
the protein in suspension. Lactic acid neutralizes the charge
on the casein. The casein then precipitates as a curd at pH 4.6,
the isoelectric point, as in cottage or cream cheese and yogurt.
For some types of cheeses, this type of curd is not desirable
because it would be too acid, and the texture would be too firm
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and grainy. For ripened cheeses such as Cheddar and Swiss, a
sweeter curd is desired, so casein is precipitated as a curd near
neutrality, pH 6.2, by chymosin in 30-45 minutes at 30-32°C.
This type of curd is significantly different than isoelectric curd
and much more suitable for ripened cheeses. Milk proteins other
than casein are not precipitated by chymosin. The uniform gel
formed is made up of modified casein with fat entrapped within
the gel.

MILK COAGULATION AND PROTEIN HYDROLYSIS
BY CHYMOSIN

The process of curd formation by chymosin is a complex process
and involves various interactions of the enzyme with specific
sites on casein, temperature and acid conditions, and calcium.
Milk is coagulated by chymosin into a smooth gel capable of
extruding whey at a uniformly rapid rate. Other common pro-
teolytic enzymes such as pepsin, trypsin, and papain coagulate
milk too, but may cause bitterness and loss of yield and are more
sensitive to pH and temperature changes.

An understanding of the structure of casein in milk has con-
tributed to the explanation of the mechanism of chymosin action
in milk. Waugh and von Hippel (1956) began to unravel the het-
erogeneous nature of casein with their observations on kappa-
casein. Casein comprises 45-50% alpha-s-casein, 25-35% beta-
casein, 8—15% kappa-casein, and 3—7% gamma-casein. Various
subfractions of alpha-casein have also been identified, as have
genetic variants. Each casein fraction differs in sensitivity to cal-
cium, solubility, amino acid makeup, and electrophoretic mobil-
ity.

An understanding of the dispersion of casein in milk has pro-
voked much interest. Several models of casein micelles have
been proposed including the coat-core, internal structure, and
subunit models. With the availability of newer analytical tech-
niques such as three-dimensional X-ray crystallography, work
on casein micelle modeling is continuing, and additional under-
standing is being gained. The subunit model (Rollema 1992)
is widely accepted. It suggests that the casein micelle is made
up of smaller submicelles that are attached by calcium phos-
phate bonds. Hence, the micelle consists of not only pure ca-
sein (~93%), but also minerals (~7%), primarily calcium and
phosphate. Most of the kappa-casein is located on the surface
of the micelle. This casein has few phosphoserine residues and
hence is not affected by ionic calcium. It is located on the sur-
face of the micelle and provides for stability of the micelle
and protects the calcium-sensitive and hydrophobic interior, in-
cluding alpha- and beta- caseins from ionic calcium. These two
caseins have phosphoserine residues and high calcium-binding
affinity. The carbohydrate, N-acetyl neuramic acid, which is
attached to kappa-casein, makes this casein hydrophilic. Thus,
the casein micelle is suspended in milk as long as the prop-
erties of kappa-casein remain unchanged. More recently the
dual-bonding model has been proposed (Horne 1998).

Introducing chymosin to the cheese-milk, normally at about
32°C, destabilizes the casein micelle in a two-step reaction, the
first of which is enzymatic (or primary) and the second, nonen-
zymatic (or secondary) (Kosikowski and Mistry 1997, Lucey

chymosin
kappa-Casein ——> para-kappa-casein + glycomacropeptide (soluble in whey}

Ca++
—> dicalcium para-kappa-casein
pH 6.4-6.0

para-kappa-Casein

Figure 11.1. Destabilization of the casein micelle by introduction of
chymosin.

2003). These two steps are separate but cannot be visually distin-
guished: only the appearance of a curd signifies the completion
of both steps. The primary phase was probably first observed by
Hammersten in the late 1800s (Kosikowski and Mistry 1997)
and must occur before the secondary phase begins.

In the primary phase, chymosin cleaves the phenylalanine-
methionine bond (105-106) of kappa-casein, thus eliminating its
stabilizing action on calcium-sensitive alpha-s- and beta-caseins.
In the secondary phase, the micelles without intact kappa-casein
aggregate in the presence of ionic calcium in milk and form
a gel (curd). This mechanism may be summarized as follows
(Fig. 11.1):

The macropeptide, also known as caseinmacropeptide, con-
tains approximately 30% amino sugar, hence the name glyco-
macropeptide (Lucey 2003). In the ultrafiltration processes of
cheese making, this macropeptide is retained with whey pro-
teins to increase cheese yields significantly. In the conventional
cheese-making process, the macropeptide is found in whey.

