H.-D. Belitz

W. Grosch
P. Schieberle

4tMrevised®antmasy - - AR

extended Edition CH,OH .

@ Springe



Food Chemistry



H.-D. Belitz - W. Grosch - P. Schieberle

Food Chemistry

4th revised and extended ed.

With 481 Figures, 923 Formulas and 634 Tables

@ Springer



Professor Dr. Hans-Dieter Belitz §

Professor em. Dr. Werner Grosch

Ehem. apl. Professor fiir Lebensmittelchemie

an der Technischen Universitidt Miinchen

Ehem. stellvertr. Direktorder Deutschen Forschungsanstalt
fiir Lebensmittelchemie Miinchen

Lichtenbergstrafle

85748 Garching

Professor Dr. Peter Schieberle

Ordinarius fiir Lebensmittelchemie

an der Technischen Universitit Miinchen
Leiter des Instituts fiir Lebensmittelchemie
an der Technischen Universitidt Miinchen
Direktor der Deutschen Forschungsanstalt
fiir Lebensmittelchemie Miinchen
Lichtenbergstrafle

85748 Garching

ISBN 978-3-540-69933-0 e-ISBN 978-3-540-69934-7
DOI 10.1007/978-3-540-69934-7

Library of Congress Control Number: 2008931197

© Springer-Verlag Berlin Heidelberg 2009

This work is subject to copyright. All rights are reserved, whether the whole or part of the mate-
rial is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in any other way, and storage in data banks. Dupli-
cation of this publication or parts thereof is permitted only under the provisions of the German
Copyright Law of September 9, 1965, in its current version, and permission for use must always
be obtained from Springer. Violations are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does
not imply, even in the absence of a specific statement, that such names are exempt from the relevant

protective laws and regulations and therefore free for general use.

Production: le-tex publishing services oHG, Leipzig
Typesetting: le-tex publishing services oHG, Leipzig
Cover design: KiinkelLopka GmbH, Heidelberg, Germany

Printed on acid-free paper

987654321

springer.com



Preface

Preface to the First German Edition

The very rapid development of food chemistry and technology over the last two
decades, which is due to a remarkable increase in the analytical and manufacturing
possibilities, makes the complete lack of a comprehensive, teaching or reference
text particularly noticeable. It is hoped that this textbook of food chemistry will
help to fill this gap. In writing this volume we were able to draw on our experience
from the lectures which we have given, covering various scientific subjects, over
the past fifteen years at the Technical University of Munich.

Since a separate treatment of the important food constituents (proteins, lipids, car-
bohydrates, flavor compounds, etc.) and of the important food groups (milk, meat,
eggs, cereals, fruits, vegetables, etc.) has proved successful in our lectures, the sub-
ject matter is also organized in the same way in this book.

Compounds which are found only in particular foods are discussed where they
play a distinctive role while food additives and contaminants are treated in their
own chapters. The physical and chemical properties of the important constituents
of foods are discussed in detail where these form the basis for understanding ei-
ther the reactions which occur, or can be expected to occur, during the production,
processing, storage and handling of foods or the methods used in analyzing them.
An attempt has also been made to clarify the relationship between the structure and
properties at the level of individual food constituents and at the level of the whole
food system.

The book focuses on the chemistry of foodstuffs and does not consider national
or international food regulations. We have also omitted a broader discussion of
aspects related to the nutritional value, the processing and the toxicology of foods.
All of these are an essential part of the training of a food chemist but, because of the
extent of the subject matter and the consequent specialization, must today be the
subject of separate books. Nevertheless, for all important foods we have included
brief discussions of manufacturing processes and their parameters since these are
closely related to the chemical reactions occurring in foods.

Commodity and production data of importance to food chemists are mainly given
in tabular form. Each chapter includes some references which are not intended
to form an exhaustive list. No preference or judgement should be inferred from the
choice of references; they are given simply to encourage further reading. Additional
literature of a more general nature is given at the end of the book.

This book is primarily aimed both at students of food and general chemistry but
also at those students of other disciplines who are required or choose to study food
chemistry as a supplementary subject. We also hope that this comprehensive text



vi Preface

will prove useful to both food chemists and chemists who have completed their
formal education.

We thank sincerely Mrs. A. Modl (food chemist), Mrs. R. Berger, Mrs. I. Hofmeier,
Mrs. E. Hortig, Mrs. F. Lynen and Mrs. K. Wiist for their help during the prepara-
tion of the manuscript and its proofreading. We are very grateful to Springer Verlag
for their consideration of our wishes and for the agreeable cooperation.

Garching, H.-D. Belitz
July 1982 W. Grosch

Preface to the Fourth English Edition

The fourth edition of the “Food Chemistry” textbook is a translation of the sixth
German edition of this textbook. It follows a general concept as detailed in the
preface to the first edition given below. All chapters have been carefully checked
and updated with respect to the latest developments, if required. Comprehensive
changes have been made in Chapters 9 (Contaminants), 18 (Phenolic Compounds),
20 (Alcoholic Beverages) and 21 (Tea, Cocoa). The following topics were newly
added:

¢ the detection of BSE and D-amino acids,

» the formation and occurrence of acrylamide and furan,

e compounds having a cooling effect,

* technologically important milk enzymes,

 the lipoproteins of egg yolk,

¢ the structure of the muscle and meat aging,

* food allergies,

» the baking process,

* the reactivity of oxygen species in foods,

* phytosterols,

* glycemic index,

* the composition of aromas was extended: odorants (pineapple, raw and cooked
mutton, black tea, cocoa powder, whisky) and taste compounds (black tea,
roasted cocoa, coffee drink).

The production data for the year 2006 were taken from the FAO via Internet. The
volume of the book was not changed during the revision as some existing chapters
were shortened.

We are very grateful to Dr. Margaret Burghagen for translating the manuscript. It
was our pleasure to collaborate with her.

We would also like to thank Prof. Dr. Jiirgen Weder and Dr. Rolf Kieffer for several
valuable recommendations. We are also grateful to Sabine Bijewitz and Rita Jauker
for assistance in completing the manuscript, and Christel Hoffmann for help with
the literature and the index.

Garching, W. Grosch
Mai 2008 P. Schieberle
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Introduction

Foods are materials which, in their naturally occurring, processed or cooked forms,
are consumed by humans as nourishment and for enjoyment.

The terms “nourishment” and “enjoyment” introduce two important properties of
foods: the nutritional value and the hedonic value. The former is relatively easy to
quantify since all the important nutrients are known and their effects are defined.
Furthermore, there are only a limited number of nutrients. Defining the hedonic
value of a food is more difficult because such a definition must take into account
all those properties of a food, such as visual appeal, smell, taste and texture, which
interact with the senses. These properties can be influenced by a large number of
compounds which in part have not even been identified. Besides their nutritional
and hedonic values, foods are increasingly being judged according to properties
which determine their handling. Thus, the term “convenience foods”. An obvious
additional requirement of a food is that it be free from toxic materials.

Food chemistry is involved not only in elucidating the composition of the raw ma-
terials and end-products, but also with the changes which occur in food during its
production, processing, storage and cooking. The highly complex nature of food
results in a multitude of desired and undesired reactions which are controlled by
a variety of parameters. To gain a meaningful insight into these reactions, it is nec-
essary to break up the food into model systems. Thus, starting from compositional
analyses (detection, isolation and structural characterization of food constituents),
the reactions of a single constituent or of a simple mixture can be followed. Sub-
sequently, an investigation of a food in which an individual reaction dominates can
be made. Inherently, such a study starts with a given compound and is thus not
restricted to any one food or group of foods. Such general studies of reactions in-
volving food constituents are supplemented by special investigations which focus
on chemical processes in individual foods. Research of this kind is from the very
beginning closely associated with economic and technological aspects and con-
tributes, by understanding the basics of the chemical processes occurring in foods,
both to resolving specific technical problems and to process optimization.

A comprehensive evaluation of foods requires that analytical techniques keep pace
with the available technology. As a result a major objective in food chemistry is
concerned with the application and continual development of analytical methods.
This aspect is particularly important when following possible contamination of
foods with substances which may involve a health risk. Thus, there are close links
with environmental problems.

Food chemistry research is aimed at establishing objective standards by which the
criteria mentioned above — nutritional value, hedonic value, absence of toxic com-
pounds and convenience — can be evaluated. These are a prerequisite for the indus-
trial production of high quality food in bulk amounts.
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This brief outline thus indicates that food chemistry, unlike other branches of chem-
istry which are concerned either with particular classes of compounds or with par-
ticular methods, is a subject which, both in terms of the actual chemistry and the
methods involved, has a very broad field to cover.



0 Water

0.1 Foreword

Water (moisture) is the predominant constituent
in many foods (Table 0.1). As a medium water
supports chemical reactions, and it is a direct
reactant in hydrolytic processes. Therefore,
removal of water from food or binding it by
increasing the concentration of common salt or
sugar retards many reactions and inhibits the
growth of microorganisms, thus improving the
shelf lives of a number of foods. Through phys-
ical interaction with proteins, polysaccharides,
lipids and salts, water contributes significantly to
the texture of food.

Table 0.1. Moisture content of some foods

Food Moisture  |Food Moisture
content content
(weight-%) (weight-%)
Meat 65-75 Cereal flour 12-14
Milk 87 Coffee beans,
Fruits, roasted 5
vegetables  70-90 Milk powder 4
Bread 35 Edible oil 0
Honey 20
Butter,
margarine 1618

The function of water is better understood when
its structure and its state in a food system are
clarified. Special aspects of binding of water by
individual food constituents (cf. 1.4.3.3, 3.5.2
and 4.4.3) and meat (cf. 12.5) are discussed in
the indicated sections.

0.2 Structure
0.2.1 Water Molecule

The six valence electrons of oxygen in a water
molecule are hybridized to four sp® orbitals

H.-D. Belitz - W. Grosch - P. Schieberle, Food Chemistry
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that are elongated to the corners of a somewhat
deformed, imaginary tetrahedron (Fig. 0.1). Two
hybrid orbitals form O-H covalent bonds with
a bond angle of 105° for H-O-H, whereas the
other 2 orbitals hold the nonbonding electron
pairs (n-electrons). The O-H covalent bonds,
due to the highly electronegative oxygen, have
a partial (40%) ionic character.

Each water molecule is tetrahedrally coordinated
with four other water molecules through hy-
drogen bonds. The two unshared electron pairs
(n-electrons or sp> orbitals) of oxygen act as
H-bond acceptor sites and the H-O bonding or-
bitals act as hydrogen bond donor sites (Fig. 0.2).
The dissociation energy of this hydrogen bond is
about 25 kI mole .

The simultaneous presence of two acceptor sites
and two donor sites in water permits associa-
tion in a three-dimensional network stabilized by

16 -0.096 nm
105° H

(1) (2)

Fig. 0.1. Water. (1) Molecular geometry, (2) orbital
model

O Oxygen
® Hydrogen
_— — Sigma bond
/ \\\d _ __ Hydrogen
‘ bond (bridge)

Fig. 0.2. Tetrahedral coordination of water molecules
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H-bridges. This structure which explains the spe-
cial physical properties of water is unusual for
other small molecules. For example, alcohols and
compounds with iso-electric dipoles similar to
those of water, such as HF or NH3, form only lin-
ear or two-dimensional associations.

The above mentioned polarization of H-O bonds
is transferred via hydrogen bonds and extends
over several bonds. Therefore, the dipole moment
of a complex consisting of increasing numbers
of water molecules (multi-molecular dipole) is
higher as more molecules become associated and
is certainly much higher than the dipole moment
of a single molecule. Thus, the dielectric constant
of water is high and surpasses the value, which
can be calculated on the basis of the dipole mo-
ment of a single molecule. Proton transport takes
place along the H-bridges. It is actually the jump
of a proton from one water molecule to a neigh-
boring water molecule. Regardless of whether the
proton is derived from dissociation of water or
originates from an acid, it will sink into the un-
shared electron pair orbitals of water:

e A AN

pHoQ == DeH—O
H H H H
: ’ 0.1)

In this way a hydrated H30® ion is formed with
an exceptionally strong hydrogen bond (dissocia-
tion energy about 100 kJmol~!). A similar mech-
anism is valid in transport of OH® ions, which
also occurs along the hydrogen bridges:

H H H
Lo / ; e )‘
O%H—0 —> O—H-0
/ /
H H

H H
! [ 0.2)
Since the transition of a proton from one oxy-
gen to the next occurs extremely rapidly (v >
102 s71), proton mobility surpasses the mobili-
ties of all other ions by a factor of 4-5, except for
the stepwise movement of OH® within the struc-
ture; its rate of exchange is only 40% less than
that of a proton.

H-bridges in ice extend to a larger sphere than in
water (see the following section). The mobility of
protons in ice is higher than in water by a factor
of 100.

0.2.2 Liquid Water and Ice

The arrangements of water molecules in “liquid
water” and in ice are still under intensive investi-
gation. The outlined hypotheses agree with exist-
ing data and are generally accepted.

Due to the pronounced tendency of water mole-
cules to associate through H-bridges, liquid water
and ice are highly structured. They differ in the
distance between molecules, coordination num-
ber and time-range order (duration of stability).
Stable ice-I is formed at 0 °C and 1 atm pressure.
It is one of nine known crystalline polymorphic
structures, each of which is stable in a certain
temperature and pressure range. The coordi-
nation number in ice-I is four, the O-H---O
(nearest neighbor) distance is 0.276 nm (0 °C)
and the H-atom between neighboring oxygens is
0.101 nm from the oxygen to which it is bound
covalently and 0.175nm from the oxygen to
which it is bound by a hydrogen bridge. Five
water molecules, forming a tetrahedron, are
loosely packed and kept together mostly through
H-bridges.

Table 0.2. Coordination number and distance between
two water molecules

Coordination O-H---O

number Distance
Ice (0°C) 4 0.276 nm
Water (1.5 °C) 4.4 0.290 nm
Water (83 °C) 4.9 0.305 nm

When ice melts and the resultant water is heated
(Table 0.2), both the coordination number and the
distance between the nearest neighbors increase.
These changes have opposite influences on the
density. An increase in coordination number (i.e.
the number of water molecules arranged in an
orderly fashion around each water molecule)
increases the density, whereas an increase in
distance between nearest neighbors decreases the
density. The effect of increasing coordination
number is predominant during a temperature
increase from O to 4 °C. As a consequence, water
has an unusual property: its density in the liquid
state at 0°C (0.9998 gcm™3) is higher than in
the solid state (ice-I, p = 0.9168 gcm™3). Water
is a structured liquid with a short time-range



order. The water molecules, through H-bridges,
form short-lived polygonal structures which are
rapidly cleaved and then reestablished giving
a dynamic equilibrium. Such fluctuations explain
the lower viscosity of water, which otherwise
could not be explained if H-bridges were rigid.
The hydrogen-bound water structure is changed
by solubilization of salts or molecules with po-
lar and/or hydrophobic groups. In salt solutions
the n-electrons occupy the free orbitals of the
cations, forming “aqua complexes”. Other wa-
ter molecules then coordinate through H-bridges,
forming a hydration shell around the cation and
disrupting the natural structure of water.
Hydration shells are formed by anions through
ion-dipole interaction and by polar groups
through dipole-dipole interaction or H-bridges,
again contributing to the disruption of the
structured state of water.

Aliphatic groups which can fix the water
molecules by dispersion forces are no less
disruptive. A minimum of free enthalpy will
be attained when an ice-like water struc-
ture is arranged around a hydrophobic group
(tetrahedral-four-coordination). Such ice-like hy-
dration shells around aliphatic groups contribute,
for example, to stabilization of a protein, helping
the protein to acquire its most thermodynamically
favorable conformation in water.

The highly structured, three-dimensional hydro-
gen bonding state of ice and water is reflected in
many of their unusual properties.

Additional energy is required to break the struc-
tured state. This accounts for water having sub-
stantially higher melting and boiling points and
heats of fusion and vaporization than methanol or
dimethyl ether (cf. Table 0.3). Methanol has only
one hydrogen donor site, while dimethyl ether has
none but does have a hydrogen bond acceptor site;
neither is sufficient to form a structured network
as found in water.

Table 0.3. Some physical constants of water, methanol
and dimethyl ether

FP KP

o O
H,0 0.0 100.0
CH;0H -98 64.7
CH;0CH; 138 23
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0.3 Effect on Storage Life

Drying and/or storage at low temperatures are
among the oldest methods for the preservation of
food with high water contents. Modern food tech-
nology tries to optimize these methods. A product
should be dried and/or frozen only long enough
to ensure wholesome quality for a certain period
of time.

Naturally, drying and/or freezing must be opti-
mized for each product individually. It is there-
fore necessary to know the effect of water on stor-
age life before suitable conditions can be selected.

0.3.1 Water Activity

In 1952, Scott came to the conclusion that the
storage quality of food does not depend on the
water content, but on water activity (ay, ), which is
defined as follows:

ay = P/Pp = ERH/100 0.3)
P = partial vapor pressure of food moisture
at temperature T
Py = saturation vapor pressure of pure
water at T

ERH = equilibrium relative humidity at T.

The relationship between water content and water
activity is indicated by the sorption isotherm of
a food (Fig. 0.3).

At a low water content (<50%), even minor
changes in this parameter lead to major changes
in water activity. For that reason, the sorption
isotherm of a food with lower water content is
shown with an expanded ordinate in Fig. 0.3b, as
compared with Fig. 0.3a.

Figure 0.3b shows that the desorption isotherm,
indicating the course of a drying process, lies
slightly above the adsorption isotherm pertaining
to the storage of moisture-sensitive food. As
arule, the position of the hysteresis loop changes
when adsorption and desorption are repeated
with the same sample. The effect of water
activity on processes that can influence food
quality is presented in Fig. 0.4. Decreased water
activity retards the growth of microorganisms,
slows enzyme catalyzed reactions (particularly
involving hydrolases; cf. 2.2.2.1) and, lastly,
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Water (g H,0 /gDM)
[=2]
|

0 02 04 08 08 10
a a, ——»
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2k
2 04
o, Desorption Adsorption
T
=d
=
2
2 02
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b Ay ——»

Fig. 0.3. Moisture sorption isotherm (according to
Labuza et al., 1970). a Food with high moisture con-
tent; b Food with low moisture content (DM: Dry mat-
ter)

rel

Table 0.4. Water activity of some food

Food Ay Food Ay
Leberwurst 0.96 Marmalades 0.82-0.94
Salami 0.82-0.85 | Honey 0.75
Dried fruits 0.72-0.80

retards non-enzymatic browning. In contrast, the
rate of lipid autoxidation increases in dried food
systems (cf. 3.7.2.1.4).

Foods with ay, values between 0.6 and 0.9 (ex-
amples in Table 0.4) are known as “intermediate
moisture foods” (IMF). These foods are largely
protected against microbial spoilage.

One of the options for decreasing water activity
and thus improving the shelf life of food is to
use additives with high water binding capacities
(humectants). Table 0.5 shows that in addition
to common salt, glycerol, sorbitol and sucrose

Table 0.5. Moisture content of some food or food in-
gredients at a water activity of 0.8

Moisture Moisture
content content
(%) (%)
Peas 16 Glycerol 108
Casein 19 Sorbitol 67
Starch Saccharose 56
(potato) 20 Sodium chloride 332

Fig. 0.4. Food shelf life (storage stability) as a function of water activity (according to Labuza, 1971)



have potential as humectants. However, they are
also sweeteners and would be objectionable from
a consumer standpoint in many foods in the con-
centrations required to regulate water activity.

0.3.2 Water Activity as an Indicator

Water activity is only of limited use as an indi-
cator for the storage life of foods with a low wa-
ter content, since water activity indicates a state
that applies only to ideal, i.e. very dilute solutions
that are at a thermodynamic equilibrium. How-
ever, foods with a low water content are non-ideal
systems whose metastable (fresh) state should be
preserved for as long as possible. During storage,
such foods do not change thermodynamically, but
according to kinetic principles. A new concept
based on phase transition, which takes into ac-
count the change in physical properties of foods
during contact between water and hydrophilic in-
gredients, is better suited to the prediction of stor-
age life. This will be briefly discussed in the fol-
lowing sections (0.3.3-0.3.5).

0.3.3 Phase Transition of Foods
Containing Water

The physical state of metastable foods depends
on their composition, on temperature and on stor-
age time. For example, depending on the tem-
perature, the phases could be glassy, rubbery or
highly viscous. The kinetics of phase transitions
can be measured by means of differential scan-
ning calorimetry (DSC), producing a thermogram
that shows temperature T, as the characteristic
value for the transition from glassy to rubbery
(plastic). Foods become plastic when their hy-
drophilic components are hydrated. Thus the wa-
ter content affects the temperature T, for exam-
ple in the case of gelatinized starch (Fig. 0.5).
Table 0.6 shows the T, of some mono- and
oligosaccharides and the difference between
melting points T,.

During the cooling of an aqueous solution below
the freezing point, part of the water crystallizes,
causing the dissolved substance to become en-
riched in the remaining fluid phase (unfrozen wa-
ter). In the thermogram, temperature T’g appears,
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0_4

-100+

(%, %1, H,0)

Fig. 0.5. State diagram, showing the approximate T,
temperatures as a function of mass fraction, for a gela-
tinized starch-water system (according to Van den Berg,
1986).

States: I = glassy; II = rubbery;

Tgs and Ty = phase transition temperatures of dehy-
drated starch and water; T, = melting point (ice)

Table 0.6. Phase transition temperature T, and melting
point Ty, of mono- and oligosaccharides

Compound Ty [°C] T
Glycerol —93 18
Xylose 9.5 153
Ribose —10 87
Xylitol —18.5 94
Glucose 31 158
Fructose 100 124
Galactose 110 170
Mannose 30 139.5
Sorbitol -2 111
Sucrose 52 192
Maltose 43 129
Maltotriose 76 133.5

at which the glassy phase of the concentrated so-
lution turns into a rubber-like state. The position
of T’g (=5°C) on the T, curve is shown by the ex-
ample of gelatinized starch (Fig. 0.5); the quan-
tity of unfrozen water W’g at this temperature is
27% by weight. Table 0.7 lists the temperatures
T’g for aqueous solutions (20% by weight) of car-
bohydrates and proteins. In the case of oligosac-

charides composed of three glucose molecules,
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Table 0.7. T, and W, of aqueous solutions (20% by
weight) of carbohydrates and proteins®

Substance T, W
Glycerol —65 0.85
Xylose —48 0.45
Ribose —47 0.49
Ribitol —47 0.82
Glucose —43 0.41
Fructose —42 0.96
Galactose —41.5 0.77
Sorbitol —43.5 0.23
Sucrose —-32 0.56
Lactose —28 0.69
Trehalose —29.5 0.20
Raffinose —26.5 0.70
Maltotriose —23.5 0.45
Panose —28 0.59
Isomaltotriose —30.5 0.50
Potato starch (DE 10) -8

Potato starch (DE 2) -5
Hydroxyethylcellulose —6.5

Tapioca (DE 5) —6

Waxy corn (DE 0.5) —4

Gelatin —13.5 0.46
Collagen, soluble —15 0.71
Bovine serum albumin —13 0.44
o-Casein —12.5 0.61
Sodium caseinate —10 0.64
Gluten —5to—10 0.07to 0.41

4 Phase transition temperature T/g (°C) and water con-
tent W;; (g per g of substance) of maximum freeze-
concentrated glassy structure.

-201

Tg (°C)

-40

200 600 M, 1000

Fig. 0.6. Phase transition temperatures T:g (aqueous
solution, 20% by weight) of the homologous series
glucose to maltoheptaose as a function of molecular

weight M;

maltotriose has the lowest T’g value in compari-

son with panose and isomaltotriose. The reason
is probably that in aqueous solution, the effective
chain length of linear oligosaccharides is greater
than that of branched compounds of the same
molecular weight.

In the case of homologous series of oligo- and
polysaccharides, T, and T’g increase with the
molecular weight up to a certain limit (Fig. 0.6).
Table 0.8 lists the phase transition temperatures
T’g of some fruits and vegetables.

Table 0.8. Phase transition temperature T/g of some
fruits and vegetables

Fruit/vegetable T:g o)
Strawberries —33to —41
Peaches —36.5
Bananas -35
Apples —42
Tomatoes —41.5
Peas (blanched, frozen) —25
Carrots —25.5
Broccoli, stalks —26.5
Broccoli, flower buds —11.5

Spinach (blanched, frozen) —17
Potatoes —11

0.3.4 WLF Equation

The viscosity of a food is extremely high at
temperature T, or Té (about 103 Pa.s). As the
temperature rises, the viscosity decreases, which
means that processes leading to a drop in quality
will accelerate. In the temperature range of T, to
about (T + 100 °C), the change in viscosity does
not follow the equation of Arrhenius (cf. 2.5.4.2),
but a relationship formulated by Williams, Landel
and Ferry (the WLF equation):

Ci(T—-Ty)
=57 0.4
pT, Co+(T—-T,) ©4

n Ne
log ——
og T

Viscosity (1) and density (p) at temperature T;
viscosity (1) and density (pg) at phase transition
temperature T,; C; and C: constants.
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Fig. 0.7. Crystallization of water in ice cream (accord-
ing to Levine and Slade, 1990).

v: crystallization velocity;

Ty: temperature in the freezer compartment;

Tg: phase transition temperature.

The Arrhenius kinetics (———) is shown for comparison

According to the WLF equation, the rate of which
in our example water crystallizes in ice cream
at temperatures slightly above T’g rises exponen-
tially (Fig. 0.7). If the Arrhenius equation were to
be valid, crystallization would accelerate linearly
at a considerably slower rate after exceeding T’g
(Fig. 0.7).

0.3.5 Conclusion

In summary, we find that the rate of a food’s
chemical and enzymatic reactions as well as that
of its physical processes becomes almost zero
when the food is stored at the phase transition
temperature of Ty or T’g. Measures to improve
storage life by increasing T, or T’g can include the
extraction of water through drying and/or an im-
mobilization of water by means of freezing, or by
adding polysaccharides. Table 0.9 shows exam-
ples of how the drop in quality of certain foods
can be considerably delayed when T or T’g are
increased by the addition of polysaccharides and
approximated to the storage temperature.
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Table 0.9. Unwanted chemical, enzymatic and physical
processes in the production and storage of foods, de-
pending on phase transition temperature Ty or Tg and
delayed by the addition of starch partial hydrolysates

(lower DE value)

Process

1. Agglomeration and lumping of foods in the
amorphous state

2. Recrystallization

3. Enzymatic reaction

4. Collapse of structure in case of freeze-dried
products

5. Non-enzymatic browning
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1 Amino Acids, Peptides, Proteins

1.1 Foreword

Amino acids, peptides and proteins are important
constituents of food. They supply the required
building blocks for protein biosynthesis. In addi-
tion, they directly contribute to the flavor of food
and are precursors for aroma compounds and col-
ors formed during thermal or enzymatic reactions
in production, processing and storage of food.
Other food constituents, e. g., carbohydrates, also
take part in such reactions. Proteins also con-
tribute significantly to the physical properties of
food through their ability to build or stabilize
gels, foams, emulsions and fibrillar structures.
The nutritional energy value of proteins (17 kJ/g
or 4 kcal/g) is as high as that of carbohydrates.
The most important sources of protein are grain,
oilseeds and legumes, followed by meat and milk.
In addition to plants and animals, protein pro-
ducers include algae (Chlorella, Scenedesmus,
Spirulina spp.), yeasts and bacteria (single-cell
proteins [SCP]). Among the C sources we use
are glucose, molasses, starch, sulfite liquor,
waste water, the higher n-alkanes, and methanol.
Yeast of the genus Candida grow on paraffins,
for example, and supply about 0.75t of protein
per t of carbohydrate. Bacteria of the species
Pseudomonas in aqueous methanol produce
about 0.30t of protein per t of alcohol. Because
of the high nucleic acid content of yeasts and
bacteria (6-17% of dry weight), it is necessary
to isolate protein from the cell mass. The future
importance of single-cell proteins depends on
price and on the technological properties.

In other raw materials, too, protein enrichment
occurs for various reasons: protein concentration
in the raw material may be too low for certain
purposes, the sensory characteristics of the mate-
rial (color, taste) may not be acceptable, or unde-
sirable constituents may be present. Some prod-
ucts rich in protein also result from other pro-
cesses, e.g., in oil and starch production. En-
richment results from the extraction of the con-
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stituents (protein concentrate) or from extraction
and subsequent separation of protein from the
solution, usually through thermal coagulation or
isoelectric precipitation (protein isolate). Protein
concentrates and protein isolates serve to enhance
the nutritional value and to achieve the enhance-
ment of the above mentioned physical properties
of foods. They are added, sometimes after modi-
fication (cf. 1.4.6.1), to traditional foods, such as
meat and cereal products, but they are also used in
the production of novel food items such as meat,
fish and milk substitutes. Raw materials in which
protein enrichment takes place include:

e Legumes such as soybeans (cf. 16.3.1.2.1) and
broad beans;

*  Wheat and corn, which provide gluten as a by-
product of starch production;

* Potatoes; from the natural sap left over after
starch production, proteins can be isolated by
thermal coagulation;

* Eggs, which are processed into different
whole egg, egg white and egg yolk products
(cf. 11.4);

e Milk, which supplies casein (cf. 10.2.9 and
whey protein (cf. 10.2.10);

» Fish, which supplies protein concentrates after
fat extraction (cf. 13.1.6.13 and 1.4.6.3.2);

* Blood from slaughter animals, which is pro-
cessed into blood meal, blood plasma concen-
trate (cf. 12.6.1.10) and globin isolate.

* Green plants grown for animal fodder, such as
alfalfa, which are processed into leaf protein
concentrates through the thermal coagulation
of cell sap proteins.

1.2 Amino Acids
1.2.1 General Remarks

There are about 20 amino acids in a protein hy-
drolysate. With a few exceptions, their general
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structure is:
R—CH—COOH

NH, (1.0)

In the simplest case, R=H (aminoacetic acid or
glycine). In other amino acids, R is an aliphatic,
aromatic or heterocyclic residue and may incor-
porate other functional groups. Table 1.1 shows
the most important “building blocks” of proteins.
There are about 200 amino acids found in nature
(Fig. 1.1). Some of the more uncommon ones,
which occur mostly in plants in free form, are
covered in Chap. 17 on vegetables.

1.2.2 Classification, Discovery
and Occurrence

1.2.2.1 Classification

There are a number of ways of classifiying amino
acids. Since their side chains are the deciding fac-
tors for intra- and intermolecular interactions in
proteins, and hence, for protein properties, amino
acids can be classified as:

1.2 Amino Acids 9

Amino acids with nonpolar, uncharged side
chains: e. g., glycine, alanine, valine, leucine,
isoleucine, proline, phenylalanine, tryptophan
and methionine.

Amino acids with uncharged, polar side
chains: e.g., serine, threonine, cysteine,
tyrosine, asparagine and glutamine.

Amino acids with charged side chains: e.g.,
aspartic acid, glutamic acid, histidine, lysine
and arginine.

Based on their nutritional/physiological roles,
amino acids can be differentiated as:

Essential amino acids:

Valine, leucine, isoleucine, phenylalanine,
tryptophan, methionine, threonine, histidine
(essential for infants), lysine and arginine
(“semi-essential”).

Nonessential amino acids:

Glycine, alanine, proline, serine, cysteine,
tyrosine, asparagine, glutamine, aspartic acid
and glutamic acid.

1.2.2.2 Discovery and Occurrence

Alanine was isolated from silk fibroin by Wey/
in 1888. It is present in most proteins and is par-
ticularly enriched in silk fibroin (35%). Gelatin
and zein contain about 9% alanine, while its con-
tent in other proteins is 2—7%. Alanine is consid-
ered nonessential for humans.

Arginine was first isolated from lupin seedlings
by Schulze and Steiger in 1886. It is present in
all proteins at an average level of 3-6%, but is
particularly enriched in protamines. The arginine
content of peanut protein is relatively high (11%).
Biochemically, arginine is of great importance as
an intermediary product in urea synthesis. Argi-
nine is a semi-essential amino acid for humans.
It appears to be required under certain metabolic
conditions.

Asparagine from asparagus was the first amino
acid isolated by Vauguelin and Robiquet in 1806.
Its occurrence in proteins (edestin) was con-
firmed by Damodaran in 1932. In glycoproteins
the carbohydrate component may be bound
N-glycosidically to the protein moiety through
the amide group of asparagine (cf. 11.2.3.1.1
and 11.2.3.1.3).
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Table 1.1. Amino acids (protein building blocks) with their corresponding three ond one letter symbols

iOOH
H,N—CH,

OOH
HaN—CH

CH,

EOOH
HyN—CH

H
VAN
H,C¢©  CH,

OOH

COOH
H,N—CH

OOH

H,N——?H
CH,

N\

NH

Glycine
{Gly. G)

L-Alanine
(Ala. A)

L-Valine
(Val. V)

L-Leucine
(Leu. L)

L-Isoleucine
{Ile. 1)

L-Proline
(Pro. P)

L-Phenylalanine
(Phe, F)

t-Tryptophan
(Trp. W)

OOH

OOH
HN—CH
H,OH

OOH
HaN—CH

HC—OH
&Hy

COOH
H,N—CH
CH,SH

COOH
HN

OH

COOH
H,N—CH
H,

OH

OOH

HoN—CH
CH,
CONH,

OOH
H,N——?H
CH,
Hy
CONH,

L-Methionine
[Met. M)

L-Serine
(Ser. S)

L-Threonine
(Thr. T)

L-Cysteine
(Cys. C)

L-4-Hydroxy-
proline

t-Tyrosine
(Tyr. Y)

L-Asparagine®
{Asn. N)

L -Glutamine®
(Gln. Q)

OOH
H,N—CH
H,
OOH

OOH

H,N—CH
Hy

Ha
COOH

COOH
H,N—CH

H,
CH,
CH,NH,

OOH
HZN——?H
H,

HO—CH
CH,NH,

COOH
H,N——?H
H,

V
HN NH,

L-Aspartic
acid
{Asp. D)

L-Glutamic
acid
(Glu. E)

L-Lysine
(Lys. K}

1-5-Hydroxy-
lysine

L-Histidine
(His, H)

L-Arginine
(Arg. R}

4 When no distinction exists between the acid and its amide then the symbols (Asx, B) and (Glx, Z) are valid.



Aspartic Acid was isolated from legumes by Ritt-
hausen in 1868. It occurs in all animal proteins,
primarily in albumins at a concentration of 6—
10%. Alfalfa and corn proteins are rich in aspar-
tic acid (14.9% and 12.3%, respectively) while its
content in wheat is low (3.8%). Aspartic acid is
nonessential.

Cystine was isolated from bladder calculi by
Wolaston in 1810 and from horns by Moerner
in 1899. Its content is high in keratins (9%).
Cystine is very important since the peptide
chains of many proteins are connected by
two cysteine residues, i.e. by disulfide bonds.
A certain conformation may be fixed within
a single peptide chain by disulfide bonds. Most
proteins contain 1-2% cystine. Although it
is itself nonessential, cystine can partly re-
place methionine which is an essential amino
acid.

Glutamine was first isolated from sugar beet
juice by Schulze and Bosshard in 1883. Its
occurrence in protein (edestin) was confirmed
by Damodaran in 1932. Glutamine is readily
converted into pyrrolidone carboxylic acid,
which is stable between pH 2.2 and 4.0,
but is readily cleaved to glutamic acid at

other pH’s:
/J:jﬁ>x=o + NH;

HOOC N
H

CH,—CH,—CONH,
?H——NH,
COOH

(1.1)

Glutamic Acid was first isolated from wheat
gluten by Ritthausen in 1866. It is abundant
in most proteins, but is particularly high
in milk proteins (21.7%), wheat (31.4%),
corn (18.4%) and soya (18.5%). Molasses
also contains relatively high amounts of glu-
tamic acid. Monosodium glutamate is used
in numerous food products as a flavor en-
hancer.

Glycine is found in high amounts in structural
protein. Collagen contains 25-30% glycine. It
was first isolated from gelatin by Braconnot
in 1820. Glycine is a nonessential amino acid
although it does act as a precursor of many
compounds formed by various biosynthetic
mechanisms.
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Histidine was first isolated in 1896 independently
by Kossel and by Hedin from protamines occur-
ring in fish. Most proteins contain 2-3% histidine.
Blood proteins contain about 6%. Histidine is es-
sential in infant nutrition.

5-Hydroxylysine was isolated by van Slyke
et al. (1921) and Schryver et al. (1925). It occurs
in collagen. The carbohydrate component of gly-
coproteins may be bound O-glycosidically to the
hydroxyl group of the amino acid (cf. 12.3.2.3.1).

4-Hydroxyproline was first obtained from gelatin
by Fischer in 1902. Since it is abundant in col-
lagen (12.4%), the determination of hydroxypro-
line is used to detect the presence of connec-
tive tissue in comminuted meat products. Hydrox-
yproline is a nonessential amino acid.

Isoleucine was first isolated from fibrin by
Ehrlich in 1904. It is an essential amino acid.
Meat and ceral proteins contain 4-5% isoleucine;
egg and milk proteins, 6-7%.

Leucine was isolated from wool and from mus-
cle tissue by Braconnot in 1820. It is an essen-
tial amino acid and its content in most proteins is
7-10%. Cereal proteins contain variable amounts
(corn 12.7%, wheat 6.9%). During alcoholic fer-
mentation, fusel oil is formed from leucine and
isoleucine.

Lysine was isolated from casein by Drechsel
in 1889. It makes up 7-9% of meat, egg and
milk proteins. The content of this essential amino
acid is 2-4% lower in cereal proteins in which
prolamin is predominant. Crab and fish proteins
are the richest sources (10-11%). Along with
threonine and methionine, lysine is a limiting
factor in the biological value of many proteins,
mostly those of plant origin. The processing of
foods results in losses of lysine since its e-amino
group is very reactive (cf. Maillard reaction).

Methionine was first isolated from casein by
Mueller in 1922. Animal proteins contain 2-4%
and plant proteins contain 1-2% methionine.
Methionine is an essential amino acid and in
many biochemical processes its main role is as
a methyl-donor. It is very sensitive to oxygen
and heat treatment. Thus, losses occur in many
food processing operations such as drying,
kiln-drying, puffing, roasting or treatment with
oxidizing agents. In the bleaching of flour
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with NCl3 (nitrogen trichloride), methionine is
converted to the toxic methionine sulfoximide:

I
H;C——IS‘-—CHg—CHz—CH—COOH

NH NH, (1.2)

Phenylalanine was isolated from lupins by
Schulze in 1881. It occurs in almost all pro-
teins (averaging 4-5%) and is essential for
humans. It is converted in vivo into tyrosine, so
phenylalanine can replace tyrosine nutritionally.

Proline was discovered in casein and egg
albumen by Fischer in 1901. It is present in
numerous proteins at 4-7% and is abundant in
wheat proteins (10.3%), gelatin (12.8%) and
casein (12.3%). Proline is nonessential.

Serine was first isolated from sericin by Cramer
in 1865. Most proteins contain about 4-8% ser-
ine. In phosphoproteins (casein, phosvitin) ser-
ine, like threonine, is a carrier of phosphoric acid
in the form of O-phosphoserine. The carbohy-
drate component of glycoproteins may be bound
O-glycosidically through the hydroxyl group of
serine and/or threonine [cf. 10.1.2.1.1 (k-casein)
and 13.1.4.2.4].

Threonine was discovered by Rose in 1935. It
is an essential amino acid, present at 4.5-5% in
meat, milk and eggs and 2.7-4.7% in cereals.
Threonine is often the limiting amino acid in
proteins of lower biological quality. The “bouil-
lon” flavor of protein hydrolysates originates
partly from a lactone derived from threonine
(cf. 5.3.1.3).

Tryptophan was first isolated from casein
hydrolysates, prepared by hydrolysis using pan-
creatic enzymes, by Hopkins in 1902. It occurs
in animal proteins in relatively low amounts
(1-2%) and in even lower amounts in cereal
proteins (about 1%). Tryptophan is exceptionally
abundant in lysozyme (7.8%). It is completely
destroyed during acidic hydrolysis of protein.
Biologically, tryptophan is an important essential
amino acid, primarily as a precursor in the
biosynthesis of nicotinic acid.

Tyrosine was first obtained from casein by Liebig
in 1846. Like phenylalanine, it is found in almost
all proteins at levels of 2-6%. Silk fibroin can
have as much as 10% tyrosine. It is converted

through dihydroxyphenylalanine by enzymatic
oxidation into brown-black colored melanins.

Valine was first isolated by Schutzenberger
in 1879. It is an essential amino acid and is
present in meat and cereal proteins (5-7%) and
in egg and milk proteins (7-8%). Elastin contains
notably high concentrations of valine (15.6%).