The two-step coagulation does not fully explain the presence
of the smooth curd or coagulum. Beau, many years ago, estab-
lished that a strong milk gel arose because the fibrous filaments
of paracasein cross-linked to make a lattice. Bonding at critical
points between phosphorus, calcium, free amino groups, and
free carboxyl groups strengthened the lattice, with its entrapped
lactose and soluble salts. A parallel was drawn between the
gel formed when only lactic acid was involved as in fresh, un-
ripened cheese and when considerable chymosin was involved
as in hard, ripened cheese. Both gels were considered originally
as starting with a fibrous protein cross bonding, but the strictly
lactic acid curd was considered weaker, because not having been
hydrolyzed by a proteolytic enzyme, it possessed less bonding
material. The essential conditions for a smooth gel developing
in either case were sufficient casein, a quiescent environment,
moderate temperature, and sufficient time for reaction.

FACTORS AFFECTING CHYMOSIN
ACTION IN MILK

Rennet coagulation in milk is influenced by many factors that
ultimately have an impact on cheese characteristics (Kosikowski
and Mistry 1997). The cheese maker is usually able to properly
control these factors, some of which have a direct affect on the
primary phase and others on the secondary.
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CHYMOSIN CONCENTRATION

Chymosin concentration affects gel firmness (Lomholt and Qvist
1999), and enzyme kinetics have been used to study these effects.
An increase in the chymosin concentration (larger amounts of
rennet added to milk) reduces the total time required for rennet
clotting, measured by the appearance of the first curd particle. As
a result, the secondary phase of rennet action will also proceed
much earlier, with the net result of an increase in the rate of
increase in gel firmness. This property of chymosin is sometimes
used to control the rennet coagulation in concentrated milks,
which have a tendency to form firmer curd because of the higher
protein content. Lowering the amount of rennet reduces the rate
of curd firming. It should also be noted that with an alteration in
the amount of rennet added to milk, there also will be a change
in the amount of residual chymosin in the cheese.

TEMPERATURE

The optimal condition for curd formation in milk with chy-
mosin is 40—45°C, but this temperature is not suitable for cheese
making. Rennet coagulation for cheese making generally oc-
curs at 30-35°C for proper firmness. At lower temperatures,
rennet clotting rate is significantly reduced, and at refrigeration
temperatures, virtually no curd is obtained.

PH

Chymosin action in milk is optimal at approximately pH 6. This
is obtained with starter bacteria. If the pH is lowered further,
rennet clotting occurs at a faster rate, and curd firmness is re-
duced. Lowering pH also changes the water-holding capacity,
which will have an impact on curd firmness.

CALCIUM

Calcium has a significant impact on rennet curd, though it does
not have a direct effect on the primary phase of rennet action.
Addition of ionic calcium, as in the form of calcium chloride, for
example, reduces the rate of rennet clot formation time and also
increases rennet curd firmness. Similarly, if the calcium content
of milk is lowered by approximately 30%, coagulation does not
occur. Milks that have a tendency to form weak curd may be
fortified with calcium chloride prior to the addition of rennet.

MIiLK PROCESSING

Heating milk to temperatures higher than approximately 70°C
leads to delayed curd formation and weak rennet curd (Vas-
binder et al. 2003). In extreme cases, there may be no curd at
all. These effects are a result of the formation of a complex
involving disulphide linkages between kappa-casein and beta-
lactoglobulin under high heat treatment. Under these conditions,
the 105-106 bond in kappa-casein is inaccessible for chymosin
action. This effect is generally not reversible. Under mild over-
heating conditions, the addition of 0.02% calcium chloride may
help obtain firm rennet curd. Maubois et al. have developed a

process for reversing this effect by the use of ultrafiltration. In-
creasing the protein content by ultrafiltration before or after UHT
treatment restores curd-forming ability (Maubois et al. 1972).
According to Ferron-Baumy et al. (1991), such a phenomenon
results from lowering the zeta potential of casein micelles on
ultrafiltration.

Homogenization has a distinct impact on milk rennet coagu-
lation properties. Homogenized milk produces softer curd, but
when only the cream portion of milk is homogenized, rennet
curd becomes firmer (Nair et al. 2000). This is possibly because
of the reduction of fat globule size due to homogenization and
coating of the fat globule surface with casein. These particles
then act as casein micelles.

Concentrating milk prior to cheese making is now a common
practice. Techniques include evaporative concentration, ultrafil-
tration, and microfiltration. Each of these procedures increases
the casein concentration in milk; thus, the rate of casein aggrega-
tion during the secondary phase increases. Ren-net coagulation
usually occurs at a lower degree of kappa-casein hydrolysis, and
rennet curd is generally firmer. For example, in unconcentrated
milk, approximately 90% kappa-casein must be hydrolyzed by
chymosin before curd formation, but in ultrafiltered milk only
50% must be hydrolyzed. (Dalgleish 1992). Under high concen-
tration conditions, rennet curd is extremely firm, and difficulties
are encountered in cutting curd using traditional equipment. In
cheeses manufactured from highly concentrated milks, rennet
should be properly mixed in the milk mixture to prevent local-
ization of rennet action.