1.2.3 Physical Properties

1.2.3.1 Dissociation

In aqueous solution amino acids are present, de-
pending on pH, as cations, zwitterions or anions:

R—CH—COOH —H® R—CH—COO®
o P — ®
NHE® T HO NHE
~ H® R—(i:H—COOe
—
+H® NH; (1.3)

With the cation denoted as TA, the dipolar
zwitterion as TA~ and the anion as A, the
dissociation constant can be expressed as:

[®A®]1[H®]
[®A]

[A®1[H®]
°A®]

1

(1.4)

At a pH where only dipolar ions exist, i.e. the

isoelectric point, pI, [FA] = [A7]:

[®A®][H®] [®A®]K,
®A1l=—-——— =A== ———— =
[®A] K, [A™] e
[H®] = (K, - Kp)®s
pl  =0,5(pK, + pK,) (1.5)

The dissociation constants of amino acids can be
determined, for example, by titration of the acid.
Figure 1.2 shows titration curves for glycine, his-
tidine and aspartic acid. Table 1.2 lists the disso-
ciation constants for some amino acids. In amino
acids the acidity of the carboxyl group is higher
and the basicity of the amino group lower than
in the corresponding carboxylic acids and amines
(cf. pK values for propionic acid, 2-propylamine
and alanine). As illustrated by the comparison of
pK values of 2-aminopropionic acid (alanine) and
3-aminopropionic acid (B-alanine), the pK is in-
fluenced by the distance between the two func-
tional groups.
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Fig. 1.2. Calculated titration curves for glycine (---),
histidine (—) and aspartic acid (-----). Numerals on
curves are related to charge of amino acids in respec-
tive pH range: 1 **His, 2 *THis~, 3 THis~, 4 His ™, 5
TGly, 6 TGly~,7 Gly—, 8 TAsp.9 TAsp~—, 10 Asp——

Table 1.2. Amino acids: dissociation constants and iso-
electric points at 25 °C

Amino acid pKi pKx pKs pKs pl
Alanine 2.34  9.69 6.0
Arginine 2.18 9.09 12.60 10.8
Asparagine 2.02 8.80 5.4
Aspartic acid 1.88 3.65 9.60 2.8
Cysteine 1.71 8.35 10.66 5.0
Cystine 1.04 210 8.02 871 5.1
Glutamine 2.17 9.13 5.7
Glutamic acid 2.19 425 9.67 3.2
Glycine 2.34  9.60 6.0
Histidine 1.80 599 9.07 7.5
4-Hydroxyproline 1.82  9.65 5.7
Isoleucine 2.36 9.68 6.0
Leucine 2.36  9.60 6.0
Lysine 220 890 10.28 9.6
Methionine 228 9.21 5.7
Phenylalanine 1.83 9.13 5.5
Proline 1.99 10.60 6.3
Serine 2.21 9.15 5.7
Threonine 2.15 9.12 5.6
Tryptophan 2.38 9.39 59
Tyrosine 220 9.11 10.07 5.7
Valine 232 9.62 6.0
Propionic acid 4.87

2-Propylamine 10.63

B-Alanine 3.55 10.24 6.9
Y-Aminobutyric 4.03 10.56 7.3

acid
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The reasons for this are probably as follows: in
the case of the cation — zwitterion transition,
the inductive effect of the ammonium group; in
the case of the zwitterion — anion transition, the
stabilization of the zwitterion through hydration
caused by dipole repulsion (lower than in relation
to the anion).

(®—0, zwitterion; +— water dipole)  (1.6)

1.2.3.2 Configuration and Optical Activity

Amino acids, except for glycine, have at least one
chiral center and, hence, are optically active. All
amino acids found in proteins have the same con-
figuration on the o-C-atom: they are considered
L-amino acids or (S)-amino acids” in the Cahn-
Ingold-Prelog system (with L-cysteine an excep-
tion; it is in the (R)-series). D-amino acids (or (R)-
amino acids) also occur in nature, for example, in
a number of peptides of microbial origin:

OOH
H,N—C—H

L-Amino acid
[S)-Amino acid

OOH
H—i——NH,

o-Amino acid
(R)- Amino acid

1.7)

Isoleucine, threonine and 4-hydroxyproline have
two asymmetric C-atoms, thus each has four iso-
mers:

COOH COOH COOH COOH
H,N—C—H  H—C—NH, H,N—C—H H—C—NH,
H,C—*?—H H—C—CH, H—?—CH; H,C—(l:—H

CoHs C,Hs C,Hs CoHs

L-Isoleucine p-Isoleucine L-allo- o-allo-
(2S:3S)- (2R:3R)- Isoleucine Isoleucine
Isoleucine Isoleucine (2S:3R)- (2R:3S)-
(Common Isoleucine Isoleucine
in proteins)

(1.8)

* As with carbohydrates, D,L-nomenclature is preferred
with amino acids.
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COOH H COOH H

I b MoK
HzN—? > HOOC. | _NH,

H—(‘)—OH H.C NH,
CH, H CH,
H
(Fischer- {dotted tine- (Newman-
projection) wedge) projection)

L-Threonine, {25 : 3R) - Threonine {Common in proteins)

(1.9)
H
N ..COOH
H
L-4-Hydroxyproline, (2S: 4R)-Hydroxyproline
{Common in proteins) (1.10)

The specific rotation of amino acids in aqueous
solution is strongly influenced by pH. It passes
through a minimum in the neutral pH range and
rises after addition of acids or bases (Table 1.3).
There are various possible methods of sep-
arating the racemates which generally occur
in amino acid synthesis (cf. 1.2.5). Selective
crystallization of an over-saturated solution
of racemate after seeding with an enantiomer
is used, as is the fractioned -crystallization
of diastereomeric salts or other derivatives,

Table 1.3. Amino acids: specific rotation ([ol]fy)

Amino Solvent Temperature [ot]p
acid system “0O)
L-Alanine 0.97MHCI 15 +14.7°
water 22 + 2.7°
3 M NaOH 20 + 3.0°
L-Cystine 1.02MHCI 24 —214.4°
L-Glutamic 6.0 M HCl 22.4 +31.2°
acid
water 18 +11.5°
IM NaOH 18 +10.96°
L-Histidine 6.0 M HCl 22.7 +13.0°
water 25.0 —39.01°
0.5M NaOH 20 —10.9°
L-Leucine 6.0 M HC1 25.9 +15.1°
water 24.7 —10.8°
3.0MNaOH 20 +7.6°

such as (S)-phenylethylammonium salts of
N-acetylamino acids. With enzymatic methods,
asymmetric synthesis is used, e. g., of acylamino
acid anilides from acylamino acids and aniline
through papain:

Aniline
D,L—R—CO—NH—CHR'—COOH

Papain
L—R—CO-—NH—CHR!—-CO—NH—CH;
+ b—R—CO—NH—CHR!—COOH (1.11)
or asymmetric hydrolysis, e. g., of amino acid es-
ters through esterases, amino acid amides through
amidases or N-acylamino acids through amino-
acylases:

b,L—H,N—CHR—COOR! =er2se

L—H,NCHR—COOH + p—H,N—CHR—COOR!

p,.—H,N—CHR—CONHR! Amidase
L—H,N—CHR—COOH + p—H,N—CHR—CONHR!

b,L—R—CO—NH—CHR'—COOH Aase _

L—H,N—CHR!'—COOH

+D—R—CO—NH—CHR'—COOH
(1.12)

The detection of D-amino acids is carried out
by enantioselective HPLC or GC of chiral amino
acid derivatives. In a frequently applied method,
the derivatives are produced in a precolumn by
reaction with o-phthalaldehyde and a chiral thiol
(cf. 1.2.4.2.4). Alternatively, the amino acids can
be transformed into trifluoroacetylamino acid-2-
(R,S)-butylesters. Their GC separation is shown
in Fig. 1.3.

1.2.3.3 Solubility

The solubilities of amino acids in water are
highly variable. Besides the extremely soluble
proline, hydroxyproline, glycine and alanine are
also quite soluble. Other amino acids (cf. Ta-
ble 1.4) are significantly less soluble, with cystine
and tyrosine having particularly low solubilities.
Addition of acids or bases improves the solu-
bility through salt formation. The presence of
other amino acids, in general, also brings about
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Fig. 1.3. Gas chromatogram of N-pentafluoropro-
panoylDL-amino acid isopropylesters on Chirasil-Val
(N-propionyl-L-valine-tert-butylamide-polysiloxane)
(1: D-, L-Ala, 2: D-, L-Val, 3. D-, L-Thr, 4: Gly,
5: D-, L-Ile, 6: D-, L-Pro, 7: D-, L-Leu, 8: D-, L-Ser,
9: D-, L-Cys, 10: D-, L-Asp, 1l: D-, L-Met,
12: D-, L-Phe, 13: D-, L-Glu, 14: D-, L-Tyr, 15:
D-, L-Orn, 16: D-, L-Lys, 17: D-, L-Trp; according to
Frank et al., 1977)

Table 1.4. Solubility of amino acids in water (g/100 g
H,0)

Temperature (°C)

Amino acid 0 25 50 75 100

L-Alanine 12.73 16.51 21.79 28.51 37.30

L-Asparatic 0.209 0.500 1.199 2.875 6.893
acid

L-Cystine 0.005 0.011 0.024 0.052 0.114

L-Glutamic 0.341 0.843 2.186 5.532 14.00
acid

Glycine 14.18 2499 39.10 54.39 67.17

L-Histidine - 429 - - -

L-Hydroxy- 28.86 36.11 45.18 51.67 -
proline

L-Isoleucine  3.791 4.117 4.818 6.076 8.255

L-Leucine 2270 2.19 2.66 3.823 5.638

D,L-Methi- 1.818 3.381 6.070 10.52 17.60

onine

L-Phenyl- 1.983 2.965 4.431 6.624 9.900

alanine

L-Proline 127.4 162.3 206.7 239.0 -

D,L-Serine 2.204 5.023 10.34 19.21 32.24

L-Tryptophan 0.823 1.136 1.706 2.795 4.987

L-Tyrosine 0.020 0.045 0.105 0.244 0.565

L-Valine 834 885 9.62 1024 -
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an increase in solubility. Thus, the extent of
solubility of amino acids in a protein hydrolysate
is different than that observed for the individual
components.

The solubility in organic solvents is not very
good because of the polar characteristics of the
amino acids. All amino acids are insoluble in
ether. Only cysteine and proline are relatively
soluble in ethanol (1.5g/100¢g at 19°C). Me-
thionine, arginine, leucine (0.0217 g/100 g;
25°C), glutamic acid (0.00035 g/100 g; 25 °C),
phenylalanine, hydroxy-proline, histidine and
tryptophan are sparingly soluble in ethanol. The
solubility of isoleucine in hot ethanol is relatively
high (0.09¢g/100g at 20°C; 0.13g/100g at
78-80 °C).

1.2.3.4 UV-Absorption

Aromatic amino acids such as phenylalanine,
tyrosine and tryptophan absorb in the UV-
range of the spectrum with absorption maxima
at 200-230nm and 250-290nm (Fig. 1.4).
Dissociation of the phenolic HO-group of
tyrosine shifts the absorption curve by about
20nm towards longer wavelengths (Fig. 1.5).

3
60000

Molar absorption coefficient

200 240 280 320
)\(nm)

Fig. 1.4. Ultraviolet absorption spectra of some
amino acids. (according to Luebke, Schroeder and
Kloss, 1975). -----Trp. ---Tyr. —Phe
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Fig. 1.5. Ultraviolet absorption spectrum of tyrosine as
affected by pH. (according to Luebke, Schroeder and
Kloss, 1975) — 0.1 mol/1 HCI, --- 0.1 mol /l NaOH

Absorption readings at 280 nm are used for the
determination of proteins and peptides. Histidine,
cysteine and methionine absorb between 200
and 210 nm.

1.2.4 Chemical Reactions

Amino acids show the usual reactions of both
carboxylic acids and amines. Reaction specificity
is due to the presence of both carboxyl and amino
groups and, occasionally, of other functional
groups. Reactions occurring at 100-220 °C, such
as in cooking, frying and baking, are particularly
relevant to food chemistry.

1.2.4.1 Esterification of Carboxyl Groups

Amino acids are readily esterified by acid-
catalyzed reactions. An ethyl ester hydrochloride
is obtained in ethanol in the presence of HCI:
H®
R—?H—COOH + R—OH —> R—?H-—COOR’+ H,0
NH$CI® NH$CI®
(1.13)

The free ester is released from its salt by the ac-
tion of alkali. A mixture of free esters can then
be separated by distillation without decomposi-
tion. Fractional distillation of esters is the basis
of a method introduced by Emil Fischer for the
separation of amino acids:

B
R—?H—COOR’ e R—?H—COOR' + BH®X®
NHPX® NH,
(1.14)

Free amino acid esters have a tendency to form
cyclic dipeptides or open-chain polypeptides:

R\ /o
CH—C/ R o
H—QH OR’
—>  HN NH
R'O HN--H
S /
Vi \ o] R
o R (1.15)
o) o}
—N H——CH—C// + HzN—?H—C//
| \ \
OR’ R
—_—

—NH——(|:H—CO—NH— H—CO— + R’OH
R R
(1.16)

tert-butyl esters, which are readily split by acids,
or benzyl esters, which are readily cleaved by
HB1/glacial acetic acid or catalytic hydrogena-
tion, are used as protective groups in peptide syn-
thesis.

1.2.4.2 Reactions of Amino Groups
1.2.4.2.1 Acylation

Activated acid derivatives, e. g., acid halogenides
or anhydrides, are used as acylating agents:

R—COX + HzN——(fH—COOQ + OH®
R

— R'—co—NH—(I:H—cooe + X® + H,0

R
(1.17)



N-acetyl amino acids are being considered as
ingredients in chemically-restricted diets and
for fortifying plant proteins to increase their
biological value. Addition of free amino acids to
food which must be heat treated is not problem
free. For example, methionine in the presence
of a reducing sugar can form methional by
a Strecker degradation mechanism, imparting
an off-flavor to food. Other essential amino
acids, e.g., lysine or threonine, can lose their
biological value through similar reactions.
Feeding tests with rats have shown that N-
acetyl-L-methionine and N-acetyl-L-threonine
have nutritional values equal to those of the
free amino acids (this is true also for humans
with acetylated methionine). The growth rate
of rats is also increased significantly by the
o- or e-acetyl or o,ée-diacetyl derivatives of
lysine.

Some readily cleavable acyl residues are of im-
portance as temporary protective groups in pep-
tide synthesis.

The trifluoroacetyl residue is readily removed by
mild base-catalyzed hydrolysis:

@ °
oHe N
F;C—C—NH—R ——> F,C c— H—R
01
—> F,C—CO0® + H,N—R

(1.18)

The phthalyl residue can be readily cleaved by
hydrazinolysis:

I

HaNTNH. + H,N—R
GG _
2

ZzZ—2Z
I

(1.19)

The benzyloxycarbonyl group can be readily re-
moved by catalytic hydrogenation or by hydroly-
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sis with HBr/glacial acetic acid:

@—CH,—O-—CO——NH—R
2H
_ H; + HO—CO—NH—R

—> CO, + H,N—R

@—CHz—O—CO—N H—R

(1.20)

HBr L i
—0— ®—NH—R
Glac.
acetic acid
—_— @—CH,Br + CO, + H,N—R

(1.21)

The tert-alkoxycarbonyl residues, e. g., the tert-
butyloxycarbonyl groups, are cleaved under acid-
catalyzed conditions:

Hy O o CH, OH
R—C—0—C—NH—R’' —> R—+—\Ol—CgNH—R'
CH, CH,
H

I
m @
— R—C® + C—NH—R’
I / (&
H,C—H o
CH,
+ CO, + HyN®—R’

CH,

—> R—C
(1.22)

N-acyl derivatives of amino acids are transformed
into oxazolinones (azlactones) by elimination of
water:

R'—CO—N H—?H—COOH
R
_(CH,C0),0 | /< I

CH,cooe
(1.23)
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These are highly reactive intermediary products
which form a mesomerically stabilized anion.
The anion can then react, for example, with
aldehydes. This reaction is utilized in amino acid
synthesis with glycine azlactone as a starting
compound:

/N\S/R /N( R
i
-<ojﬁo ‘<OIBS

Ny R
<> R’——E)C?i
S (1.24)
N~ © O‘)
R’—</ ™ + \>C—R'
0~ o H
(])H
N CH—R
- X
o~ o
N CH—R"
— vl
o~ o (1.25)

Acylation of amino acids with 5-dimethylami-
nonaphthalene-1-sulfonyl chloride (dansyl chlo-
ride, DANS-CI) is of great analytical importance:

O SO,Cl + H,N—R

(CH3),N O
—
SO,NH—R

The aryl sulfonyl derivatives are very stable
against acidic hydrolysis. Therefore, they are
suitable for the determination of free N-terminal
amino groups or free €-amino groups of pep-

(1.26)

tides or proteins. Dansyl derivatives which
fluoresce in UV-light have a detection limit in
the nanomole range, which is lower than that of
2,4-dinitrophenyl derivatives by a factor of 100.
Dimethylaminoazobenzenesulfonylchloride
(DABS-CI) and 9-fluoroenylmethylchloroformate
(FMOC) detect amino acids (cf. Formula 1.27
and 1.28) including proline and hydroxyproline.
The fluorescent derivatives can be quantitatively
determined after HPLC separation.

(CH,), N @Nw—@—sozu + H,N-R
—_ (CH3)2N©~N=N—©—502—HN—R

QO |

CH,0-CO-Cl  +

~ 00

CH,-0-CO-HN-R
(1.28)

H,N-R

1.2.4.2.2 Alkylation and Arylation

N-methyl amino acids are obtained by reaction
of the N-tosyl derivative of the amino acid with
methyl iodide, followed by removal of the tosyl
substituent with HBr:

H;ﬂ@SO;——NH—?H—COOH
R
CH,l
— 2 > H.C SOZ——-I\II—?H-—COOH
H,C R

3

HBr ch—NH——CIH——COOH
R

(1.29)

The N-methyl compound can also be formed by
methylating with HCHO/HCOOH the benzyli-
dene derivative of the amino acid, formed ini-
tially by reaction of the amino acid with ben-
zaldehyde. The benzyl group is then eliminated



by hydrogenolysis:

@—CHO + H,N—R —> @CH:N—R
@—CHZ—NH—R
HCHO/HCOOH
- > CH2—-I\|1—R
CH,4

H, catalyst H

H, catalyst

(1.30)

Dimethyl amino acids are obtained by reaction
with formaldehyde, followed by reduction with
sodium borohydride:

NaBH,
pH9, 0°C

2HCHO + H,N—R (CH3),N—R

(1.31)

The corresponding reactions with proteins are
being considered as a means of protecting the
e-amino groups and, thus, of avoiding their
destruction in food through the Maillard reaction
(cf. 1.4.6.2.2).

Direct reaction of amino acids with methylat-
ing agents, e.g. methyl iodide or dimethyl sul-
fate, proceeds through monomethyl and dimethyl
compounds to trimethyl derivatives (or generally
to N-trialkyl derivatives) denoted as betaines:

H,N—CH—COOH CH,l  (CH3);N®—CH—CO0®
I — [
R R
(1.32)

As shown in Table 1.5, betaines are widespread in
both the animal and plant kingdoms.
Derivatization of amino acids by reaction with
1-fluoro-2,4-dinitrobenzene (FDNB) yields
N-2,4-dinitrophenyl amino acids (DNP-amino
acids), which are yellow compounds and crys-
tallize readily. The reaction is important for
labeling N-terminal amino acid residues and free
€-amino groups present in peptides and proteins;
the DNP-amino acids are stable under conditions
of acidic hydrolysis (cf. Reaction 1.33).
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Table 1.5. Occurrence of trimethyl amino acids
(CH3)3NT-CHR-COO™ (betaines)

Amino acid Betaine Occurrence
-Alanine Homobetaine = Meat extract
Y¥-Amino- Actinine Mollusk (shell-fish)
butyric acid
Glycine Betaine Sugar beet, other
samples of animal
and plant origin
Histidine Hercynine Mushrooms
B-Hydroxy- Carnitine Mammals muscle
Y-amino- tissue, yeast, wheat
butyric acid germ, fish, liver,
whey, mollusk
(shell-fish)
4-Hydroxy- Betonicine Jack beans
proline
Proline Stachydrine Stachys, orange
leaves, lemon peel,
alfalfa, Aspergillus
oryzae
NO,
O,N F + H,N—R
NO,
OH®

—> O,N NH—R + F® + H,0

(1.33)

Another arylation reagent is 7-fluoro-4-nitro-
benzo-2-oxa-1,3-diazol (NBD-F), which is also
used as a chlorine compound (NBD-CIl) and
which leads to derivatives that are suited for an
amino acid analysis through HPLC separation:

NO, NO,
N N
AN AN
0 + HN-R — _ o
W N
F HN-R

(1.34)

Reaction of amino acids with triphenylmethyl
chloride (tritylchloride) yields N-trityl deriva-
tives, which are alkali stable. However, the
derivative is cleaved in the presence of acid,
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giving a stable triphenylmethyl cation and free
amino acid:
OH®
(CeHs)sC—Cl + H,N—R ——>= (CeHs)sCNH—R
H®
—> (C¢Hs)sC® + H,N—R
(1.35)

The reaction with trinitrobenzene sulfonic acid is
also of analytical importance. It yields a yellow-
colored derivative that can be used for the spec-
trophotometric determination of protein:

NO,
O;N SO§ + H,N—R
NO,
NO,
pH 9.5
——— > O,N NH—R
25°C
NO, (1.36)

The reaction is a nucleophilic aromatic substitu-
tion proceeding through an intermediary addition
product (Meisenheimer complex). It occurs under
mild conditions only when the benzene ring struc-
ture is stabilized by electron-withdrawing sub-
stituents on the ring (cf. Reaction 1.37).

+ HX
N V4
©0 X
\e
/N{>< Va
%0 N
\
R1
(1.37)

The formation of the Meisenheimer complex has
been verified by isolating the addition product
from the reaction of 2,4,6-trinitroanisole with
potassium ethoxide (cf. Reaction 1.38).

NO,
O,N OCH; + KOC,Hs
NO,
— K®
(1.38)
An analogous reaction occurs with 1,2-

naphthoquinone-4-sulfonic acid (Folin reagent)
but, instead of a yellow color (cf. Formula 1.36),
ared color develops:

(0]
o)
=z
so¢
(o} (0]
O OH
=
~ Ly — Q]
¥ )
R
(1.39)

1.2.4.2.3 Carbamoyl and Thiocarbamoyl
Derivatives

Amino acids react with isocyanates to yield car-
bamoyl derivatives which are cyclized into 2,4-
dioxoimidazolidines (hydantoins) by boiling in
an acidic medium:

R—N=C=0 + HzN—(|2H—COOH
R
(iH (o] R
O=—C———CHR \>—<
H@
s —> R—N NH
Wl
N _/
R’ CO
0
(1.40)



A corresponding reaction with phenylisothio-
cyanate can degrade a peptide in a stepwise
fashion (Edman degradation). The reaction is of
great importance for revealing the amino acid
sequence in a peptide chain. The phenylthiocar-
bamoyl derivative (PTC-peptide) formed in the
first step (coupling) is cleaved non-hydrolytically
in the second step (cleavage) with anhydrous
trifluoroacetic acid into anilinothiazolinone as
derivative of the N-terminal amino acid and
the remaining peptide which is shortened by
the latter. Because of its instability, the thia-
zolinone is not suited for an identification of
the N-terminal amino acid and is therefore —
after separation from the remaining peptide,
in the third step (conversion) — converted in
aqueous HCI via the phenylthiocarbamoy-
lamino acid into phenyl-thiohydantoin, while
the remaining peptide is fed into a new
cycle.

@—N:C:S + HzN—iH—CO—NH—R’

H CHR NH—R’

NVZRAWE,
‘i
¢ (o
O
— NH s
R
H® N&o + HgNO—R'
N
O+
1
HOC
N\
H,0 CHR
v
N” NH
cs
0 R
—_—

(1.41)
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+ H,N—CHR—COOH

_—
OH
o
-
—CHR
\ N
o
(o]
: j/ .
H,0
— + O==CHR
NH,
!
(o]
I W o
N )
\ N:
(o}

o (1.42)

1.2.4.2.4 Reactions with Carbonyl Compounds

Amino acids react with carbonyl compounds,
forming azomethines. If the carbonyl com-
pound has an electron-withdrawing group,
e.g., a second carbonyl group, transamination
and decarboxylation occur. The reaction is
known as the Strecker degradation and plays
a role in food since food can be an abundant
source of dicarbonyl compounds generated
by the Maillard reaction (cf. 4.2.4.4.7). The
aldehydes formed from amino acids (Strecker
aldehydes) are aroma compounds (cf. 5.3.1.1).
The ninhydrin reaction is a special case of
the Strecker degradation. It is an important
reaction for the quantitative determination of
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amino acids using spectrophotometry (cf. Reac-
tion 1.42). The detection limit lies at 1-0.5 nmol.
The resultant blue-violet color has an ab-
sorption maximum at 570 nm. Proline yields
a yellow-colored compound with A, = 440 nm
(Reaction 1.43):

o}
/ OH
+ HN
\ OH
(o) COOH
M
0
/ OH
—
N
\ Q
o}
COOH
oe
s &
\
\
o)
o° RN
7z
Nessen
o)
\
0 (1.43)
The reaction of amino acids with o-
phthaldialdehyde (OPA) and mercaptoethanol
leads to fluorescent isoindole derivatives
(Aex = 330nm, Aem = 455nm) (Reac-
tion 1.44a).
: :CHO +  HS-CH,~ CH,0H

CHO + H,N-CHR-COOH

S - CH, - CH,0H

I Y
: :CI‘-I\LOH

CH=N-CHR-COOH (1.44a)

S - CHy ~CH,OH
— ©§’CH\N®— CHR - COOH
“en?’
5~ CHy~ CH0H

/C\
~ /N - CHR - COOH

CH (1.44b)

The derivatives are used for amino acid analysis
via HPLC separation. Instead of mercapto-
ethanol, a chiral thiol, e.g., N-isobutyryl-L-
cysteine, is used for the detection of D-amino
acids. The detection limit lies at 1 pmol. The very
fast racemizing aspartic acid is an especially suit-
able marker. One disadvantage of the method is
that proline and hydroxyproline are not detected.
This method is applied, e.g., in the analysis
of fruit juices, in which high concentrations of
D-amino acids indicate bacterial contamination
or the use of highly concentrated juices. Con-
versely, too low concentrations of D-amino acids
in fermented foods (cheese, soy and fish sauces,
wine vinegar) indicate unfermented imitations.
Fluorescamine reacts with primary amines and
amino acids — at room temperature under alkaline
conditions — to form fluorescent pyrrolidones
(Aex = 390nm, Aem = 474 nm). The detection
limit lies at 50-100 pmol:

o R-N_ g
o * HN-R o
¢ °°
¢ o)
(1.45)

The excess reagent is very quickly hydrolyzed
into water-soluble and non-fluorescent com-
pounds.

1.2.4.3 Reactions Involving Other Functional
Groups

The most interesting of these reactions are those
in which o-amino and o-carboxyl groups are



blocked, that is, reactions occurring with peptides
and proteins. These reactions will be covered
in detail in sections dealing with modification
of proteins (cf. 1.4.4 and 1.4.6.2). A number of
reactions of importance to free amino acids will
be covered in the following sections.

1.2.4.3.1 Lysine

A selective reaction may be performed with either
of the amino groups in lysine. Selective acylation
of the e-amino group is possible using the lysine-
Cu?* complex as a reactant:

NH,

/
2 H,N—(CH,),—CH

coo®

(=]
e NH: “00q
——> HN—(CH,),—CH  Cu?® )H—(CH,),.—NHZ
C00° H;N
NH,

/
2 RCO—NH—(CH,),~CH + Cus
co0®

1) RCOX
2) H,S

(1.46)

Selective reaction with the o-amino group is pos-
sible using a benzylidene derivative:

NH®
/
CHO + H,N—(CH,),—CH
\
coo°
}VH?
—_— <i:::>—CH:N—(CHﬂi—Q?
Ccoo®°

NH—COR
ReoX CH=N—(CH,) é;
AN —N— _
OoH® 2)4 \
coo®
e NH—COR
————> H;N®—(CH,),—CH
COOH
(1.47)

e-N-benzylidene-L-lysine and &-N-salicylidene-
L-lysine are as effective as free lysine in growth
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feeding tests with rats. Browning reactions of
these derivatives are strongly retarded, hence
they are of interest for lysine fortification of
food.

1.2.4.3.2 Arginine

In the presence of o-naphthol and hypobromite,
the guanidyl group of arginine gives a red com-
pound with the following structure:

R—NH—CO—NH—N C (o]

Br (1.48)

1.2.4.3.3 Aspartic and Glutamic Acids

The higher esterification rate of - and y-carboxyl
groups can be used for selective reactions. On
the other hand the B- and y-carboxyl groups are
more rapidly hydrolyzed in acid-catalyzed hy-
drolysis since protonation is facilitated by hav-
ing the ammonium group further away from the
carboxyl group. Alkali-catalyzed hydrolysis of
methyl or ethyl esters of aspartic or glutamic
acids bound to peptides can result in the forma-
tion of isopeptides.

€]
U o A
—HN—C—C—N-H
| — v
—C—C=0OMe
[ \
0 0
|
OH® —HN—C—CO00®
_ l
—(II—CO—NH—

(1.49)

Decarboxylation of glutamic acid yields y-amino-
butyric acid. This compound, which also occurs
in wine (cf. 20.2.6.9), tastes sour and produces a
dry feeling in the mouth at concentrations above
its recognition threshold (0.02 mmol/1).
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1.2.4.3.4 Serine and Threonine

Acidic or alkaline hydrolysis of protein can yield
o-keto acids through B-elimination of a water
molecule:

H
|
R—?H——(IZ—COOH ——> R—CH=C—COOH
HY¥OH NH® NH®
H,0 R—CH,—C—COOH + NH®
— [l

(1.50)

In this way, o-ketobutyric acid formed from thre-
onine can yield another amino acid, o-amino-
butyric acid, via a transamination reaction. Re-
action 1.51 is responsible for losses of hydroxy
amino acids during protein hydrolysis.

Reliable estimates of the occurrence of these
amino acids are obtained by hydrolyzing protein
for varying lengths of time and extrapolating the
results to zero time.

1.2.4.3.5 Cysteine and Cystine

Cysteine is readily converted to the corres-
ponding disulfide, cystine, even under mild
oxidative conditions, such as treatment with I
or potassium hexacyanoferrate (III). Reduction
of cystine to cysteine is possible using sodium
borohydride or thiol reagents (mercaptoethanol,
dithiothreitol):

CH,—SH oH ?Hz—S—S—CHz
2 CHNH® = (|:HNH§> CHNH®
Ccoo0° coo® Co0°

R—S—S—R + CH,—~(CHOH),—CH,
S $H
—> R—SH + R—S—S$—CH,—~(CHOH),—CH,—SH
H
OH
—> R—SH +

(1.51)

The equilibrium constants for the reduction of
cystine at pH 7 and 25 °C with mercaptoethanol
or dithiothreitol are 1 and 10%, respectively.
Stronger oxidation of cysteine, e.g., with per-
formic acid, yields the corresponding sulfonic
acid, cysteic acid:

R—SH
HCOOOH
R—SO,H
R—S—S—R

Reaction of cysteine with alkylating agents
yields thioethers. Iodoacetic acid, iodoacetamide,
dimethylaminoazobenzene iodoacetamide, ethyl-
enimine and 4-vinylpyridine are the most
commonly used alkylating agents:

(1.52)

R—SH ——= R—S—R’

"= —CH,COOH,

(CH,),N @N=N @NH—CO—CHZ—,
—CH,— CH,—NH,, —CHz—CHZ—@N

1.2.4.3.6 Methionine

~CH,CONH, .

(1.53)

Methionine is readily oxidized to the sulfoxide
and then to the sulfone. This reaction can result
in losses of this essential amino acid during food
processing:

0 o]
R—S—CH; —> R——]sl,—CH3 — R—g-—CHs
(H)
(1.54)

1.2.4.3.7 Tyrosine

Tyrosine reacts, like histidine, with diazotized
sulfanilic acid (Pauly reagent). The coupled-



reaction product is a red azo compound:

[S]

0

N=N—R"

(1.55)

1.2.4.4 Reactions of Amino Acids
at Higher Temperatures

Reactions at elevated temperatures are important
during the preparation of food. Frying, roasting,
boiling and baking develop the typical aromas of
many foods in which amino acids participate as
precursors. Studies with food and model systems
have shown that the characteristic odorants
are formed via the Maillard reaction and that
they are subsequent products, in particular of
cysteine, methionine, ornithine and proline
(cf. 12.9.3).

1.2.4.4.1 Acrylamide

The toxic compound acrylamide is one of the
volatile compounds formed during the heating of
food (cf. 9.7.3). Model experiments have shown
that it is produced in reactions of asparagine
with reductive carbohydrates or from the re-
sulting cleavage products (e.g., 2-butanedione,
2-oxopropanal).

The formation is promoted by tempera-
tures >100°C and/or longer reaction times.
Indeed, model experiments have shown that
the highest yields based on asparagine are ca.
0.1-1 mol%. Cysteine and methionine also form
acrylamide in the presence of glucose, but the
yields are considerably lower than those from
asparagine. The thermal reaction of acrolein with
ammonia also produces acrylamide, but again
only in small amounts.
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Although from a purely stoichiometric stand-
point, it would be possible that the degradation
of asparagine by the cleavage of CO, und NHj3
directly produces acrylamide, the course of
formation is quite complex. Indeed, various pro-
posals exist for the mechanism of this formation.
It was shown that considerable amounts of 3-
aminopropionamide are produced in the reaction
of asparagine with a-dicarbonyl compounds with
the formation of the Schiff base and subsequent
decarboxylation and hydrolysis in the sense of
a Strecker reaction (Fig. 1.6). It could be shown
in model studies and in additional experiments
with foods (cocoa, cheese) that the splitting-off
of ammonia from 3-aminopropionamide occurs
relatively easily at higher temperatures and
even in the absence of carbohydrates results in
very high yields of acrylamide (>60mol%).
Therefore, 3-aminopropionamide, which is to be
taken as the biogenic amine of asparagine, rep-
resents a transient intermediate in the formation
of acrylamide in foods. In the meantime, this
compound has also been identified in different
foods.

Another mechanism (Fig. 1.7, right) starts out
from the direct decomposition of the Schiff base
obtained from a reductive carbohydrate and
asparagine via instable analytically undetectable
intermediates. It is assumed that the ylide
formed by the decarboxylation of the Schiff
base directly decomposes on cleavage of the

R
R
o N)\}.q
z (o] MgH
OH H,N
HzN)K/k'r 2 »/

o H,0 °
R R
R R
0 N o N)ﬁr
S = ST
co.

Fig. 1.6. Formation of 3-aminopropionamide (3-APA)
from the Strecker reaction of asparagine and sub-
sequent deamination to acrylamide (according to
Granvogl et al., 2006)
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OH oH Ly oH
Ho Ko 00 HO, 00_o0 co, | HO OH
0o ox. o i.?
Qe * - SN
OH SN NH, OH N NH, oH N NH,
HO 3 HO 1 HO 2
l\vco, ”

oH
HO. LoH o

oH 1NMNH,
HO ”

Fig. 1.7. Reaction paths from the Schiff base of asparagine and glucose which result in acrylamide (according to

Stadler et al., 2004 and Granvogl et al., 2006)

C-N bond to give acrylamide and a l-amino-
2-hexulose. Another proposed mechanism
(Fig. 1.7, left) is the oxidation of the Schiff
base and subsequent decarboxylation. Here, an
intermediate is formed which can decompose
to 3-aminopropionamide after enolization and
hydrolysis. 3-Aminopropionamide can then be

—N —
1Q \ NH2 1Q
~  —

N

\
CH,

converted to acrylamide after the splitting-off of
ammonia.

1.2.4.4.2 Mutagenic Heterocyclic Compounds

In the late 1970s it was shown that charred sur-
face portions of barbecued fish and meat as well
as the smoke condensates captured in barbecuing
have a highly mutagenic effect in microbial tests
(Salmonella typhimurium tester strain TA 98). In
model tests it could be demonstrated that py-
rolyzates of amino acids and proteins are respon-
sible for that effect. Table 1.6 lists the muta-
genic compounds isolated from amino acid py-
rolyzates. They are pyridoindoles, pyridoimida-
zoles and tetra-azafluoroanthenes.

At the same time, it was found that mutagenic
compounds of amino acids and proteins can
also be formed at lower temperatures. The com-
pounds listed in Table 1.7 were obtained from

N

meat extract, deep-fried meat, grilled fish and
heated model mixtures on the basis of creatine,
an amino acid (glycine, alanine, threonine) and
glucose. For the most part they were imidazo-
quinolines and imidazoquinoxalines. The highest
concentrations (u /kg)I

e @ N =
>\/N-— N=N hv IQ/ >\/ M
"
\
\ N
CH, * CHy,  (1.56)
were found in meat extract: IQ (0—15),

MelQ (0—6), MeIQx (0—80). A model ex-
periment directed at processes in meat shows
that heterocyclic amines are detectable at
temperatures around 175 °C after only 5 minutes.
It is assumed that they are formed from cre-
atinine, subsequent products of the Maillard
reaction (pyridines, pyrazines, cf. 4.2.4.4.3) and
amino acids as shown in Fig. 1.8.

The toxicity is based on the heteroaromatic
amino function. The amines are genotoxic after
oxidative metabolic conversion to a strong
electrophile, e. g., a nitrene. Nitrenes of this type
are synthesized for model experiments as shown
in Formula 1.56. According to these experiments,
MelQ, 1Q and MelQx have an especially high
genotoxic potential. The compounds listed in
Table 1.6 can be deaminated by nitrite in weakly
acid solution and thus inactivated.

The B-carbolines norharmane (I, R=H) and har-
mane (I, R=CHj3) are well known as components
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Table 1.6. Mutagenic compounds from pyrolysates of amino acids and proteins
Mutagenic compound Short form Pyrolized Structure
compound
CH,
3-Amino-1,4-dimethyl- Trp-P-1 Tryptophan | SN
SH-pyrido[4,3-b]indole N7 NF NH
H 2
CH,4
3-Amino-1-methyl- Trp-P-2 Tryptophan [ N
5SH-pyrido[4,3-b]indole
124 N7 NF NH,
H
NN N NH;
2-Amino-6-methyldipyrido Glu-P-1 Glutamic acid PN ! _
[1,2-a:3",2"-dimidazole N
CH,
TR oy p. f N N-NH
2-Aminodipyrido[1,2-a:3’,2’-d] Glu-P-2 Glutamic acid ~ N 2
imidazole N \N I —
3,4-Cyclopentenopyrido[3,2-a] Lys-P-1 Lysine l O
carbazole N N
> H
CH,
4-Amino-6-methyl-1H-2,5,10, Orn-P-1 Ornithine = | = |N
10b-tetraazafluoranthene NI NH,
>
N
~
2-Amino-5-phenylpyridine Phe-P-1 Phenylalanine < |
N~ “NH,
2-Amino-9H-pyrido[2,3-b] AaC Soya globulin @E—/@\
indole N7 N7 “NH,
H
~-CHs
2-Amino-3-methyl-9H- MeAoC Soya globulin @:—ﬁ
pyrido[2,3-b] indole ” NZ>NH,
. COOH
of tobacco smoke. They are formed by a reaction RCHO

of tryptophan and formaldehyde or acetaldehyde:

|
H
AN
— |
H R

(1.57)
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Table 1.7. Mutagenic compounds from various heated foods and from model systems

Mutagenic compound Short form Food Structure
Model system?®

NH,
2-Amino-3-methylimidazo- IQ 1,23 N;<N
[4,5-f]quinoline z ~CH,

|
N

NH,

‘ . - N=(
2-Amino-3,4-dimethylimidazo- MelQ 3 N~cH
[4,5-f]quinoline (ﬁ 3

N
N CH,
NH,
2-Amino-3-methylimidazo- 1Qx 2 N=
o N N-cH
[4,5-f quinoxaline N 3
®
N
NH,
2-Amino-3,8-dimethylimidazo- MelQ2x 2.3 N=f N
[4,5-f]quinoxaline H4C /N ~CH,
|
N
NH,
2-Amino-3,4,8-trimethyl- 4,8-Di MelQx 23,56 " N"N\
imidazo-[4,5-f]quinoxaline BC- N CH,
-
N CH
NH,
2-Amino-3,7,8-trimethyl- 7,8-Di MelQx 4 N =<N
imidazo-[4,5-f]quinoxaline H,C I N I@ ~CHj
H,C7 N
CH,4
2-Amino-1-methyl-6-phenyl- PhIP 2 "
imi - idi X
imidazo[4,5-b]pyridine l N/)__ NH,
N

4 1: Meat extract; 2: Grilled meat; 3: Grilled fish; 4: Model mixture of creatinine, glycine, glucose;

5: as 4, but alanine; 6: as 4, but threonine

Tetrahydro-B-carboline-3-carboxylic  acid (II)
and (1S, 3S)-(II1) and (1R, 3S)-methyltetrahydro-
B-carboline-3-carboxylic ~ acid (IV)  were
detected in beer (II: 2-11mg/L, I + IV:
0.34mg/L) and wine (I: 0.8-1.7 mg/L,
I + IV: 1.3-9.1 mg/L). The ratio of diastere-
omers III and IV (Formula 1.58) was always
near 2:1:

COOH
:] I
N NH
H

COOH
H N
R' R?

Il R'=CH,;, R2zH
IV R'=H, RZ:=CH,
(1.58)

The compounds are pharmacologically active.
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CeHiOs + RCHY
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Pyridine Aldehyde

Z=CH

Pyrazine
Z=N
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HN._ _NH,
\j\:Me
Creatine
Heat
"Hzo
NH,
N=(
NH, Y Z N~Me
AN
!
=
Me X N R
Creatinine
X Y V4 R
Q H H CH
MelQ H H CH Me
MelQx H Me N H
7,8-DiMelQx Me Me N H
4,8-DiMelQx H Me N Me

Fig. 1.8. Formation of heterocyclic amines by heating a model system of creatine, glucose and an amino acid
mixture corresponding to the concentrations in beef (according to Arvidsson et al., 1997). For abbreviations, see

Table 1.7

1.2.5 Synthetic Amino Acids Utilized
for Increasing the Biological Value
of Food (Food Fortification)

The daily requirements of humans for es-
sential amino acids and their occurrence in
some important food proteins are presented in
Table 1.8. The biological value of a protein
(g protein formed in the body/100g food
protein) is determined by the absolute con-
tent of essential amino acids, by the relative
proportions of essential amino acids, by their
ratios to nonessential amino acids and by fac-
tors such as digestibility and availability. The
most important (more or less expensive) in
vivo and in vitro methods for determining the
biological valence are based on the following
principles:

Replacement of endogenous protein after pro-
tein depletion.

The test determines the amount of endoge-
nous protein that can be replaced by 100 g of
food protein. The test person is given a non-
protein diet and thus reduced to the absolute
N minimum. Subsequently, the protein to be
examined is administered, and the N balance
is measured. The biological valence (BV) fol-
lows from

_ Urea-N(non-protein diet) + N balance
N N intake

BV

% 100, (1.59)

“Net protein utilization” (NPU) is based
on the same principle and is determined
in animal experiments. A group of rats
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Table 1.8. Adult requirement for essential amino acids and their occurrence in various food

Amino acid 1 2 3 4 5 6 7 8 9
Isoleucine 10-11 3.5 4.0 4.6 3.9 3.6 34 5.0 3.5
Leucine 11-14 4.2 5.3 7.1 4.3 5.1 6.5 8.2 5.4
Lysine 9-12 3.5 3.7 4.9 3.6 4.4 2.0 3.6 5.4
Methionine

+ Cystine 11-14 4.2 32 2.6 1.9 2.1 3.8 34 1.9
Methionine 2.0 1.9 1.9 1.2 0.9 1.4 2.2 0.8
Phenylalanine

+ Tyrosine 13-14 4.5 6.1 7.2 5.8 5.5 6.7 8.9 6.0
Phenylalanine 2.4 3.5 3.5 3.1 3.3 4.6 4.7 2.5
Threonine 6-7 2.2 2.9 3.3 2.9 2.7 2.5 3.7 3.8
Tryptophan 3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Valine 11-14 4.2 4.3 5.6 3.6 33 3.8 6.4 4.1
Tryptophan? 1.7 1.4 1.4 1.5 1.1 1.0 1.3

1: Daily requirement in mg/kg body weight.

2-8: Relative value related to Trp = 1 (pattern).
2: Daily requirements, 3: eggs, 4: bovine milk, 5: potato, 6: soya, 7: wheat flour, 8: rice, and 9: Torula-yeast.
4 Tryptophan (%) in raw protein.

is fed a non-protein diet (Gr 1), while
the second group is fed the protein to be
examined (Gr 2). After some time, the an-
imals are killed, and their protein content
is analyzed. The biological valence follows
from

Protein content Gr 2 — protein content Gr 1
NPU =

Protein intake

x 100

Utilization of protein for growth.

The growth value (protein efficiency ra-
tio=PER) of laboratory animals is cal-
culated according to the following for-
mula:

_ Weight gain (g)
"~ Available protein (g)

PER

Maintenance of the N balance.

Plasma concentration of amino acids.
Calculation from the amino acid composition.
Determination by enzymatic cleavage in vitro.

Table 1.9 lists data about the biological valence

of

some food proteins, determined according to

different methods.

The highest biological value observed is for
a blend of 35% egg and 65% potato proteins. The
biological value of a protein is generally limited
by:

Lysine: deficient in proteins of cereals and
other plants

Methionine: deficient in proteins of bovine
milk and meat

Table 1.9. Biological valence of some food proteins de-
termined according to different methods®

Protein Biological valence  Limiting amino
from BV NPU PER acid
Chickenegg 94 93 3.9
Cow’smilk 84 81 3.1 Met
Fish 76 80 3.5 Thr
Beef 74 67 2.3 Met
Potatoes 73 60 2.6 Met
Soybeans 73 61 2.3 Met
Rice 64 57 2.2 Lys, Tyr
Beans 58 38 1.5 Met
Wheat flour 52 57 0.6 Lys, Thr
(white)

4 The methods are explained in the text.
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Table 1.10. Increasing the biological valence (PER?) of some food proteins through the addition of amino acids

Protein Addition(%)
from with  0.2Lys 04Lys 04Lys 0.4Lys 0.4 Lys
out 0.2 Thr 0.07 Thr  0.07 Thr

0.2 Thr

Casein 2.50

(Reference)
Wheat flour 0.65 1.56 1.63 2.67
Corn 0.85 1.08 2.50 2.59

2 The method is explained in the text.

* Threonine: deficient in wheat and rye
* Tryptophan: deficient in casein, corn and rice.

Since food is not available in sufficient quan-
tity or quality in many parts of the world,
increasing its biological value by addition of
essential amino acids is gaining in importance.
Iluminating examples are rice fortification
with L-lysine and L-threonine, supplementa-
tion of bread with L-lysine and fortification
of soya and peanut protein with methionine.
Table 1.10 lists data about the increase in bio-
logical valence of some food proteins through
the addition of amino acids. Synthetic amino
acids are used also for chemically defined
diets which can be completely absorbed and
utilized for nutritional purposes in space travel,
in pre-and post-operative states, and during
therapy for maldigestion and malabsorption
syndromes.

The fortification of animal feed with amino
acids (0.05-0.2%) is of great significance.
These demands have resulted in increased
production of amino acids. Table 1.11 gives
data for world production in 1982. The pro-
duction of L-glutamic acid, used to a great
extent as a flavor enhancer, is exceptional.
Production of methionine and lysine is also
significant.

Four main processes are distinguished in
the production of amino acids: chemi-
cal synthesis, isolation from protein hy-
drolysates, enzymatic and microbiological
methods of production, which is currently
the most important. The following sec-
tions will further elucidate the important

Table 1.11. World production of amino acids, 1982

Amino acid  t/year Process® Mostly used as
1 2 3 4
L-Ala 130 + + Flavoring
compound
D,L-Ala 700 + Flavoring
compound
L-Arg 500 + + Infusion
Therapeutics
L-Asp 250 + + Therapeutics
Flavoring
compound
L-Asn 50 + Therpeutics
L-CySH 700 + Baking additive
Antioxidant
L-Glu 270,000 + Flavoring
compound
flavor enhancer
L-Gln 500 + Therapeutics
Gly 6.000 + Sweetener
L-His 200 + + Therapeutics
L-Ile 150 + + Infusion
L-Leu 150 + + Infusion
L-Lys 32,000 + + Feed ingredient
L-Met 150 + Therapeutics
D,L-Met 110,000 + Feed ingredient
L-Phe 150 + + Infusion
L-Pro 100 + + Infusion
L-Ser 50 + + Cosmetics
L-Thr 160 + + Food additive
L-Trp 200 + + Infusion
L-Tyr 100 + Infusion
L-Val 150 + + Infusion

# 1: Chemical synthesis, 2: protein hydrolysis, 3: micro-
biological procedure, 4: isolation from raw materials.
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industrial processes for a number of amino
acids.

1.2.5.1 Glutamic Acid

Acrylnitrile is catalytically formylated with
CO/H; and the resultant aldehyde is transformed
through a Strecker reaction into glutamic acid
dinitrile which yields D,L-glutamic acid after
alkaline hydrolysis. Separation of the racemate
is achieved by preferential crystallization of
the L-form from an oversaturated solution after
seeding with L-glutamic acid:

CO/H,
—
[Co(CO).].
NC—?H—CH;—CH,—CN

NH,

H,C=CH—CN OHC—CH,—CH,—CN

HCN/NH;
—_—

OH®
———> p.-Glu

(1.60)

A fermentation procedure with various selected
strains of microorganisms (Brevibacterium
flavum, Brev. roseum, Brev. saccharolyticum)
provides L-glutamic acid in yields of 50 g/1 of
fermentation liquid:

MO
CH;COONH, (20 g/l)T7'g'> L-Glu (50 g/1)
pH 7.

(1.61)

1.2.5.2 Aspartic Acid

Aspartic acid is obtained in 90% yield from fu-
maric acid by using the aspartase enzyme:

Aspartase
—_—

NH,

Fumaric acid L-Asp

(1.62)

1.2.5.3 Lysine

A synthetic procedure starts with caprolactam,
which possesses all the required structural fea-
tures, except for the o-amino group which is in-

troduced in several steps:

o ~
2cocl,
. N
NH N—COCI
NO, NO,
A A
HNO,/SO, ( .
—
. 50, N—COCI H
NH,
O
H,
—_——
Raney-Ni NH
(1.63)

Separation of isomers is done at the o-amino
caprolactam (Acl) step through the sparingly sol-
uble salt of the L-component with L-pyrrolidone
carboxylic acid (Pyg):

p,t-Acl + L-Pyg —> b-Acl + L,-salt

t |

Base

HCl
—> L-Acl —> 1-Lys - HCI

(1.64)

More elegant is selective hydrolysis of the
L-enantiomer by an L-0-amino-g-caprolactamase
which occurs in several yeasts, for example
in  Cryptococcus laurentii. The racemiza-
tion of the remaining D-isomers is possible
with a racemase of Achromobacter obae.
The process can be performed as a one-step

reaction: the racemic aminocaprolactam is
incubated with intact cells of C. laurentii
and A. obae, producing almost 100% L-
lysine.

In another procedure, acrylnitrile and ethanal
react to yield cyanobutyraldehyde which is
then transformed by a Bucherer reaction
into  cyanopropylhydantoin.  Catalytic  hy-
drogenation of the nitrile group, followed
by alkaline hydrolysis yields D,L-lysine.



The isomers can be separated through the
sparingly soluble L-lysine sulfanilic acid
salt:

NC—CH=CH, + H,C—CHO

Cyclohexylamine

————————> NC—CH,—CH,—CH,—CHO —
NC—(CH;)3 /0
HCN, CO, : i
HN NH —
NH, Y
o
H,N—CH,—(CH,); /O
Hz cat. ; <
—— HNYNH —
(o]
_g.H_O— pL~-Lysine _S_ulf_arlllc_a_(_:ﬁ. p-salt + L-salt

{

Heating
(1.65)

Fermentation with a pure culture of Bre-
vibacterium lactofermentum or Micrococcus
glutamicus produces L-lysine directly:

MO

CH,COONH, ————»
pH 7—-8.5

(<15 g/l)

L-Lys (40—90 g/l)

(1.66)

1.2.5.4 Methionine

Interaction of methanethiol with acrolein pro-
duces an aldehyde which is then converted to
the corresponding hydantoin through a Bucherer
reaction. The product is hydrolyzed by al-
kaline catalysis. Separation of the resultant
racemate is usually not carried out since the
D-form of methionine is utilized by humans via
transamination:

CH4SH + H,C=CH—CHO —> H,C—S—CH,CH,—CHO

1) HCN, CO,, NH;
2) OH®

> b,L-Met

(1.67)
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1.2.5.5 Phenylalanine

Benzaldehyde is condensed with hydantoin,
then hydrogenation using a chiral catalyst gives
a product which is about 90% L-phenylalanine:

0
/

@\H/
N

(o]

1) Hz/chiral catalyst

L-Phe (90%
2) Hydrolysis 190%)

(1.68)

1.2.5.6 Threonine

Interaction of a copper complex of glycine with
ethanal yields the threo and erythro isomers in the
ratio of 2:1. They are separated on the basis of
their differences in solubility:

NH, °ooc¢
H,C Cu2® CH, + 2CH,CHO
C0G° NH,
. H, ®00C
— H;C—(fH—CH Cuf@’ CH—CH—CH,
coo° ‘NH, OH (1.69)

D,L-threonine is separated into its isomers
through its N-acetylated form with the help of an
acylase enzyme.

Threonine is also accessible via microbiological
methods.

1.2.5.7 Tryptophan

Tryptophan is obtained industrially by a varia-
tion of the Fischer indole synthesis. Addition
of hydrogen cyanide to acrolein gives 3-cyano-
propanal which is converted to hydantoin through
a Bucherer reaction. The nitrile group is then
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reduced to an aldehyde group. Reaction with
phenylhydrazine produces an indole derivative.
Lastly, hydantoin is saponified with alkali:

HCN + H,C=CH—CHO —> NC—CH,—CH,—CHO
NC—CH,—CH, [o]

HCN, CO,
_—
NH,

HNYNH
o

H, catalyst
——————> OHC—(CH,),—R

_N
NH
H;(l.‘,—R H2(|2—R
HoSen “Scn
— | — |
_NH NH,
NH NH,
CH,—R
AN OH®
—> —> bp..-Trp
N
H

(1.70)

L-Tryptophan is also produced through enzymatic
synthesis from indole and serine with the help of
tryptophan synthase:

m + HOH;C—(IEH—COOH — -Trp
N NH,

H
(1.71)

1.2.6 Sensory Properties

Free amino acids can contribute to the flavor of
protein-rich foods in which hydrolytic processes
occur (e. g. meat, fish or cheese).

Table 1.12 provides data on taste quality and
taste intensity of amino acids. Taste quality
is influenced by the molecular configuration:
sweet amino acids are primarily found among
members of the D-series, whereas bitter amino
acids are generally within the L-series. Conse-
quently amino acids with a cyclic side chain

(1-aminocycloalkane-1-carboxylic  acids)
sweet and bitter.

The taste intensity of a compound is reflected
in its recognition threshold value. The recogni-
tion threshold value is the lowest concentration
needed to recognize the compound reliably, as as-
sessed by a taste panel. Table 1.12 shows that the
taste intensity of amino acids is dependent on the
hydrophobicity of the side chain.

L-Tryptophan and L-tyrosine are the most
bitter amino acids with a threshold value of
Ctbiter = 4—6mmol/l. D-Tryptophan, with
Ctsweet = 0.2—0.4 mmol/1, is the sweetest amino
acid. A comparison of these threshold values
with those of caffeine (c;pi = 1—1.2 mmole/l)
and sucrose (cysyw = 10—12 mmol/1) shows that
caffeine is about 5 times as bitter as L-tryptophan
and that D-tryptophan is about 37 times as sweet
as sucrose.

L-Glutamic acid has an exceptional position. In
higher concentrations it has a meat broth flavor,
while in lower concentrations it enhances the
characteristic flavor of a given food (flavor en-
hancer, cf. 8.6.1). L-Methionine has a sulfur-like
flavor.

The bitter taste of the L-amino acids can interfere
with the utilization of these acids, e. g., in chemi-
cally defined diets.

are

1.3 Peptides
1.3.1 General Remarks, Nomenclature

Peptides are formed by binding amino acids to-
gether through an amide linkage.

On the other hand peptide hydrolysis results in
free amino acids:

2 HzN—(IZH—COOH

R
—H,0 HzN—Cl:H—CO—NH—CH—COOH
+ H,0 R R (1.72)

Functional groups not involved in the peptide
synthesis reaction should be blocked. The
protecting or blocking groups must be removed
after synthesis under conditions which retain
the stability of the newly formed peptide
bonds:
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Table 1.12. Taste of amino acids in aqueous solution at pH 6-7 sw — sweet, bi — bitter, neu — neutral

Amino acid Taste

L-Compound D-Compound

Quality Intensity® Quality Intensity?
Alanine SW 12—18 SW 12—18
Arginine bi neu
Asparagine neu sw 3—6
Aspartic acid neu neu
Cystine neu neu
Glutamine neu sW
Glutamic acid meat broth like (3.0) neu
Glycine® sw 25-35
Histidine bi 45-50 swW 2—4
Isoleucine bi 10—12 SW 8§—12
Leucine bi 11-13 swW 2-5
Lysine SW SW

bi 80—90
Methionine sulphurous sulphurous

SW 4-7

Phenylalanine bi 5-7 N 1-3
Proline sW 25-40 neu

bi 25-27
Serine swW 25-35 swW 30—40
Threonine SW 35-45 SW 40-50
Tryptophan bi 4—6 sW 0.2—-0.4
Tyrosine bi 4-6 SW 1-3

1-Aminocycloalkane-1-carboxylic acid®

Cyclobutane swW 20-30
derivative

Cyclopentane sW 3—-6
derivative bi 95—100

Cyclohexane SW 1-3
derivative bi 45-50

Cyclooctane SW 2—4
derivative bi 2-5

Caffeine bi 1-1.2

Saccharose SW 10—12

4 Recognition threshold value (mmol/l).
b Compounds not optically active.

X—NH—CH—COOH + H,N—CH—COY
R’ R2
X—NH—CH—CO—NH—CH—COY
R’ R?

- H,0
——

=X, =Y H;N—CH—CO—NH—CH—COOH
_— > |

R IIRZ (1.73)

Peptides are denoted by the number of amino
acid residues as di-, tri-, tetrapeptides, etc., and

the term “oligopeptides” is used for those with
10 or less amino acid residues. Higher mole-
cular weight peptides are called polypeptides.
The transition of “polypeptide” to “protein”
is rather undefined, but the limit is commonly
assumed to be at a molecular weight of about
10kdal, i.e., about 100 amino acid residues are
needed in the chain for it to be called a protein.
Peptides are interpreted as acylated amino
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acids:

H,N—CH—CO—NH—CH—CO—NH—CH,~COOH
CH, CH,OH

Alanyl - seryl - glycine

(1.74)

The first three letters of the amino acids
are used as symbols to simplify desig-
nation of peptides (cf. Table 1.1). Thus,
the peptide shown above can also be given
as:

Ala—Ser—Gly or ASG (1.75)
One-letter symbols (cf. Table 1.1) are used
for amino acid sequences of long peptide
chains.

D-Amino acids are denoted by the prefix D-. In
compounds in which a functional group of the
side chain is involved, the bond is indicated by
a perpendicular line. The tripeptide glutathione
(y-glutamyl-cysteinyl-glycine) is given as an il-
lustration along with its corresponding disulfide,
oxidized glutathione:

Giu

‘—Cys—G ly

Glu
ys—Gly

Clys——Gly
Glu (1.76)
By convention, the amino acid residue with the
free amino group is always placed on the left.
The amino acids of the chain ends are denoted as
N-terminal and C-terminal amino acid residues.
The peptide linkage direction in cyclic peptides is
indicated by an arrow, i.e., —CO — NH-.

1.3.2 Physical Properties

1.3.2.1 Dissociation

The pK values and isoelectric points for some
peptides are listed in Table 1.13. The acidity of
the free carboxyl groups and the basicity of the
free amino groups are lower in peptides than in
the corresponding free amino acids. The amino
acid sequence also has an influence (e.g., Gly-
Asp/Asp-Gly).

Table 1.13. Dissociation constants and isoelectric
points of various peptides (25 °C)

Peptide pK; pK; pK3 pKy pKs pl

Gly-Gly  3.12 8.17 5.65
Gly-Gly-Gly 3.26 7.91 5.59
Ala-Ala 3.30 8.14 5.72
Gly-Asp  2.81 445 8.60 3.63
Asp-Gly 2.10 4.53 9.07 3.31
Asp-Asp 270 3.40 470 8.26 3.04
Lys-Ala 3.22 7.62 10.70 9.16
Ala-Lys-Ala 3.15 7.65 10.30 8.98
Lys-Lys 3.01 7.53 10.05 11.01 10.53
Lys-Lys-Lys 3.08 7.34 9.80 10.54 11.32 10.93
Lys-Glu 2.93 4.47 7.75 10.50 6.10
His-His 2.25 5.60 6.80 7.80 7.30

1.3.3 Sensory Properties

While the taste quality of amino acids does
depend on configuration, peptides, except for
the sweet dipeptide esters of aspartic acid (see
below), are neutral or bitter in taste with no
relationship to configuration (Table 1.14). As

Table 1.14. Taste threshold values of various peptides:
effect of configuration and amino acid sequence (tested
in aqueous solution at pH 6-7); bi — bitter

Peptide? Taste

Quality Intensity®
Gly-Leu bi 19-23
Gly-D-Leu bi 20-23
Gly-Phe bi 15-17
Gly-D-Phe bi 15-17
Leu-Leu bi 4-5
Leu-D-Leu bi 5-6
D-Leu-D-Leu bi 5-6
Ala-Leu bi 18-22
Leu-Ala bi 18-21
Gly-Leu bi 19-23
Leu-Gly bi 18-21
Ala-Val bi 60-80
Val-Ala bi 65-75
Phe-Gly bi 16-18
Gly-Phe bi 15-17
Phe-Gly-Phe-Gly bi 1.0-1.5
Phe-Gly-Gly-Phe bi 1.0-1.5

 L-Configuration if not otherwise designated.
b Recognition threshold value in mmol/I .
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Table 1.15. Bitter taste of dipeptide A-B: dependence of recognition threshold value (mmol/I) on side chain

hydrophobicity (0: sweet or neutral taste)

A/B Asp Glu Asn GIn Ser Thr Gly Ala Lys Pro Val Leu Ile Phe Tyr Trp

0 0 0 0 0 0 0 0 8 26 21 12 11 6 5 5
Gly 0* - - - - - - 0 0 - 45 75 21 20 16 17 13
Ala 0 - - - - - - 0 0 - - 70 20 - - - -
Pro 26 - - - - - - - - - - - 6 - - - -
Val 21 - - - - - - 6s 70 - - 20 10 - - - -
Leu 12 - - - - - - 20 20 - - - 45 - - 35 04
e 11 43 43 33 33 33 33 21 21 23 4 9 55 55 - - 09
Phe 6 - - - - - - 17 - - 2 14 - 0.8 0.8 -
Tyr 5 - - - - - - - - - - = 4 - - - -
Tp 5 - 28 - - - - - - - - - - - - - -

2 Threshold of the amino acid (cf. Table 1.12).

with amino acids, the taste intensity is influenced
by the hydrophobicity of the side chains (Ta-
ble 1.15). The taste intensity does not appear to be
dependent on amino acid sequence (Table 1.14).

Bitter tasting peptides can occur in food after
proteolytic reactions. For example, the bitter taste
of cheese is a consequence of faulty ripening.
Therefore, the wide use of proteolytic enzymes
to achieve well-defined modifications of food
proteins, without producing a bitter taste, causes
some problems. Removal of the bitter taste of
a partially hydrolyzed protein is outlined in
the section dealing with proteins modified with
enzymes (cf. 1.4.6.3.2).

The sweet taste of aspartic acid dipeptide es-
ters (I) was discovered by chance in 1969 for
o-L-aspartyl-L-phenylalanine methyl ester (“As-
partame”, “NutraSweet”). The corresponding
peptide ester of L-aminomalonic acid (II) is also
sweet.

A comparison of structures I, II and III reveals
a relationship between sweet dipeptides and

c00° ?00e ?009

(::HZ H—CI—NH? H—(l:—NH?
H—C—NH® co R

éo ILH "

IllH R1—(|2—R3
R‘—cl:—R3 ll?’

L2

| i

(1.77)

sweet D-amino acids. The required configuration
of the carboxyl and amino groups and the side

chain substituent, R, is found only in peptide
types I and II.

Since the discovery of the sweetness of com-
pounds of type I, there has been a systematic
study of the structural prerequisites for a sweet
taste.

The presence of L-aspartic acid was shown to be
essential, as was the peptide linkage through the
a-carboxyl group.

R' may be an H or CH; group?, while the R?
and R? groups are variable within a certain range.
Several examples are presented in Table 1.16.
The sweet taste intensity passes through a maxi-
mum with increasing length and volume of the R?
residue (e. g., COO-fenchyl ester is 22—23 x 10°
times sweeter than sucrose). The size of the R3
substituent is limited to a narrow range. Obvi-
ously, the R? substituent has the greatest influence
on taste intensity.

The following examples show that R? should be
relatively large and R? relatively small: L-Asp-
L-Phe-OMe (aspartame, R?—CH,Cg¢Hs, Rz =
COOMe) is almost as sweet (fgc o(1) = 180)
as L-Asp-D-Ala-OPr (fg, ¢(0.6) = 170), while
L-Asp-D-Phe-OMe has a bitter taste.

In the case of acylation of the free amino group
of aspartic acid, the taste characteristics depend
on the introduced group. Thus, D-Ala-L-Asp-
L-Phe-OMe is sweet (fgc,¢(0.6) = 170), while
L-Ala-L-Asp-L-Phe-OMe is not. It should be
noted that superaspartame is extremely sweet
(cf. 8.8.15.2).

2 Data are not yet available for compounds with R! >
CH3.
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Table 1.16. Taste of dipeptide esters of aspartic acid®

Table 1.18. Effect of HCI on the salty taste of Orn-B-

and of amino malonic acid® Ala*
R? R3 Taste® Equivalents pH Taste
— - HCI

Asparagin acid derivate salty® sour®
COOCH; H 8
n-C3Hy COOCH; 4 0 8.9 0
n-C4Hg COOCH; 45 0.79 7.0 0
n-C4Hg COOC;,H;s 5 0.97 6.0 1
n-CeHj3 CH3 10 1.00 55 2
n-C7H;s CH; neutral 1.10 4.7 3 +/-
COOCH(CH3)2 n-C3Hy 17 1.20 4.3 3.5 +
COOCH(CH3);  n-C4Hy neutral 1.30 4.2 3 ++
COOCH;3 CH,C¢Hs bitter _ _
CH(CH3)C>Hs COOCH; bitter 2 Peptide solution: 30 mmol /L.
CH,CH(CH3), COOCH; bitter b The values 1, 3 and 5 correspond in intensity to 0.5%,
CH,CgHs COOCH; 140 0.25% and 0.1% NaCl solutions respectively.
COO-2-methyl- ¢ Very weak (+) and slightly sour (+ +).

cyclohexyl COOCH;3; 5-7000
COO-fenchyl — COOCH; — 22-33.000 1.3.4 Individual Peptides
D,L-Aminomalon acid derivate
COOIC3Hy CH; 58 Peptides are widespread in nature. They are often
CHj3 COO0iC; Hy neutral

a Formula 1.77 I, R! = H.

b Formula 1.77 I, R! = H.

¢ For sweet compounds the factor fg,c ¢ is given, re-
lated to the threshold value of a 10% saccharose solu-
tion (cf. 8.8.1.1).

The intensity of the salty taste of Orn-B-Ala de-
pends on the pH (Table 1.18). Some peptides
exhibit a salty taste, e.g. ornithyl-B-alanine hy-
drochloride (Table 1.17) and may be used as sub-
stitutes for sodium chloride.

Table 1.17. Peptides with a salty taste

Peptide? Taste
Threshold Quality?
(mmol/1)
Orn-BAla.HCI 1.25 3
Orn-yAbu.HCI 1.40 3
Orn-Tau.HCI 3.68 4
Lys-Tau.HCI 5.18 4
NaCl 3.12 3

4 Abbreviations: Orn, ornithine; B-Ala, B-alanine,
Y-Abu, y-aminobutyric acid; Tau, taurine.

b The quality of the salty taste was evaluated by rating it
from 0 to 5 on a scale in comparison with a 6.4 mmol /L
NaCl solution (rated 3); 4 is slightly better, 5 clearly
better than the control solution.

involved in specific biological activities (peptide
hormones, peptide toxins, peptide antibiotics).
A number of peptides of interest to food chemists
are outlined in the following sections.

1.3.4.1 Glutathione

Glutathione (y-L-glutamyl-L-cysteinyl-glyci-ne)
is widespread in animals, plants and microorgan-
isms. Beef (200), broccoli (140), spinach (120),
parsley (120), chicken (95), cauliflower (74),
potatoes (71), paprika (49), tomatoes (49)
and oranges (40) are especially rich in glu-
tathione (mg/kg). A noteworthy feature is
the binding of glutamic acid through its 7-
carboxyl group. The peptide is the coenzyme of
glyoxalase.

CHaSH_
H,N
2 N/k”/N\/COOH
H
COOH o

(1.78)

It is involved in active transport of amino
acids and, due to its ready oxidation, is also
involved in many redox-type reactions. It in-
fluences the rheological properties of wheat
flour dough through thiol-disulfide interchange
with wheat gluten. High concentrations of re-
duced glutathione in flour bring about reduction



of protein disulfide bonds and a correspond-
ing decrease in molecular weight of some
of the protein constituents of dough gluten
(cf. 154.1.4.1).

1.3.4.2 Carnosine, Anserine and Balenine

These peptides are noteworthy since they
contain a [-amino acid, [-alanine, bound
to L-histidine or 1-methyl- or 3-methyl-
L-histidine, and are present in meat ex-
tract and in muscle of vertebrates (cf. For-
mula 1.79).

Data on the amounts of these peptides present
in meat are given in Table 1.19. Carnosine is
predominant in beef muscle tissue, while anser-
ine is predominant in chicken meat. Balenine is
a characteristic constituent of whale muscle, al-
though it appears that sperm whales do not have

S—-—I 10
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probably due to the presence of meat from
other whale species. These peptides are used
analytically to identify the meat extract. Their
physiological roles are not clear. Their buffering
capacity in the pH range of 6-8 may be of
some importance. They may also be involved in
revitalizing exhausted muscle, i.e. in the muscle
regaining its excitability and ability to contract.
Carnosine may act as a neurotransmitter for
nerves involved in odor perception.

1.3.4.3 Nisin

This peptide is formed by several strains of
Streptococcus lactis (Langfield-N-group). It con-
tains a number of unusual amino acids, namely
dehydroalanine,  dehydro-B-methyl-alanine,
lanthionine, B-methyl-lanthionine, and therefore
also five thioether bridges (cf. Formula 1.80).

S 20

[ I
lle—=Dhb—o-Ala—tle—Dha—Leu—Ala—o-Abu—Pro—Gly—Ala—Lys—o-Abu—Gly—Ala—Leu—Met—Gly—Ala—Asn—

S
S

Met—Lys—o-Abu—o-Ala—Abu—Ala—His—Ala—Ser—|le—His—Val—Dha—Lys

S

HzN——ﬁ-—COOH
CHR

R =H: 2-Amino acrylic acid (dehydroalanine, Dha)
R =CH;: 2-Amino crotonic acid (dehydro-a-amino

butyric acid, Dhb )

H,N—CH—COOH
HR

R = H: Lanthionine (Ala

—
R = CHj: B-Methyllanthionine (Abu

H,
H;N—CH—COOH

this dipeptide. The amounts found in commercial
sperm whale meat extract are

H
H:«N‘a\/\[rN\rCOOe
(o} R
l |

H, H, H,
r: & D\
i’
/
H,C

Anserine

(1.79)

Carnosine Balenine

S—
Ala)
S
Ala)

(1.80)

The peptide subtilin is related to nisin. Nisin
is active against Gram-positive microorgan-
isms (lactic acid bacteria, Streptococci, Bacilli,
Clostridia and other anaerobic spore-forming
microorganisms). Nisin begins to act against the
cytoplasmic membrane as soon as the spore has
germinated. Hence, its action is more pronounced
against spores than against vegetative cells. Nisin
is permitted as a preservative in several countries.
It is used to suppress anaerobes in cheese and
cheese products, especially in hard cheese
and processed cheese to inhibit butyric acid
fermentation. The use of nisin in the canning of
vegetables allows mild sterilization conditions.
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Table 1.19. Occurrence of carnosine, anserine and balenine (%) in meat®

Meat Carnosine Anserine Balenine b
Beef muscle 0.2-0.4
tissue 0.15-0.35  0.01-0.05
Beef meat 4.4-6.2
extract 3.1-5.7 0.4-1.0
Chicken meat® 0.01-0.1 0.05-0.25
Chicken meat
extract 0.7-1.2 2.5-3.5
Whale meat ca. 0.3
Whale meat
extract a4 3.1-5.9 0.2-0.6 13.5-23.0 16-30
Whale meat
extract b® 2.54.5 1.2-3.0 0-5.2 3.5-12

4 The results are expressed as % of the moist tissue weight, or of commercially

available extracts containing 20% moisture.

b B-Alanine peptide sum.

¢ Lean and deboned chiken meat.

4 Commercial extract mixture of various whales.

¢ Commercial extract mixture, with sperm whale prevailing.

1.3.4.4 Lysine Peptides

A number of peptides, such as:

Gly—Lys, Ala—Lys, Glu—Lys, Lys,
Gly—]
Lys, Lys, Gly—Lys
Glu—‘| Gll u G ly-J
(1.81)

have been shown to be as good as lysine in rat
growth feeding tests. These peptides substan-
tially retard the browning reaction with glucose
(Fig. 1.9), hence they are suitable for lysine
fortification of sugar-containing foods which
must be heat treated.

1.3.4.5 Other Peptides
Other peptides occur commonly and in variable

levels in protein rich food as degradation products
of proteolytic processes.

1.4 Proteins

Like peptides, proteins are formed from amino
acids through amide linkages. Covalently bound

o -
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Fig. 1.9. Browning of some lysine derivatives
(0.1 M lysine or lysine derivative, 0.1 M glucose
in 0.1 M phosphate buffer pH 6.5 at 100 °C in sealed
tubes, (according to Finot et al., 1978.) 1 Lys, 2 Ala-
Lys, 3 Gly-Lys, 4 Glu-Lys, 5 Lys)

Gly_| Glu_

hetero constituents can also be incorporated
into proteins. For example, phosphoproteins
such as milk casein (cf. 10.1.2.1.1) or phosvitin
of egg yolk (cf. 11.2.4.1.2) contain phos-
phoric acid esters of serine and threonine
residues.

The structure of a protein is dependent on the
amino acid sequence (the primary structure)



which determines the molecular conformation
(secondary and tertiary structures). Proteins
sometimes occur as molecular aggregates which
are arranged in an orderly geometric fashion
(quaternary structure). The sequences and con-
formations of a large number of proteins have
been elucidated and recorded in several data
bases.

CH,OH N

HO NH - CO - CH, - CH
NHA i

C ?O

HO CHOH NH
|

HO% 0~ CH- (CHy), - CH
R'O 1 |

CHNH,  CO
1

[}
NHAc (l:o
|
NH
|
H,P0,0 - RHC - (;ZH

co
1

R: H, CH;; R':H, Sugar residue; Ac: Acetyl (1.82)

Glycoproteins, such as s-casein (cf. 10.1.2.1.1),
various components of egg white (cf. 11.2.3.1)
and egg yolk (cf. 11.2.4.1.2), collagen from
connective tissue (cf. 12.3.2.3.1) and serum
proteins of some species of fish (cf. 13.1.4.2.4),
contain one or more monosaccharide or oligosac-
charide units bound O-glycosidically to serine,
threonine or 8-hydroxylysine or N-glycosidically
to asparagine (Formula 1.82). In glycoproteins,
the primary structure of the protein is defined
genetically. The carbohydrate components,
however, are enzymatically coupled to the
protein in a co- or post-transcriptional step.
Therefore, the carbohydrate composition of
glycoproteins is inhomogeneous (microhetero-
geneity).

1.4 Proteins 41

1.4.1 Amino Acid Sequence

1.4.1.1 Amino Acid Composition, Subunits

Sequence analysis can only be conducted on
a pure protein. First, the amino acid compo-
sition is determined after acidic hydrolysis.
The procedure (separation on a single cation-
exchange resin column and color development
with ninhydrin reagent or fluorescamine) has
been standardized and automated (amino acid
analyzers). Figure 1.10 shows a typical amino
acid chromatogram.

As an alternative to these established methods,
the derivatization of amino acids with the sub-
sequent separation and detection of derivatives
is possible (pre-column derivatization). Various
derivatization reagents can be selected, such as:

* 9-Fluorenylmethylchloroformate
(FMOC, cf. 1.2.4.2.1)

* Phenylisothiocyanate (PITC, cf. 1.2.4.2.3)

* Dimethylaminoazobenzenesulfonylchloride
(DABS-CI, cf. 1.2.4.2.1)

* Dimethylaminonaphthalenesulfonylchloride
(DANS-CL cf. 1.2.4.2.1)

e 7-Fluoro-4-nitrobenzo-2-oxa-1,3-diazole
(NBDF, cf. 1.2.4.2.1)

e 7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole
(NBDCI, cf. 1.2.4.2.1)

* o-Phthaldialdehyde (OPA, cf. 1.2.4.2.4)

It is also necessary to know the molecular weight
of the protein. This is determined by gel column
chromatography, ultracentrifugation or SDS-
PAG electrophoresis. Furthermore, it is necessary
to determine whether the protein is a single
molecule or consists of a number of identical or
different polypeptide chains (subunits) associated
through disulfide bonds or noncovalent forces.
Dissociation into subunits can be accomplished
by a change in pH, by chemical modification of
the protein, such as by succinylation, or with de-
naturing agents (urea, guanidine hydrochloride,
sodium dodecyl sulfate). Disulfide bonds, which
are also found in proteins which consist of only
one peptide chain, can be cleaved by oxidation of
cystine to cysteic acid or by reduction to cysteine
with subsequent alkylation of the thiol group
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Fig. 1.10. Amino acid chromatogram. Separation of a mixture of amino acids (10 nmol/amino acid) by an amino
acid analyzer. Applied is a single ion exchange column: Durrum DC-4A, 295 x 4 mm buffers Py /P, /P3: 0.2 N
Na-citrate pH 3.20/0.2 N Na-citrate pH 4.25/1.2 N Na-citrate and NaCl of pH 6.45. Temperatures T;/T>/T5:
48/56/80 °C. Flow rate: 25 ml/h; absorbance reading after color development with ninhydrin at 570/440 nm:

_/____

(cf. 1.2.4.3.5) to prevent reoxidation. Separation
of subunits is achieved by chromatographic or
electrophoretic methods.

1.4.1.2 Terminal Groups

N-terminal amino acids can be determined
by treating a protein with I-fluoro-2,4-
dinitrobenzene (Sanger’s reagent; cf. 1.2.4.2.2) or
5-dimethylaminonaphthalene-1-sulfonyl  chlor-
ide (dansyl chloride; cf. 1.2.4.2.1). Another pos-
sibility is the reaction with cyanate, followed by
elimination of the N-terminal amino acid in the
form of hydantoin, and separation and recovery
of the amino acid by cleavage of the hydantoin
(cf. 1.2.4.2.3). The N-terminal amino acid (and
the amino acid sequence close to the N-terminal)
is accessible by hydrolysis with aminopeptidase,
in which case it should be remembered that
the hydrolysis rate is dependent on amino acid
side chains and that proline residues are not

cleaved. A special procedure is required when
the N-terminal residue is acylated (N-formyl- or
N-acetyl amino acids, or pyroglutamic acid).
Determination of C-terminal amino acids is
possible via the hydrazinolysis procedure
recommended by Akabori:

H,N—CH—CO—(H N—(l:H—CO—)HN—CH—COOH
Rz-n

m

R,
H,N—NH,
—

H,N—CH—CO—NH—NH,
100°C |

Ri_s

+ HzN—?H—COOH
Rm
(1.83)

The C-terminal amino acid is then separated from
the amino acid hydrazides, e. g., by a cation ex-
change resin, and identified. It is possible to mark
the C-terminal amino acid through selective titra-
tion via oxazolinone:
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H,N-CHR' - €O HN - CHR™- CO - HN - CHR" - COOH

Ac,0

{Rn
CH3CO-HN - CHR' - CO----- HN - CHR™ |

Base
“HN - CHRm/( :o e HN- CHRm/Q‘X\
T2O 1
CH3;CO - HN - CHR ~CO“ - HN =~ CHR™- CO - HN - CTR" - COOH
H@

CH3COOH + H,N-CHR'-COOH + -+ +

+ H,N-CTR"-COOH
(1.84)

The C-terminal amino acids can be removed
enzymatically by carboxypeptidase A which
preferentially cleaves amino acids with aromatic
and large aliphatic side chains, carboxypep-
tidase B which preferentially cleaves lysine,
arginine and amino acids with neutral side chains
or carboxypeptidase C which cleaves with less
specificity but cleaves proline.