GENETIC VARIANTS

Protein polymorphism (genetic variants) of kappa-casein has
been demonstrated to have an effect on rennet coagulation
(Marzialli and Ng-Kwai-Hang 1986). Protein polymorphism
refers to a small variation in the makeup of proteins due to mi-
nor differences in the amino acid sequence. Examples include
kappa-casein AA, AB, or BB, beta-lactoglobulin AA, AB, and
so on. Milk with kappa-casein BB variants forms a firmer rennet
curd because of increased casein content associated with this
variant of kappa-casein. Some breeds of cows, Jerseys in partic-
ular, have larger proportions of this variant. The BB variant of
beta-lactoglobulin is also associated with higher casein content
in milk.

EFFECT OF CHYMOSIN ON
PROTEOLYSIS IN CHEESE

Once rennet curd has been formed and a fresh block of cheese
has been obtained, the ripening process begins. During ripening,
numerous biochemical reactions occur and lead to unique flavor
and texture development. During this process, residual chymosin
that is retained in the cheese makes important contributions
to the ripening process (Kosikowski and Mistry 1997, Sousa
et al. 2001). As the cheese takes form, chymosin hydrolyzes
the paracaseins into peptides optimally at pH 5.6 and creates a
peptide pool for developing flavor complexes (Kosikowski and
Mistry 1997).
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The amount of rennet required to coagulate milk within
30 minutes can be considerably below that required to prop-
erly break down the paracaseins during cheese ripening. Conse-
quently, using too little rennet in cheese making retards ripening,
as discerned by the appearance of the cheese and its end products.
A lively, almost translucent looking cheese, after ripening sev-
eral months, indicates adequate rennet; an opaque, dull-looking
cheese indicates inadequate amounts. Apparently, conversion to
peptides and later hydrolysis to smaller molecules by bacterial
enzymes give the translucent quality. Residual rennet in cheese
hydrolyzes alpha-s-1-casein to alpha-s-1-I-casein, which leads
to a desirable soft texture in the aged cheese (Lawrence et al.
1987).

Electrophoretic techniques (Ledford et al. 1966) have demon-
strated that in most ripening Cheddar cheese from milk coag-
ulated by rennet, para-beta-casein largely remains intact while
para-alpha-casein is highly degraded. According to Fox et al.
(1993), if there is too much moisture in cheese or too little
salt, the residual chymosin will produce bitter peptides due
to excessive proteolysis. In cheeses with high levels of beta-
lactoglobulin, as in cheeses made by ultrafiltration, proteolysis
by residual chymosin is retarded because of partial inhibition of
chymosin by the whey protein (Kosikowski and Mistry 1997).

Edwards (1969) found that milk-coagulating enzymes from
the mucors hydrolyze the paracaseins somewhat similarly to
rennet, while enzymes from Cr. parasitica and the papaya plant
completely hydrolyze para-alpha- and para-beta-caseins during
ripening.

Proteolytic activity of rennet substitutes, especially microbial
and fungal substitutes, is greater than that of chymosin. Cheese
yield losses, though small, do occur with these rennets. Barbano
and Rasmussen (1992) reported that fat and protein losses to
whey were higher with Rh. miehei and Rh. pusillus compared
with those for fermentation-derived chymosin. As a result, the
cheese yield efficiency was higher with the latter than with the
former two microbial rennets.

EFFECT OF CHYMOSIN ON CHEESE
TEXTURE

The formation of a rennet curd is the beginning of the formation
of a cheese mass. Thus, a ripened cheese assumes its initial
biological identity in the vat or press. This is where practically all
of the critical components are assembled and the young cheese
becomes ready for further development.

Undisturbed fresh rennet curd is not cheese because it still
holds considerable amounts of water and soluble constituents
that must be removed before any resemblance to a cheese oc-
curs. This block of curd is cut into thousands of small cubes.
Traditionally, this is done with wire knives (Fig. 11.2) but in
large automated vats, built-in blades rotate in one direction at a
selected speed to systematically cut the curd. Then, the whey,
carrying with it lactose, whey proteins, and soluble salts, streams
from the cut pores, accelerated by gentle agitation, slowly in-
creasing temperature, and a rising rate of lactic acid production.
These factors are manipulated to the degree desired by the cheese
maker. Eventually, the free whey is separated from curd.

Figure 11.2. Cutting of rennet curd.

Optimum acid development is essential for forming rennet
curd and creating the desired cheese mass. This requires viable,
active microbial starters to be added to milk before the addi-
tion of rennet. These bacteria should survive the cheese making
process.

Beta-D-galactosidase (lactase) and phosphorylating enzymes
of the starter bacteria hydrolyze lactose and initiate the glucose-
phosphate energy cycles for the ultimate production of lactic
acid through various intermediary compounds. Lactose is hy-
drolyzed to glucose and galactose. Simultaneously, the galac-
tose is converted in the milk to glucose, from which point lactic
acid is produced by a rather involved glycolytic pathway. In
most cheese milks, the conversion of glucose to lactic acid is
conducted homofermentatively by lactic acid bacteria, and the
conversions provide energy for the bacteria. For each major
cheese type, lactic acid must develop at the correct time, usually
not too rapidly, nor too slowly, and in a specific concentration.