1.4.1.3 Partial Hydrolysis

Longer peptide chains are usually fragmented.
The fragments are then separated and analyzed
individually for amino acid sequences. Selec-
tive enzymatic cleavage of peptide bonds is
accomplished primarily with trypsin, which
cleaves exclusively Lys-X- and Arg-X-bonds,
and chymotrypsin, which cleaves peptide bonds
with less specificity (Tyr-X, Phe-X, Trp-X and
Leu-X). The enzymatic attack can be influenced
by modification of the protein. For example,
acylation of the €-amino group of lysine lim-
its tryptic hydrolysis to Arg-X (cf. 1.4.4.1.3
and 1.4.4.1.4), whereas substitution of the SH-
group of a cysteine residue with an aminoethyl
group introduces a new cleavage position
for trypsin into the molecule “pseudolysine
residue”):

H,N - CHR™- COOH

—NH—CH—CO—NH—CH—CO—

H,—SH R
H,C—CH, —NH—CH—CO—NH—CH—CO—
\/ |
NH R
L

CH,—S—CH,—CH,—NH,

Trypsin  —NH—CH—COOH + H,N—CH—CO—
—_—

CH,—S—CH,—CH,—NH, R
(1.85)

Also suited for the specific enzymatic hydrolysis
of peptide chains is the endoproteinase Glu-C
from Staphylococcus aureus V8. It cleaves Glu-
X bonds (ammonium carbonate buffer pH 7.8 or
ammonium acetate buffer pH 4.0) as well as Glu-
X plus Asp-X bonds (phosphate buffer pH 7.8).
The most important chemical method for selec-
tive cleavage uses cyanogen bromide (BrCN) to
attack Met-X-linkages (Reaction 1.86).
Hydrolysis of proteins with strong acids reveals
a difference in the rates of hydrolysis of peptide
bonds depending on the adjacent amino acid side
chain. Bonds involving amino groups of serine
and threonine are particularly susceptible to hy-
drolysis. This effect is due to
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HN—-—?H—CO—-
4 R

—NH—CH—C
AN
o
H, —-iH,
—CH,
|
N—GgH—co—
—NH—CH—C. R
N\
o
BrCN
HaC—CH,
Nc—s%—cw3
Br®
—CH,SCN VAR
—HBr —NH—cH—C” R
J— \
o
H,C—CH,
0
Ho  —NH—CH—C?  H;N—CH—CO—
—_— N\ |
R
H,C—CH,

(1.86)

N — O-acyl migration via the oxazoline and sub-
sequent hydrolysis of the ester bond:

—NH—CH—COOH + H,N—CH—CO—
H,OH
(1.87)

Hydrolysis of proteins with dilute acids preferen-
tially cleaves aspartyl-X-bonds.

Separation of peptide fragments is achieved by
gel and ion-exchange column chromatography
using a volatile buffer as eluent (pyridine,
morpholine acetate) which can be removed
by freeze-drying of the fractions collected.
The separation of peptides and proteins by
reversed-phase  HPLC has gained great im-
portance, using volatile buffers mixed with
organic, water-soluble solvents as the mobile
phase.

The fragmentation of the protein is performed by
different enzymic and/or chemical techniques,
at least by two enzymes of different specifity.
The arrangement of the obtained peptides in the
same order as they occur in the intact protein
is accomplished with the aid of overlapping
sequences. The principle of this method is
illustrated for subtilisin BPN’ as an example in
Fig. 1.11.

1.4.1.4 Sequence Analysis

The classical method is the Edman degradation
reaction. It involves stepwise degradation of
peptides with phenylisothiocyanate (cf. 1.2.4.2.3)
or suitable derivatives, e.g. dimethylaminoa-
zobenzene isothiocyanate (DABITC). The
resultant phenylthiohydantoin is either iden-
tified directly or the amino acid is recovered.
The stepwise reactions are performed in so-
lution or on peptide bound to a carrier, i.e.
to a solid phase. Both approaches have been
automated (“sequencer”). Carriers used include
resins containing amino groups (e.g. amino
polystyrene) or glass beads treated with amino
alkylsiloxane:

OH

/
Glass—OH + (CH;0):Si(CH,),—NH,

OH
(0]
—> Glass —0—Si—(CH,)—NH,
o (1.88)

The peptides are then attached to the carrier by
carboxyl groups (activation with carbodiimide
or carbonyl diimidazole, as in peptide synthesis)
or by amino groups. For example, a peptide
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Fig. 1.11. Subtilisin BPN; peptide bonds hydrolyzed by trypsin (T), chymotrypsin (C), and pepsin (P)

segment from the hydrolysis of protein by groups. Mild acidic treatment of the carrier
trypsin has lysine as its C-terminal amino acid. under conditions of the Edman degradation splits
It is attached to the carrier with p-phenylene- the first peptide bond. The Edman procedure
diisothiocyanate through the o- and e-amino is then performed on the shortened peptide
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through second, third and subsequent repetitive
reactions:

H;N—CH—CO—B—C—D— l'_yﬁCOOH

NH,
HN— Carrier —NH l SCN@NCS
Hril Carrier riu-i
" -
NH NH
IIIH TH
" :
ITIH b!JfH
CHR—CO—B—C—D—Lys—COOH
e
HN Carrier filH
(IES ('JS
NH NH
NH ITIH
N s
S N NH
O/ R

H,N—B—C—D—Lys—COOH (1.89)

Microvariants allow working in the picomole
range. In the reaction chamber, the protein
is fixed on a glass-fiber disc, and the cou-
pling and cleaving reagents are added and
removed in a carrier gas stream (vapour-phase
sequentiation).

Apart from the Edman degradation, other
methods can give valuable additional infor-
mation on sequence analysis. These methods
include the hydrolysis with amino- and car-
boxypeptidases as mentioned in the case of
end group analysis and the fragmentation of
suitable volatile peptide derivatives in a mass
spectrometer.

1.4.1.5 Derivation of Amino Acid Sequence
from the Nucleotide Sequence
of the Coding Gene

The number of proteins for which the coding gene
in the genome has been characterized is increas-
ing steadily. However, a considerable part of the
amino acid sequences known today has already
been derived from the nucleotide sequences in
question.

The background of this process will be briefly
described here. The nucleotides consist of four
different bases as well as 2-deoxyribose and phos-
phoric acid. They are the building blocks of the
high-molecular deoxyribonucleic acid (DNA).
The nucleotides are linked via 2-deoxyribose and
phosphoric acid as 3’ — 5'-diesters. In DNA, two
polynucleotide strands are linked together in each
case via hydrogen bridge bonds to give a double
helix. The bases thymine and adenine as well as
cytosine and guanine are complementary (cf. For-
mula 1.90). DNA is the carrier of the genetic
information which controls protein biosynthe-
sis via transcription to messenger ribonucleic
acid (RNA). In translation into proteins, the
sequence of bases codes the primary sequence of
amino acids. Here, three of the four bases ade-
nine, guanine, cytosine and thymine (abbreviated
AGCT) in each case determines one amino acid,
e.g., UGG codes for tryptophan (cf. Fig. 1.12).

UUU Phe UCU Ser UAU Tyr UGU Cys
UUC Phe UCC Ser UAC Tyr UGC Cys
UUA Phe UCA Ser UAA Stop UGA Stop
UUG Phe UCG Ser UAG Stop UGG Trp
CUU Leu CCU Pro CAU His CGU Arg
CUC Leu CCC Pro CAC His CGC Arg
CUA Leu CCA Pro CAA GlIn CGA Arg
CUG Leu CCG Pro CAG GlIn CGG Arg
AUU Ile ACU Thr AAU Asn AGU Ser
AUC Ile ACC Thr AAC Asn AGC Ser
AUA Tle ACA Thr AAA Lys AGA Arg
AUG Met ACG Thr AAG Lys AGG Arg
GUU Val GCU Ala GAU Asp GGU Gly
GUC Val GCC Ala GAC Asp GGC Gly
GUA Val GCA Ala GAA Glu GGA Gly
GUG Val GCG Ala GAG Glu GGG Gly

Fig. 1.12. The genetic code



Therefore, the primary sequence of a protein can
be derived from the nucleotide (base) sequence.
For the sequencing of DNA, the method of
choice is the dideoxy process (chain termi-
nation process) introduced by Fred Sanger
in 1975. The principle is based on the specific
termination of the enzymatic synthesis of a
DNA strand by means of DNA polymerase
by using a 2',3'-dideoxynucleotide, i.e., to
prevent polymerization with the formation
of the 3’ — 5'-phosphodiester at the position
of the base in question. For instance, if the
2/,3/-dideoxynucleotide of guanine is used,
the biosynthesis is stopped at guanine in each
case. To detect all the guanine residues, only
about 0.5mol% of the dideoxynucleotide in
question (based on the 2-deoxynucleotide) is
used. In this way, DNA fragments of varying
length are obtained which all have the same
5'-terminal and thus mark the position of the
base.

The starting material is a hybrid of the single-
stranded DNA to be sequenced and a primer
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lengthened with the help of DNA polymerase
and a mixture of the 4 nucleotides and one
2/,3’-dideoxynucleotide in each case. The primer
serves as a defined starting position and also as an
initiator for the start of the synthesis of the com-
plementary DNA strand. The DNA fragments of
different length obtained in four experiments are
then separated electrophoretically according to
molecular size. For detection, either the primer
can be labelled with four different fluorescent
dyes (TAG) or the four dideoxynucleotides are
labelled with different fluorescent dyes. In the
former case, 4 series of experiments are carried
out with differently labelled primers and one
of the 4 dideoxynucleotides in each case. The
charges are combined and electrophoretically
separated together. The primary sequence is de-
termined from the signals measured at different
wave lengths (Fig. 1.13). When 4 differently
labelled dideoxynucleotides are used, the primer
is not labelled. Alternatively, the dideoxynu-
cleotides can also be radioactively labelled
(e. g., with 32P). In this case, four separate DNA

consisting of about 20 nucleotides. This is syntheses are also required.
Guanine
0, o® 0
O~
(o) N
O—CH, ¢ ﬁ
P
°\\P e HC O
S0 >—< Thymine
o] 0—cH, / H Y
o N—(
o} . .
H, Cytosine Guanine
o —
LIS N—H ======= N
eO'P‘ A\ ﬁ
O—CcH, & u—— HeN DN _
N—( =N Desoxyribosephosphate
Ql-------- H-N,
H
L0 NH,
eo/

0P
°ocn2 <\z

v N S
O—CH 4 N Adenine
0 S AL

N

’

Ol-=-=-=- H=N Adenine

\l

Desoxyribosephosphate

HyC

N—H------ |N
\—N

Thymlne

(1.90)
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Adenine M‘ J\‘
AY

_eJ\fL
e B | \ g

CATAGCTGTTTCCTGTGTGAAA

Thymine

Guanine

"¢

Fluorescence intensity

Base sequence

Fig. 1.13. Fluorescence detection of electrophoreti-
cally separated DNA fragments obtained by using the
dideoxy method (according to Smith et al., 1986)

C

Fig. 1.14. Electron density distribution patterns for
2,5-dioxopiperazine with varying resolution extent.
a0.11 nm, b 0.15 nm, ¢ 0.20 nm, d 0.60 nm (after Pe-
rutz, 1962)

1.4.2 Conformation

Information about conformation is available
through X-ray crystallographic analysis of
protein crystals and by measuring the distance
(<30 nm) between selected protons of the peptide
chain (NH[_NHiJrl, NHi+1—CaH[, NHi+1_CBHi7
CoHi—CoH;+1, CoH;=CgH) by means of H-NMR
spectroscopy in solution. This assumes that, in
many cases, the conformation of the protein in
crystalline form is similar to that of the protein in
solution. As an example the calculated electron

Fig. 1.15. Structure of an elongated peptide chain.
® Carbon, () oxygen, QO nitrogen, O hydrogen and
® side chain

density distributions of 2,5-dioxopiperazine
based on various degrees of resolution are
presented in Fig. 1.14. Individual atoms are
well revealed at 0.11 nm. Such a resolution
has not been achieved with proteins. Reliable
localization of the Cy-atom of the peptide chain
requires a resolution of less than 0.3 nm.

1.4.2.1 Extended Peptide Chains

X-ray structural analysis and other physical mea-
surements of a fully extended peptide chain re-
veal the lengths and angles of bonds (see the “ball
and stick” representation in Fig. 1.15). The pep-
tide bond has partial (40%) double bond char-
acter with Tt electrons shared between the C'—O
and C'—N bonds. The resonance energy is about
83.6 kJ /mole:

— —C H
uC\c’__NH N ef
7\ o/ \

o Ca 9 S (191

Normally the bond has a trans-configuration, i.e.
the oxygen of the carbonyl group and the hydro-
gen of the NH group are in the trans-position;
a cis-configuration which has 8 kJmol~! more
energy occurs only in exceptional cases (e.g. in



small cyclic peptides or in proteins before proline
residues).

Thus in ribonuclease A, two X-Pro bonds
have trans-conformation (Pro-42 and Pro-
117), and two have cis-conformation (Pro-93
and Pro-114). The equilibrium between the
two isomers is catalyzed by specific en-
zymes (peptidyl-prolyl-cis/trans-isomerases).
This accelerates the folding of a peptide
chain (cf. 1.4.2.3.2), which in terms of the
biosynthesis occurs initially in all-trans-
conformation.

Six atoms of the peptide bonds, Cf‘, C{, O;, Nit1,
CiofH and Hj;, lie in one plane (cf. Fig. 1.16).
For a trans-peptide bond, o; is 180°. The position
of two neighboring planes is determined by the
numerical value of the angles ; (rotational bond
between a carbonyl carbon and an o-carbon) and
0; (rotational bond between an amide-N and an
o-carbon). For an extended peptide chain, y; =
180° and ¢; = 180°. The position of side chains

can also be described by a series of angles Xll -,

Fig. 1.16. Definitions for torsion angles in a peptide
chain

; = 0° for C?*Ci,/NprlfCﬁ_l — cis,

Wy, = 0° for C¥—N; /C/—O; — trans,

¢; = 0° for C;—C}/N;—H — trans,

% = 0° for C*—N;CP—C; — cis.

The angles are positive when the rotation is clock-
wise and viewed from the N-terminal side of a bond
or (for X) from the atom closer to the main chain re-
spectively. (according to Schulz and Schirmer, 1979)

1.4 Proteins 49

1.4.2.2 Secondary Structure
(Regular Structural Elements)

The primary structure gives the sequence of
amino acids in a protein chain while the sec-
ondary structure reveals the arrangement of the
chain in space. The peptide chains are not in
an extended or unfolded form (y;,¢; = 180°).
It can be shown with models that y; and ¢;,
at a permissible minimum distance between
non-bonding atoms (Table 1.20), can assume
only particular angles. Figure 1.17 presents the

Table 1.20. Minimal distances for nonbonded
atoms (A)

C N o) H

C 3.20° 2.90 2.80 2.40
(3.00)° (2.80) (2.70) (2.20)

N 2.70 2.70 2.40
(2.60) (2.60) (2.20)

o) 2.70 2.40
(2.60) (2.20)

H 2.00
(1.90)

4 Normal values.
b Extreme values.

18Q°
3
|
21 2 !
120° La ;
Ve ’ |/4|
60° ! 0]
N | { !
| N |
l 00
>~ L |l
N
————
-120°
-1800——L——
-180° -120° -60° 0° 60° 120°  180°

O —

Fig. 1.17. ¢,y-Diagram (Ramachandran plot). Al-
lowed conformations for amino acids with a CP-atom
obtained by using normal (—) and lower limit (---)
contact distances for non-bonded atoms, from Ta-
ble 1.20. B-Sheet structures: antiparallel (1); paral-
lel (2), twisted (3). Helices: o, left-handed (4), 319 (5),
a, right-handed (6), & (7)
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Table 1.21. Regular structural elements (secondary structures) in polypeptides

Structure D \) nt  d° r¢ Comments
¢ O & A

[-Pleated sheet, parallel -119 +113 2.0 32 1.1 Occurs occasionally in neighbouring
chain sectors of globular proteins

[B-Pleated sheet, antiparallel —-139 +135 2.0 3.4 0.9  Common in proteins and synthetic
polypeptides

30-Helix —49 —26 23 20 1.9  Observed at the ends of o-helixes

a-Helix, left-handed coiling +57 +47 36 1.5 2.3 Common in globular proteins, as o
“coiled coil” in fibrous proteins

a-Helix, right-handed coiling —57 —47 36 1.5 2.3 Poly-D-amino acids poly-(B-benzyl)-
L-aspartate

n-Helix —57 —70 44 1.15 2.8 Hypothetical

Polyglycine II —80 +150 3.0 1 Similar to antiparallel B-pleated-
sheet formation

Polyglycine 1II, +80 —-150 3.0 3.1 Synthetic polyglycine is a mixture of

left-handed coiling right- and left-handed helices; in
some silk fibroins, the left-handed
helix occurs

Poly-L-proline I —83 +158 33 1.9 Synthetic poly-L-proline, only
cis-peptide bonds

Poly-L-proline II —78 +149 3.0 3.1 As left-handed polyglycine II, as

triple helix in collagen

4 Amino acid residues per turn.
b The rise along the axis direction, per residue.
¢ The radius of the helix.

permissible ranges for amino acids other than
glycine (R # H). The range is broader for glycine
(R = H). Figure 1.18 demonstrates that most
of 13 different proteins with a total of about

180°

0ot

v

-180°—" s 1
-180° 0°

G —n

180°

Fig. 1.18. ¢, y-Diagram for observed values of 13 dif-
ferent proteins containing a total of 2500 amino acids.
(according to Schulz and Schirmer, 1979)

2500 amino acid residues have been shown
empirically to have values of ,¢-pairs within
the permissible range. When a multitude of
equal y, ¢-pairs occurs consecutively in a peptide
chain, the chain acquires regular repeating struc-
tural elements. The types of structural elements
are compiled in Table 1.21.

1.4.2.2.1 B-Sheet

Three regular structural elements (pleated-
sheet structures) have values in the range of
0 = —120°C and y = +120°C. The peptide
chain is always lightly folded on the C, atom
(cf. Fig. 1.19), thus the R side chains extend
perpendicularly to the extension axis of the chain,
i. e. the side chains change their projections alter-
nately from +z to —z. Such a pleated structure is
stabilized when more chains are present.

Subsequently, adjacent chains interact along the
x-axis by hydrogen bonding, thus providing the
cross-linking required for stability. When adja-
cent chains run in the same direction, the peptide
chains are parallel. This provides a stabilized,



Fig. 1.19. A pleated sheet structure of a peptide chain

planar, parallel sheet structure. When the chains
run in opposite directions, a planar, antiparallel
sheet structure is stabilized (Fig. 1.20). The
lower free energy, twisted sheet structures, in
which the main axes of the neighboring chains
are arranged at an angle of 25 °C (Fig. 1.21), are
more common than planar sheet structures.

The B structures can also be regarded as special
helix with a continuation of 2 residues per turn.
With proline, the formation of a [ structure is not
possible.

Fig. 1.20. Diagrammatic presentation of antiparallel (a)
and parallel (b) peptide chain arrangements
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Fig. 1.21. Diagrammatic presentation of a twisted sheet
structure of parallel peptide chains (according to Schulz
and Schirmer, 1979)

1.4.2.2.2 Helical Structures

There are three regular structural elements in the
range of ¢ = —60° and y = —60° (cf. Fig. 1.17)
in which the peptide chains are coiled like
a threaded screw. These structures are stabilized
by intrachain hydrogen bridges which extend
almost parallel to the helix axis, crosslinking
the CO and NH groups, i.e., the CO group
of amino acid residue i with the NH group of
residue i+ 3 (319-helix), 1 +4 (o-helix) ori+5
(m-helix).

The most common structure is the o-helix and for
polypeptides from L-amino acids, exclusively the
right-handed o-helix (Fig. 1.22). The left-handed
o-helix is energetically unfavourable for L-amino
acids, since the side chains here are in close
contact with the backbone. No a-helix is possible
with proline. The 3;p-helix was observed only at
the ends of o-helices but not as an independent
regular structure. The m-helix is hypotheti-
cal. Two helical conformations are known of
polyproline (I and II). Polyproline I contains
only cispeptide bonds and is right-handed, while
polyproline 1II contains trans-peptide bonds
and is left-handed. The stability of the two
conformations depends on the solvent and other
factors. In water, polyproline II predominates.
Polyglycine can also occur in two conformations.
Polyglycine I is a B-structure, while polyglcine IT
corresponds largely to the polyproline II-helix.
A helix is characterized by the angles ¢ and v,
or by the parameters derived from these angles:
n, the number of amino acid residues per turn;
d, the rise along the main axis per amino acid
residue; and r, the radius of the helix. Thus,
the equation for the pitch, p, is p = n-d. The
parameters n and d are presented within a ¢,y
plot in Fig. 1.23.
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180°

-180°
-180°

180°

Fig. 1.23. ¢,y-Diagram with marked helix param-
eters n (---) and d (—). (according to Schulz and
Schirmer, 1979)

Table 1.22. 3-Turns in the peptide chain of egg white

lysozyme

Residue Number Sequence
20-23 Y R G Y
36-39 S N F N
39-42 N T Q A
47-50 T D G S
54-57 G I L E
60-63 S R W W
66-69 D G R T
69-72 T P G S
74-77 N L C N
85-88 S S D 1

100-103 S D G D

103-106 D G M N

1.4.2.2.3 Reverse Turns

An important conformational feature of globular
proteins are the reverseturns B-turns and -bends.
They occur at “hairpin” corners, where the
peptide chain changes direction abruptly. Such
corners involve four amino acid residues often
including proline and glycine. Several types of
turns are known; of greatest importance are type I
(42% of 421 examined turns), type II (15%) and
type III (18%); see Fig. 1.24.

In type I, all amino acid residues are al-
lowed, with the exception of proline in
position 3. In type II, glycine is required
in position 3. In type III, which corre-
sponds to a 3jp-helix, all amino acids are
allowed. The sequences of the [-bends
of lysozyme are listed in Table 1.22 as an
example.

1.4.2.2.4 Super-Secondary Structures

Analysis of known protein structures has
demonstrated that regular elements can exist in
combined forms. Examples are the coiled-coil
a-helix (Fig. 1.25, a), chain segments with
antiparallel [B-structures (B-meander structure;
Fig. 1.25, b) and combinations of o-helix and
B-structure (e. g., Bafof; Fig. 1.25 ¢).
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Fig. 1.24. Turns of the peptide chains (B-turns), types I-III. O = carbon, ¢ = nitrogen, ® = oxygen. The o-C atoms
of the amino acid residues are marked 1-4. X = no side chain allowed

708

Fig. 1.25. Superhelix secondary structure (according to
Schulz and Schirmer, 1979). a coiled-coil o-helix, b 3-
meander, ¢ Bofof-structure

1.4.2.3 Tertiary and Quaternary Structures

Proteins can be divided into two large groups on
the basis of conformation: (a) fibrillar (fibrous)
or scleroproteins, and (b) folded or globular pro-
teins.

1.4.2.3.1 Fibrous Proteins

The entire peptide chain is packed or arranged
within a single regular structure for a variety of
fibrous proteins. Examples are wool keratin (-
helix), silk fibroin (B-sheet structure) and colla-
gen (a triple helix). Stabilization of these struc-
tures is achieved by intermolecular bonding (elec-
trostatic interaction and disulfide linkages, but
primarily hydrogen bonds and hydrophobic inter-
actions).

1.4.2.3.2 Globular Proteins

Regular structural elements are mixed with ran-
domly extended chain segments (randomly coiled
structures) in globular proteins. The proportion of
regular structural elements is highly variable: 20—
30% in casein, 45% in lysozyme and 75% in myo-
globin (Table 1.23). Five structural subgroups are
known in this group of proteins: (1) a-helices

Table 1.23. Proportion of “regular structural elements”
present in various globular proteins

Protein o-Helix  B-Structure ng n = %
Myoglobin 3-16* 14
20-34 15
35-41 7
50-56 7
58-77 20
85-93 9
99-116 18
123-145 23
151 173 75
Lysozyme 5-15 11
24-34 11
41-54 14
80-85 6
88-96 9
97-101 5
109-125 7
129 63 49
o1 -Casein 199 ca. 30
B-Casein 209 ca. 20

4 Position number of the amino acid residue in the
sequence.

ng: Total number of amino acid residues.

n: Amino acid residues within the regular structure.

%: Percentage of the amino acid residues present in reg-
ular structure.
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occur only; (2) B-structures occur only; (3) o-
helical and B-structural portions occur in separate
segments on the peptide chain; (4) o-helix and
[-structures alternate along the peptide chain; and
(5) o-helix and B-structures do not exist.

The process of peptide chain folding is not yet
fully understood. It begins spontaneously, proba-
bly arising from one center or from several cen-
ters of high stability in larger proteins. The ten-
dency to form regular structural elements shows
a very different development in the various amino
acid residues. Table 1.24 lists data which were
derived from the analysis of globular proteins of
known conformation. The data indicate, for ex-
ample, that Met, Glu, Leu and Ala are strongly
helix-forming. Gly and Pro on the other hand
show a strong helix-breaking tendency. Val, Ile
and Leu promote the formation of pleated-sheet
structures, while Asp, Glu and Pro prevent them.

Table 1.24. Normalized frequencies® of amino acid
residues in the regular structural elements of globular
proteins

Amino acid  o-Helix  Pleated sheet  [-Turn
(Po) (Pg) (Po)
Ala 1.29 0.90 0.78
Cys 1.11 0.74 0.80
Leu 1.30 1.02 0.59
Met 1.47 0.97 0.39
Glu 1.44 0.75 1.00
Gln 1.27 0.80 0.97
His 1.22 1.08 0.69
Lys 1.23 0.77 0.96
Val 0.91 1.49 0.47
Ile 0.97 1.45 0.51
Phe 1.07 1.32 0.58
Tyr 0.72 1.25 1.05
Trp 0.99 1.14 0.75
Thr 0.82 1.21 1.03
Gly 0.56 0.92 1.64
Ser 0.82 0.95 1.33
Asp 1.04 0.72 1.41
Asn 0.90 0.76 1.28
Pro 0.52 0.64 1.91
Arg 0.96 0.99 0.88

4 Shown is the fraction of an amino acid in a regular
structural element, related to the fraction of all amino
acids of the same structural element. P = 1 means ran-
dom distribution; P > 1 means enrichment, P < 1 means
depletion. The data are based on an analysis of 66 pro-
tein structures.

Pro and Gly are important building blocks of
turns. Arginine does not prefer any of the three
structures. By means of such data it is possible to
forecast the expected conformations for a given
amino acid sequence.

Folding of the peptide chain packs it densely
by formation of a large number of intermolecu-
lar noncovalent bonds. Data on the nature of the
bonds involved are provided in Table 1.25.

The H-bonds formed between main chains, main
and side chains and side-side chains are of par-
ticular importance for folding. The portion of po-
lar groups involved in H-bond buildup in proteins
of Mr > 8.9 kdal appears to be fairly constant at
about 50%.

The hydrophobic interaction of the nonpolar re-
gions of the peptide chains also plays an import-
ant role in protein folding. These interactions are
responsible for the fact that nonpolar groups are
folded to a great extent towards the interior of the
protein globule. The surface areas accessible to
water molecules have been calculated for both un-
folded and native folded forms for a number of
monomeric proteins with known conformations.
The proportion of the accessible surface in the
stretched state, which tends to be burried in the in-
terior of the globule as a result of folding, is a sim-
ple linear function of the molecular weight (M).
The gain in free energy for the folded surface is

Table 1.25. Bond-types in proteins

Type Examples Bond
strength
(kJ/mole)
Covalent —-S-S— ca. —230
bonds
Electrostatic —COO-H3;N* — —21
bonds >C=0 0=C< +1.3
Hydrogen -O-H--- O< —16.7
bonds >N-H--- 0=C< —12.5
. CH; H,C b
Hydrophoblc__CH >CH— 0.01
bonds CH, H,C
—Ala --- Ala— -3
—Val --- Val- -8
—Leu --- Leu— -9
—Phe - - - Phe— —13
—Trp --- Trp- —19
2 Fore =4.

b Per A2-surface area.



10 kInm 2. Therefore, the total hydrophobic con-
tribution to free energy due to folding is:

AGup =88 M+ 79:1075 M? [J-mol ] (1.92)

This relation is valid for a range of 6108 < M
< 34,409, but appears to be also valid for larger
molecules since they often consist of several
loose associations of independent globular
portions called structural domains (Fig. 1.26).

Proteins with disulfide bonds fold at a signifi-
cantly slower rate than those without disulfide
bonds. Folding is not limited by the reaction
rate of disulfide formation. Therefore the folding
process of disulfide-containing proteins seems to
proceed in a different way. The reverse process,
protein unfolding, is very much slowed down
by the presence of disulfide bridges which
generally impart great stability to globular
proteins. This stability is particularly effec-
tive against denaturation. An example is the
Bowman-Birk inhibitor from soybean (Fig. 1.27)
which inhibits the activity of trypsin and chy-
motrypsin. Its tertiary structure is stabilized
by seven disulfide bridges. The reactive sites

Fig. 1.26. Globular protein with two-domain structure
(according to Schulz and Schirmer, 1979 )
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of inhibition are Lys“’—Ser17 and Leu®3-Ser,
i.e. both sites are located in relatively small
rings, each of which consists of nine amino
acid residues held in ring form by a disulfide
bridge. The thermal stability of this inhibitor is
high.

As examples of the folding of globular proteins,
Fig. 1.28 shows schematically the course of the
peptide chains in the B-chain of hemoglobin, in
triosephosphate isomerase and carboxypeptidase.
Other protein conformations are shown in the fol-
lowing figures:

— Fig. 8.7 (cf. 8.8.4): Thaumatin and monellin
(two-dimensional)

— Fig. 8.8 (cf. 8.8.5): Thaumatin and monellin
(three-dimensional)

— Fig. 11.3 (cf. 11.2.3.1.4): Lysozyme

1.42.3.3 BSE

The origination of transmissible spongiform en-
cephalopathies (TESs) is explained by a change
in the protein conformation. (The name refers to
the spongy deformations which occur in the brain
in this disease. The resulting defects interrupt
the transmission of signals). One of the TESs
is bovine spongiform encephalopathy (BSE).
According to the current hypothesis, TESs are
caused by pathogenic prion proteins (PrPp),
which can be present in the animal meal used
as feed. PrPp are formed from normal prion
proteins (PrPn) found in all mammalian cells.

Fig. 1.27. Bowman-Birk inhibitor from soybean (according to lkenaka et al., 1974)
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Fig. 1.28. Tertiary structures (schematic: spiral: a-helix, arrow: pleated sheet) of the B-chain of hemoglobin (a),
of triosephosphate isomerase (b) and carboxypeptidase (c). (according to Walton, 1981)

However, a PrPp forces the pathogenic confor-
mation on a PrPn. The stability towards serine
proteinase K from the fungus Tritirachium
album is used to differentiate between PrPp
and PrPn. Serine proteinase K, which attacks
the carboxyl side of hydrophobic amino acids,
largely hydrolyzes PrPn while a characteristic
peptide (M, 27-30 kDa) is released from PrPp.
This marker can be identified using the sandwich
ELISA (cf. 2.6.3).

1.4.2.3.4 Quaternary Structures

In addition to the free energy gain by folding
of a single peptide chain, association of more
than one peptide chain (subunit) can provide
further gains in free energy. For example,
hemoglobin (4 associated peptide chains)
AG® = —46kImole™! and the trypsin-trypsin
inhibitor complex (association of 2 peptide
chains) A G° = —75.2kJmole~". In principle
such associations correspond to the folding of
a larger peptide chain with several structural
domains without covalently binding the subunits.
Table 1.26 lists some proteins which partially
exhibit quaternary structures.

1.4.2.4 Denaturation

The term denaturation denotes a reversible or ir-
reversible change of native conformation (tertiary
structure) without cleavage of covalent bonds (ex-
cept for disulfide bridges). Denaturation is pos-
sible with any treatment that cleaves hydrogen

Table 1.26. Examples of globular proteins

Name Origin Molecular Number
weight  of
(Kdal) subunits
Lysozyme Chicken egg 14.6 1
Papain Papaya latex 20.7 1
o-Chymotrypsin Pancreas 23 1
(beef)
Trypsin Pancreas 23.8 1
(beef)
Pectinesterase Tomato 27.5
Chymosin Stomach 31
(calf)
B-Lactoglobulin  Milk 35 2
Pepsin A Stomach 35 1
(swine)
Peroxidase Horseradish 40 1
Hemoglobin Blood 64.5 4
Avidin Chicken egg 68.3 4
Alcohol-
dehydrogenase Liver (horse) 80 2
Yeast 150 4
Hexokinase Yeast 104 2
Lactate
dehydrogenase Heart (swine) 135 4
Glucose oxidase P. notatum 152
Pyruvate kinase ~ Yeast 161 8
A. niger 186
B-Amylase Sweet potato 215 4
Catalase Liver (beef) 232 4
M. lysodeikticus 232
Adenosine
triphosphatase Heart (beef) 284 6
Urease Jack beans 483 6
Glutamine
synthetase E. coli 592 12
Arginine
decarboxylase E. coli 820 10




bridges, ionic or hydrophobic bonds. This can be
accomplished by: changing the temperature, ad-
justing the pH, increasing the interface area, or
adding organic solvents, salts, urea, guanidine hy-
rochloride or detergents such as sodium dodecyl
sulfate. Denaturation is generally reversible when
the peptide chain is stabilized in its unfolded state
by the denaturing agent and the native confor-
mation can be reestablished after removal of the
agent. Irreversible denaturation occurs when the
unfolded peptide chain is stabilized by interaction
with other chains (as occurs for instance with egg
proteins during boiling). During unfolding reac-
tive groups, such as thiol groups, that were buried
or blocked, may be exposed. Their participation
in the formation of disulfide bonds may also cause
an irreversible denaturation.

An aggregation of the peptide chains caused by
the folding of globular proteins is connected with
reduced solubility or swellability. Thus the part
of wheat gluten that is soluble in acetic acid di-
minishes as heat stress increases (Fig. 1.29). As
a result of the reduced rising capacity of gluten
caused by the pre-treatment, the volume of bread
made of recombined flours is smaller (Fig. 1.30).
In the case of fibrous proteins, denaturation,
through destruction of the highly ordered struc-
ture, generally leads to increased solubility or
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Fig. 1.29. Solubility of moist gluten (wheat) in diluted
acetic acid after various forms of thermal stress (ac-
cording to Pence et al., 1953)
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rising capacity. One example is the thermally
caused collagen-to-gelatin conversion, which
occurs when meat is cooked (cf. 12.3.2.3.1).

The thermal denaturation of the whey proteins
B-lactoglobulin and a-lactalbumin has been well-
studied. The data in Table 1.27 based on reaction
kinetics and the Arrhenius diagram (Fig. 1.31)
indicate that the activation energy of the overall
reaction in the range of 80-90 °C changes. The
higher E, values at lower temperatures must be
attributed to folding, which is the partial reac-
tion that determines the reaction rate at temper-
atures <90 °C. At higher temperatures (>95 °C),
the aggregation to which the lower activation en-
ergy corresponds predominates.
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Fig. 1.30. Volume of white bread of recombined flours
using thermally treated liquid gluten (wheat) (accord-
ing to Pence et al., 1953)
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Fig. 1.31. Arrhenius diagram for the denaturation of the
whey proteins B-lactoglobulin A, B-lactoglobulin B and
a-lactalbumin B (according to Kessler, 1988)
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Table 1.27. Denaturation of B-lactoglobulins A and B
(B-LG-A, B-LG-B) and of o-lactalbumin (a-LA)

Protein n ¢ E, In(k,) AS7
°C) (kJmol~1) (s™1) (kJmol~1)
K71
B-LG-A 1.5 70-90 265.21 84.16  0.445
95-150 54.07 14.41 —0.136
B-LG-B 1.5 70-90 279.96 8§9.43  0.487
95-150  47.75 12.66 —0.150
o-LA 1.0 70-80 268.56 84.92  0.452
85-150 69.01 1695 —0.115

n: reaction order, d: temperature, E,: activation energy,
Ko: reaction rate constant, AS”: activation entropy.

The values in Table 1.27 determined for activa-
tion entropy also support the above mentioned
attribution. In the temperature range of 70-90 °C,
AS* is always positive, which indicates a state
of greater disorder than should be expected
with the predominance of the folding reaction.
On the other hand, the negative AS* values at
95-105 °C indicate a state of greater order than
should be expected considering that aggregation
predominates in this temperature range. Detailed
studies of the kind described above allow optimal
control of thermal processes. In the case of
milk processing, the data have made it possible,
for example, to avoid the separation of whey
proteins in heating equipment and to optimize
the properties of yogurt gels (cf. 10.1.3.3
and 10.2.1.2).

Figure 1.32 shows the denaturation of B-LG
in a diagram that combines the heating pe-
riod with the temperature (cf. 2.5.4.3) in the
form of straight lines of equal denaturation
degrees. This allows us to read directly the
time/temperature  combinations required for
a certain desired effect. At 85°C/136s for
example, only 60% of the B-LG-B are folded,
so that only 60% can aggregate, although 90%
would be potentially able to aggregate: at this
temperature, the folding determines the overall
reaction, as shown above. Conversely, 90% of
the protein is potentially folded at 95°C/21s
while only 60% can be aggregated. At this
temperature, aggregation determines the overall
reaction.

Denaturation of biologically active proteins is
usually associated with loss of activity. The fact
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Fig. 1.32. Lines of equal denaturation degrees of
B-lactoglobulin B. [The steeper lines correspond to the
folding (60%, 90%), the flatter lines to aggregation
(60%, 90%)j; at point a, 60% are folded and 90% can
be aggregated, corresponding to an overall reaction
of 60%; at point b, 90% are folded and 60% can be ag-
gregated, corresponding to an overall reaction of 60%;
according to Kessler, 1988]

that denatured proteins are more readily digested
by proteolytic enzymes is also of interest.

1.4.3 Physical Properties

1.4.3.1 Dissociation

Proteins, like amino acids, are amphoteric.
Depending on pH, they can exist as polyvalent
cations, anions or zwitter ions. Proteins differ
in their o-carboxyl and o-amino groups — since
these groups are linked together by peptide
bonds, the uptake or release of protons is limited
to free terminal groups. Therefore, most of the
dissociable functional groups are derived from
side chains. Table 1.28 lists pK values of some
protein groups. In contrast to free amino acids,
these values fluctuate greatly for proteins since
the dissociation is influenced by neighboring
groups in the macromolecule. For example, in
lysozyme the y-carboxyl group of Glu33 has a pK



Table 1.28. pK values of protein side chains

Group pK Group pK

(25°C) (25°0)
a-Carboxyl- 3-4  Imidazolium- 4-8
B,y-Carboxyl- 3-5  Hydroxy-
o-Ammonium- 7-8 (aromatic) 9-12
e-Ammonium- 9-11 Thiol 8-11
Guanidinium- 12-13

of 6-6.5, while the pK of the B-carboxyl group of
Asp®® is 1.5-2, of Asp>? is 3—4.6 and of Asp'¥!
is 4.2-4.7.

The total charge of a protein, which is the ab-
solute sum of all positive and negative charges,
is differentiated from the so-called net charge
which, depending on the pH, may be positive,
zero or negative. By definition the net charge is
zero and the total charge is maximal at the iso-
electric point. Lowering or raising the pH tends
to increase the net charge towards its maximum,
while the total charge always becomes less than
at the isolectric point.

Since proteins interact not only with protons but
also with other ions, there is a further differentia-
tion between an isoionic and an isoelectric point.
The isoionic point is defined as the pH of a pro-
tein solution at infinite dilution, with no other
ions present except for HY and HO ™. Such a pro-
tein solution can be acquired by extensive dialy-
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sis (or, better, electrodialysis) against water. The
isoionic point is constant for a given substance
while the isoelectric point is variable depending
on the ions present and their concentration. In
the presence of salts, i.e. when binding of an-
ions is stronger than that of cations, the isoelec-
tric point is lower than the isoionic point. The
reverse is true when cationic binding is domi-
nant. Figure 1.33 shows the shift in pH of an
isoionic serum albumin solution after addition
of various salts. The shift in pH is consistently
positive, i.e. the protein binds more anions than
cations.

The titration curve of B-lactoglobulin at various
ionic strengths (Fig. 1.34) shows that the isoelec-
tric point of this protein, at pH 5.18, is independ-
ent of the salts present. The titration curves are,
however, steeper with increasing ionic strength,
which indicates greater suppression of the elec-
trostatic interaction between protein molecules.
At its isoelectric point a protein is the least sol-
uble and the most likely to precipitate (“isoelec-
tric precipitation”) and is at its maximal crystal-
lization capacity. The viscosity of solubilized pro-
teins and the swelling power of insoluble proteins
are at a minimum at the isoelectric point.

When the amino acid composition of a protein is
known, the isoelectric point can be estimated ac-
cording to the following formula:

pl=-101log Q, + 7.0 (1.93)

1 -logc 2

Fig. 1.33. pH-shift of isoionic serum albumin solutions by added salts. (according to Edsall and Wymann, 1958)



60 1 Amino Acids, Peptides, Proteins
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Fig. 1.34. Titration curves for -lactoglobulin at var-
ious ionic strengths . (according to FEdsall and
Wyman, 1958)

where Qpl is the sum of deviations of the isoelec-
tric points of all participating amino acids from
the neutral point:

-~ 4.2-n Asp+3.8m Glu
~ 3.8q Arg+2.61 Lys +0.5s His

Qpi (1.94)

The formula fails when acid or alkaline groups
occur in masked form.