The cheese mass, which evolves as the whey drains and
the curds coalesce, contains the insoluble salts, CaHPO, and
MgHPO,, which serve as buffers in the pressed cheese mass,
and should the acid increase too rapidly during cooking, they
will dissolve in the whey. In the drained curds or pressed cheese
mass under these circumstances, since no significant pool of in-
soluble divalent salt remains for conversion into buffering salts,
the pH will lower to 4.7-4.8 from an optimum 5.2, leading to a
sour acid-ripened cheese. Thus, conservation of a reserve pool
of insoluble salts is necessary until the cheese mass is pressed.
Thereafter, the insoluble salts are changed into captive soluble
salts by the lactic acid and provide the necessary buffering power
to maintain optimum pH at a level that keeps the cheese sweet.
Such retention also is aided or controlled by the skills of the
cheese maker. For Cheddar, excess wetness of the curd before
pressing or too rapid an acid development in the whey causes
sour cheese. For a Swiss or Emmental, the time period for acid
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development differs; most of it takes place in the press, but the
principles remain the same (Kosikowski and Mistry 1997).

The development of proper acid in a curd mass controls the
microbial flora. Sufficient lactic acid produced at optimum rates
favors lactic acid bacteria and discriminates against spoilage
or food poisoning bacteria such as coliforms, clostridia, and
coagulase-positive staphylococci. But its presence does more
than that, for it transforms the chemistry of the curd to provide
the strong bonding that is necessary for a smooth, integrated
cheese mass.

As discussed earlier, chymosin action on milk results in curd
mass involving dicalcium paracasein. Dicalcium paracasein is
not readily soluble, stretchable, or possessive of a distinguished
appearance. However, if sufficient lactic acid is generated, this
compound changes. The developing lactic acid solubilizes con-
siderable calcium, creating a new compound, monocalcium
paracasein. The change occurs relatively quickly, but there is
still a time requirement. For example, a Cheddar cheese curd
mass, salted prior to pressing, may show an 8:2 ratio of dical-
cium paracasein to monocalcium paracasein; after 24 hours in
the press, it is reversed, 2:8. Monocalcium paracasein has in-
teresting properties. It is soluble in warm 5% salt solution, it
can be stretched and pulled when warmed, and it has a live,
glistening appearance. The buildup of monocalcium paracasein
makes a ripened cheese pliable and elastic. Then, as more lactic
acid continues to strip off calcium, some of the monocalcium
paracasein changes to free paracasein as follows:

Dicalcium paracasein + lactic acid
— monocalcium paracasein + calcium lactate
Monocalcium paracasein + lactic acid

— free paracasein + calcium lactate

Free paracasein is readily attacked by many enzymes, con-
tributing to a well-ripened cheese. The curd mass becomes fully
integrated upon the uniform addition of sodium chloride, the
amount of which varies widely for different cheese types. Salt
directly influences flavor and arrests sharply the acid production
by lactic acid starter bacteria. Also, salt helps remove excess
water from the curd during pressing and lessens the chances
for a weak-bodied cheese. Besides controlling the lactic acid
fermentation, salt partially solubilizes monocalcium paracasein.
Thus, to a natural ripened cheese or to one that is heat processed,
salt helps give a smoothness and plasticity of body that is not
fully attainable in its absence.

Texture of cheese is affected significantly during ripening, es-
pecially during the first 1-2 weeks, according to Lawrence et al.
(1987). During this period, the alpha-s-1-casein is hydrolyzed
to alpha-s-1-I by residual chymosin, making the body softer
and smoother. Further proteolysis during ripening continues to
influence texture.
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Abstract: In this chapter, the enzymes that act on the pectic frac-
tion of the tomato cell wall are described. In a brief introduction,
the structure of the pectin network in cell walls of higher plants and
a methodology for fractionation of pectic substances are presented.
Following, the four most significant pectic enzymes, polygalactur-
onase, pectin methylesterase, 8-galactosidase, and pectate lyase are
described in terms of the genes that encode them in tomato, their
expression profiles during fruit ripening, as well as the structure
and activities of the corresponding proteins. Cases of genetic mod-
ification of these enzymes aiming in increasing cell wall integrity,
postharvest shelf life, and the processing characteristics of tomatoes
are also presented. Finally, the inactivation kinetics of tomato pectic
enzymes by heat and high hydrostatic pressure are discussed.

INTRODUCTION

Pectin is a structurally and functionally diverse group of
polysaccharides in the plant cell wall. Apart from its role in
cell wall architecture, it functions in signaling, cell-to-cell
adhesion, determining wall porosity, pH and ionic content, cell
growth and differentiation, plant protection, and it is a major
contributor to fruit texture. Pectin disassembly during ripening
is associated with the development of soft fruit texture, which
in turn determines the textural and rheological characteristics
of the processed fruit products. In addition, pectin is used in
the food industry as a gelling and stabilizing agent in order to
improve food rheological behavior. Among the most studied
pectic polysaccharides are those of tomato fruit. In this chapter,
the enzymes that act on the pectin fraction of tomato cell walls
are presented. In the introduction, background information on
the structure of pectin in cell walls of higher plants as well as a
method used for biochemical analysis of pectic substances are
given. Next, pectic enzymes in tomato in terms of genes that
encode pectin modifying enzymes, their expression profiles
during fruit ripening, and the activities of the respective proteins
are discussed. Furthermore, attempts to alter the expression of
these enzymes using genetic engineering in order to retard fruit
deterioration at the later stages of ripening, increase fruit firm-
ness and shelf life, and improve processing characteristics of
tomato products are described. Finally, the inactivation kinetics
(by heat and high hydrostatic pressure) of two pectic enzymes,
polygalactronase and pectin methylesterase, are discussed.