(m)107% 1 (m)1073
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1.4.3.2 Optical Activity

The optical activity of proteins is due not only
to asymmetry of amino acids but also to the
chirality resulting from the arrangement of
the peptide chain. Information on the con-
formation of proteins can be obtained from
a recording of the optical rotatory dispersion
(ORD) or the circular dichroism (CD), espe-
cially in the range of peptide bond absorption
wavelengths (190-200 nm). The Cotton effect
occurs in this range and reveals quantitative
information on secondary structure. An oO-
helix or a B-structure gives a negative Cotton
effect, with absorption maxima at 199 and
205nm respectively, while a randomly coiled
conformation shifts the maximum to shorter
wavelengths, i.e. results in a positive Cotton
effect (Fig. 1.35).

1.4.3.3 Solubility, Hydration and Swelling
Power

Protein solubility is variable and is influenced
by the number of polar and apolar groups and
their arrangement along the molecule. Gen-
erally, proteins are soluble only in strongly

h 188 205
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Fig. 1.35. Cotton effect. a Polylysine o-helix (1, pH 11-11.5) B-sheet structure (2, pH 11-11.3 and heated above
50 °C) and random coiled (3, pH 5-7). b Ribonuclease with 20% o-helix, 40% B-sheet structure and 40% random
coiled region. (according to Luebke, Schroeder, and Kloss, 1975)



polar solvents such as water, glycerol, for-
mamide, dimethylformamide or formic acid.
In a less polar solvent such as ethanol, pro-
teins are rarely noticeably soluble (e.g.
prolamines). The solubility in water is de-
pendent on pH and on salt concentration.
Figure 1.36 shows these relationships for
B-lactoglobulin.

At low ionic strengths, the solubility rises with
increase in ionic strength and the solubility mini-
mum (isoelectric point) is shifted from pH 5.4 to
pH 5.2. This shift is due to preferential binding of
anions to the protein.

If a protein has enough exposed hydrophobic
groups at the isoelectric point, it aggregates
due to the lack of electrostatic repulsion
via intermolecular hydrophobic bonds, and
(isoelectric) precipitation will occur. If on
the other hand, intermolecular hydropho-
bic interactions are only poorly developed,
a protein will remain in solution even at the
isoelectric point, due to hydration and steric
repulsion.

As a rule, neutral salts have a two-fold effect on
protein solubility. At low concentrations they in-
crease the solubility (“salting in” effect) by sup-
pressing the electrostatic protein-protein interac-
tion (binding forces).

pH

Fig. 1.36. B-Lactoglobulin solubility as affected by pH
and ionic strength 1. 0.001, II. 0.005, III. 0.01, IV. 0.02
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The log of the solubility (S) is proportional
to the ionic strength (u) at low concentrations
(cf. Fig. 1.36.):
logS =k-pu. (1.95)
Protein solubility is decreased (“salting out” ef-
fect) at higher salt concentrations due to the ion
hydration tendency of the salts. The following re-
lationship applies (So: solubility at u = 0; K: salt-
ing out constant):

logS =logSp—K . (1.96)
Cations and anions in the presence of the same
counter ion can be arranged in the following or-

ders (Hofmeister series) based on their salting out
effects:

K™ >Rb" >Na" > Cs™ > Li" > NH/ ;
SO42’ > citrate?>” > tratrate>~ > acetate

>CI" >NO; >Br >J >CNS™. (1.97)
Multivalent anions are more effective than mono-
valent anions, while divalent cations are less ef-
fective than monovalent cations.

Since proteins are polar substances, they are
hydrated in water. The degree of hydration
(g water of hydration/g protein) is variable.
It is 0.22 for ovalbumin (in ammonium sul-
fate), 0.06 for edestin (in ammonium sulfate),
0.8 for B-lactoglobulin and 0.3 for hemoglobin.
Approximately 300 water molecules are suffi-
cient to cover the surface of lysozyme (about
6000 Az), that is one water molecule per
20 A2,

The swelling of insoluble proteins corresponds
to the hydration of soluble proteins in that
insertion of water between the peptide chains
results in an increase in volume and other
changes in the physical properties of the pro-
tein. For example, the diameter of myofibrils
(cf. 12.2.1) increases to 2.5times the original
value during rinsing with 1.0mol/L NaCl,
which corresponds to a six-fold volume in-
crease (cf. 12.5). The amount of water taken
up by swelling can amount to a multiple of
the protein dry weight. For example, muscle
tissue contains 3.5-3.6 g water per g protein dry
matter.
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The water retention capacity of protein can be es-
timated with the following formula:
a=1.+0.41,+0.21, (1.98)

(a: g water/g protein; fc, f,, f,: fraction of
charged, polar, neutral amino acid residues).

1.4.3.4 Foam Formation and Foam
Stabilization

In several foods, proteins function as foam-
forming and foam-stabilizing components, for
example in baked goods, sweets, desserts and
beer. This varies from one protein to another.
Serum albumin foams very well, while egg albu-
min does not. Protein mixtures such as egg white
can be particularly well suited (cf. 11.4.2.2). In
that case, the globulins facilitate foam formation.
Ovomucin stabilizes the foam, egg albumin and
conalbumin allow its fixation through thermal
coagulation.

Foams are dispersions of gases in liquids. Pro-
teins stabilize by forming flexible, cohesive films
around the gas bubbles. During impact, the pro-
tein is adsorbed at the interface via hydropho-
bic areas; this is followed by partial unfolding
(surface denaturation). The reduction of surface
tension caused by protein adsorption facilitates
the formation of new interfaces and further gas
bubbles. The partially unfolded proteins associate
while forming stabilizing films.

The more quickly a protein molecule diffuses
into interfaces and the more easily it is dena-
tured there, the more it is able to foam. These
values in turn depend on the molecular mass, the
surface hydrophobicity, and the stability of the
conformation.

Foams collapse because large gas bubbles grow
at the expense of smaller bubbles (dispropor-
tionation). The protein films counteract this
disproportionation. That is why the stability of
a foam depends on the strength of the protein
film and its permeability for gases. Film strength
depends on the adsorbed amount of protein
and the ability of the adsorbed molecules to
associate. Surface denaturation generally releases
additional amino acid side chains which can enter
into intermolecular interactions. The stronger
the cross-linkage, the more stable the film.

Since the smallest possible net charge promotes
association, the pH of the system should lie in
the range of the isoelectric points of the proteins
that participate in film formation.

In summary, the ideal foam-forming and foam-
stabilizing protein is characterized by a low
molecular weight, high surface hydrophobicity,
good solubility, a small net charge in terms of the
pH of the food, and easy denaturability.

Foams are destroyed by lipids and organic sol-
vents such as higher alcohols, which due to their
hydrophobicity displace proteins from the gas
bubble surface without being able to form stable
films themselves. Even a low concentration of
egg yolk, for example, prevents the bursting of
egg white. This is attributed to a disturbance of
protein association by the lecithins.

The foam-forming and foam-stabilizing charac-
teristics of proteins can be improved by chemical
and physical modification. Thus a partial enzy-
matic hydrolysis leads to smaller, more quickly
diffusing molecules, better solubility, and the re-
lease of hydrophobic groups. Disadvantages are
the generally lower film stability and the loss of
thermal coagulability. The characteristics can also
be improved by introducing charged or neutral
groups (cf. 1.4.6.2) and by partial thermal denatu-
ration (e. g. of whey proteins). Recently, the addi-
tion of strongly alkaline proteins (e. g. clupeines)
is being tested, which apparently increases the as-
sociation of protein in the films and allows the
foaming of fatty systems.

1.4.3.5 Gel Formation

Gels are disperse systems of at least two com-
ponents in which the disperse phase in the dis-
persant forms a cohesive network. They are char-
acterized by the lack of fluidity and elastic de-
formability. Gels are placed between solutions,
in which repulsive forces between molecules and
the disperse phase predominate, and precipitates,
where strong intermolecular interactions predom-
inate. We differentiate between two types of gel,
the polymeric networks and the aggregated dis-
persions, although intermediate forms are found
as well.

Examples of polymeric networks are the gels
formed by gelatin (cf. 12.3.2.3.1) and polysac-
charides such as agarose (cf. 4.4.4.1.2) and



carrageenan (4.4.4.3.2). Formation of a three-
dimensional network takes place through the
aggregation of unordered fibrous molecules
via partly ordered structures, e.g. while double
helices are formed (cf. 4.4.4.3.2, Fig. 4.14,
Fig. 12.21). Characteristic for gels of this type is
the low polymer concentration (~1%) as well as
transparency and fine texture. Gel formation is
caused by setting a certain pH, by adding certain
ions, or by heating/cooling. Since aggregation
takes place mostly via intermolecular hydrogen
bonds which easily break when heated, poly-
meric networks are thermo-reversible, i.e. the
gels are formed when a solution cools, and they
melt again when it is heated.

Examples of aggregated dispersions are the
gels formed by globular proteins after heating
and denaturation. The thermal unfolding of the
protein leads to the release of amino acid side
chains which may enter into intermolecular
interactions. The subsequent association occurs
while small spherical aggregates form which
combine into linear strands whose interaction
establishes the gel network. Before gel can be
formed in the unordered type of aggregation,
a relatively high protein concentration (5-10%)
is necessary. The aggregation rate should also be
slower than the unfolding rate, since otherwise
coarse and fairly unstructured gels are formed,
such as in the area of the iso-electric point.
The degree of denaturation necessary to start
aggregation seems to depend on the protein.
Since partial denaturation releases primarily
hydrophobic groups, intermolecular hydrophobic
bonds generally predominate, which results in
the thermoplastic (thermo-irreversible) character
of this gel type, in contrast to the thermore-
versible gel type stabilized by hydrogen bonds.
Thermoplastic gels do not liquefy when heated,
but they can soften or shrink. In addition to
hydrophobic bonds, disulfide bonds formed
from released thiol groups can also contribute to
cross-linkage, as can intermolecular ionic bonds
between proteins with different isoelectric points
in heterogeneous systems (e. g. egg white).

Gel formation can be improved by adding salt.
The moderate increase in ionic strength increases
interaction between charged macro-molecules or
molecule aggregates through charge shielding
without precipitation occurring. An example
is the heat coagulation of soybean curd (tofu,
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cf. 16.3.1.2.3) which is promoted by calcium
ions.

1.4.3.6 Emulsifying Effect

Emulsions are disperse systems of one or
more immiscible liquids. They are stabilized
by  emulsifiers — compounds which form
interface films and thus prevent the disperse
phases from flowing together (cf. 8.15).
Due to their amphipathic nature, proteins
can stabilize o/w emulsions such as milk
(cf. 10.1.2.3). This property is made use of
on a large scale in the production of food
preparations.

The adsorption of a protein at the interface of
an oil droplet is thermodynamically favored
because the hydrophobic amino acid residues
can then escape the hydrogen bridge network
of the surrounding water molecules. In addition,
contact of the protein with the oil droplet results
in the displacement of water molecules from the
hydrophobic regions of the oil-water boundary
layer. Therefore, the suitability of a protein as
an emulsifier depends on the rate at which it
diffuses into the interface and on the deforma-
bility of its conformation under the influence
of interfacial tension (surface denaturation).
The diffusion rate depends on the temperature
and the molecular weight, which in turn can
be influenced by the pH and the ionic strength.
The adsorbability depends on the exposure of
hydrophilic and hydrophobic groups and thus
on the amino acid profile, as well as on the
pH, the ion strength and the temperature. The
conformative stability depends in the amino
acid composition, the molecular weight and
the intramolecular disulfide bonds. Therefore,
a protein with ideal qualities as an emulsifier
for an oil-in-water emulsion would have a rela-
tively low molecular weight, a balanced amino
acid composition in terms of charged, polar
and nonpolar residues, good water solubility,
well-developed surface hydrophobicity, and
a relatively stable conformation. The B-casein
molecule meets these requirements because
of less pronounced secondary structures and
no crosslinks due to the lack of SH groups
(cf. 10.1.2.1.1). The apolar “tail” of this flexible
molecule is adsorbed by the oil phase of the
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boundary layer and the polar “head”, which
projects into the aqueous medium, prevents
coalescence.

The solubility and emulsifying capacity of some
proteins can be improved by limited enzymatic
hydrolysis.

1.4.4 Chemical Reactions

The chemical modification of protein is of
importance for a number of reasons. It pro-
vides derivatives suitable for sequence analysis,
identifies the reactive groups in catalytically
active sites of an enzyme, enables the binding of
protein to a carrier (protein immobilization) and
provides changes in protein properties which are
important in food processing. In contrast to free
amino acids and except for the relatively small
number of functional groups on the terminal
amino acids, only the functional groups on
protein side chains are available for chemical
reactions.

1.4.4.1 Lysine Residue

Reactions involving the lysine residue can be di-
vided into several groups, (a) reactions leading to
a positively charged derivative, (b) reactions elim-
inating the positive charge, (c) derivatizations in-
troducing a negative charge, and (d) reversible re-
actions. The latter are of particular importance.

1.4.4.1.1 Reactions Which Retain
the Positive Charge

Alkylation of the free amino group of lysine with
aldehydes and ketones is possible, with a simul-
taneous reduction step:

Prot—NH, + R—CO—R' R
NaBH,, pH 9, 0°C, 30 min
Prot—NH—CH
\
R1
(R=R'=CH;; R=H, CH;, R'=H)
(1.99)

A dimethyl derivative [Prot—N(CH3)2] can
be obtained with formaldehyde (R=R;=H)
(cf. 1.2.4.2.2).

Guanidination can be accomplished by using
O-methylisourea as a reactant. 0.-Amino groups
react at a much slower rate than e-amino
groups:

NH
Prot—NH, + H,C—0—CZ
NH,

NH®

pH 10.6, 4°C, 4 days
Prot—NH—C—NH,

(1.100)

This reaction is used analytically to assess
the amount of biologically available €-amino
groups and for measuring protein digesti-
bility.

Derivatization with imido esters is also possible.
The reactant is readily accessible from the corres-
ponding nitriles:

_NH?

R—CZ NH®
SoR’ /
Prot—-NH, ————————————» Prot—NH—C
pH 9.2, 0°C, 20 h \
R
NH®
R'OH /
R—CN R—C
H® \
OR’
(1.101)

Proteins can be cross-linked with the use of a bi-
functional imido ester (cf. 1.4.4.10).

Treatment of the amino acid residue with
amino acid carboxyanhydrides yields a poly-
condensation reaction product:

(0}

)\ra
Protein—NH, + O —_——
r

o

Protein—NH—[CO—CHR—NH],—CO—CHR—NH,
(1.102)

The value n depends on reaction conditions.
The carboxyanhydrides are readily accessible
through interaction of the amino acid with



phosgene:

R—CH—COOH COCl, R—CH—COOH
| _—

NH, NH—CO—Cl
[o]
— HCI
- > (o]
HN
K
o]
(1.103)

1.4.4.1.2 Reactions Resulting in a Loss
of Positive Charge

Acetic anhydride reacts with lysine, cysteine,
histidine, serine, threonine and tyrosine residues.
Subsequent treatment of the protein with hydrox-
ylamine (1M, 2h, pH 9, 0°C) leaves only the
acetylated amino groups intact:

(CH;C0),0

Prot—NH,
pH7-9.5,0°C

Prot—NH—CO—CH,

(1.104)

Carbamoylation with cyanate attacks o- and
€-amino groups as well as cysteine and tyro-
sine residues. However, their derivatization is
reversible under alkaline conditions:

NH,
KOCN /
Prot—NH, Prot—NH—C
pH 8, 37°C, 12—24 h \})
(1.105)
Arylation  with  1-fluoro-2,4-dinitrobenzene

(Sanger’s reagent; FDNB) and trinitrobenzene
sulfonic acid was outlined in Section 1.2.4.2.2.
FDNB also reacts with cysteine, histidine and
tyrosine.

4-Fluoro-3-nitrobenzene sulfonic acid, a reactant
which has good solubility in water, is also of in-
terest for derivatization of proteins:

O,N
Prot—NH, + F SO,H
O,N
pH 6-9, 25°C
— > Prot—NH s09
(1.106)

1.4 Proteins 65

Deamination can be accomplished with nitrous
acid:

HNO,
Prot—NH, ——————> Prot—OH + N

pH 4.35, 0°C *(1.107)

This reaction involves o- and €-amino groups
as well as tryptophan, tyrosine, cysteine and
methionine residues.

1.4.4.1.3 Reactions Resulting
in a Negative Charge
Acylation with dicarboxylic acid anhydrides, e. g.

succinic acid anhydride, introduces a carboxyl
group into the protein:

0
<K
0
d
0

OH 0-CO - (CH,), ~COOH
NH, NH - CO - (CH,), - COOH
pH8-9
SH S - CO - (CH,),~COOH
OH
H,0
— NH - CO - (CH,), - COOH

SH
(1.108)

Introduction of a fluorescent acid group is pos-
sible by interaction of the protein with pyridoxal
phosphate followed by reduction of the interme-
diary Schiff base:

©0 CH,
Prot—NH, + OHC / \NH®
CH,OPO,H®
0 CH,
NaBH
£ Prot—NH—CH, / NH®
pH 6, 25°C s
CH,0PO;H® (1.109)
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1.4.4.1.4 Reversible Reactions

N-Maleyl derivatives of proteins are obtained at
alkaline pH by reaction with maleic acid anhy-
dride. The acylated product is cleaved at pH < 5,
regenerating the protein:

o

\

pH>7 Prot—NH—CO—CH
Prot—NH, + O ' B

©00C—CH
/
0o
pH<S
—> Prot—NH,
(1.110)

The half-life (t) of e-N-maleyl lysine is 11h
at pH 3.5 and 37°C. More rapid cleavage is
observed with the 2-methyl-maleyl deriva-
tive (t < 3min at pH 3.5 and 20°C) and
the 2,2,3,3-tetrafluoro-succinyl derivative (T
very low at pH 9.5 and 0°C). Cysteine binds
maleic anhydride through an addition reac-
tion. The S-succinyl derivative is quite stable.
This side reaction is, however, avoided when
protein derivatization is done with exo-cis-

3,6-end-oxo-1,2,3,6- tetrahydrophthalic  acid
anhydride:
(o] o
o]
\0 (L.111)

For e-N-acylated lysine, T =4—5h at pH 3 and
25°C.
Acetoacetyl
diketene:

derivatives are obtained with

0}

Prot—NH, +
0

—>  Prot—NH—CO—CH,—CO—CH, (1.112)
This is type of reaction also occurs with cysteine
and tyrosine residues. The acyl group is readily
split from tyrosine at pH 9.5. Complete release
of protein from its derivatized form is possible
by treatment with phenylhydrazine or hydroxy-
lamine at pH 7.

1.4.4.2 Arginine Residue

The arginine residue of proteins reacts with o.- or
B-dicarbonyl compounds to form cyclic deriva-
tives:

Na®
)
C—NO,

NH,

Protein—NH—C +
AN
NH

OHC
N\

OHC

N
Protein—NH‘</ :\>7N02
N—
N
_ NeBH. Protein—NH—</ :>»No2
HN

(1.113)

pH 12—-14
0—5°C, 15 min

(1.114)

H
HN
pH 8-9
————> R—N=
25-40°C
HN
OH
NH,
H,N—OH /
——— > R—NH—C

pH7 AN

NHP (1.115)

The nitropyrimidine derivative absorbs at
335 nm. The arginyl bond of this derivative is
not cleaved by trypsin but it is cleaved in its
tetrahydro form, obtained by reduction with
NaBH,4 (cf. Reaction 1.113). In the reaction
with benzil, an iminoimidazolidone derivative
is obtained after a benzilic acid rearrangement
(cf. Reaction 1.114).



Reaction of the arginine residue with 1,2-
cyclohexanedione is highly selective and
proceeds under mild conditions. Regeneration
of the arginine residue is again possible with
hydroxylamine (cf. Reaction 1.115).

1.4.4.3 Glutamic and Aspartic Acid Residues

These amino acid residues are usually esterified
with methanolic HCI. There can be side reac-
tions, such as methanolysis of amide derivatives
or N,O-acyl migration in serine or threonine
residues:

CH;OH/HCI
—_—
0°C

Protein—COOH Protein—COOCH;

(1.116)

Diazoacetamide reacts with a carboxyl group and
also with the cysteine residue:

Protein—COOH + N,CH—CONH,

—> R—COOCH,CONH,

(1.117)
Amino acid esters or other similar nucleophilic
compounds can be attached to a carboxyl
group of a protein with the help of a carbodi-
imide:

Protein—COOH + H,N—CH,—COOCH,

R—N=C=N—R
———— > Protein—CO—NH—CH,~COOCH,

(1.118)

Amidation is also possible by activating the
carboxyl group with an isooxazolium salt (Wood-
ward reagent) to an enolester and its conversion
with an amine.

R? R?
Protein - COOH +

R R?R®
I 1 I
——  Protein - CO-0-C=C-C=N-OH
R -NH,

Protein - CO-NH-R
R' R? R
I ] |
+ 0=C-CH-C=N-OH
(1.119)
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1.4.4.4 Cystine Residue
(cf. also Section 1.2.4.3.5)

Cleavage of cystine is possible by a nucleophilic
attack:

Protein—S—S—Protein + Y®©

—>  Protein—S—Y + Protein—S® (1.120)
The nucleophilic reactivity of the reagents
decreases in the series: hydride > arsenite and
phosphite > alkanethiol > aminoalkanethiol
> thiophenol and cyanide > sulfite > OH™ >
p-nitrophenol > thiosulfate > thiocyanate.
Cleavage with sodium borohydride and with
thiols was covered in Section 1.2.4.3.5. Complete
cleavage with sulfite requires that oxidative
agents (e. g. Cu>") be present and that the pH be
higher than 7:

——> RSSOY + RS®

u2®
—> RSSR

RSSR + SOZ2°

2RS® (1.121)
The resultant S-sulfo derivative is quite stable in
neutral and acidic media and is fairly soluble in
water. The S-sulfo group can be eliminated with
an excess of thiol reagent.

Cleavage of cystine residues with cyanides (ni-
triles) is of interest since the thiocyanate formed
in the reaction is cyclized to a 2-iminothiazolidine
derivative with cleavage of the N-acyl bond:

R—CO—N H—?H—CO—NH—R'

_CH,
R'—S—§
R—CO—NH—CH—CO—NH—R’
CN®
—_— CH, + R""—§©
NC—S
R—CO—T——CH—CO——NH—R’
—_—
T
HT———(IJH—CO-—NH—R’
——> R—COOH +
N

(1.122)

This reaction can be utilized for the selective
cleavage of peptide chains. Initially, all the disul-
fide bridges are reduced with dithiothreitol, and
then are converted to mixed disulfides through
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reaction with 35,5'-dithio-bis-(2-nitro-benzoic
acid). These mixed disulfides are then cleaved by
cyanide at pH 7.

Electrophilic cleavage occurs with Agt and Hg™
or Hg?* as follows:

2Ag® + 2RSSR —> 2RSAg + 2Rs®

2RS® + 20H® —> 2RSOH —> RSO,H + RSH

RSH + Ag® —> RSAg+ H®

3Ag® + 2RSSR + 20H® —> 3RSAg + RSO,H + H®
(1.123)

Electrophilic cleavage with H™ is possible only in
strong acids (e. g. 10 mol /L HCI). The sulfenium
cation which is formed can catalyze a disulfide
exchange reaction:

RSSR + H® —> RSH + RSs®

— + R'S®

(1.124)

RS® + R'SSR' RSSR'

In neutral and alkaline solutions a disulfide ex-
change reaction is catalyzed by the thiolate anion:

—_
=

RSSR + OH® R—SOH + RS®

—_—
=

+ R'S®
(1.125)

R'SSR' + RS® R'SSR

1.4.4.5 Cysteine Residue
(cf. also Section 1.2.4.3.5)

A number of alkylating agents yield derivatives
which are stable under the conditions for acidic
hydrolysis of proteins. The reaction with ethy-
lene imine giving an S-aminoethyl derivative and,
hence, an additional linkage position in the pro-
tein for hydrolysis by trypsin, was mentioned in
Section 1.4.1.3. Todoacetic acid, depending on the
pH, can react with cysteine, methionine, lysine
and histidine residues:

ICH,COOH
—_—

Protein—SH Protein—S—CH,—COOH

(1.126)

The introduction of methyl groups is possible
with methyl iodide or methyl isourea, and the in-

troduction of methylthio groups with methylthio-
sulfonylmethane:

H,l .
Protein-SH h—» Protein—S—CH; (1.127)
_NH,
Protein—SH + CH;,——O—-C\
S NHP
/NHZ
———> Protein—S—CH; + 0 = C\
NH, (1.128)
Protein—SH + CH;—S—S0O,—CH;

——— Protein—S—S—CH, + CH3SO;H (1.129)

Maleic acid anhydride and methyl-p-nitro-
benzene sulfonate are also alkylating agents:

[o
/

Protein—SH +|| 0 —> Protein—S—TH—COOH
{ CH,—COOH

o)
(1.130)

Protein—SH + CH;OSOz—@NOZ

—> Protein—S—CHj;

(1.131)

A number of reagents make it possible to measure
the thiol group content spectrophotometrically.
The molar absorption coefficient, €, for the
derivative of azobenzene-2-sulfenylbromide,
€353, 15 16,700M~'em ™! at pH 1:

N=N©
=N©

5,5'-Dithiobis-(2-nitrobenzoic acid) has a some-
what lower €417 of 13,600 at pH 8 for its product,

Protein—SH + BrS

Protein—S—S$
—_—

(1.132)



a thionitrobenzoate anion:

HOOC COOH
Protein—SH + O,N S—S NO,
COOH COOH
—> Protein—S—S§ NO, + HS NO,
(1.133)

The derivative of p-hydroxymercuribenzoate has
an €59 of 7500 at pH 7, while the derivative
of N-ethylmaleic imide has an €300 of 620 at
pH7:

Protein—SH + x—Hg-@COOH
— Protein—S—Hg@COOH
(1.134)

o

/

Protein—SH + || N—C,Hs

~0 0=

Protein—S
—>
N—C,Hs

\

o) (1.135)

Especially suitable for the specific isolation of
cysteine-containing peptides of great sensitivity
is N-dimethylaminoazobenzenemaleic acid imide
(DABMA).

o]

. (
Protein —SH + || N@N=N—©—N(CH3)Z

!

o]

— Protein — S ?
Th-Orr-n-Omiow,

(

0

(1.136)
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1.4.4.6 Methionine Residue

Methionine residues are oxidized to sul-
foxides with hydrogen peroxide. The sul-
foxide can be reduced, regenerating me-
thionine, using an excess of thiol reagent
(cf. 1.2.43.6). o-Halogen -carboxylic acids,
B-propiolactone and alkyl halogenides con-
vert methionine into sulfonium derivatives,
from which methionine can be regenerated in
an alkaline medium with an excess of thiol
reagent:

ICH,COOH
Protein—S—CH, ———————> Protein—S®—CH,

COCH,I

CH,l
Protein—S—CH, ——————— > Protein—S®—CH,

o CH,

Protein—=S—CH, + ol

————  Protein—S®—CH;
CH,—CH,—COOH
(1.137)

Reaction with cyanogen bromide (BrCN), which
splits the peptide bond on the carboxyl side
of the methionine molecule, was outlined in
Section 1.4.1.3.

1.4.4.7 Histidine Residue

Selective modification of histidine residues
present on active sites of serine proteinases
is possible. Substrate analogues such as
halogenated methyl ketones inactivate such
enzymes (for example, 1-chloro-3-tosylamido-
7-aminoheptan-2-one inactivates trypsin and 1-
chloro-3-tosylamido-4-phenylbutan-2-one inac-
tivates chymotrypsin) by N-alkylation of the
histidine residue:

NHTos
H,N Cl
(o)
NHTos
Cl

o] (1.138)
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1.4.4.8 Tryptophan Residue
N-Bromosuccinimide oxidizes the tryptophan

side chain and also tyrosine, histidine and
cysteine:

R (o] R
/
H4
\ + NBr p_) (o]
N N
H H

(1.139)

The reaction is used for the selective cleavage of
peptide chains and the spectrophotometric deter-
mination of tryptophan.

1.4.4.9 Tyrosine Residue

Selective acylation of tyrosine can occur with
acetylimidazole as a reagent:

Protein—@—OH
Protein‘@—QCOCHg

(1.140)

Diazotized arsanilic acid reacts with tyrosine and
with histidine, lysine, tryptophan and arginine:

Acetylimidazole

pH7.5-8

D|az arsanilic acid
pH 8 8, 0°C

Proteln

Protein

Aso,H2

(1.141)

Tetranitromethane introduces a nitro group into
the ortho position:

Protein‘©—OH

C(N02)4
pH 8

Protein

0, (1.142)

1.4.4.10 Bifunctional Reagents

Bifunctional reagents enable intra- and inter-
molecular cross-linking of proteins. Examples are
bifunctional imidoester, fluoronitrobenzene, iso-
cyanate derivatives and maleic acid imides:

H;C—O—C—(CH,;),—C—0—=CHj,
I o || o
NHS HS (1.143)
O,N
NO, (1.144)
COOH
OCN N———N‘—@—NCO
HOOC
(1.145)
? 0
[\/(N —~ CH, — N;;l
0 ¢ (1.146)

1.4.4.11 Reactions Involved in Food
Processing

The nature and extent of the chemical changes in-
duced in proteins by food processing depend on
a number of parameters, for example, composi-
tion of the food and processing conditions, such
as temperature, pH or the presence of oxygen. As
a consequence of these reactions, the biological
value of proteins may be decreased:

¢ Destruction of essential amino acids

e Conversion of essential amino acids into
derivatives which are not metabolizable

* Decrease in the digestibility of protein as a re-
sult of intra- or interchain cross-linking.

Formation of toxic degradation products is also
possible. The nutritional/physiological and toxi-
cological assessment of changes induced by pro-
cessing of food is a subject of some controversy
and opposing opinions.

The Maillard reaction of the €-amino group of
lysine prevails in the presence of reducing sugars,



for example, lactose or glucose, which yield
protein-bound &-N-deoxylactulosyl-1-lysine or
e-N-deoxyfructosyl-1-lysine, respectively. Ly-
sine is not biologically available in these forms.
Acidic hydrolysis of such primary reaction
products yields lysine as well as the degradation
products furosine and pyridosine in a constant
ratio (cf. 4.2.4.4):

CO—HNR
R'—CO—HN—CH
(CH2)a L-Lysine
NH 6 NHCI
Furosine
CH, 100°C,24h
(l:o Pyridosine
(GHOH),
CH,0OH
(1.147)

A nonreducing sugar (e.g. sucrose) can also
cause a loss of lysine when conditions for sugar
hydrolysis are favorable.

Losses of available lysine, cystine, serine, threo-
nine, arginine and some other amino acids occur
at higher pH values. Hydrolysates of alkali-
treated proteins often contain some unusual
compounds, such as ornithine, 3-aminoalanine,
lysinoalanine, ornithinoalanine, lanthionine,
methyllanthionine and D-alloiso-leucine, as well
as other D-amino acids.

The formation of these compounds is based on the
following reactions: 1,2-elimination in the case of
hydroxy amino acids and thio amino acids results
in 2-amino-acrylic acid (dehydroalanine) or 2-
aminocrotonic acid (dehydro-aminobutyric acid):

CO—Prot
Prot—HN—C—H<—0H®
CHR
v
_ne CO—~Prot
——->(© Prot—H N—C‘lze
+H CHR
O
_ye O—~Prot
—>  Prot—HN—C
CHR

R=H, CHy;; Y=0OH, OPOH,, SH, SR, SSR' (1.148)
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In the case of cystine, the eliminated thiolcysteine
can form a second dehydroalanine residue:

! 1) |
—(f—CHQ—s—s<9 — —C—CH,—S®+8°
X
HO®—>H

\C=CH2 + SH® + OH®
/
(1.149)

Alternatively, cleavage of the cystine disulfide
bond can occur by nucleophilic attack on sulfur,
yielding a dehydroalanine residue via thiol and
sulfinate intermediates:

R—S—S—R + 20H®
R—S—0® + R—S® + H,0

—
(1.150)
R—S$—0® + R—S—S—R
R—ﬁ—S—R + R—S®

o] (1.151)

R—ﬁ—S—R + 20H®

—_—

—= R—SOP + R—S® + H,0 (1.152)
Intra- and interchain cross-linking of proteins
can occur in dehydroalanine reactions involving
additions of amines and thiols. Ammonia may

also react via an addition reaction:

_H
c—c H,N
P SR P
; ;
o) M
T HS T
cC " .E
N _H N
c=c_ + NH,
r R
L =
CH—CH—HN
R R
R
o R o
_— T CH—CH—S T
E .E
I
N R N
(CH—CH——NHz
(1.153)

Acidic hydrolysis of such a cross-linked pro-
tein yields the unusual amino acids listed in
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Table 1.29. Ornithine is formed during cleavage
of arginine (Reaction 1.54).

?OOH OOH

NH,
CHNH, OH® CHNH,
CH,); NH (CH,) * °=C\
( 2)3 // 2)3 NH;
NH—C NH,

N\
NH,
(1.154)

Formation of D-amino acids occurs through
abstraction of a proton via a C2-carbanion.
The reaction with L-isoleucine is particu-
larly interesting. L-Isoleucine is isomerized to
D-alloisoleucine which, unlike other D-amino
acids, is a diastereoisomer and so has a retention
time different from L-isoleucine, making its
determination possible directly from an amino
acid chromatogram:

cCOoO— (l';o_
—HN—C—H - H® —HN—CI®
—
H3;C—C—H + H® H;C—C—H
CyHs C,Hs
L-Isoleucine
°
+ H® H—C—NH—
—_—
— H@ Hac_?—H
C,Hs

(1.155)

p-allo-lIsoleucine

Heating proteins in a dry state at neutral pH
results in the formation of isopeptide bonds
between the €-amino groups of lysine residues
and the - or y-carboxamide groups of asparagine
and glutamine residues:

P —NH, H,NOC—CH, P
R R
o) o}
T T
F ——NH, H,NOC—(CH,), E
N N

P P

R —NH—OC—H,C R

—NH; O 9]

—3> T T

3 NH—OC—(H,C 3

—] H_ J—
N (H2C)2 N
(1.156)

Table 1.29. Formation of unusual amino acids by alkali

treatment of protein

Name Formula
3-NO-Lysinoalanine COOH COOH
R =H) | |
3-N®-Lysino-3-methyl- ~ CHNH,  CHNH,
alanine(R = CH3) | |
CHR—NH—(CH, ),
3-N>-Ornithinoalanine COOH COOH
R =H) | |
3-N3-Ornithino-3- CHNH, CHNH,
methylalanine (R = CH3) | |
CHR—NH—(CHa)3
Lanthionine (R = H) COOH COOH
3-Methyllanthionine | |
(R=CHj) CHNH, CHNH,

3-Aminoalanine (R =H)
2,3-Diamino
butyric acid (R = CH3)

\ |
CHR——S——CH,
COOH

\
CHNH,

\
CHRNH,

These isopeptide bonds are cleaved during acidic
hydrolysis of protein and, therefore, do not
contribute to the occurrence of unusual amino
acids. A more intensive heat treatment of proteins
in the presence of water leads to a more extensive
degradation.

Oxidative changes in proteins primarily involve
methionine, which relatively readily forms me-
thionine sulfoxide:

co— o—
~HN—C—H —HN—C—H
(GHa — (CH,)
2)2 2)2
i =0

CH, CH, (1.157)

The formation of methionine sulfoxide was ob-
served in connection with lipid peroxidation, phe-
nol oxidation and light exposure in the presence
of oxygen and sensitizers such as riboflavin.
After in vivo reduction to methionine, protein-
bound methionine sulfoxide is apparently biolog-
ically available.

Figure 1.37 shows the effect of alkaline treatment
of a protein isolate of sunflower seeds. Serine,
threonine, arginine and isoleucine concentrations
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Fig. 1.37. Amino acid contents of a sunflower seed
protein isolate heated in sodium hydroxide solutions at
80 °C for 16 h. (according to Mauron, 1975)

are markedly decreased with increasing concen-
trations of NaOH. New amino acids (ornithine
and alloisoleucine) are formed. Initially, lysine
concentration decreases, but increases at higher
concentrations of alkali. Lysinoalanine behaves in
the opposite manner. The extent of formation of
D-amino acids as a result of alkaline treatment of
proteins is shown in Table 1.30.

Data presented in Figs. 1.38 and 1.39 clearly
show that the formation of lysinoalanine is
influenced not only by pH but also by the protein
source. An extensive reaction occurs in casein
even at pH 5.0 due to the presence of phosphory-
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Table 1.30. Formation of D-amino acids by alkali treat-
ment of proteins® (1% solution in 0.1 N NaOH, pH ~
12.5, temperature 65 °C)

Protein  HeatingD- D- D- D- D- D- D-
time  Asp Ala Val Leu Pro Glu Phe
(h) (%)

Casein 0 22 23 21 23 32 1.8 238
1 21.8 42 2.7 5.0 3.010.016.0
3 30.213.3 6.1 7.0 53174222
8 32.819.4 7.313.6 3.925930.5

Wheat 0 33 2.0 2.1 1.8 3.2 2.1 2.3

gluten 3 29.013.5 3.9 5.6 3.225.923.3

Promine D

(soya 0 23 23 26 33 32 1.8 23

protein) 3 30.115.8 6.6 8.0 5.818.824.9

Lactal- 0 3.1 22 29 27 3.1 29 23

bumin 3 227 9.2 48 58 3.612.216.5

2 Results in % correspond to D- + L-amino acids =
100%.
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Fig. 1.38. Formation of lysinoalanine (LAL) by heating

casein (5% solution at 100 °C) (according to Sternberg
and Kim, 1977) 1 pH 5.0, 2 pH 7.0, 3 pH 8.0

lated serine residues, while noticeable reactions
occur in gluten from wheat or in zein from
corn only in the pH range of 8-11. Figure 1.40
illustrates the dependence of the reaction on
protein concentration.

Table 1.31 lists the contents of lysinoalanine in
food products processed industrially or prepared
under the “usual household conditions”.

The contents are obviously affected by the food
type and by the processing conditions.

In the radiation of food, o-hydroxyphenylalanine
called o-tyrosine is formed through the re-
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Fig. 1.39. Lysinoalanine (LAL) formation from wheat
gluten (2) and corn gluten (1). Protein contents of the
glutens: 70%; heated as 6.6% suspension at 100 °C for
4 h. (according to Sternberg and Kim, 1977)
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Fig. 1.40. Lysinoalanine (LAL) formation as influenced
by casein concentration. (1): 5%, (2): 15%, and (3) 20%
all at pH 12.8. (according to Sternberg and Kim, 1977)

action of phenylalanine with OH-radicals. In
hydrolysates, the compound can be detected with
the help of HPLC (fluorescence detection or
electrochemical detection). It is under discussion
as an indicator for food radiation. The amount
formed depends on the irradiated dose and on
the temperature. In samples of chicken and pork,
fish and shrimps, <0.1 mg/kg (non-radiated
controls), 0.5-0.8 mg/kg (5kGy, —18°C) and
0.8-1.2 mg/kg (5 kGy, 20 °C) were found.

1.4.5 Enzyme-Catalyzed Reactions

1.4.5.1 Foreword

A great number and variety of enzyme-catalyzed
reactions are known with protein as a substrate.
These include hydrolytic reactions (cleavage of
peptide bonds or other linkages, e.g., the ester
linkage in a phosphoprotein), transfer reactions
(phosphorylation, incorporation of acyl residues,
sugar residues and methyl groups) and redox
reactions (thiol oxidation, disulfide reduction,
amino group oxidation or incorporation of
hydroxyl groups). Table 1.32 is a compilation
of some examples. Some of these reactions are
covered in Section 1.4.6.3 or in the sections
related to individual foodstuffs. Only enzymes
that are involved in hydrolysis of peptide bonds
(proteolytic enzymes, peptidases) will be covered
in the following sections.

1.4.5.2 Proteolytic Enzymes

Processes involving proteolysis play a role in the
production of many foods. Proteolysis can occur
as a result of proteinases in the food itself, e. g.,
autolytic reactions in meat, or due to microbial
proteinases, e. g., the addition of pure cultures of
selected microorganisms during the production of
cheese.

This large group of enzymes is divided up as
shown in Table 1.33. The two subgroups formed
are: peptidases (exopeptidases) that cleave amino
acids or dipeptides stepwise from the terminal
ends of proteins, and proteinases (endopepti-
dases) that hydrolyze the linkages within the
peptide chain, not attacking the terminal peptide
bonds. Further division is possible, for example,
by taking into account the presence of a given
amino acid residue in the active site of the
enzyme. The most important types of prote-
olytic enzymes are presented in the following
sections.

1.4.5.2.1 Serine Endopeptidases
Enzymes of this group, in which activity is

confined to the pH range of 7—11, are denoted
as alkaline proteinases. Typical representatives
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Food Origin/ Lysinoalanine
Treatment (mg/kg protein)
Frankfurter CP? Raw 0
Cooked 50
Roasted in oven 170
Chicken drums CP Raw 0
Roasted in oven 110
Roasted in
micro wave oven 200
Egg white, fluid CP 0
Egg white Boiled
(3 min) 140
(10 min) 270
(30 min) 370
Baked
(10 min/150°C) 350
(30 min/150°C) 1100
Dried egg white CP 160-1820°
Condensed milk,
sweetened CP 360-540
Condensed milk,
unsweetened CP 590-860
Milk product for
infants CP 150-640
Infant food CP <55 150
Soya protein isolate ~ CP 0-370
Hydrolyzed
vegetable protein ~ CP 40-500
Cocoa powder CP 130-190
Na-caseinate CP 45-6900
Ca-caseinate CP 250-4320
4 Commercial product.
b Variation range for different brand name products.
from animal sources are trypsin, chymotrypsin, enzymes:

elastase, plasmin and thrombin. Serine pro-
teinases are produced by a great number of
bacteria and fungi, e.g. Bacillus cereus, B. fir-
mus, B. licheniformis, B. megaterium, B. subtilis,
Serratia marcescens, Streptomyces fradiae,
S. griseus, Trititrachium album, Aspergillus
flavus, A. oryzae and A. sojae.

These enzymes have in common the presence of
a serine and a histidine residue in their active sites
(for mechanism, see 2.4.2.5).

Inactivation of these enzymes is possible
with reagents such as diisopropylfluorophos-
phate (DIFP) or phenylmethanesulfonylfluo-
ride (PMSF). These reagents irreversibly acylate
the serine residue in the active site of the

E — CH,OH +FY — E — CH,0Y +HF
(Y : —=PO(iC3H;0),—S0O, — CH,C¢Hp)
(1.158)

Irreversible inhibition can also occur in the
presence of halogenated methyl ketones which
alkylate the active histidine residue (cf. 2.4.1.1),
or as a result of the action of proteinase in-
hibitors, which are also proteins, by interaction
with the enzyme to form inactive complexes.
These natural inhibitors are found in the organs
of animals and plants (pancreas, colostrum,
egg white, potato tuber and seeds of many
legumes; cf. 16.2.3). The specificity of serine
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Table 1.32. Enzymatic reactions affecting proteins

Hydrolysis
— Endopeptidases
— Exopeptidases
Proteolytic induced aggregation
— Collagen biosynthesis
— Blood coagulation
— Plastein reaction
Cross-linking
— Disulfide bonds
Protein disulfide isomerase
Protein disulfide reductase (NAD(P)H)
Protein disulfide reductase (glutathione)
Sulfhydryloxidase
Lipoxygenase
Peroxidase
— &(y-Glutamyl)lysine
— Transglutaminase
— Aldol-, aldimine condensation and subsequent
reactions (connective tissue)
Lysyloxidase
Phosphorylation, dephosphorylation
— Protein kinase
— Phosphoprotein phosphatase
Hydroxylation
— Proline hydroxylase
— Lysine hydroxylase
Glycosylation
— Glycoprotein-f-galactosyltransferase
Methylation and demethylation
— Protein(arginine)-methyl-transferase
— Protein(lysine)-methyl-transferase
— Protein-O-methyl-transferase
[2pt] Acetylation, deacetylation
— &-N-Acetyl-lysine

endopeptidases varies greatly (cf. Table 1.34).
Trypsin exclusively cleaves linkages of amino
acid residues with a basic side chain (lysyl or
arginyl bonds) and chymotrypsin preferentially
cleaves bonds of amino acid residues which
have aromatic side chains (phenylalanyl, tyrosyl
or tryptophanyl bonds). Enzymes of microbial
origin often are less specific.

1.4.5.2.2 Cysteine Endopeptidases

Typical representatives of this group of enzymes
are: papain (from the sap of a tropical, melonlike

fruit tree, Carica papaya), bromelain (from the
sap and stem of pineapples, Ananas comosus),
ficin (from Ficus latex and other Ficus spp.) and
a Streptococcus proteinase. The range of activity
of these enzymes is very wide and, depending on
the substrate, is pH 4.5-10, with a maximum at
pH 6-7.5.

The mechanism of enzyme activity appears
to be similar to that of serine endopeptidases.
A cysteine residue is present in the active site.
A thioester is formed as a covalent intermediary
product. The enzymes are highly sensitive to
oxidizing agents. Therefore, as a rule they are
used in the presence of a reducing agent (e.g.,
cysteine) and a chelating agent (e. g., EDTA).
Inactivation of the enzymes is possible with oxi-
dative agents, metal ions or alkylating reagents
(cf. 1.2.4.3.5 and 1.4.4.5). In general these en-
zymes are not very specific (cf. Table 1.34).

1.4.5.2.3 Metalo Peptidases

This group includes exopeptidases, carboxypep-
tidases A and B, aminopeptidases, dipeptidases,
prolidase and prolinase, and endopeptidases
from bacteria and fungi, such as Bacillus
cereus, B. megaterium, B. subtilits, B. ther-
moproteolyticus ~ (thermolysin),  Streptomyces
griseus (pronase; it also contains carboxy- and
aminopeptidases) and Aspergillus oryzae.

Most of these enzymes contain one mole of Zn>*+
per mole of protein, but prolidase and prolinase
contain one mole of Mn?". The metal ion acts
as a Lewis acid in carboxypeptidase A, establish-
ing contact with the carbonyl group of the peptide
bond which is to be cleaved. Figure 1.41 shows
the arrangement of other participating residues
in the active site, as revealed by X-ray structural
analysis of the enzyme-substrate complex.

The enzymes are active in the pH 6-9 range; their
specificity is generally low (cf. Table 1.34).
Inhibition of these enzymes is achieved with
chelating agents (e. g. EDTA) or sodium dodecyl
sulfate.

1.4.5.2.4 Aspartic Endopeptidases

Typical representatives of this group are enzymes
of animal origin, such as pepsin and rennin
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Fig. 1.41. Carboxypeptidase A active site. (according
to Lowe and Ingraham, 1974)

(called Lab-enzyme in Europe), active in the
pH range of 2—4, and cathepsin D, which has
a pH optimum between 3 and 5 depending on the
substrate and on the source of the enzyme. At
pH 6-7 rennin cleaves a bond of k-casein with
great specificity, thus causing curdling of milk
(cf. 10.1.2.1.1).

Aspartic proteinases of microbial origin can be
classified as pepsin-like or rennin-like enzymes.
The latter are able to coagulate milk. The
pepsin-like enzymes are produced, for example,
by Aspergillus awamori, A. niger, A. oryzae,
Penicillium spp. and Trametes sanguinea. The
rennin-like enzymes are produced, for example,
by Aspergillus usamii and Mucor spp., such as
M. pusillus.

There are two carboxyl groups, one in undisso-
ciated form, in the active site of aspartic pro-
teinases. The mechanism postulated for cleavage
of peptide bonds is illustrated in Reaction 1.159.
The nucleophilic attack of a water molecule on
the carbonyl carbon atom of the peptide bond
is catalyzed by the side chains of Asp-32 (basic
catalyst) and Asp-215 (acid catalyst). The num-
bering of the amino acid residues in the active site
applies to the aspartic proteinase from Rhizopus
chinensis.
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Inhibition of these enzymes is achieved with
various diazoacetylamino acid esters, which ap-
parently react with carboxyl groups on the active
site, and with pepstatin. The latter is isolated from
various Streptomycetes as a peptide mixture with
the general formula (R: isovaleric or n-caproic
acid; AHMHA: 4-amino-3-hydroxy-6-methyl
heptanoic acid):

R —Val — Val - AHMHA — Ala— AHMAH
(1.160)

The specifity of aspartic endopeptidases is given
in Table 1.34.

1.4.6 Chemical and Enzymatic Reactions
of Interest to Food Processing

1.4.6.1 Foreword

Standardization of food properties to meet nutri-
tional/physiological and toxicological demands
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and requirements of food processing operations is
a perennial endeavor. Food production is similar
to a standard industrial fabrication process: on
the one hand is the food commodity with all
its required properties, on the other hand are
the components of the product, each of which
supplies a distinct part of the required properties.
Such considerations have prompted investiga-
tions into the relationships in food between
macroscopic physical and chemical properties
and the structure and reactions at the molecular
level. Reliable understanding of such relation-
ships is a fundamental prerequisite for the design
and operation of a process, either to optimize
the process or to modify the food components to
meet the desired properties of the product.
Modification of proteins is still a long way from
being a common method in food processing, but it
is increasingly being recognized as essential, for
two main reasons:

Firstly, proteins fulfill multipurpose functions in
food. Some of these functions can be served bet-
ter by modified than by native proteins.
Secondly, persistent nutritional problems the
world over necessiate the utilization of new raw
materials.

Modifying reactions can ensure that such new
raw materials (e. g., proteins of plant or microbial
origin) meet stringent standards of food safety,
palatability and acceptable biological value. A re-
view will be given here of several protein modi-
fications that are being used or are being consid-
ered for use. They involve chemical or enzymatic

Table 1.35. Properties of protein in food

Properties with

nutritional/physiological
relevance

processing relevance

Amino acid composition
Availability of amino
acids

Solubility, dispersibility
Ability to coagulate
Water binding/holding
capacity

Gel formation

Dough formation,
extensibility, elasticity
Viscosity, adhesion,
cohesion
Whippability

Foam stabilization
Emulsifying ability
Emulsion stabilization

methods or a combination of both. Examples have
been selected to emphasize existing trends. Ta-
ble 1.35 presents some protein properties which
are of interest to food processing. These proper-
ties are related to the amino acid composition and
sequence and the conformation of proteins. Modi-
fication of the properties of proteins is possible
by changing the amino acid composition or the
size of the molecule, or by removing or inserting
hetero constituents. Such changes can be accom-
plished by chemical and/or enzymatic reactions.
From a food processing point of view, the aims of
modification of proteins are:

* Blocking the reactions involved in deteriora-
tion of food (e. g., the Maillard reaction)

e Improving some physical properties of pro-
teins (e. g., texture, foam stability, whippabil-
ity, solubility)

e Improving the nutritional value (increasing the
extent of digestibility, inactivation of toxic or
other undesirable constituents, introducing es-
sential ingredients such as some amino acids).

1.4.6.2 Chemical Modification

Table 1.36 presents a selection of chemical reac-
tions of proteins that are pertinent to and of cur-
rent importance in food processing.

1.4.6.2.1 Acylation

Treatment with succinic anhydride (cf. 1.4.4.1.3)
generally improves the solubility of protein.

Table 1.36. Chemical reactions of proteins significant
in food

Reactive Reaction Product
group
—NH; Acylation -NH-CO-R
—NH, Reductive

alkylation

with HCHO —N(CHj3),
—CONH, Hydrolysis —COOH
—COOH Esterification =~ —COOR
—OH Esterification —0—CO—R
—SH Oxidation —S—S—
—S—S— Reduction —SH
—CO—NH—  Hydrolysis —COOH + H,N—




For example, succinylated wheat gluten is quite
soluble at pH 5 (cf. Fig. 1.40). This effect is
related to disaggregation of high molecular
weight gluten fractions (cf. Fig. 1.41). In the
case of succinylated casein it is obvious that the
modification shifts the isoelectric point of the
protein (and thereby the solubility minimum) to
a lower pH (cf. Fig. 1.42). Succinylation of leaf
proteins improves the solubility as well as the
flavor and emulsifying properties.

Succinylated yeast protein has not only an in-
creased solubility in the pH range of 4-6, but
is also more heat stable above pH 5. It has bet-
ter emulsifying properties, surpassing many other
proteins (Table 1.37), and has increased whippa-
bility.

Introduction of aminoacyl groups into protein can
be achieved by reactions involving amino acid
carboxy anhydrides (Fig. 1.44), amino acids and
carbodiimides (Fig. 1.46) or by BOC-amino acid
hydroxysuccinimides with subsequent removal
of the aminoprotecting group (BOC) (cf. 1.161):

/0 H,N-
BOC-NH—(IIH—CO-O—N\> +
R 5 Ho~O)
pH 9 BOC - NH -CH - €O - HN -
_PH9 _ C
R
BOC - NH-CIZH-CO-O—@—
R
pH 8 BOC - NH - CH - CO - HN -]
_pH8 :
NH,0H R
Ho—~(O)
Anhydrous H,N - (':H - CO - HN—
TFA R
HO <O
HZN —(I:H -COOH : Ala, Trp, Gly, Met
R (1.161)

Feeding tests with casein with attached me-
thionine, as produced by the above method,
have demonstrated a satisfactory availability
of methionine (Table 1.38). Such covalent
attachment of essential amino acids to a protein
may avoid the problems associated with food
supplementation with free amino acids: losses in
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Fig. 1.42. Solubility of succinylated wheat protein as
a function of pH (0.5% solution in water). (according
to Grant, 1973)
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Fig. 1.43. Gel column chromatography of an acetic acid
(0.2 mol/L) wheat protein extract. Column: Sephadex
G-100 (— before and - - - after succinylation). (accord-
ing to Grant, 1973)
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Fig. 1.44. Solubilities of native (—) and succinylated

casein (— 50% and — - — - — 76%) as a function of pH.
(according to Schwenke et al., 1977)

processing, development of undesired aroma due
to methional, etc.

Table 1.39, using B-casein as an example, shows
to what extent the association of a protein is af-
fected by its acylation with fatty acids of various
chain lengths.
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Table 1.37. Emulsifying property of various proteins®

H
Gliadin (1.4°/, Ala) /N /0
s noch T
(o]

Protein Emulsifying

Activity Index Edestin (3.8%/, Ala)

(m?xg™") /

(0]

pH6.5 pHZ8.0 pH 6.8, 48 h —> Polyalanyl-gliadin (23.6%/, Ala)
Yeast protein (88%) succinylated 322 341 pH 6.8. L> Polyalanyl-edestin (6.2°/, Ala)
Yeast protein (62%) succinylated 262 332 0.005M SDS
Sodium dodecyl sulfate (0.1%) 251 212 72h
Bov'ine serum albumin - 197 Fig. 1.45. Hydrolysis of a reductively methylated ca-
Sodium casenate 149 166 sein by bovine o-chymotrypsin. Modification extents:
B-Lactoglobulin - 153 a 0%, b 33%, and ¢ 52%. (according to Galembeck
Whey protein powder A 119 142 etal., 1977)
Yeast protein (24%) succinylated 110 204
Whey protein powder B 102 101 Gluten Soya protein
Soya protein isolate A 41 92
Hemoglobin - 75 Partial hydrolysis
Soya protein isolate B 26 66 with acid or pepsin
Yeast protein (unmodified) 8 59
Lysozyme ) - 50 Soluble Soya protein
Egg albumin - 49 gluten hydrolyzate

4 Protein concentration: 0.5% in phosphate buffer of
pH6.5.

Table 1.38. Feeding trial (rats) with modified casein:
free amino acid concentration in plasma and PER value

Diet umole/100 ml plasma
Lys Thr Ser Gly Met
Casein 101 19 34 32 5
Met-casein® 9% 17 33 27 39
PER®
Casein (10%) 2.46
Casein (10%) + Met (0.2%) 3.15
Casein (5%) + Met-casein® (5%) 2.92

4 Covalent binding of methionine to e-NH, groups of
casein.
b Protein Efficiency Ratio (cf. 1.2.5).

Table 1.39. Association of acylated B-casein A

Protein SD* Mono- Poly- S(z)o.w Si%

20,w
mer  mer
(%) (%) (%) (S-107%) (S-107)

B-Casein A (I) — 11 89 12.6 6.3
Acetyl-1 9% 41 59 4.8 4.7
Propionyl-I 97 24 76 10.5 5.4
n-Butyryl-I 80 8 92 8.9 8.3
n-Hexanoyl-I 85 0 100 7.6 11.6
n-Octanoyl-I 89 0 100 6.6 7.0
n-Decanoyl-I 83 0 100 5.0 6.5

 Substitution degree.

1-Ethyl-3-(3-dimethy! -
aminopropyl) carbodiimide,
lysine or N benzylidene-
lysine,
N-hydroxysuccinimide

1-Ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide,
methionine or {ryptophan

Reaction product
LDickysis

Non-dialysable portion

Lysine enriched gluten Methionine or trypto-

phan enriched
soya protein

Fig. 1.46. Properties of modified wheat gluten. (accord-
ing to Lasztity, 1975)

1.4.6.2.2 Alkylation

Modification of protein by reductive methylation
of amino groups with formaldehyde/NaBH4
retards Maillard reactions. The resultant methyl
derivative, depending on the degree of substitu-
tion, is less accessible to proteolysis (Fig. 1.47).
Hence, its value from a nutritional/physiological
point of view is under investigation.

1.4.6.2.3 Redox Reactions Involving Cysteine
and Cystine

Disulfide bonds have a strong influence on the
properties of proteins. Wheat gluten can be
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Fig. 1.47. Viscosity curves during reduction of different
wheat glutens. For sample designation see Fig. 1.44.
(according to Lasztity, 1975)

modified by reduction of its disulfide bonds
to sulthydryl groups and subsequent reoxida-
tion of these groups under various conditions
(Fig. 1.48). Reoxidation of a diluted suspen-

Gluten reduction

(cohesive, elastic)

reduced gluten

1%, 1Tmol/L urea

Gluten A
Reox. - 69 /L
5-6%, 3mo urea Gluten B
6-10%, 8 mol/L urea
Gluten C

A: readily soluble, soft, adhesive,
non-elastic

: cohesive, elastic

: sparingly soluble, strong, cohesive
and non-elastic

o o

Fig. 1.48. Reaction of proteins with D,L-alanine car-
boxy anhydride. (according to Sela et al., 1962 and St.
Angelo et al., 1966)

Product A B C

=
o
I
|
]

viscosity
X}
o

Relative

T T T T
20 40 20 40

Time (min)

T T
20 40

Fig. 1.49. Covalent binding of lysine to gluten (ac-
cording to Li-Chan et al., 1979) and of methionine or
tryptophan to soya protein (according to Voutsinas and
Nakai, 1979), by applying a carbodiimide procedure
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sion in the presence of urea results in a weak,
soluble, adhesive product (gluten A), whereas
reoxidation of a concentrated suspension in
the presence of a higher concentration of urea
yields an insoluble, stiff, cohesive product
(gluten C). Additional viscosity data have
shown that the disulfide bridges in gluten
A are mostly intramolecular while those in
gluten C are predominantly intermolecular
(Fig. 1.49).

1.4.6.3 Enzymatic Modification

Of the great number of enzymatic reactions with
protein as a substrate (cf. 1.4.5), only a small
number have so far been found to be suitable for
use in food processing.

1.4.6.3.1 Dephosphorylation

Figure 1.50 uses B-casein as an example to show
that the solubility of a phosphoprotein in the pres-
ence of calcium ions is greatly improved by par-
tial enzymatic dephosphorylation.

1.4.6.3.2 Plastein Reaction

The plastein reaction enables peptide fragments
of a hydrolysate to join enzymatically through
peptide bonds, forming a larger polypeptide of

-

T T 1 T

20 60

Precipitation (%)
@ =)
o )
L 1

N
o
L

T

100
Dephosphorylation (%)

Fig. 1.50. Solubility of B-casein, partially dephospho-

rylated by phosphoprotein phosphatase: Precipitation:

pH 7.1: 2.5 mg/ml protein: 10 mmol /L CaCl,: 35 °C;
1 h. (according to Yoshikawa et al., 1974)
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about 3 kdal:
R—CO—NH—R' + E—OH
= R—CO—O0—E + H,N—R'

H,0
R—COOH + E—OH

~

H,N—R2
L >

R—CO—NH—R? + E—OH

(1.162)

The reaction rate is affected by, among other
things, the nature of the amino acid residues.
Hydrophobic amino acid residues are preferably
linked together (Fig.1.51). Incorporation of
amino acid esters into protein is affected by the
alkyl chain length of the ester. Short-chain alkyl
esters have a low rate of incorporation, while
the long-chain alkyl esters have a higher rate of
incorporation. This is especially important for
the incorporation of amino acids with a short side
chain, such as alanine (cf. Table 1.40).

The plastein reaction can help to improve the bi-
ological value of a protein. Figure 1.52 shows
the plastein enrichment of zein with tryptophan,
threonine and lysine. The amino acid composi-
tion of such a zein-plastein product is given in
Table 1.41.

Enrichment of a protein with selected amino acids
can be achieved with the corresponding amino
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Fig. 1.51. Plastein reaction with papain: incorporation
rates of amino acid esters as function of side chain hy-
drophobicity. (according to Arai et al., 1978)

Table 1.40. Plastein reaction catalyzed by papain: rate
of incorporation of amino acid esters®

Aminoacyl OEt OnBu OnHex OnOct
residue

L-Ala 0.016 0.054 0.133 0.135
D-Ala 00 - 0.0 -
o-Methylala 0.0 - 0.0 -
L-Val 0.005 - 0.077 -
L-Norval  0.122 — 0.155 -
L-Leu 0.119 - 0.140 -
L-Norleu  0.125 - 0.149 -
L-Ile 0.005 - 0.048 -

2 imole x mg papain~! x min~!.

acid esters or, equally well, by using suitable par-
tial hydrolysates of another protein.

Figure 1.53 presents the example of soya pro-
tein enrichment with sulfur-containing amino
acids through “adulteration” with the partial
hydrolysate of wool keratin. The PER (protein
efficiency ratio) values of such plastein prod-
ucts are significantly improved, as is seen in
Table 1.42.

Figure 1.54 shows that the production of plastein
with an amino acid profile very close to that rec-
ommended by FAO/WHO can be achieved from
very diverse proteins.

The plastein reaction also makes it possible to
improve the solubility of a protein, for exam-
ple, by increasing the content of glutamic acid
(Fig. 1.55). A soya protein with 25% glutamic
acid yields a plastein with 42% glutamic acid.

in@
Zein Pepsin Zein hydrolyzate
(MW average = 1.1 kdal)
L-Trp-OEt

— -

Papain® | L-Thr-OEt

Plastein (-OEt)

L-Lys-OEt

[
NaOH Plastein (MW average

= 2.8-3 kdal)

Fig. 1.52. Zein enrichment with Trp, Thr, and Lys by
a plastein reaction. (according to Aso et al., 1974)

1% substrate, E/S = 1/50, pH 1.6 at 37 °C for 72 h
® 50% substrate, hydrolyzate /AS-OEt = 10/1,

E/S =3/100 at 37 °C for 48 h

¢ 0.1 mol/L in 50% ethanol at 25 °C for 5 h



Table 1.41. Amino acid composition of various plas-
teins (weight-%)

1 2 3 4 5 6
Arg 156 133 1.07 1.06 135 1.74
His 1.07 095 081 075 081 1.06
Ile 439 639 658 549 623 5.67
Leu 20.18 23.70 23.05 23.75 25.28 23.49
Lys 020 020 024 214 324 0.19
Phe 6.63 726 6.82 734 722 698
Thr 240 218 9.23 236 246 213
Trp 038 971 025 040 042 033
Val 3.62 523 577 553 618 6.20
Met 158 1.87 1.67 189 2.06 2.04
Cys 1.00 058 0.8 081 078 0.92
Ala 756 7.51 805 797 793 877
Asp 461 338 342 371 3.60 3091
Glu 21.70 12.48 14.03 14.77 12.95 13.02
Gly 148 1.15 123 129 127 152
Pro 1093 842 9.10 9.73 9.14 937
Ser 442 340 3.89 393 374 428
Tyr 473 535 497 500 6.08 5.54

1) Zein hydrolyzate; 2) Trp-plastein; 3) Thr-plastein;
4) Lys-plastein; 5) Ac-Lys-plastein; 6) Control without
addition of amino acid ethyl esters.

Table 1.42. PER-values for various proteins and plas-
teins

Protein PER value (rats)
Casein 2.40
Soya protein (I) 1.20
Plastein SW2+1 (1:2)  2.86
Plastein-Met®+ I (1:3)  3.38

2 From hydrolyzate I and wool keratin hydrolyzate.
b From hydrolyzate I and Met-OEt. PER (cf. 1.2.5).

Pepsin

Egg albumin {0) 0
Soya protein m— Partial S
hydrolyzate

Wool keratin ——F:-ﬂ W
0 — Nagarse )

Plastein SO
S — Nagarse )

Plastein SW
W__

Fig. 1.53. Protein enrichment with sulfur amino acids
applying plastein reaction. (according to Yamashita
etal., 1971)
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FAO/WHO spectrum

Bacterial (single

Plastein AP cell protein)

Algal protein

Plastein BP Leaf protein Plastein LP

- a LD 0D o=
(= NO—_c o
- <(_E’jm_‘>.-<._,_

= aniolE
<GV Is=F
+

Ar: Phe + Tyr, S: Met + Cys

Fig. 1.54. Amino acid patterns of some proteins
and their corresponding plasteins. (according to Arai
etal., 1978)

Soya globulin m— Partial hydrolyzate
Glu-a,y-{0OEt)
Y- 2w Plastein (-OEt)
Papain®
[~
NaoH Plastein

Fig. 1.55. Soy globulin enrichment with glutamic
acid by a plastein reaction. (according to Yamashita
etal., 1975)

“pH 1.6

b Partial hydrolyzate/Glu-o-y-(OEt), = 2:1, substrate
concentration: 52.5%, E/S = 1/50, pH 5.5 at 37 °C for
24 h; sample contains 20% acetone

€ 0.2 mol/L at 25 °C for 2 h

Soya protein has a pronounced solubility mini-
mum in the pH range of 3—6. The minimum is
much less pronounced in the case of the unmod-
ified plastein, whereas the glutamic acidenriched
soya plastein has a satisfactory solubility over the
whole pH range (Fig. 1.56) and is also resistant to
thermal coagulation (Fig. 1.57).

Proteins with an increased content of glutamic
acid show an interesting sensory effect: partial
hydrolysis of modified plastein does not result
in a bitter taste, rather it generates a pronounced
“meat broth” flavor (Table 1.43).
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Fig. 1.56. Effect of pH on solubility of soy protein and
modified products (1 g/100 ml water). 1 Soy protein,
24.1% Glu; 2 Plastein 24.8% Glu; 3 Glu-plastein with
41.9% Glu. (according to Yamashita et al., 1975)

100{ 3
=]
e
- 504
~ 1
@ 2
pd

20 40 60
t{min)at 100°C

Fig. 1.57. Solubility of soy protein and modified prod-
ucts (800 mg/10 ml water) as a function of heating
time at 100 °C. 1 Soy protein 24.1% Glu; 2 Plastein
24.8% Glu; 3 Glu-plastein, 41.9% Glu. (according to
Yamashita et al., 1975)

Elimination of the bitter taste from a protein
hydrolysate is also possible without incorpora-
tion of hydrophilic amino acids. Bitter-tasting
peptides, such as Leu-Phe, which are released by
partial hydrolysis of protein, react preferentially
in the subsequent plastein reaction and are in-
corporated into higher molecular weight peptides
with a neutral taste.

The versatility of the plastein reaction is also
demonstrated by examples wherein undesired
amino acids are removed from a protein.
A phenylalanine-free diet, which can be prepared
by mixing amino acids, is recommended for
certain metabolic defects. However, the use of
a phenylalanine-free higher molecular weight
peptide is more advantageous with respect to
sensory and osmotic properties. Such peptides
can be prepared from protein by the plastein
reaction. First, the protein is partially hydrolyzed
with pepsin. Treatment with pronase under

Table 1.43. Taste of glutamic acid enriched plasteins

Enzyme pH Sub-strate? Hydro-lysis® Taste®
bitter meat
broth
type
Pepsin 1.5G 67 1 1.3
P 73 45 1.0
o-Chymo- 8.0 G 48 1 1.0
trypsin P 72 45 1.0
Molsin  3.0G 66 1.0 5.0
P 74 1.3 13
Pronase 8.0 G 66 1.0 43
P 82 1.3 1.2

4 G: Glu-plastein, P: plastein; 1 g/100 ml.
® Nool (10% TCA)/Niogar (%)-
¢ 1: no taste, 5: very strong taste.

suitable conditions then preferentially releases
amino acids with long hydrophobic side chains.
The remaining peptides are separated by gel
chromatography and then subjected to the plas-
tein reaction in the presence of added tyrosine
and tryptophan (Fig. 1.58). This yields a plastein
that is practically phenylalanine-free and has
a predetermined ratio of other amino acids,
including tyrosine (Table 1.44).

The plastein reaction can also be carried out as
a one-step process (Fig. 1.59), thus putting these
reactions to economic, industrial-scale use.

1.4.6.3.3 Cross-Linking

Cross-linking between protein molecules is
achieved with transglutaminase (cf. 2.7.2.4)
and with peroxidase (cf. 2.3.2.2). The cross-
linking occurs between tyrosine residues when
a protein is incubated with peroxidase/H,O»
(cf. Reaction 1.163).

oc: :co
/CH-CHZ@—OH + HO -@- CH, - GH
HN NH
AN /
N\
co
. HO~O)-CH,~CH
HZOZ / Peroxidase OC\ /NH
o HC - CH,~(O)- OH
p .
HN (1.163)
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|Hydrolysis with pepsih

Hydrolyzate 1
Hydrolysis with pronase

Hydrolyzate 2
| Centrifugation

l

Supernatant 1 Precipitate 1
Gel filtration
FriFr2 Fr3 Fra Tyr -OEt
L Trp -OEt
I 1
Mixture
| Synthesis with papain

Product
| Centrifugation

Supernatant 2 Precipitate 2

Ultrafiltration

|

Residue

I

Plastein

Filtrate

Fig. 1.58. Production of plasteins with high tyrosine
and low phenylalanine contents. (according to Ya-
mashita et al., 1976)

Table 1.44. Amino acid composition (weight-%) of
plasteins with high tyrosine and low phenylalanine con-
tents from fish protein concentrate (FPC) and soya pro-
tein isolate (SPI)

Amino FPC FPC- SPI SPI-
acid Plastein Plastein
Arg 7.05 4.22 7.45 4.21
His 2.31 1.76 2.66 1.41
Ile 5.44 2.81 5.20 3.83
Leu 8.79 3.69 6.73 2.43
Lys 10.68 10.11 5.81 3.83
Thr 4.94 4.20 3.58 4.39
Trp 1.01 2.98 1.34 2.80
Val 5.88 3.81 4.97 3.24
Met 2.80 1.90 1.25 0.94
Cys 0.91 1.41 1.78 1.82
Phe 4.30 0.05 4.29 0.23
Tyr 3.94 7.82 3.34 7.96
Ala 6.27 4.82 4.08 2.56
Asp 11.13 13.67 11.51 18.00
Glu 17.14 27.17 16.94 33.56
Gly 4.42 3.94 4.88 3.89
Pro 3.80 4.25 6.27 2.11
Ser 4.59 3.58 5.45 4.67
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Conventional Simplified
process single-step
process

Protein in low
concentration

Protein in high
concentration
Proteinase at

its pH optimum

Amino acid esters,
papain at pH 9-10

Hydrolyzate, high
concentration

Amino acid esters,
papain at pH 5-6

Plastein
with enriched amino acids

Fig. 1.59. An outline for two- and single-step plastein
reactions. (according to Yamashita et al., 1979)

Incubation of protein with peroxidase/H, O, /cate-
chol also results in cross-linking. The reactions in
this case are the oxidative deamination of lysine
residues, followed by aldol and aldimine conden-
sations, i.e. reactions analogous to those cata-
lyzed by lysyl oxidase in connective tissue:

NH, 0
i ¢H
ik _— e NH,
c c
CH, CH,
- C=NH - CH -C-NH- ~C-NH-CH-C-NH-

0 0 0 0
(1.164)

Table 1.45 presents some of the proteins modified
by peroxidase/H, O, treatment and includes their
ditryrosine contents.

1.4.7 Texturized Proteins

1.4.7.1 Foreword

The protein produced for nutrition in the world
is currently about 20% from animal sources
and 80% from plant sources. The plant proteins
are primarily from cereals (57%) and oilseed
meal (16%). Some nonconventional sources of
protein (single cell proteins, leaves) have also
acquired some importance.
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Table 1.45. Content of dityrosine in some proteins af-
ter their oxidation with horseradish peroxidase/H,O;
(pH 9.5, 37 °C, 24 h. Substrate/enzyme = 20:1)

Protein Tyrosine  Tyrosine  Dityrosine
content decrease  content
prior to (%) (g/100 g
oxidation protein)
(g/100 g
protein)
Casein 6.3 21.8 1.37
Soyamine® 3.8 11.5 0.44
Bovine serum
albumin 4.56 30.7 1.40
Gliadin 3.2 5.4 0.17

4 Protein preparation from soybean.

Proteins are responsible for the distinct physical
structure of a number of foods, e.g. the fibrous
structure of muscle tissue (meat, fish), the porous
structure of bread and the gel structure of some
dairy and soya products.

Many plant proteins have a globular structure
and, although available in large amounts, are
used to only a limited extent in food processing.
In an attempt to broaden the use of such proteins,
a number of processes were developed in the
mid-1950’s which confer a fiber-like structure
to globular proteins. Suitable processes give
products with cooking strength and a meat-like
structure. They are marketed as meat extenders
and meat analogues and can be used whenever
a lumpy structure is desired.

1.4.7.2 Starting Material

The following protein sources are suitable for the
production of texturized products: soya; casein;
wheat gluten; oilseed meals such as from cotton-
seed, groundnut, sesame, sunflower, safflower or
rapeseed; zein (corn protein); yeast; whey; blood
plasma; or packing plant offal such as lungs or
stomach tissue.

The required protein content of the starting ma-
terial varies and depends on the process used for
texturization. The starting material is often a mix-
ture such as soya with lactalbumin, or protein
plus acidic polysaccharide (alginate, carrageenan
or pectin).

The suitability of proteins for texturization varies,
but the molecular weight should be in the range of
10-50 kdal. Proteins of less than 10 kdal are weak
fiber builders, while those higher than 50 kdal are
disadvantageous due to their high viscosity and
tendency to gel in the alkaline pH range. The pro-
portion of amino acid residues with polar side
chains should be high in order to enhance inter-
molecular binding of chains. Bulky side chains
obstruct such interactions, so that the amounts of
amino acids with these structures should be low.

1.4.7.3 Texturization

The globular protein is unfolded during textur-
ization by breaking the intramolecular binding
forces. The resultant extended protein chains are
stabilized through interaction with neighboring
chains. In practice, texturization is achieved in
one of two ways:

* The starting protein is solubilized and the re-
sultant viscous solution is extruded through
a spinning nozzle into a coagulating bath (spin
process).

* The starting protein is moistened slightly and
then, at high temperature and pressure, is ex-
truded with shear force through the orifices of
a die (extrusion process).

1.4.7.3.1 Spin Process

The starting material (protein content >90%, e. g.
a soya protein isolate) is suspended in water and
solubilized by the addition of alkali. The 20% so-
lution is then aged at pH 11 with constant stirring.
The viscosity rises during this time as the protein
unfolds. The solution is then pressed through the
orifices of a die (5000-15,000 orifices, each with
a diameter of 0.01-0.08 mm) into a coagulating
bath at pH 2-3. This bath contains an acid
(citric, acetic, phosphoric, lactic or hydrochloric)
and, usually, 10% NaCl. Spinning solutions of
protein and acidic polysaccharide mixtures also
contain earth alkali salts. The protein fibers
are extended further (to about 2- to 4-times
the original length) in a “winding up” step and
are bundled into thicker fibers with diameters



of 10-20 mm. The molecular interactions are
enhanced during stretching of the fiber, thus
increasing the mechanical strength of the fiber
bundles.

The adherent solvent is then removed by pressing
the fibers between rollers, then placing them
in a neutralizing bath (NaHCO; + NaCl) of
pH 5.5-6 and, occasionally, also in a hardening
bath (conc. NaCl).

The fiber bundles may be combined into larger
aggregates with diameters of 7-10 cm.
Additional treatment involves passage of the
bundles through a bath containing a binder and
other additives (a protein which coagulates when
heated, such as egg protein; modified starch
or other polysaccharides; aroma compounds;
lipids). This treatment produces bundles with
improved thermal stability and aroma. A typical
bath for fibers which are to be processed into
a meat analogue might consist of 51% water,
15% ovalbumin, 10% wheat gluten, 8% soya
flour, 7% onion powder, 2% protein hydrolysate,
1% NaCl, 0.15% monosodium glutamate and
0.5% pigments.

Finally, the soaked fiber bundles are heated and
chopped.

1.4.7.3.2 Extrusion Process

The moisture content of the starting material (pro-
tein content about 50%, e.g., soya flour) is ad-
justed to 30—40% and additives (NaCl, buffers,
aroma compounds, pigments) are incorporated.
Aroma compounds are added in fat as a carrier,
when necessary, after the extrusion step to com-
pensate for aroma losses. The protein mixture
is fed into the extruder (a thermostatically con-
trolled cylinder or conical body which contains
a polished, rotating screw with a gradually de-
creasing pitch) which is heated to 120-180 °C
and develops a pressure of 30—40 bar. Under these
conditions the mixture is transformed into a plas-
tic, viscous state in which solids are dispersed
in the molten protein. Hydration of the protein
takes place after partial unfolding of the globu-
lar molecules and stretching and rearrangement
of the protein strands along the direction of mass
transfer.

The process is affected by the rotation rate and
shape of the screw and by the heat transfer
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and viscosity of the extruded material and its
residence time in the extruder. As the molten ma-
terial exits from the extruder, the water vaporizes,
leaving behind vacuoles in the ramified protein
strands.

The extrusion process is more economical
than the spin process. However, it yields fiber-
like particles rather than well-defined fibers.
A great number and variety of extruders are
now in operation. As with other food processes,
there is a trend toward developing and uti-
lizing high-temperature/short-time  extrusion
cooking.