STRUCTURE OF PECTIN NETWORK IN CELL WALLS
OF HIGHER PLANTS

The primary cell wall of higher plants constitutes a complex net-
work, mainly constructed of polysaccharides, structural proteins,
and some phenolics. Two co-extensive structural networks can
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Figure 12.1. Current structural model of cell walls of flowering plants. (Reprinted from Buchanan et al. 2000).

be identified (Fig. 12.1), the cellulose-matrix glycan network,
consisting of cellulose microfibrils held together by matrix gly-
cans (formerly referred to as hemicelluloses), and the pectin
network (Carpita and Gibeaut 1993). The way by which these
polymers interact with each other is still unclear. Several cell
wall models are proposed in an attempt to explain measured
physical properties of the wall (Cosgrove 2000, Vincken et al.
2003, Thompson 2005). The cell wall provides shape and struc-
tural integrity to the cell, functions as a protective barrier to
pathogen invasion and environmental stress, and provides sig-
nal molecules important in cell-to-cell signaling, plant—symbiot,
and plant—pathogen interactions.

Pectin is an elaborate network of highly hydrated polysac-
charides rich in galacturonic acid (GalA). Pectins can be
classified in four major groups: homogalacturonan (HGA),

rhamnogalacturonan I (RGI), rhamnogalacturonan II (RGII),
and xylogalacturonan (XGA; Mohnen 2008). HGA is a ho-
mopolymer of 1,4-a-D-GalA (Fig. 12.2A) usually forming long
chains of approximately 100 GalA residues. Galacturonosyl
residues are esterified to various extents at the carboxyl group
with methanol and may be acetylated at O-2 or O-3. Non-
esterified regions of HGA chains can be associated with each
other by ionic interactions via calcium ion bridges, forming
egg-box-like structures (Fig. 12.2A). At least ten contiguous
unesterified galacturonyl residues are required in order to form
a stable cross link between HGA chains (Liners et al. 1992).
RGI is composed of repeating disaccharide units of 1,2-a-D-
rhamnose—1,4-a-D-GalA. Rhamnosyl residues on the backbone
of this polymer can be further substituted with B-D-galactose-
and «-L-arabinose-rich side chains (Fig. 12.2B). RGII is a minor
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Figure 12.2. (A) Structure of homogalacturonan showing calcium ion associations. (Continued)

constituent of the cell wall (about 10% of pectin) consisting of
an HGA backbone that exhibits a complex and highly conserved
substitution pattern with many diverse sugars, linked together
with more than 20 different linkages. RGII often is found in
the wall as dimers cross-linked via borate-diol esters at the
apiose residues (Ishii et al. 1999). Another, less-abundant
pectic side chain is XGA, which is composed of a galacturonan
backbone substituted at O-3 with xylosyl side units (Willats
et al. 2004). Pectins are covalently interlinked, in part via
diferulic acid, and further cross-linked to cellulose, matrix
glycans, and other cell wall polymers (Thompson and Fry
2000, Zykwinska et al. 2005, Coenen et al. 2007). The relative
abundance and distribution of these polymers in the primary
cell wall is not constant. Variation in structure occurs within
cell types and plant species, even within the cell wall of a
single cell (Knox 2008, Jarvis 2011).

FRACTIONATION OF PECTIC SUBSTANCES

Methods for analyzing cell wall polymeric substances are based
on deconstruction of the cell wall by sequentially extracting
its components based on solubility. Tomato pericarp is boiled

in ethanol or extracted with tris-buffered phenol to inactivate
enzymes (Huber 1992), and cell wall polysaccharides are precip-
itated with ethanol. Alcohol-insoluble solids are sequentially ex-
tracted with 50 mM trans-1,2-diaminocyclohexane-N,N,N',N'-
tetraacetic acid (CDTA) and 50 mM sodium acetate buffer
(pH = 6.5) to obtain the chelator-soluble (ionically bound)
pectin. Next, the pellet is extracted with 50 mM sodium carbon-
ate and 20 mM sodium borohydride, which results in breaking of
ester bonds, to obtain the carbonate-soluble (covalently bound
pectin via ester bonds) pectin. The remaining residue consists
primarily of cellulose and matrix glycans with only about 5%
remaining pectin. Extracts are dialyzed exhaustively against
water at 4°C, and uronic acid (UA) content of dialyzed extracts
(extractable polyuronide) is determined using the method of
Blumenkrantz and Asboe-Hansen (1973), with GalA as a
standard.