1.5 References

Aeschbach, R., Amado, R., Neukom, H.: Formation
of dityrosine cross-links in proteins by oxidation of
tyrosine residues. Biochim. Biophys. Acta 439, 292
(1976)

Arai, S., Yamashita, M., Fujimaki, M.: Nutritional
improvement of food proteins by means of the
plastein reaction and its novel modification. Adv.
Exp. Med. Biol. 105, 663 (1978)

Aso, K., Yamashita, M., Arai, S., Suzuki, J., Fujimaki,
M.: Specificity for incorporation of o-amino acid
esters during the plastein reaction by papain. J.
Agric. Food Chem. 25, 1138 (1977)

Belitz, H.-D., Wieser, H.: Zur Konfigurationsab-
héngigkeit des siifen oder bitteren Geschmacks von
Aminosduren und Peptiden. Z. Lebensm. Unters.
Forsch. 160, 251 (1976)

Biochemistry, 5th edition, Berg, J.M., Tymoczko,
J.L., Stryer, L., W.H. Freeman and Company,
New York, 2002

Bodanszky, M.: Peptide Chemistry. Springer-Verlag:
Berlin, 1988

Boggs, R.W.: Bioavailability of acetylated derivatives
of methionine, threonine and lysine. Adv. Exp. Med.
Biol. 105, 571 (1978)

Bosin, T.R., Krogh, S., Mais, D.: Identification and
quantitation  of  1,2,3,4-Tetrahydro-B-carboline-
3-carboxylic acid and 1-methyl-1,2,3,4-tetrahydro-
B-carboline-3-carboxylic acid in beer and wine. J.
Agric. Food Chem. 34, 843 (1986)

Bott, R.R., Davies, D.R.: Pepstatin binding to Rhizopus
chinensis aspartyl proteinase. In: Peptides: Structure
and function (Eds.: Hruby, V.J., Rich, D.H.), p. 531.
Pierce Chemical Co.: Rockford, III. 1983

Briickner, H., Pdzold, R.: Sind D-Aminosduren gute
molekulare Marker in Lebensmitteln? Pro und Kon-
tra. Lebensmittelchemie 60, 141 (2006)



90 1 Amino Acids, Peptides, Proteins

Chen, C., Pearson, A.M., Gray, J.I.. Meat Mutagens.
Adv. Food Nutr. Res. 34, 387, (1990)

Cherry, J.P. (Ed.): Protein functionality in foods. ACS
Symposium Series 147, American Chemical Society:
Washington, D.C. 1981

Creighton, T.E.: Proteins: structures and molecular
properties. W.H. Freeman and Co.: New York. 1983

Croft, L.R.: Introduction to protein sequence analy-
sis, 2nd edn., John Wiley and Sons, Inc.: Chich-
ester. 1980

Dagleish, D.G.: Adsorptions of protein and the
stability of emulsions. Trends Food Sci. Technol.
8, 1(1997)

Dickinson, E.: Towards more natural emulsifiers.
Trends Food Sci. Technol. 4, 330 (1993)

Einsele, A.: Biomass from higher n-alkanes. In:
Biotechnology (Eds.: Rehm, H.-J., Reed, G.), Vol. 3,
p. 43, Verlag Chemie: Weinheim. 1983

Faust, U., Prive. P.. Biomass from methane and
methanol. In: Biotechnology (Eds.: Rehm, H.-J.,
Reed, G.), Vol. 3, p. 83, Verlag Chemie: Wein-
heim. 1983

Felton, J.S., Pais, P., Salmon, C.P., Knize, M.G.: Chem-
ical analysis and significance of heterocyclic aro-
matic amines. Z. Lebensm. Unters. Forsch. A 207,
434 (1998)

Finot, P-A., Mottu, F., Bujard, E., Mauron, J.:
N-substituted lysines as sources of lysine in
nutrition. Adv. Exp. Med. Biol. /105, 549 (1978)

Friedman, M., Granvogl, M., Schieberle, P.: Thermally
generated 3-aminopropionamide as a transient inter-
mediate in the formation of acrylamide. J. Agric.
Food Chem. 54, 5933-6938 (2006)

Galembeck, F., Ryan, D.S., Whitaker, J.R., Feeney,
R.E.: Reactions of proteins with formaldehyde in
the presence and absence of sodium borohydride. J.
Agric. Food Chem. 25, 238 (1977)

Glazer, A.N.: The chemical modification of proteins by
group-specific and site-specific reagents. In: The pro-
teins (Eds.: Neurath, H., Hill, R.L., Boeder, C.-L.),
3rd edn., Vol. II, p. 1, Academic Press: New York-
London. 1976

Grant, D.R.: The modification of wheat flour proteins
with succinic anhydride. Cereal Chem. 50 417
(1973)

Gross, E., Morell, J.L.: Structure of nisin. J. Am. Chem.
Soc. 93,4634 (1971)

Herderich, M., Gutsche, B.: Tryptophan-derived
bioactive compounds in food. Food Rev. Int. /3, 103
(1997)

Hudson, B.J.F. (Ed.): Developments in food proteins-1.
Applied Science Publ.: London. 1982

Ikenaka, T., Odani, S., Koide, T: Chemical structure and
inhibitory activities of soybean proteinase inhibitors.
Bayer-Symposium V “Proteinase inhibitors”, p. 325,
Springer-Verlag: Berlin-Heidelberg. 1974

Jagerstad, M., Skog, K., Arvidson, P., Solyakov, A.:
Chemistry, formation and occurrence of genotoxic
heterocyclic amines identified in model systems and
cooked foods. Z. Lebensm. Unters. Forsch A 207,
419 (1998)

Kasai, H., Yamaizumi, Z., Shiomi, T., Yokoyama, S.,
Miyazawa, T., Wakabayashi, K., Nagao, M., Sug-
imura, T., Nishimura, S.: Structure of a potent muta-
gen isolated from fried beef. Chem. Lett. /981, 485

Kasai, H., Yamaizumi, Z., Wakabayashi, K., Nagao,
M., Sugimura, T., Yokoyama, S., Miyazawa, T.,
Spingarn, N.E., Weisberger, J.H., Nishimura, S.:
Potent novel mutagens produced by broiling fish
under normal conditions. Proc. Jpn. Acad. Ser. B56,
278 (1980)

Kessler, H.G.: Lebensmittel- und Bioverfahrenstech-
nik; Molkereitechnologie. 3rd edn., Verlag A.
Kessler: Freising, 1988

Kinsella, J.E.: Functional properties of proteins in
foods: A survey. Crit. Rev. Food Sci. Nutr. 7, 219
(1976)

Kinsella, J.E.: Texturized proteins: Fabrication, flavor-
ing, and nutrition. Crit. Rev. Food Sci. Nutr. /0, 147
(1978)

Kleemann. A., Leuchtenberger, W., Hoppe, B., Tan-
ner. H.: Amino acids. In: Ullmann’s encyclopedia of
industrial chemistry, 5% Edition, Volume A2, p. 57,
Verlag VCA. Weinheim, 1986

Klostermeier, H., et al.: Proteins. In: Ullmann’s ency-
clopedia of industrial chemistry, 5t Edition, Volume
A22, p. 289, Verlag VCH, Weinheim, 1993

Kostka, V. (Ed.): Aspartic proteinases and their
inhibitors. Walter de Gruyter: Berlin. 1985

Lasztity, R.: Rheologische Eigenschaften von Weizen-
kleber und ihre Beziehungen zu molekularen Param-
etern. Nahrung 79, 749 (1975)

Lottspeich, F., Henschen, A., Hupe, K.-P. (Eds.):
High performance liquid chromatography in pro-
tein and peptide chemistry. Walter de Gruyter:
Berlin. 1981

Liibke, K., Schroder, E., Kloss, G.: Chemie und
Biochemie der Aminosduren, Peptide und Proteine.
Georg Thieme Verlag: Stuttgart. 1975

Masters, PM., Friedman, M.: Racemization of amino
acids in alkali-treated food proteins. J. Agric. Food
Chem. 27, 507 (1979)

Mauron, J.: Erndhrungsphysiologische  Beurtei-
lung bearbeiteter Eiweilistoffe. Dtsch. Lebensm.
Rundsch. 71, 27 (1975)

Mazur, R.H., Goldkamp, A.H., James, P.A., Schlatter,
J.M.: Structure-taste relationships of aspartic acid
amides. J. Med. Chem. /3, 1217 (1970)

Mazur, R.H., Reuter, J.A., Swiatek, K.A., Schlatter,
J.M.: Synthetic sweetener. 3. Aspartyl dipeptide
esters from L- and D-alkylglycines. J. Med. Chem.
16, 1284 (1973)



Meister, A.: Biochemistry of the amino acid. 2nd edn.,
Vol. I, Academic Press: New York-London. 1965
Morrissay, P.A., Mulvihill, D.M., O’Neill, E.M.: Func-
tional properties of muscle proteins. In: Develop-
ment in Food Proteins — 5; (Ed.: Hudson, B.J.F),

p. 195, Elsevier Applied Science: London, 1987

Mottram, D.S., Wedzicha, B.L., Dodson, A.T.: Acry-
lamide is formed in the Maillard reaction. Nature
419, 448 (2002)

Nagao, M., Yahagi, T., Kawachi, T., Seino, Y., Honda,
M., Matsukura, N., Sugimura, T., Wakabayashi,
K., Tsuji, K., Kosuge, T.: Mutagens in foods,
and especially pyrolysis products of protein. Dev.
Toxicol. Environ. Sci. 2nd (Prog. Genet. Toxicol.),
p- 259 (1977)

Nakai, S., Modler, H.W.: Food proteins. Properties and
characterization. Verlag Chemie, Weinheim, 1996
Oura, E.: Biomass from carbohydrates. In: Biotechnol-
ogy (Eds.: Rehm, H.-J., Reed, G.), Vol. 3, p. 3, Verlag

Chemie: Weinheim, 1983

Pence, J.W., Mohammad, A., Mecham, D.K.: Heat de-
naturation of gluten. Cereal Chem. 30, 115 (1953)

Pennington, S.R., Wilkins, M.R., Hochstrasser, D.F.,
Dunn, M.J.: Proteome analysis: from protein charac-
terization to biological function. Trends in Cell Biol-
ogy 7, 168 (1997)

Perutz, M.E.: Proteins and nucleic acids. Elsevier Publ.
Co.: Amsterdam. 1962

Phillips, E.G., Whitehead, D.M., Kinsella, J.:
Structure-function properties of food proteins.
Academic Press, London, 1994

Poindexter, E.H., Jr., Carpenter, R.D.: Isolation of har-
mane and norharmane from cigarette smoke. Chem.
Ind. 7962, 176

Puigserver, A.J., Sen, L.C., Clifford, A.J., Feeney, R.E.,
Whitaker, J.R.: A method for improving the nutri-
tional value of food proteins: Covalent attachment of
amino acids. Adv. Exp. Med. Biol. 105, 587 (1978)

Repley, J.A., Careri, G.: Protein hydration and function.
Adyv. Protein Chem. 417, 38 (1991)

Richmond, A.: Phototrophic microalgae. In: Biotech-
nology (Eds.: Rehm, H.-J., Reed G.). Vol. 3. p. 109,
Verlag Chemie: Weinheim. 1983

Schmitz, M.: Mboglichkeiten und Grenzen der
Homoarginin-Markierungsmethode zur  Mes-
sung der Proteinverdaulichkeit beim Schwein.
Dissertation, Universitit Kiel. 1988

Schulz, G.E., Schirmer, R.H.: Principle of protein struc-
ture. Springer-Verlag: Berlin-Heidelberg. 1979

Schwenke, K.D.:  Beeinflussung  funktioneller
Eigenschaften von Proteinen durch chemische
Modifizierung. Nahrung 22, 101 (1978)

Seki, T., Kawasaki, Y., Tamura, M., Tada. M., Okai, H.:
Further study on the salty peptide ornithyl-f-alanine.
Some effects of pH and additive ions on saltiness. J.
Agric. Food Chem. 38, 25 (1990)

1.5 References 91

Severin, Th., Ledl, F.: Thermische Zersetzung von
Cystein in Tributyrin. Chem. Mikrobiol. Technol.
Lebensm. /, 135 (1972)

Shinoda, I., Tada, M., Okai, H.: A new salty peptide,
ornithyl-B-alanine hydrochloride. Pept. Chem. 21st.
Proceeding of the Symposium on Peptide Chem-
istry 1983, p. 43 (1984)

Soda, K., Tanaka, H., Esaki, N.: Amino acids. In:
Biotechnology (Eds.: Rehm, H.-J. Reed. G.). Vol. 3,
p- 479, Verlag Chemie: Weinheim. 1983

Stadler, R.H., Robert, F., Riediker, S., Varga, N.,
Davidek, T., Devaud, S., Goldmann, T., Hau, J.,
Blank I.: In-depth mechanistic study on the forma-
tion of acrylamide and other vinylogous compounds
in the Maillard reaction. J. Agric. Food Chem. 52,
5550 (2004)

Sternberg, M., Kim, C.Y.: Lysinoalanine formation in
protein food ingredients. Adv. Exp. Med. Biol. 868,
73 (1977)

Sugimura, T., Kawachi, T., Nagao, M., Yahagi, T.,
Seino, Y., Okamoto, T., Shudo, K., Kosuge, T,
Tsuji, K. et al.: Mutagenic principle(s) in tryptophan
and phenylalanine pyrolysis products. Proc. Jpn.
Acad. 33, 58 (1977)

Sulser, H.: Die
Wissenschaftliche
Stuttgart. 1978

Traub, W., Piez, K.A.: The chemistry and struc-

Extraktstoffe  des
Verlagsgesellschaft

Fleisches.
mbH:

ture of collagen. Adv. Protein Chem. 25,
267 (1971)

Treleano, R., Belitz, H.-D., Jugel, H., Wieser,
H.: Beziehungen zwischen  Struktur  und
Geschmack bei Aminosduren mit cyclischen

Seitenketten. Z. Lebensm. Unters. Forsch. 167,

320 (1978)
Tschesche, H. (Ed.): Modern Methods in Pro-
tein Chemistry, Vol. 2, Walter de Gruyter:

Berlin, 1985

Voutsinas, L.P., Nakai, S.: Covalent binding of methio-
nine and tryptophan to soy protein. J. Food Sci. 44,
1205 (1979)

Walton, A.G.: Polypeptides and protein struc-
ture, Elsevier North Holland, Inc., New York-
Oxford. 1981

Watanabe, M., Arai, S.: The plastein reaction and its
applications. In: Developments in Food Proteins —
6; (Ed.: Hudson, B.J.E), p. 179, Elsevier Applied
Science: London. 1988

Whitaker, J.R., Fujimaki, M. (Eds.): Chemical de-
terioration of proteins, ACS Symposium Series
123, American Chemical Society: Washington
D.C. 1980

Wieser, H., Belitz, H.-D.: Zusammenhinge zwischen
Struktur und Bittergeschmack bei Aminosduren und
Peptiden. I. Aminoséuren und verwandte Verbindun-
gen. Z. Lebensm. Unters. Forsch. 759, 65 (1975)



92 1 Amino Acids, Peptides, Proteins

Wieser, H., Belitz, H.-D.: Zusammenhinge zwischen
Struktur und Bittergeschmack bei Aminosduren
und Peptiden. II. Peptide und Peptidderivate. Z.
Lebensm. Unters. Forsch. 160, 383 (1976)

Wieser, H., Jugel, H., Belitz, H.-D.: Zusammen-
hiange zwischen Struktur und Sitifgeschmack bei
Aminosduren. Z. Lebensm. Unters. Forsch. 164,
277 (1977)

Wild, D., Kerdar, R.S.: The inherent genotoxic
potency of food mutagens and other heterocyclic
and carboxylic aromatic amines and corre-
sponding azides. Z. Lebensm. Unters. Forsch. A
207, 428 (1998)

Wittmann-Liebold, B., Salnikow, J., Erdmann, V.A.
(Eds.): Advanced Methods in Protein Microsequence
Analysis. Springer-Verlag: Berlin. 1986

Yamashita, M., Arai, S., Fujimaki, M.: A lowphenylala-
nine, high-tyrosine plastein as an acceptable dietetic
food. J. Food Sci. 41, 1029 (1976)

Yamashita, M., Arai, S., Amano, Y., Fujimaki,
M.: A novel one-step process for enzymatic
incorporation of amino acids into proteins: Ap-
plication to soy protein and flour for enhancing

their methionine levels. Agric. Biol. Chem.
43,1065 (1979)
Yamashita, M., Arai, S., Tsai, S.-J., Fujimaki,

M.: Plastein reaction as a method for enhanc-
ing the sulfur-containing amino acid level of
soybean protein. J. Agric. Food Chem. /9,
1151 (1971)

Yamashita, M., Arai, S., Kokubo, S., Aso, K., Fujimaki,
M.: Synthesis and characterization of a glutamic acid
enriched plastein with greater solubility. J. Agric.
Food Chem. 23, 27 (1975)

Yoshikawa, M., Tamaki, M., Sugimoto, E., Chiba, H.:
Effect of dephosphorylation on the self-association
and the precipitation of B-Casein. Agric. Biol. Chem.
38,2051 (1974)



2 Enzymes

2.1 Foreword

Enzymes are proteins with powerful catalytic
activity. They are synthesized by biological
cells and in all organisms, they are involved in
chemical reactions related to metabolism. There-
fore, enzyme-catalyzed reactions also proceed
in many foods and thus enhance or deteriorate
food quality. Relevant to this phenomenon
are the ripening of fruits and vegetables, the
aging of meat and dairy products, and the
processing steps involved in the making of
dough from wheat or rye flours and the pro-
duction of alcoholic beverages by fermentation
technology.

Enzyme inactivation or changes in the distribu-
tion patterns of enzymes in subcellular particles
of a tissue can occur during storage or thermal
treatment of food. Since such changes are read-
ily detected by analytical means, enzymes of-
ten serve as suitable indicators for revealing such
treatment of food. Examples are the detection of
pasteurization of milk, beer or honey, and differ-
entiation between fresh and deep frozen meat or
fish.

Enzyme properties are of interest to the food
chemist since enzymes are available in increas-
ing numbers for enzymatic food analysis or
for utilization in industrial food processing.
Examples of both aspects of their use are pro-
vided in this chapter in section 2.6.4 on food
analysis and in section 2.7, which covers food
processing.

Details of enzymes which play a role in food sci-
ence are restricted in this chapter to only those
enzyme properties which are able to provide an
insight into the build-up or functionality of en-
zymes or can contribute to the understanding of
enzyme utilization in food analysis or food pro-
cessing and storage.

H.-D. Belitz - W. Grosch - P. Schieberle, Food Chemistry
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2.2 General Remarks, Isolation
and Nomenclature

2.2.1 Catalysis

Let us consider the catalysis of an exergonic re-
action:
ki

A=P
kg

@2.1)

with a most frequently occurring case in which
the reaction does not proceed spontaneously. Re-
actant A is metastable, since the activation en-
ergy, Ea, required to reach the activated transi-
tion state in which chemical bonds are formed or
cleaved in order to yield product P, is exception-
ally high (Fig. 2.1).

The reaction is accelerated by the addition of
a suitable catalyst. It transforms reactant A into
intermediary products (EA and EP in Fig. 2.1),
the transition states of which are at a lower energy
level than the transition state of a noncatalyzed
reaction (A# in Fig. 2.1). The molecules of the

Energy ———————

Reaction coordinate

Fig. 2.1. Energy profile of an exergonic reaction
A — P; — without and - - - with catalyst E

93
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Table 2.1. Examples of catalyst activity

Reaction Catalyst Activation kre1(25 °C)
energy (kJ-mol~")
1. H,0; — H,0+1/2 0, Absent 75 1.0
¢ 56.5 ~2.1-10°
Catalase 26.8 ~35-108
2. Casein+n H,O — H® 86 1.0
(n+1) Peptides Trypsin 50 ~2.1-10°
3. Ethylbutyrate H° 55 1.0
+H,0 — butyric acid+ethanol Lipase 17.6 ~4.2-10°
4. Saccharose + H,O — H® 107 1.0
Glucose+Fructose Invertase 46 ~5.6-10'°
5. Linoleic acid Absent 150-270 1.0
+0; — Linoleic acid Cu?* 30-50 ~ 102
hydroperoxide Lipoxygenase 16.7 ~ 107

species A contain enough energy to combine
with the catalyst and, thus, to attain the “activated
state” and to form or break the covalent bond
that is necessary to give the intermediary product
which is then released as product P along with
free, unchanged catalyst. The reaction rate
constants, k; and k_1, are therefore increased
in the presence of a catalyst. However, the
equilibirum constant of the reaction, i.e. the
ratio k14 /k_; =K, is not altered.

Activation energy levels for several reactions and
the corresponding decreases of these energy lev-
els in the presence of chemical or enzymatic cat-
alysts are provided in Table 2.1. Changes in their
reaction rates are also given. In contrast to re-
actions 1 and 5 (Table 2.1) which proceed at
measurable rates even in the absence of cata-
lysts, hydrolysis reactions 2, 3 and 4 occur only
in the presence of protons as catalysts. However,
all reaction rates observed in the case of inor-
ganic catalysts are increased by a factor of at
least several orders of magnitude in the pres-
ence of suitable enzymes. Because of the pow-
erful activity of enzymes, their presence at levels
of 1078 to 10~®mol /1 is sufficient for in vitro ex-
periments. However, the enzyme concentrations
found in living cells are often substantially higher.

2.2.2 Specificity

In addition to an enzyme’s ability to substantially
increase reaction rates, there is a unique enzyme

property related to its high specificity for both the
compound to be converted (substrate specificity)
and for the type of reaction to be catalysed (reac-
tion specificity).

The activities of allosteric enzymes (cf. 2.5.1.3)
are affected by specific regulators or effectors.
Thus, the activities of such enzymes show an
additional regulatory specificity.

2.2.2.1 Substrate Specificity

The substrate specificity of enzymes shows the
following differences. The occurrence of a dis-
tinct functional group in the substrate is the only
prerequisite for a few enzymes, such as some hy-
drolases. This is exemplified by nonspecific li-
pases (cf. Table 3.21) or peptidases (cf. 1.4.5.2.1)
which generally act on an ester or peptide cova-
lent bond.

More restricted specificity is found in other
enzymes, the activities of which require that the
substrate molecule contains a distinct structural
feature in addition to the reactive functional
group. Examples are the proteinases trypsin and
chymotrypsin which cleave only ester or peptide
bonds with the carbonyl group derived from
lysyl or arginyl (trypsin) or tyrosyl, phenylalanyl
or tryptophanyl residues (chymotrypsin). Many
enzymes activate only one single substrate or
preferentially catalyze the conversion of one
substrate while other substrates are converted
into products with a lower reaction rate (cf. ex-
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Table 2.2. Substrate specificity of a legume
a-glucosidase

Substrate Relative  Substrate Relative
activity activity
(%) (%)
Maltose 100 Cellobiose 0
Isomaltose 4.0 Saccharose 0
Maltotrisose 41.5 Phenyl-o.-
Panose 3.5 glucoside 3.1
Amylose 30.9 Phenyl-o.-
Amylopectin 4.4 maltoside 29.7

amples in Table 2.2 and 3.24). In the latter cases
a reliable assessment of specificity is possible
only when the enzyme is available in purified
form, i.e. all other accompanying enzymes, as
impurities, are completely removed.

An enzyme’s substrate specificity for stereoiso-
mers is remarkable. When a chiral center is
present in the substrate in addition to the group
to be activated, only one enantiomer will be
converted to the product. Another example is the
specificity for diastereoisomers, e. g. for cis-trans
geometric isomers.

Enzymes with high substrate specificity are of
special interest for enzymatic food analysis. They
can be used for the selective analysis of individual
food constituents, thus avoiding the time consum-
ing separation techniques required for chemical
analyses, which can result in losses.

2.2.2.2 Reaction Specificity

The substrate is specifically activated by the
enzyme so that, among the several thermody-
namically permissible reactions, only one occurs.
This is illustrated by the following example:
L(+)-lactic acid is recognized as a substrate by
four enzymes, as shown in Fig. 2.2, although
only lactate-2-monooxygenase decarboxylates
the acid oxidatively to acetic acid. Lactate dehy-
drogenase and lactate-malate transhydrogenase
form a common reaction product, pyruvate, but
by different reaction pathways (Fig. 2.2). This
may suggest that reaction specificity should
be ascribed to the different cosubstrates, such
as NAD™ or oxalacetate. But this is not the case
since a change in cosubstrates stops the reaction.
Obviously, the enzyme’s reaction specificity as

CH3COOH +
€04+ H,0
X ’).-monc)c”“f‘:“enose
Lactate ®
COOH w CH3COCOOH
! ‘e dehydrogenase COOH
HO-C—H Lacta i
éH; . H—(l:—OH
actate racemase CH
- i i 3
L(+)-Lactic qcld% D(-)-Lactic acid
Lactqte N
~Mmal,
ranShydrogeggese CH;COCOOH

Fig. 2.2. Examples of reaction specificity of some en-
zymes

well as the substrate specificity are predetermined
by the structure and chemical properties of the
protein moiety of the enzyme.

Of the four enzymes considered, only the lactate
racemase reacts with either of the enantiomers of
lactic acid, yielding a racemic mixture.
Therefore, enzyme reaction specificity rather
than substrate specificity is considered as a basis
for enzyme classification and nomenclature
(cf. 2.2.6).

2.2.3 Structure

Enzymes are globular proteins with greatly dif-
fering particle sizes (cf. Table 1.26). As outlined
in section 1.4.2, the protein structure is deter-
mined by its amino acid sequences and by its con-
formation, both secondary and tertiary, derived
from this sequence. Larger enzyme molecules of-
ten consist of two or more peptide chains (sub-
units or protomers, cf. Table 1.26) arranged into
a specified quaternary structure (cf. 1.4.2.3). Sec-
tion 2.4.1 will show that the three dimensional
shape of the enzyme molecule is actually respon-
sible for its specificity and its effective role as
a catalyst. On the other hand, the protein nature
of the enzyme restricts its activity to a relatively
narrow pH range (for pH optima, cf. 2.5.3) and
heat treatment leads readily to loss of activity by
denaturation (cf. 1.4.2.4 and 2.5.4.4).

Some enzymes are complexes consisting of a pro-
tein moiety bound firmly to a nonprotein compo-
nent which is involved in catalysis, e. g. a “pros-
thetic” group (cf. 2.3.2). The activities of other
enzymes require the presence of a cosubstrate
which is reversibly bound to the protein moiety
(cf. 2.3.1).
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2.2.4 Isolation and Purification

Most of the enzyme properties are clearly and re-
liably revealed only with purified enzymes. As
noted under enzyme isolation, prerequisites for
the isolation of a pure enzyme are selected protein
chemical separation methods carried out at 0-
4 °C since enzymes are often not stable at higher
temperatures.

Tissue Disintegration and Extraction. Disintegra-
tion and homogenization of biological tissue re-
quires special precautions: procedures should be
designed to rupture the majority of the cells in
order to release their contents so that they be-
come accessible for extraction. The tissue is usu-
ally homogenized in the presence of an extraction
buffer which often contains an ingredient to pro-
tect the enzymes from oxidation and from traces
of heavy metal ions. Particular difficulty is en-
countered during the isolation of enzymes which
are bound tenaciously to membranes which are
not readily solubilized. Extraction in the presence
of tensides may help to isolate such enzymes. As
a rule, large amounts of tissue have to be homog-
enized because the enzyme content in proportion
to the total protein isolated is low and is usually
further diminished by the additional purification

of the crude enzyme isolate (cf. example in Ta-
ble 2.3).

Enzyme Purification. Removal of protein impuri-
ties, usually by a stepwise process, is essentially
the main approach in enzyme purification. As
a first step, fractional precipitation, e.g. by
ammonium sulfate saturation, is often used or the
extracted proteins are fractionated by molecu-
lar weight e.g., column gel chromatography.
The fractions containing the desired enzyme
activity are collected and purified further, e. g.,
by ion-exchange chromatography. Additional
options are also available, such as various forms
of preparative electrophoresis, e.g. disc gel
electrophoresis or isoelectric focusing. The
purification procedure can be substantially short-
ened by using affinity column chromatography.
In this case, the column is packed with a station-
ary phase to which is attached the substrate or
a specific inhibitor of the enzyme. The enzyme is
then selectively and reversibly bound and, thus,
in contrast to the other inert proteins, its elution
is delayed.

Control of Purity. Previously, the complete re-
moval of protein impurities was confirmed by
crystallization of the enzyme. This “proof” of pu-

Table 2.3. Isolation of a glucosidase from beans (Phaseolus vidissimus)

No. Isolation step Protein

o-Glucosidase

(mg)

Activity (ucat) Specific activity Enrichment Yield (%)

(ucat/mg) (-fold)

—

. Extraction with 0.01 mol/L
acetate buffer of pH 5.3

2. Saturation to 90% with
ammonium sulfate followed
by solubilization in buffer
of step 1

3. Precipitation with
polyethylene glycol (20%).
Precipitate is then solubilized
in 0.025 mol /L Tris-HCI buffer
of pH7.4

4. Chromatography on DEAE-
cellulose column, an
anion exchanger

5. Chromatography on
SP-Sephadex C-50,
a cation exchanger

6. Preparative isoelectric focusing

44,200

7610

1980

130

30

3840

3590

1650

565

0.087 1 100

0.47 5.4 93

0.83 9.5 43

845 6.5 75 22

18.8 216 15
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rity can be tedious and is open to criticism. To-
day, electrophoretic methods of high separation
efficiency or HPLC are primarily used.

The behavior of the enzyme during chromato-
graphic separation is an additional proof of purity.
A purified enzyme is characterized by a symmet-
rical elution peak in which the positions of the
protein absorbance and enzyme activity coincide
and the specific activity (expressed as units per
amount of protein) remains unchanged during re-
peated elutions.

During a purification procedure, the enzyme ac-
tivities are recorded as shown in Table 2.3. They
provide data which show the extent of purification
achieved after each separation step and show the
enzyme yield. Such a compilation of data readily
reveals the undesired separation steps associated
with loss of activity and suggests modifications or
adoption of other steps.

2.2.5 Multiple Forms of Enzymes

Chromatographic or electrophoretic separations
of an enzyme can occasionally result in separa-
tion of the enzyme into “isoenzymes”, i.e. forms
of the enzyme which catalyze the same reaction
although they differ in their protein structure. The
occurrence of multiple enzyme forms can be the
result of the following:

a) Different compartments of the cell produce
genetically independent enzymes with the
same substrate and reaction specificity, but
which differ in their primary structure. An
example is glutamate-oxalacetate transam-
inase occurring in mitochondria and also
in muscle tissue sarcoplasm. This is the
indicator enzyme used to differentiate fresh
from frozen meat (cf. 12.10.1.2).

b) Protomers associate to form polymers of dif-
fering size. An example is the glutamate de-
hydrogenase occurring in tissue as an equi-
librium mixture of molecular weights M, =
2.5-10° —106.

c) Different protomers combine in various
amounts to form the enzyme. For example,
lactate dehydrogenase is structured from
a larger number of subunits with the reaction
specificity given in Fig. 2.2. It consists of
five forms (A4, A3B, A;B,, AB3 and By), all
derived from two protomers, A and B.

2.2.6 Nomenclature

The Nomenclature Commitee of the “Interna-
tional Union of Biochemistry and Molecular
Biology” (IUBMB) adopted rules last amended
in 1992 for the systematic classification and
designation of enzymes based on reaction speci-
ficity. All enzymes are classified into six major
classes according to the nature of the chemical
reaction catalyzed:

1. Oxidoreductases.

2. Transferases.

3. Hydrolases.

4. Lyases (cleave C—C, C—-0O, C—N, and
other groups by elimination, leaving double
bonds, or conversely adding groups to double
bonds).

5. Isomerases (involved in the catalysis of iso-
merizations within one molecule).

6. Ligases (involved in the biosynthesis of
a compound with the simultaneous hydrol-
ysis of a pyrophosphate bond in ATP or
a similar triphosphate).

Each class is then subdivided into subclasses
which more specifically denote the type of
reaction, e. g. by naming the electron donor of an
oxidation-reduction reaction or by naming the
functional group carried over by a transferase or
cleaved by a hydrolase enzyme.

Each subclass is further divided into sub-
subclasses. For example, sub-subclasses of
oxidoreductases are denoted by naming the
acceptor which accepts the electron from its
respective donor.

Each enzyme is classified by adopting this sys-
tem. An example will be analyzed. The enzyme
ascorbic acid oxidase catalyzes the following re-
action:

L — Ascorbic acid +} 0, =

L — Dehydroascorbic acid +H,O 2.2)
Hence, its systematic name is L-ascorbate: oxy-
gen oxidoreductase, and its systematic number
is E.C. 1.1.10.3.3 (cf. Formula 2.3). The sys-
tematic names are often quite long. Therefore,
the short, trivial names along with the systematic
numbers are often convenient for enzyme desig-
nation. Since enzymes of different biological ori-
gin often differ in their properties, the source and,
when known, the subcellular fraction used for iso-
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lation are specified in addition to the name of the
enzyme preparation; for example, “ascorbate ox-
idase (E.C. 1.1.10.3.3) from cucumber”. When
known, the subcellular fraction of origin (cyto-
plasmic, mitochondrial or peroxisomal) is also
specified.

EC 1. 10. 3. 3.

Enzyme commission —T

Oxidoreductase

Subclass of oxidoreductase
(donor naming: diphenols or
ascorbic acid)

Sub-subclass (naming the
acceptor: oxygen)

Serial no. of the enzyme
within the sub-subclass

(2.3)

A number of enzymes of interest to food chem-
istry are described in Table 2.4. The number of
the section in which an enzyme is dealt with is
given in the last column.

2.2.7 Activity Units

The catalytic activity of enzymes is exhibited
only under specific conditions, such as pH,
ionic strength, buffer type, presence of cofactors
and suitable temperature. Therefore, the rate of
substrate conversion or product formation can
be measured in a test system designed to follow
the enzyme activity. The International System
of Units (SI) designation is mols~! and its
recommended designation is the “katal” (kat™).
Decimal units are formed in the usual way, e. g.:
ukat = 10~ kat = umol - s~ (2.4)
Concentration of enzymatic activity is given
as pkatl~'. The following activity units are
derived from this:

a) The specific catalytic activity, i. e. the activity
of the enzyme preparation in relation to the
protein concentration.

* The old definition in the literature may also be
used: 1 enzyme unit (U) £ 1 pmolmin~!(1U £ 16.67 -
10%kat).

b) The molar catalytic activity. This can be
determined when the pure enzyme with
a known molecular weight is available. It
is expressed as “katal per mol of enzyme”
(katmol™!). When the enzyme has only
one active site or center per molecule, the
molar catalytic activity equals the “turnover
number”’, which is defined as the number of
substrate molecules converted per unit time
by each active site of the enzyme molecule.

2.3 Enzyme Cofactors

Rigorous analysis has demonstrated that numer-
ous enzymes are not pure proteins. In addition
to protein, they contain metal ions and/or low
molecular weight nonprotein organic molecules.
These nonprotein hetero constituents are denoted
as cofactors which are indispensable for enzyme
activity.

According to the systematics (Fig. 2.3), an apoen-
zyme is the inactive protein without a cofactor.
Metal ions and coenzymes participating in en-
zymatic activity belong to the cofactors which
are subdivided into prosthetic groups and cosub-
strates. The prosthetic group is bound firmly to
the enzyme. It can not be removed by, e. g. dial-
ysis, and during enzyme catalysis it remains at-
tached to the enzyme molecule. Often, two sub-
strates are converted by such enzymes, one sub-
strate followed by the other, returning the pros-
thetic group to its original state. On the other

[ Cofactorj +

S —
ﬂ

I Apoenzyme |

(involved in mechanism

of action)
Prosthetic
group Cosubstrate
(stable binding) (cyclic
regeneration)

Fig. 2.3. Systematics of cofactor-containing enzymes
(according to Schellenberger, 1989)



hand, during metabolism, the cosubstrate reacts
with at least two enzymes. It transfers the hydro-
gen or the functional group to another enzyme
and, hence, is denoted as a “transport metabo-
lite” or as an “intermediary substrate”. It is dis-
tinguished from a true substrate by being regener-
ated in a subsequent reaction. Therefore the con-
centration of the intermediary substrates can be
very low. In food analysis higher amounts of co-
substrates are often used without regeneration.
Only those cofactors with enzymatic activities of
importance in enzymatic analysis of food and/or
in food processing will be presented. Some cofac-
tors are related to water-soluble vitamins (cf. 6.3).
The metal ions are dealt with separately in sec-
tion 2.3.3.

2.3.1 Cosubstrates

2.3.1.1 Nicotinamide Adenine Dinucleotide

Transhydrogenases (e. g. lactate dehydrogenase,
alcohol dehydrogenase) dehydrogenate or hydro-
genate their substrates with the help of a pyridine
cosubstrate (Fig. 2.4); its nicotinamide residue
accepts or donates a hydride ion (H™) at pos-
ition 4:

(NADH) 2.5)

The reaction proceeds stereospecifically (cf.
2.4.1.2.1); ribose phosphate and the —CONH,
group force that pyridine ring of the cosubstrate
to become planar on the enzyme surface. The
role of Zn?t ions in this catalysis is outlined
in section 2.3.3.1. The transhydrogenases differ
according to the site on the pyridine ring involved
in or accessible to H-transfer. For example,
alcohol and lactate dehydrogenases transfer
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/ CO-NH, >
ﬁ 0
‘ CHZOPOHOCHZO
OH HO

OH OR

Fig. 2.4. Nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP);
R = H: NAD; R = PO3H,: NADP

the pro-R-hydrogen from the A*side, whereas
glutamate or glucose dehydrogenases transfer the
pro-S-hydrogen from the B” side”.

The oxidized and reduced forms of the pyri-
dine cosubstrate are readily distinguished by
absorbance readings at 340 nm (Fig. 2.5). There-
fore, whenever possible, enzymatic reactions
which are difficult to measure directly are
coupled with an NAD(P)-dependent indicator
reaction (cf. 2.6.1.1) for food analysis.

o

T T T T T T J T gl

280 320 360 400
A(nm)

240

Fig. 2.5. Electron excitation spectra of NAD (1) and
NADH (2)

* Until the absolute configuration of the chiral center is
determined, the two sides of the pyridine ring are de-
noted as A and B.
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Table 2.4. Systematic classification of some enzymes of importance to food chemistry

Class/subclass Enzyme EC- In text
Number found under
1. Oxidoreductases
1.1 CH—OH as donor
1.1.1 With NAD® or NADP? Alcohol dehydrogenase 1.1.1.1 2.6.1
as acceptor Butanediol dehydrogenase 1.1.1.4 2.7.2.1.5
L-Iditol 2-dehydrogenase 1.1.1.14 2.6.1
L-Lactate dehydrogenase 1.1.1.27 2.6.1
3-Hydroxyacyl-CoA 1.1.1.35 12.10.1.2
dehydrogenase
Malate dehydrogenase 1.1.1.37 2.6.1
Galactose 1-dehydrogenase 1.1.1.48 2.6.1
Glucose-6-phosphate 1.1.1.49 2.6.1
1-dehydrogenase
1.1.3 With oxygen as acceptor Glucose oxidase 1.1.34 2.6.1 and
27.2.1.1
Xanthine oxidase 1.1.3.22 2332
1.2 Aldehyde group as donor
1.2.1 With NAD® or NADP? Aldehyde dehydrogenase 1.2.1.3 2.7.2.14
as acceptor
1.8 S-Compound as donor
1.8.5 With quinone or related Glutathione dehydrogenase 1.8.5.1 15.2.2.7
compound as acceptor (ascorbate)
1.10 Diphenol or endiol as donor
1.10.3 With oxygen as acceptor Ascorbate oxidase 1.10.3.3 2.2.6
1.11 Hydroperoxide as acceptor Catalase 1.11.1.6 27.2.1.2
Peroxidase 1.11.1.7 2.3.2.2 and
2544
1.13 Acting on single donors
1.13.11 Incorporation of molecular Lipoxygenase 1.13.11.12 2.5.4.4 and
oxygen 3.7.2.2
1.14 Acting on paired donors
1.14.18 Incorporation of one Monophenol monooxy 1.14.18.1 2332
oxygen atom genase (Polyphenol oxidase)
2. Transferases
2.3 Transfer of acyl groups
232 Aminoacyl transferases Transglutaminase 2.3.2.13 2724
2.7 Transfer of phosphate
2.7.1 HO-group as acceptor Hexokinase 2.7.1.1 2.6.1
Glycerol kinase 2.7.1.30 2.6.1
Pyruvate kinase 2.7.1.40 2.6.1
2.7.3 N-group as acceptor Creatine kinase 2732 2.6.1
3. Hydrolases
3.1 Cleavage of ester bonds
3.1.1 Carboxylester hydrolases Carboxylesterase 3.1.1.1 3.7.1.1
Triacylglycerol lipase 3.1.1.3 2.5.4.4 and
3.7.1.1
Phospholipase A; 3.1.14 3.7.1.2
Acetylcholinesterase 3.1.1.7 2425
Pectinesterase 3.1.1.11 4452
Phospholipase A 3.1.1.32 3.7.1.2
3.1.3 Phosphoric monoester Alkaline phosphatase 3.1.3.1 2.5.4.4

hydrolases
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Class/subclass Enzyme EC- In text
Number found under
3.14 Phosphoric diester Phospholipase C 3.14.3 3.7.1.2
hydrolases
Phospholipase D 3.1.4.4 3.7.1.2
32 Hydrolyzing O-glycosyl
compounds
3.2.1 Glycosidases a-Amylase 3.2.1.1 4.4.5.1.1
B-Amylase 3212 44512
Glucan-1,4-o.- 3213 44513
D-glucosidase
(Glucoamylase)
Cellulase 32.14 4453
Polygalacturonase 3.2.1.15 2.5.4.4 and
4452
Lysozyme 3.2.1.17 2.7.2.2.11
and
11.2.3.14
o-D-Glucosidase (Maltase) 3.2.1.20 2.6.1
B-D-Glucosidase 3.2.1.21 2.6.1
a-D-Galactosidase 3.2.1.22
B-D-Galactosidase (Lactase) 3.2.1.23 2.7.2.2.7
B-Fructofuranosidase 3.2.1.26 27228
(Invertase, saccharase)
1,3-B-D-Xylanase 3.2.1.32 2.7.2.2.10
a-L-Rhamnosidase 3.2.1.40 2.7.2.29
Pullulanase 3.2.1.41 445.14
Exopolygalacturonase 3.2.1.67 4452
323 Hydrolysing S-glycosyl Thioglucosidase 3.23.1 27.2.2.12
compounds (Myrosinase)
3.4 Peptidases®
3.4.21 Serine endopeptidases® Microbial serine 3.4.21.62 1.4.5.2.1
endopeptidases
e. g. Subtilisin
3.4.22 Cysteine endopeptidases?® Papain 3.4.222 1.45.2.2
Ficin 3.4.223 14522
Bromelain 3.4.22.33 14522
3.4.23 Aspartic acid endopeptidases® Chymosin (Rennin) 34234 14524
3.4.24 Metalloendopeptidases® Thermolysin 3.4.24.27 1.45.2.3
3.5 Acting on C—N bonds,
other than peptide bonds
352 In cyclic amides Creatininase 3.5.2.10 2.6.1
4. Lyases
4.2 C—O-Lyases
422 Acting on polysaccharides Pectate lyase 4222 4452
Exopolygalacturonate lyase 4229 4452
Pectin lyase 4.2.2.10 4452
5. Isomerases
53 Intramolecular  oxidoreduc-
tases
5.3.1 Interconverting aldoses and Xylose isomerase 5.3.1.5 2723
ketoses Glucose-6-phosphate 5.3.1.9 2.6.1

isomerase

4 cf. Table 1.33.
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2.3.1.2 Adenosine Triphosphate

The nucleotide adenosine triphosphate (ATP) is
an energy-rich compound. Various groups are
cleaved and transferred to defined substrates
during metabolism in the presence of ATP. One
possibility, the transfer of orthophosphates by
kinases, is utilized in the enzymatic analysis of
food (cf. Table 2.16).