BIOCHEMISTRY OF PECTIC ENZYMES
IN RIPENING TOMATO FRUIT

Ripening is a genetically coordinated process during which sev-
eral biochemical and physiological modifications of the fruit
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occur. These include the conversion of starch to sugars, accu-
mulation of pigments, organic acids, and aroma volatiles, as well
as fruit softening. Pectin often consists more than 50% of the
fruit cell wall. During ripening, pectin is extensively modified
by de novo synthesized enzymes that bring about fruit softening
(Brummell 2006, Cantu et al. 2008). The pectin backbone is
de-esterified, allowing calcium associations and gelling to oc-
cur (Blumer et al. 2000). Pectin is solubilized from the wall
complex, followed by a decrease in the average polymer size
(Brummell and Labavitch 1997, Chun and Huber 1997). These
changes are accompanied by loss of galactosyl and arabinosyl
moieties from pectin side chains (Gross 1984). The dissolu-
tion of the pectin-rich middle lamella increases cell separation
and contributes to softening. Cell wall disassembly in ripen-
ing tomato fruit has been extensively studied and a battery of
polysaccharide-degrading enzymes involved in this process has
been biochemically and genetically characterized (for review,
see Brummell and Harpster 2001, Giovannoni 2001, Brummell
2006, Goulao and Oliveira 2008). The most thoroughly stud-
ied enzymes that act on the pectic polysaccharides of fruit
are polygalacturonase (PG), pectin methylesterase (PME),
B-galactosidase (B-GALase), and pectate lyase (PL).

POLYGALACTURONASE

PGs are enzymes that act on the pectin fraction of cell walls
and can be divided into endo-PGs and exo-PGs. Exo-PG
(EC 3.2.1.67) removes a single GalA residue from the nonre-
ducing end of HGA. Endo-PG (poly(1,4-«-D-galacturonide)
glycanohydrolase, EC 3.2.1.15) is responsible for pectin depoly-
merization by hydrolyzing glycosidic bonds in demethylesteri-
fied regions of HGA (Fig. 12.3).

Endo-PGs are encoded by large multigene families with
distinct temporal and spatial expression profiles (Hadfield and
Bennett 1998). In ripening tomato fruit, the mRNA of one
gene is accumulated at high levels, constituting 2% of the total
polyadenylated RNA, in a fashion paralleling PG protein accu-
mulation (DellaPenna et al. 1986). PG gene expression during
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ripening is ethylene responsive, with very low levels of ethylene
(0.15 pL/L) being sufficient to induce PG mRNA accumulation
and PG activity (Sitrit and Bennett 1998). PG mRNA levels con-
tinue to increase as ripening progresses and persist at the over-
ripe stage. Immunodetectable PG protein accumulation follows
the same pattern as mRNA accumulation during ripening and
fruit senescence. This mRNA encodes a predicted polypeptide
457 amino acids long containing a signal sequence of 24 amino
acids targeting it to the cell’s endomembrane system for fur-
ther processing and secretion. The mature protein is produced
by cleaving a 47 amino acids amino-terminal prosequence and a
sequence of 13 amino acids from the carboxyl terminus followed
by glycosylation. Two isoforms, differing only with respect to
the degree of glycosylation, are identified: PG2A, with a molec-
ular mass of 43 kDa, and PG2B with a molecular mass of 46 kDa
(Sheehy et al. 1987, DellaPenna and Bennett 1988, Pogson et al.
1991). Another isoform (PG1) accumulates during the early
stages of tomato fruit ripening, when PG2 levels are low. PG1
has a molecular mass of 100 kDa and is composed of one or pos-
sibly two PG2A or PG2B subunits and the PG S-subunit. Recent
work has identified yet another member of the PG1 multipro-
tein complex; a nonspecific lipid transfer protein of a molecular
mass of 8 kDa and no detectable PG activity (Tomassen et al.
2007). When this 8 kDa protein was co-incubated with PG2,
an increase in PG2 activity was observed. Moreover, heating of
the 8 kDa—PG2 mixture resulted in increased heat stability of
the PG2 protein. This report is the first to implicate non-specific
lipid transfer proteins in PG-mediated HGA depolymerization
in tomato.

The PG B-subunit is an acidic, heavily glycosylated protein.
The precursor protein contains a 30 amino acid signal peptide,
an N-terminus propeptide of 78 amino acids, the mature pro-
tein domain, and a large C-terminus propeptide. The mature
protein presents a repeating motif of 14 amino acids and has a
size of approximately 37-39 kDa. This difference in size results
from different glycosylation patterns or different posttransla-
tional processing at the carboxyl terminus of the protein (Zheng
et al. 1992). The PG S-subunit protein is encoded by a single
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gene. B-subunit mRNA levels increase during fruit development
and reach a maximum at 30 days after pollination (i.e., just be-
fore the onset of ripening), then decrease to undetectable levels
during ripening, whereas immunodetectable B-subunit protein
persists throughout fruit development and ripening (Zheng et al.
1992, 1994). The presence of the PG S-subunit alters the physic-
ochemical properties of PG2. Although the PG B-subunit does
not possess any glycolytic activity, binding to PG2 leads to mod-
ification of PG2 activity with respect to pH optima, heat stability,
and Cat™ requirements (Knegt et al. 1991, Zheng et al. 1992).
Since the B-subunit is localized at the cell wall long before PG2
starts accumulating, it may serve as an anchor to localize PG2 to
certain areas of the cell wall (Moore and Bennett 1994, Watson
et al. 1994). Another proposed action for the S-subunit is that of
limiting access of PG to its substrate or restricting PG activity
by binding to the PG protein (Hadfield and Bennett 1998).

Generally, PG-mediated pectin disassembly contributes to
fruit softening at the later stages of ripening and during fruit
deterioration. Overall, PG activity is neither sufficient nor neces-
sary for fruit softening, as it is evident from data using transgenic
tomato lines with suppressed levels of PG mRNA accumulation
(discussed later in this chapter) and studies on ripening-impaired
tomato mutants. It is evident from data in other fruit, espe-
cially melon (Hadfield and Bennett 1998), persimmon (Cutillas-
Iturralde et al. 1993), and apple (Wu et al. 1993), that very low
levels of PG may be sufficient to catalyze pectin depolymeriza-
tion in vivo.

PECTIN METHYLESTERASE

PME is a de-esterifying enzyme (EC 3.1.1.11) catalyzing the re-
moval of methyl ester groups from GalA residues of pectin, thus
leaving negatively charged carboxylic residues on the pectin
backbone (Fig. 12.3). Demethylesterification of galacturonan
residues leads to a change in the pH and charge density on
the HGA backbone. Free carboxyl groups from adjacent poly-
galacturonan chains can then associate with calcium or other
divalent ions to form gels (Fig. 12.2A). PMEs are encoded by
large multigene families in many plant species (Pelloux et al.
2007). In tomato, PME protein is encoded by at least four genes
(Turner et al. 1996, Gaffe et al. 1997). The PME polypeptide is
540-580 amino acids long and contains a signal sequence target-
ing it to the apoplast. The mature protein has a molecular mass
of 34-37 kDa and is produced by cleaving an amino-terminal
prosequence of approximately 22 kDa (Gaffe et al. 1997). PME
is found in multiple isoforms in fruit and other plant tissues
(Gaffe et al. 1994). PME isoforms have pls in the range of §-8.5
in fruit and around 9.0 in vegetative tissues (Gaffe et al. 1994).
Tomato fruit PME is active throughout fruit development and
influences accessibility of PG to its substrate. PME transcript
accumulates early in tomato fruit development and peaks at the
mature green fruit stage, followed by a decline in transcript
levels. In contrast, PME protein levels increase in developing
fruit at the early stages of ripening and then decline (Harriman
et al. 1991, Tieman et al. 1992). Pectin is synthesized in highly
methylated form, which is then demethylated by the action of
PME. In ripening tomato fruit, the methylester content of pectin

is reduced from an initial 90% at the mature green stage to about
35% in red ripe fruit (Koch and Nevins 1989). Evidence sup-
ports the hypothesis that demethylesterification of pectin, which
allows Ca™™ cross-linking to occur, may restrict cell expansion.
Constitutive expression of a petunia PME gene in potato resulted
in diminished PME activity in some plants. A decrease in PME
activity in young stems of these transgenic potato plants cor-
related with an increased growth rate (Pilling et al. 2000). The
action of PME is required for PG action on the pectin backbone
(Wakabayashi et al. 2003), indicating a major role of PME in
pectin remodeling during ripening.

B-GALACTOSIDASE

B-Galactosidase (EC 3.2.1.23) is an exo-acting enzyme that cat-
alyzes the cleavage of terminal galactose residues from pectin
B-(1,4)-p-galactan side chains (Fig. 12.2B). Loss of galactose
from wall polysaccharides occurs throughout fruit develop-
ment, and it accelerates with the onset of ripening (Gross 1984,
Seymour et al. 1990). In tomato fruit, -galactosidase is encoded
by a small multigene family of at least seven members, TBG/
through 7 (Smith et al. 1998, Smith and Gross 2000). On the
basis of sequence analysis, it was found that §-galactosidase
genes encode putative polypeptides with a predicted molecu-
lar mass between 89.8 and 97 kDa except for TBG4, which
is predicted to be shorter by 100 amino acids at its carboxyl
terminus (Smith and Gross 2000). A signal sequence target-
ing these proteins to the apoplast was only identified in TBG4,
TBGS, and TBG6, whereas TBG7 is predicted to be targeted to
the chloroplast. These seven genes showed distinct expression
patterns during fruit ripening, and transcripts of all clones ex-
cept TBG2 were detected in other tomato plant tissues (Smith
and Gross 2000). B-galactosidase transcripts were also detected
in the ripening impaired ripening-inhibitor (rin), nonripening
(nor), and never-ripe (nr) mutant tomato lines, which do not
soften during ripening; however, the expression profile differed
from that in wild-type fruit. 7GB4 mRNA accumulation was im-
paired in comparison to wild-type levels, whereas accumulation
of TBG6 transcript persisted up to 50 days after pollination in
fruit from the three mutant lines (Smith and Gross 2000). Pres-
ence of B-galactosidase transcripts in these lines suggests that
B-galactosidase activity alone cannot lead to fruit softening. Ex-
pression of the TBG4 clone, which encodes the S-galactosidase
isoform II, in yeast resulted in production of active protein. This
recombinant protein was able to hydrolyze synthetic substrates
(p-nitro-phenyl- 8-D-galactopyranoside) and lactose, as well as
galactose-containing wall polymers (Smith and Gross 2000).
Heterologous expression of TBG! in yeast also resulted in the
production of a protein with exo-galactanase/(-galactosidase
activity, also active in cell wall substrates (Carey et al. 2001).

PECTATE LYASE

PLs (pectate transeliminase, EC 4.2.2.2) are a family of enzymes
that catalyze the random cleavage of demethylesterified poly-
galacturonate by f-elimination generating oligomers with 4,5-
unsaturated reducing ends (Yoder et al. 1993). PLs were thought



238 Part 2: Biotechnology and Enzymology

to be of microbial origin and were commonly isolated from mac-
erated plant tissue infected with fungal or bacterial pathogens
(Yoder et al. 1993, Barras et al. 1994, Mayans et al. 1997, Yadav
et al. 2009). In plants, presence of PL-like sequences was first
identified in mature tomato flowers, anthers, and pollen (Wing
et al. 1989). Presence of PL in pollen of other species (Albani
et al. 1991, Taniguchi et al. 1995, Wu et al. 1996, Kulikauskas
and McCormick 1997) as well as in other tissues (Domingo
etal. 1998, Milioni et al. 2001, Pilatzke-Wunderlich and Nessler
2001) has been well documented. Recently, PL-like sequences
were identified in ripening banana (Pua et al. 2001, Marin-
Rodriguez et al. 2003) and strawberry fruit (Medina-Escobar
et al. 1997, Benitez-Burraco et al. 2003). Transgenic strawberry
plants that expressed a pectin lyase antisense construct were
firmer than controls, with the level of PL suppression being cor-
related to internal fruit firmness (Jiménez-Bermudez et al. 2002).
Additional studies using transgenic strawberries suppressed in
the expression of PL support a key role of this enzyme in straw-
berry fruit softening (Santiago-Doménech et al. 2008, Youssef
et al. 2009) and strawberry juice viscosity (Sesmero et al. 2009).
PL activity has been detected in ripening cherry tomato fruit
grown under different environmental conditions (Rosales et al.
2009) and several putative PL sequences exist in the tomato ex-
pressed sequence tag databases (Marin-Rodriguez et al. 2002),
suggesting that these enzymes may also contribute to cell wall
disassembly during tomato fruit ripening.

GENETIC ENGINEERING OF PECTIC
ENZYMES IN TOMATO

Cell wall disassembly in ripening fruit is an important contrib-
utor to the texture of fresh fruit. Modification of cell wall en-
zymatic activity during ripening, using genetic engineering, can
impact cell wall polysaccharide metabolism, which in turn can
influence texture. Texture of fresh fruit, in turn, influences pro-
cessing characteristics and final viscosity of processed tomato
products. The development of transgenic tomato lines in which
the expression of single or multiple genes is altered has allowed
the role of specific enzymes to be evaluated both in fresh fruit
and processed products.

SINGLE TRANSGENIC TOMATO LINES
Polygalacturonase

PG was the first target of genetic modification aiming to retard
softening in tomatoes (Sheehy et al. 1988, Smith et al. 1988).
Transgenic plants were constructed in which expression of PG
was suppressed to 0.5-1% of wild-type levels by the expression
of an antisense PG transgene under the control of the cauliflower
mosaic virus 35S (CaMV35S) promoter. Fruit with suppressed
levels of PG ripened normally as wild-type plants did. An
increase in the storage life of the fruit was observed in the PG-
suppressed fruit (Schuch et al. 1991, Kramer et al. 1992, Langley
et al. 1994). The influence of PG suppression on individual
classes of cell wall polymers was investigated (Carrington et al.

1993, Brummell and Labavitch 1997). Sequential extractions
of cell wall constituents revealed a decrease in the extent of
depolymerization of CDTA soluble polyuronides during fruit
ripening. Naturally occurring mutant tomato lines exist, which
carry mutations, affecting the normal process of ripening. One
of these lines, the ripening-inhibitor (rin), possesses a single
locus mutation that arrests the response to ethylene. rin fruit fail
to synthesize ethylene and remain green and firm throughout
ripening (DellaPenna et al. 1989). Transgenic rin plants that
expressed a functional PG gene driven by the ethylene-inducible
E8 promoter were obtained. After exposure to propylene, PG
mRNA accumulation as well as active PG protein was attained,
but the fruit did not soften. In these fruit, depolymerization and
solubilization of cell wall pectin was at near wild-type levels