NH,
N N
S
0 o O <N N)
HO - P-O-P-O-P-O CHy g
OH O OH
HO OH (2.6)
ATP + H,0 —= ADP + H3PO,
(AG® at pH7 = —50 kJ mol~1) (2.7)

2.3.2 Prosthetic Groups

2.3.2.1 Flavins

Riboflavin (7,8-dimethyl-10-ribityl-isoalloxazi-
ne), known as vitamin B, (cf. 6.3.2), is the
building block of flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD). Both
act as prosthetic groups for electron transfer
reactions in a number of enzymes.

Due to the much wider redox potential of the
flavin enzymes, riboflavin is involved in the
transfer of either one or two electrons. This is
different from nicotinamides which participate
in double electron transfer only. Values be-
tween +0.19V (stronger oxidizing effect than
NAD®) and —0.49 V (stronger reducing effect
than NADH) have been reported.

0
HyC
Hy N \N/go
CH
| 2 NHy
H_?_OH FMN
H—C—OH K < |\)N
1
H—(IZ—OH :(I)I :(ﬁ N
1 1
CHZ—ofT—OfT—o—CHz 0
{OH 'OH
Rlboflav_ln__ OH OH

(2.8)

Flavin-adenine-dinucleotide (FAD)

An example for a flavin enzyme is glucose
oxidase, an enzyme often used in food processing
to trap residual oxygen (cf. 2.7.2.1.1). The
enzyme isolated and purified from Aspergillus
niger is a dimer (M; = 168,000) with two
noncovalently bound FAD molecules. In contrast
to xanthine oxidase (cf. 2.3.3.2), for example,
this enzyme has no heavy metal ion. During
oxidation of a substrate, such as the oxidation
of B-D-glucose to &-D- gluconolactone, the
flavoquinone is reduced by two single electron
transfers:

I@( Nvo

(FAD) !
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N
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R
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(FADH) H ¢ (2.9

Like glucose oxidase, many flavin enzymes
transfer the electrons to molecular oxygen,
forming H;0, and flavoquinone. The fol-
lowing intermediary products appear in this
reaction:

FADH, & j@[
nh N_ O
~
—»j@ \(H ——= FAD + H0;
N7, N
10
H 0
\OH

(2.10)
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2.3.2.2 Hemin

Peroxidases from food of plant origin and several
catalases contain ferri-protoporphyrin IX (hemin,
cf. Formula 2.11) as their prosthetic group and as
the chromophore responsible for the brown color
of the enzymes:

H3C

HOOC— CHy—CH,

CHp—CHy—COOH

YI (2.11)

In catalytic reactions there is a change in the
electron excitation spectra of the peroxidases
(Fig. 2.6a) which is caused by a valence change
of the iron ion (Fig. 2.6b). Intermediary com-
pounds I (green) and II (pale red) are formed
during this change by reaction with H,O;
and reducing agent AH. The reaction cycle is
completed by another single electron transfer.

Some verdoperoxidases, which are green in color
(as suggested by their name) and found in vari-
ous foods of animal origin, e. g. milk, contain an
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unidentified Fe-protoporphyrin as their prosthetic
group.

2.3.2.3 Pyridoxal Phosphate

Pyridoxal phosphate (Formula 2.12) and pyridox-
amine (Formula 2.13), derived from it, are desig-
nated as vitamin B¢ (cf. 6.3.3) and are essential
ingredients of food:

0
Q C

i
HO—P—0—CH, OH
OH

CH;
NH

n

2.12)

\ 20

o]

3 §
HO— | —0—CHz OH
OH
CH3

Coupled to the enzyme as a prosthetic group
through a lysyl residue, pyridoxal phosphate
is involved in conversion reactions of amino
acids. In the first step of catalysis, the amino
group of the amino acid substrate displaces
the 6-amino group of lysine from the aldimine
linkage (cf. Reaction 2.14). The positively
charged pyridine ring then exerts an electron
shift towards the o-C-atom of the amino acid
substrate; the shift being supported by the release
of one substituent of the o-C-atom. In Fig. 2.7
is shown how the ionization of the proton
attached to the o-C-atom leads to transamination

I

20

(2.13)

T T T T T T
H,0,
Peroxidase
I E~Fel® E~Fe3?H,0,
(brown)
l H,0+ A'j H,0
E~Fe'® OH E~Fe'% 0
(Compound1I) (Compound 1)
Peroxidase W
1 L | ] ) 1 A AH
400 450 500 550 600 650 700
a Anm) =——— b 2A° —>= A-A

Fig. 2.6. Peroxidase reaction with H,O» and a hydrogen donor (AH). a Electron excitation spectra of peroxidase

and intermediates I and II; b mechanism of catalysis
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of the amino acid with formation of an
o-keto acid. The reaction may also proceed
through a decarboxylation (Fig. 2.7) and yield an
amine. Which of these two pathway options will
prevail is decided by the structure of the protein
moiety of the enzyme.

Transamination Decarboxylation
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Fig. 2.7. The role of pyridoxal phosphate in transami-
nation and decarboxylation of amino acids
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2.3.3 Metal Ions

Metal ions are indispensable cofactors and sta-
bilizers of the conformation of many enzymes.
They are especially effective as cofactors with
enzymes converting small molecules. They influ-
ence the substrate binding and participate in cata-
lytic reactions in the form of a Lewis acid or play
the role of an electron carrier. Only the most im-
portant ions will be discussed.

2.3.3.1 Magnesium, Calcium and Zinc

Mg>® ions activate some enzymes which
hydrolyze phosphoric acid ester bonds (e.g.
phosphatases; cf. Table 2.4) or transfer phosphate
residues from ATP to a suitable acceptor (e.g.
kinases; cf. Table 2.4). In both cases, Mgzg’5 ions
act as an electrophilic Lewis acid, polarize the
P—O-linkage of the phosphate residue of the
substrate or cosubstrate and, thus, facilitate
a nucleophilic attack (water with hydrolases;
ROH in the case of kinases). An example is the
hexokinase enzyme (cf. Table 2.16) which, in
glycolysis, is involved in catalyzing the phospho-
rylation of glucose to glucose-6-phosphate with
ATP as cosubstrate. The effect of a Mg?® jon
within the enzyme-substrate complex is obvious
from the following formulation:

2
], ,,-MQ.A._®9
OH <|) -? _ H—(B
| 0
----- Adenosine—P—0—P_ N ]
I 07 INon CH2
o © 0_ OH
OH
HO
OH
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2.15)



Ca’® ions are weaker Lewis acids than
Mg?® ions. Therefore, the replacement of Mg?®
by Ca?® may result in an inhibition of the kinase
enzymes. Enhancement of the activity of other
enzymes by Ca’® is based on the ability of the
ion to interact with the negatively charged sites
of amino acid residues and, thus, to bring about
stabilization of the enzyme conformation (e.g.
a-amylase; cf. 4.4.4.5.1). The activation of the
enzyme may be also caused by the involvement
of the Ca??® ion in substrate binding (e. g. lipase;
cf. 3.7.1.1).

The Zn?® ion, among the series of transition met-
als, is a cofactor which is not involved in re-
dox reactions under physiological conditions. As
a Lewis acid similar in strength to Mg?®, Zn*®
participates in similar reactions. Hence, substitut-
ing the Zn>® ion for the Mg?® ion in some en-
zymes is possible without loss of enzyme activity.
Both metal ions can function as stabilizers of
enzyme conformation and their direct partic-
ipation in catalysis is readily revealed in the
case of alcohol dehydrogenase. This enzyme
isolated from horse liver consists of two identical
polypeptide chains, each with one active site.
Two of the four Zn?? ions in the enzyme readily
dissociate. Although this dissociation has no
effect on the quaternary structure, the enzyme ac-
tivity is lost. As described under section 2.3.1.1,
both of these Zn*® jons are involved in the
formation of the active site. In catalysis they
polarize the substrate’s C—O linkage and, thus,
facilitate the transfer of hydride ions from or
to the cosubstrate. Unlike the dissociable ions,
removal of the two residual Zn>? ions is possible
only under drastic conditions, namely disruption
of the enzyme’s quaternary structure which is
maintained by these two ions.

2.3.3.2 Iron, Copper and Molybdenum

The redox system of Fe¥¥/Fe® covers a wide
range of potentials (Table 2.5) depending on the
attached ligands. Therefore, the system is excep-
tionally suitable for bridging large potential dif-
ferences in a stepwise electron transport system.
Such an example is encountered in the transfer of
electrons by the cytochromes as members of the
respiratory chain (cf. textbook of biochemistry)
or in the biosynthesis of unsaturated fatty acids
(cf. 3.2.4), and by some individual enzymes.
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Iron-containing enzymes are attributed either to
the heme (examples in 3.3.2.2) or to the non-
heme Fe-containing proteins. The latter case is
exemplified by lipoxygenase, for which the mech-
anism of activity is illustrated in section 3.7.2.2,
or by xanthine oxidase.

Xanthine oxidase from milk (M; = 275,000) re-
acts with many electron donors and acceptors.
However, this enzyme is most active with sub-
strates such as xanthine or hypoxanthine as elec-
tron donors and molecular oxygen as the electron
acceptor. The enzyme is assumed to have two ac-
tive sites per molecule, with each having 1 FAD
moiety, 4 Fe-atoms and 1 Mo-atom. During the
oxidation of xanthine to uric acid:

Hg:\/'[;\ _%H@,z )t[
-

oxygen is reduced by two one-electron steps
to HyO; by an electron transfer system in which
the following valence changes occur:

Xanthine XZMOGQXFADHXZFeSQ XHZOz
Uric acid 2Mo5® FAD 2Fe2® 0,

(2.17)

HZO

ZHQ*“ (2.16)

Under certain conditions the enzyme releases
a portion of the oxygen when only one electron
transfer has been completed. This yields b,
the superoxide radical anion, with one unpalred
electron. This ion can initiate lipid peroxidation
by a chain reaction (cf. 3.7.2.1.8).

Polyphenol oxidases and ascorbic acid oxi-
dase, which occur in food, are known to have
a Cu® /Cu'® redox system as a prosthetic group.
Polyphenol oxidases play an important role in
the quality of food of plant origin because they
cause the “enzymatic browning” for example in
potatoes, apples and mushrooms. Tyrosinases,
catecholases, phenolases or cresolases are en-
zymes that react with oxygen and a large range
of mono and diphenols.
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Table 2.5. Redox potentials of Fe3* /Fe?* complex
compounds at pH 7 (25 °C) as affected by the ligand

Redox-System Ej
(Volt)
[Fe™ (o-phen?) 313 /[Fe' (o-phen) 3]>¥ +1.10
[Fe™(OH,)6]3® /[Fe'l (OH,)6 ]** +0.77
[Fe' (CN) ]>° /[Fe!l(CN)g ]*© +0.36
Cytochrome a(Fe3®) /Cytochrome a (Fe*®)  40.29
Cytochrome ¢ (Fe*®)/Cytochrome ¢ (Fe?¥)  +0.26
Hemoglobin (Fe*®)/Hemoglobin (Fe?®) +0.17
Cytochrome b (Fe’®)/Cytochrome b (Fe?®)  4-0.04
Myoglobin (Fe3®)/Myoglobin (Fe>?) 0.00
(FeMEDTA)!© /(Fe"EDTA)?® —0.12
(Fe(oxin®)3)/(Fel (oxin)3)!© -0.20
Ferredoxin (Fe*®)/Ferredoxin (Fe?®) —0.40

4 o-phen: o-Phenanthroline.
b oxin: 8-Hydroxyquinoline.

Polyphenol oxidase catalyzes two reactions: first
the hydroxylation of a monophenol to o-diphenol
(EC 1.14.18.1, monophenol monooxygenase)
followed by an oxidation to o-quinone (EC
1.10.3.1, o-diphenol: oxygen oxidoreductase).
Both activities are also known as cresolase
and catecholase activity. At its active site,
polyphenol oxidase contains two Cu'® ions with
two histidine residues each in the ligand field.
In an “ordered mechanism” (cf. 2.5.1.2.1) the
enzyme first binds oxygen and later monophe-
nol with participation of the intermediates
shown in Fig. 2.8. The Cu ions change their
valency (Cu'® — Cu®®). The newly formed
complex ([] in Fig. 2.8) has a strongly polarized

O—O=bonding, resulting in a hydroxylation to
o-diphenol. The cycle closes with the oxidation
of o-diphenol to o-quinone.

2.4 Theory of Enzyme Catalysis

It has been illustrated with several examples (Ta-
ble 2.1) that enzymes are substantially better cata-
lysts than are protons or other ionic species used
in nonenzymatic reactions. Enzymes invariably
surpass all chemical catalysts in relation to sub-
strate and reaction specificities.

Theories have been developed to explain the
exceptional efficiency of enzyme activity. They
are based on findings which provide only indirect
insight into enzyme catalysis. Examples are the
identification of an enzyme’s functional groups
involved in catalysis, elucidation of their arrange-
ment within the tertiary structure of the enzyme,
and the detection of conformational changes
induced by substrate binding. Complementary
studies involve low molecular weight model
substrates, the reactions of which shed light on
the active sites or groups of the enzyme and
their coordinated interaction with other factors
affecting enzymatic catalysis.

2.4.1 Active Site

An enzyme molecule is, when compared to
its substrate, often larger in size by a factor

OH
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Fig. 2.8. Mechanism of polyphenol oxidase activity



of several orders of magnitude. For example,
glucose oxidase (M; = 1.5 10%) and glucose
(M; = 180). This strongly suggests that in
catalysis only a small locus of an active site has
direct contact with the substrate. Specific parts of
the protein structure participate in the catalytic
process from the substrate binding to the product
release from the so-called active site. These parts
are amino acid residues which bind substrate and,
if required, cofactors and assist in conversion of
substrate to product.

Investigations of the structure and function of the
active site are conducted to identify the amino
acid residues participating in catalysis, their steric
arrangement and mobility, the surrounding micro-
environment and the catalysis mechanism.

2.4.1.1 Active Site Localization

Several methods are generally used for the iden-
tification of amino acid residues present at the
active site since data are often equivocal. Once
obtained, the data must still be interpreted with
a great deal of caution and insight.

The influence of pH on the activity assay
(cf. 2.5.3) provides the first direct answer as to
whether dissociable amino acid side chains, in
charged or uncharged form, assist in catalysis.
The data readily obtained from this assay must
again be interpreted cautiously since neigh-
boring charged groups, hydrogen bonds or the
hydrophobic environment of the active site can
affect the extent of dissociation of the amino
acid residues and, thus, can shift their pK values
(cf. 1.4.3.1).

Selective labeling of side chains which form
the active site is also possible by chemical
modification. When an enzyme is incubated with
reagents such as iodoacetic acid (cf. 1.2.4.3.5) or
dinitrofluorobenzene (cf. 1.2.4.2.2), resulting in
a decrease of activity, and subsequent analysis of
the modified enzyme shows that only one of the
several available functional groups is bound to
reagent (e.g. one of several —SH groups), then
this group is most probably part of the active
site. Selective labeling data when an inhibiting
substrate analogue is used are more convincing.
Because of its similarity to the chemical structure
of the substrate, the analogue will be bound cova-
lently to the enzyme but not converted into prod-
uct. We will consider the following examples:
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N-tosyl-L-phenylalanine ethyl ester (Formula
2.18) is a suitable substrate for the proteinase
chymotrypsin which hydrolyzes ester bonds.

When the ethoxy group is replaced by a chloro-
methyl group, an inhibitor whose structure is
similar to the substrate is formed (Ng-tosyl-L-
phenylalanine chloromethylketone, TPCK).

@‘CHz—CI?H—CO—O—CHz—CH3

lilH
0=S=0

CH3

@—CHz—?H—CO—CHZ—C!
NH

0=S=0

(2.18)

CH3 (2.19)
Thus, the substrate analogue binds specifically
and irreversibly to the active site of chymotrypsin.
Analysis of the enzyme inhibitor complex reveals
that, of the two histidine residues present in chy-
motrypsin, only His®’ is alkylated at one of its
ring nitrogens. Hence, the modified His residue
is part of the active site (cf. mechanism of chy-
motrypsin catalysis, Fig. 2.17). TPCK binds high-
ly specifically, thus the proteinase trypsin is not
inhibited. The corresponding inhibiting substrate
analogue, which binds exclusively to trypsin, is
N-tosyl-L-lysine chloromethylketone (TLCK):

HZN—(CHZ)A—(IZH—CO—CHZ—CI
rilH
0=S=0

CH3 (2.20)

Reaction of diisopropylfluorophosphate (DIFP)

(‘:H3 v-|3cl
H3C—CH CH—CH;
\O 0
\P/
V2R
& F (2.21)
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with a number of proteinases and esterases
alkylates the unusually reactive serine residue
at the active site. Thus, of the 28 serine residues
present in chymotrypsin, only Ser!®’ is alkylated,
while the other 27 residues are unaffected
by the reagent. It appears that the reactivity
of Ser!® is enhanced by its interaction with the
neighboring His®’ (cf. mechanism of catalysis
in Fig. 2.17). The participation of a carboxyl
group at the active site in B-glucosidase catalysis
has been confirmed with the help of conduritol
B-epoxide, an inhibiting substrate analogue:

<</(\

OH
OH
HO'
—
HO.
OH

0, (o]
N/

Enzyme

(2.22)

A lysine residue is involved in enzyme catalysis
in a number of lyase enzymes and in enzymes
in which pyridoxal phosphate is the cosubstrate.
An intermediary Schiff base product is formed
between an €-amino group of the enzyme and
the substrate or pyridoxal phosphate (cf. 2.3.2.3).
The reaction site is then identified by reduction
of the Schiff base with NaBHj.

An example of a “lysine” lyase is the aldolase en-
zyme isolated from rabbit muscle. The intermedi-
ary product formed with dihydroxyacetone phos-
phate (cf. mechanism in Fig. 2.19) is detected as
follows:

E E
N -0- N -0-
NV Nie0ec CH2 0 POH, N .o CH20-POH,
2 < < N
Y CH,-OH Y CH, OH
M M
E E
N
NaBH CH,-0-PO,H
— %4 ZENH-CH 2 372
Y CH, OH
M
E

~CH,-OH

Hydrolysis N
y CH,-0H

HOOC,
‘CH=(CH,) ~NH-CH
H,N

(2.23)

2.4.1.2 Substrate Binding
2.4.1.2.1 Stereospecificity

Enzymes react stereospecifically. Before being
bound to the binding locus, the substrates are
distinguished by their cis, trans-isomerism and
also by their optical antipodes. The latter prop-
erty was illustrated by the reactions of L(+)-lactic
acid (Fig. 2.2). There are distinct recognition ar-
eas on the binding locus. Alcohol dehydrogenase
will be used to demonstrate this. This enzyme re-
moves two hydrogen atoms, one from the methy-
lene group and the other from the hydroxyl group,
to produce acetaldehyde. However, the enzyme
recognizes the difference between the two methy-
lene hydrogens since it always stereospecifically
removes the same hydrogen atom. For example,
yeast alcohol dehydrogenase always removes the
pro-R-hydrogen from the C-1 position of a ster-
eospecifically deuterated substrate and transfers
it to the C-4 position of the nicotinamide ring of
NAD:

D, Hg _
{C . = CO—NH;
RN \@l
CHy OH N
R
(NAD)
DR _Hs
i {__CO-NH,
®
_— /C§o + | I + H
CH3 \
R
(NADH)

(2.24)

To explain the stereospecificity, it has been
assumed that the enzyme must bind simultane-
ously to more than one point of the molecule.
Thus, when two substituents (e.g. the methyl
and hydroxyl groups of ethanol; Fig. 2.9) of
the prochiral site are attached to the enzyme
surface at positions A and B, the position of the
third substituent is fixed. Therefore, the same
substituent will always be bound to reactive
position C, e.g. one of the two methylene
hydrogens in ethanol. In other words, the two
equal substituents in a symmetrical molecule
are differentiated by asymmetric binding to the
enzyme.
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Fig. 2.9. A model for binding of a prochiral substrate
(ethanol) by an enzyme

2.4.1.2.2 “Lock and Key” Hypothesis

To explain substrate specificity, E. Fischer pro-
posed a hypothesis a century ago in which he de-
picted the substrate as being analogous to a key
and the enzyme as its lock. According to this
model, the active site has a geometry which is
complementary only to its substrate (Fig. 2.10). In
contrast, there are many possibilities for a “bad”
substrate to be bound to the enzyme, but only one
provides the properly positoned enzyme-substrate
complex, as illustrated in Fig. 2.10, which is con-
verted to the product.

The proteinases chymotrypsin and trypsin are
two enzymes for which secondary and tertiary
structures have been elucidated by x-ray ana-
lysis and which have structures supporting the
lock and key hypothesis to a certain extent.
The binding site in chymotrypsin and trypsin
is a three-dimensional hydrophobic pocket
(Fig. 2.11). Bulky amino acid residues such as
aromatic amino acids fit neatly into the pocket
(chymotrypsin, Fig. 2.11a), as do substrates with
lysyl or arginyl residues (trypsin, Fig. 2.11b).
Instead of Ser'®”, the trypsin peptide chain
has Asp'®® which is present in the deep cleft
in the form of a carboxylate anion and which
attracts the positively charged lysyl or arginyl
residues of the substrate. Thus, the substrate is
stabilized and realigned by its peptide bond to
face the enzyme’s Ser'®> which participates in
hydrolysis (transforming locus).
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(4)
AS,
Enzyme
+
Product
Ei
As, +nzyme
Product

Fig. 2.10. Binding of a good (3) and of a bad sub-
strate (2) by the active site (1) of the enzyme (accord-
ing to Jencks, 1969). (4) A productive enzyme-substrate
complex; (5) a nonproductive enzyme substrate com-
plex. Asy and As,: reactive amino acid residues of the
enzyme involved in conversion of substrate to product

The peptide substrate is hydrolyzed by the
enzyme elastase by the same mechanism as for
chymotrypsin. However, here the pocket is closed
to such an extent by the side chains of Val?!®
and Thr??¢ that only the methyl group of alanine
can enter the cleft (Fig. 2.11c). Therefore,
elastase has specificity for alanyl peptide bonds
or alanyl ester bonds.

2.4.1.2.3 Induced-fit Model

The conformation of a number of enzymes is
changed by the binding of the substrate. An ex-
ample is carboxypeptidase A, in which the Try?*
located in the active site moves approx-
imately 12A towards the substrate, glycyl-L-
phenylalanine, to establish contact. This and other
observations support the dynamic induced-fit
model proposed by Koshland (1964). Here, only
the substrate has the power to induce a change
in the tertiary structure to the active form of
the enzyme. Thus, as the substrate molecule
approaches the enzyme surface, the amino acid
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Fig. 2.11. A hypothesis for substrate binding by
o-chymotrypsin, trypsin and elastase enzymes (accord-
ing to Shotton, 1971)

residues A and B change their positions to
conform closely to the shape of the substrate (I,
in Fig. 2.12). Groups A and B are then in the
necessary position for reaction with the substrate.
Diagrams II and III (Fig. 2.12) illustrate the
case when the added compound is not suitable
as substrate. Although group C positioned the

//Enzyme

///////

(1) (1I1)

Fig. 2.12. A schematic presentation of “induced-fit
model” for an active site of an enzyme (according to
Koshland, 1964).

— Polypeptide chain of the enzyme with catalytically
active residues of amino acids, A and B; the residue C
binds the substrate

substrate correctly at its binding site, the shape
of the compound prevents groups A and B from
being aligned properly in their active positions
and, thus, from generating the product.

In accordance with the mechanisms outlined
above, one theory suitable for enzymes following
the lock and key mechanism and the other
theory for enzymes operating with the dynamic
induced-fit model, the substrate specificity of
any enzyme-catalyzed reaction can be explained
satisfactorily.

In addition, the relationship between enzyme con-
formation and its catalytic activity thus outlined
also accounts for the extreme sensitivity of the
enzyme as catalyst. Even slight interferences im-
posed on their tertiary structure which affect the
positioning of the functional groups result in loss
of catalytic activity.

2.4.2 Reasons for Catalytic Activity

Even though the rates of enzymatically catalyzed
reactions vary, they are very high compared to the



effectiveness of chemical catalysts (examples in
Table 2.2). The factors responsible for the high
increase in reaction rate are outlined below. They
are of different importance for the individual en-
Zymes.

2.4.2.1 Steric Effects — Orientation Effects

The specificity of substrate binding contributes
substantially to the rate of an enzyme-catalyzed
reaction.

Binding to the active site of the enzyme concen-
trates the reaction partners in comparison with
a dilute substrate solution. In addition, the reac-
tion is now the favored one since binding places
the substrate’s susceptible reactive group in the
proximity of the catalytically active group of the
enzyme.

Therefore the contribution of substrate binding to
the reaction rate is partially due to a change in the
molecularity of the reaction. The intermolecular
reaction of the two substrates is replaced by an
intramolecular reaction of an enzyme-substrate
complex. The consequences can be clarified by
using model compounds which have all the reac-
tive groups within their molecules and, thus, are
subjected to an intramolecular reaction. Their re-
activity can then be compared with that of the
corresponding bimolecular system and the results
expressed as a ratio of the reaction rates of the
intramolecular (k;) to the intermolecular (k;) re-
actions. Based on their dimensions, they are de-
noted as “effective molarity”. As an example, let
us consider the cleavage of p-bromophenylacetate
in the presence of acetate ions, yielding acetic
acid anhydride:

sr—©-o—co—c++3 + CH3C00® + Na®
— a:-@—o@m@h (CH3C0),0

Intramolecular hydrolysis is substantially faster
than the intermolecular reaction (Table 2.6). The
effective molarity sharply increases when the re-
active carboxylate anion is in close proximity to
the ester carbonyl group and, by its presence, re-
tards the mobility of the carbonyl group. Thus,
the effective molarity increases (Table 2.6) as the
C—C bond mobility decreases. Two bonds can ro-
tate in a glutaric acid ester, whereas only one can

(2.25)
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rotate in a succinic acid ester. The free rotation is
effectively blocked in a bicyclic system. Hence,
the reaction rate is sharply increased. Here, the
rigid steric arrangement of the acetate ion and of
the ester group provides a configuration that imi-
tates that of a transition state.

In contrast to the examples given in Table 2.6, ex-
amples should be mentioned in which substrates
are not bound covalently by their enzymes.
The following model will demonstrate that
other interactions can also promote close pos-
itioning of the two reactants. Hydrolysis of
p-nitrophenyldecanoic acid ester is catalyzed by
an alkylamine:

\/\/\/\/\co—o—©—N02 + H0
TR YAVA VA VYA
(R=NHz) COOH + H0—©—N02

R-NH, : AN AN NNH,

/\N Hp
(2.26)

The reaction rate in the presence of decylamine
is faster than that in the presence of ethylamine
by a factor of 700. This implies that the reactive
amino group has been oriented very close to the
susceptible carbonyl group of the ester by the es-
tablishment of a maximal number of hydropho-
bic contacts. Correspondingly, there is a decline
in the reaction rate as the alkyl amine group is
lengthened further.

Table 2.6. Relative reaction rate for the formation of
acid anhydrides

I. CH;—COOR + CH;—COO0®

1L CH,—COOR

e, 9.5 10°

AN
CH,—CO00°®

III. H,c—COOR 2.2-10°

H,C—CO00°
Iv. o) 5-107

COOR
coo®
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Fig. 2.13. Example of a transition state analog inhibitor a reaction of triosephosphate isomerase, TT: postulated

transition state; b inhibitor

2.4.2.2 Structural Complementarity
to Transition State

It is assumed that the active conformation of the
enzyme matches the transition state of the reac-
tion. This is supported by affinity studies which
show that a compound with a structure analogous
to the transition state of the reaction (“transition
state analogs”) is bound better than the substrate.
Hydroxamic acid, for example, is such a transi-
tion state analog which inhibits the reaction of
triosephosphate isomerase (Fig. 2.13). Compari-
sons between the Michaelis constant and the
inhibitor constant show that the inhibitor has
a 30 times higher affinity to the active site than
the substrate.

The active site is complementary to the transition
state of the reaction to be catalyzed. This assump-
tion is supported by a reversion of the concept.
It has been possible to produce catalytically ac-
tive monoclonal antibodies directed against tran-
sition state analogs. The antibodies accelerate the
reaction approximating the transition state of the
analog. However, their catalytic activity is weaker
compared to enzymes because only the environ-
ment of the antibody which is complementary to
the transistion state causes the acceleration of the
reaction.

Transition state analog inhibitors were used to
show that in the binding the enzyme displaces
the hydrate shell of the substrates. The reaction
rate can be significantly increased by removing
the hydrate shell between the participants.

Other important factors in catalytic reactions are
the distortion of bonds and shifting of charges.
The substrate’s bonds will be strongly polarized
by the enzyme, and thus highly reactive, through

the precise positioning of an acid or base group
or a metall ion (Lewis acid, cf. 2.3.3.1) (exam-
ple see Formula 2.15). These hypotheses are sup-
ported by investigations using suitable transition
state analog inhibitors.

2.4.2.3 Entropy Effect

An interpretation in thermodynamic terms takes
into account that a loss of entropy occurs dur-
ing catalysis due to the loss of freedom of ro-
tation and translation of the reactants. This en-
tropy effect is probably quite large in the case
of the formation of an enzyme-substrate complex
since the reactants are fairly rigidly positioned be-
fore the transition state is reached. Consequently,
the conversion of the enzyme-substrate complex
to the transition state is accompanied by little or
no change of entropy. As an example, a reac-
tion running at 27 °C with a decrease in entropy
of 140JK 'mol ! is considered. Calculations
indicate that this decrease leads to a reduction in
free activation energy by about 43 kJ. This value
falls in the range of the amount by which the ac-
tivation energy of a reaction is lowered by an en-
zyme (cf. Table 2.1) and which can have the effect
of increasing the reaction rate by a factor of 108
The catalysis by chymotrypsin, for example,
shows how powerful the entropy effects can be.
In section 2.4.2.5 we will see that this catalysis is
a two-step event proceeding through an acylated
enzyme intermediate. Here we will consider
only the second step, deacylation, thereby
distinguishing the following intermediates:

a) N-acetyl-L-tyrosyl-chymotrypsin
b) Acetyl-chymotrypsin.
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Fig. 2.14. Influence of the steric effect on deacylation of two acyl-chymotrypsins (according to Ben-
der etal., 1964). a N-acetyl-L-tyrosyl-chymotrypsin, b acetyl-chymotrypsin

In case a) deacylation is faster by a factor of 3540
since the carbonyl group is immobilized by in-
sertion of the bulky N-acetyl-L-tyrosyl group into
a hydrophobic pocket on the enzyme (Fig. 2.14a)
at the correct distance from the attacking nucleo-
philic OH® ion derived from water (cf. 2.4.2.5).
In case b) the immobilization of the small acetyl
group is not possible (Fig. 2.14b) so that the dif-
ference between the ground and transition states
is very large. The closer the ground state is to the
transition state, the more positive will be the en-
tropy of the transition state, AS*: a fact that as
mentioned before can lead to a considerable in-
crease in reaction rate. The thermodynamic data
in Table 2.7 show that the difference in reaction
rates depends, above all, on an entropy effect; the
enthalpies of the transition states scarcely differ.

2.4.2.4 General Acid-Base Catalysis

When the reaction rate is affected by the concen-
tration of hydronium (H;O0%) or OH® ions from
water, the reaction is considered to be specifically

Table 2.7. Thermodynamic data for transition states of
twoacyl-chymotrypsins

Acyl- AG* AH* AS*

enzyme (kJ-mol™!) (kJ - mol™!) (J - K~'- mol™")
N-Acetyl-

L-tyrosyl 59.6 43.0 —55.9

Acetyl  85.1 40.5 —149.7

acid or base catalyzed. In the so-called general
acid or base catalysis the reaction rate is affected
by prototropic groups located on the side chains
of the amino acid residues. These groups involve
proton donors (denoted as general acids) and pro-
ton acceptors (general bases). Most of the amino
acids located on the active site of the enzyme
influence the reaction rate by general acid-base
catalysis.

As already mentioned, the amino acid residues in
enzymes have prototropic groups which have the
potential to act as a general acid or as a general
base. Of these, the imidazole ring of histidine is
of special interest since it can perform both func-
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tions simultaneously:

\/R :R
H®‘1N“— N—H =———= H—N _"NI'—“\H@
v o - '\ _ ,\./
General General
base acid 2.27)

The imidazole ring (pK, = 6.1) can cover the
range of the pH optima of many enzymes.

Thus, two histidine residues are involved in the
catalytic activity of ribonuclease, a phosphodi-
esterase. The enzyme hydrolyzes pyrimidine-
2/ 3’-cyclic phosphoric acids. As shown in
Fig. 2.15, cytidine-2’, 3'-cyclic phosphoric acid is
positioned between two imidazole groups at the
binding locus of the acitive site.

His'? serves as a general base, removing the pro-
ton from a water molecule. This is followed by
nucleophilic attack of the intermediary OH ions
on the electrophilic phosphate group. This attack
is supported by the concerted action of the gen-
eral acid His'".

Another concerted general acid-base catalysis is
illustrated by triose phosphate isomerase, an en-
zyme involved in glycolysis. Here, the concerted
action involves the carboxylate anion of a glu-
tamic acid residue as a general base with a general
acid which has not yet been identified:

(2.28)

The endiol formed from dihydroxyacetone-3-
phosphate in the presence of enzyme isomerizes
into glyceraldehyde-3-phosphate.

These two examples show clearly the significant
differences to chemical reactions in solutions.
The enzyme driven acid-base catalysis takes
place selectively at a certain locus of the active
site. The local concentration of the amino acid
residue acting as acid or base is fairly high due
to the perfect position relative to the substrate.
On the other hand, in chemical reactions in
solutions all reactive groups of the substrate are
nonspecifically attacked by the acid or base.

Fig. 2.15. Hydroylysis of cytidine-2’,3’-phosphate by
ribonuclease (reaction mechanism according to Find-
lay, 1962)

2.4.2.5 Covalent Catalysis

Studies aimed at identifying the active site of
an enzyme (cf. 2.4.1.1) have shown that, during
catalysis, a number of enzymes bind the substrate
by covalent linkages. Such covalent linked
enzyme-substrate complexes form the corres-
ponding products much faster than compared to
the reaction rate in a non-catalyzed reaction.

Examples of enzyme functional groups which are
involved in covalent bonding and are responsible
for the transient intermediates of an enzyme-
substrate complex are compiled in Table 2.8.
Nucleophilic catalysis is dominant (examples
1-6, Table 2.8), since amino acid residues are
present in the active site of these enzymes, which

Table 2.8. Examples of covalently linked enzymesub-
strate intermediates

Enzyme Reactive Intermediate
functional
group
1. Chymotrypsin HO-(Serine) Acylated enzyme
2. Papain HS-(Cysteine)  Acylated enzyme
3. B-Amylase HS-(Cysteine)  Maltosylenzyme
4. Aldolase e-HpN-(Lysine) Schiff base
5. Alkaline HO-(Serine) Phosphoenzyme
phosphatase
6. Glucose-6- Imidazole- Phosphoenzyme
phosphatase (Histidine)
7. Histidine 0=C < Schiffbase
decarboxylase (Pyruvate)




only react with substrate by donating an electron
pair (nucleophilic catalysis). Electrophilic reac-
tions occur mostly by involvement of carbonyl
groups (example 7, Table 2.8) or with the help of
metal ions.

A number of peptidase and esterase enzymes re-
act covalently in substitution reactions by a two-
step nucleophilic mechanism. In the first step, the
enzyme is acylated; in the second step, it is dea-
cylated. Chymotrypsin will be discussed as an ex-
ample of this reaction mechanism. Its activity is
dependent on His>’ and Ser'®>, which are pos-
itioned in close proximity within the active site
of the enzyme because of folding of the peptide
chain (Fig. 2.16).

Because Asp!?? is located in hydrophobic sur-
roundings, it can polarize the functional groups in
close proximity to it. Thus, His’’ acts as a strong
general base and abstracts a proton from the
OH-group of the neighboring Ser' residue (step
‘a’, Fig. 2.17). The oxygen remaining on Ser!*>
thus becomes a strong nucleophile and attacks
the carbon of the carbonyl group of the peptide
bond of the substrate. At this stage an amine (the
first product) is released (step ‘b’, Fig. 2.17) and
the transient covalently-bound acyl enzyme is
formed. A deacylation step follows. The previous
position of the amine is occupied by a water
molecule. Again, His®’, through support from
Asp'02, serves as a general base, abstracting the
proton from water (step ‘c’, Fig. 2.17). This is
followed by nucleophilic attack of the resultant
OH® ion on the carbon of the carbonyl group of
the acyl enzyme (step ‘d’, Fig. 2.17), resulting

Amino acid residues
in active site

146 149

Fig. 2.16. Polypeptide chain conformation in the
chymotrypsin molecule (according to Lehninger, 1977)
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Fig. 2.17. Postulated reaction mechanism for chymo-
trypsin activity (according to Blow etal., 1969)

in free enzyme and the second product of the
enzymic conversion.

An exceptionally reactive serine residue has
been identified in a great number of hydrolase
enzymes, e.g., trypsin, subtilisin, elastase, ace-
tylcholine esterase and some lipases. These
enzymes appear to hydrolyze their substrates
by a mechanism analogous to that of chymo-
trypsin. Hydrolases such as papain, ficin and
bromelain, which are distributed in plants, have
a cysteine residue instead of an “active” serine
residue in their active sites. Thus, the transient
intermediates are thioesters.

Enzymes involved in the cleavage of carbohy-
drates can also function by the above mechanism.
Figure 2.18 shows that amylose hydrolysis by
[-amylase occurs with the help of four functional
groups in the active site. The enzyme-substrate
complex is subjected to a nucleophilic attack
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Amylose

s

Fig. 2.18. Postulated mechanism for hydrolysis of amylose by -amylase

by an SH-group on the carbon involved in the
o-glycosidic bond. This transition step is facil-
itated by the carboxylate anion in the role of
a general base and by the imidazole ring as an
acid which donates a proton to glycosidic oxy-
gen. In the second transition state the imidazole
ring, as a general base in the presence of a water
molecule, helps to release maltose from the
maltosylenzyme intermediate.

Lysine is another amino acid residue actively in-
volved in covalent enzyme catalysis (cf. 2.4.1.1).
Many lyases react covalently with a substrate
containing a carbonyl group. They catalyze,
for example, aldol or retroaldol condensations
important for the conversion and cleavage of
monosaccharides or for decarboxylation reac-
tions of B-keto acids. As an example, the details
of the reaction involved will be considered for
aldolase (Fig. 2.19). The enzyme-substrate com-
plex is first stabilized by electrostatic interaction
between the phosphate residues of the substrate
and the charged groups present on the enzyme.
A covalent intermediate, a Schiff base, is then
formed by nucleophilic attack of the e-amino
group of the “active” lysine on a carbonyl group
of the substrate. The Schiff base cation facilitates
the retroaldol cleavage of the substrate, whereas
a negatively charged group on the enzyme
(e.g. a thiolate or carboxylate anion) acts as
a general base, i.e. binds the free proton. Thus,

Fructose-1,6 -diphosphate + Enzyme

-

He-0-(P)
| H “active”
?ﬂ“@ lysine
H0<(|Z—H
H-CX0>H~—IB—
H-C—OH

(|2H2—0—®

/“7» Glyceraldehyde -3 -®

H =0~
g—‘/:—w_ é n “active”
NN g lysi
M\H‘/\ e ysine
H® HO-C—H

I

Dihydroxyacetone -@ +enzyme

Fig. 2.19. Aldolase of rabbit muscle tissue. A model for
its activity; P: PO3H,



the first product, glyceraldehyde-3-phosphate,
is released. An enamine rearrangement into
a ketimine structure is followed by release of
dihydroxyacetone phosphate.

This is the mechanism of catalysis by aldolases
which occur in plant and animal tissues (lysine
aldolases or class I aldolases). A second group
of these enzymes often produced by microorgan-
isms contains a metal ion (metallo-aldolases).
This group is involved in accelerating retroaldol
condensations through electrophilic reactions
with carbonyl groups:

/Ae

. o

O H R-CHO *:L

4 : / P
R—CLCcA ¢ —R —=FL—= CH=C—R’

L >

as Vs
H Me H Me
) 20

Me : Metal ion, probably Zn (2.29)

Other examples of electrophilic metal catalysis
are given under section 2.3.3.1. Electrophilic
reactions are also carried out by enzymes which
have an o-keto acid (pyruvic acid or o-keto bu-
tyric acid) at the transforming locus of the active
site. One example of such an enzyme is histidine
decarboxylase in which the N-terminal amino
acid residue is bound to pyruvate. Histidine decar-
boxylation is initiated by the formation of a Schiff
base by the reaction mechanism in Fig. 2.20.

2.4.3 Closing Remarks

The hypotheses discussed here allow some un-
derstanding of the fundamentals involved in the
action of enzymes. However, the knowledge is
far from the point where the individual or com-
bined effects which regulate the rates of enzyme-
catalyzed reactions can be calculated.

2.5 Kinetics of Enzyme-Catalyzed
Reactions

Enzymes in food can be detected only indirectly
by measuring their catalytic activity and, in this
way, differentiated from other enzymes. This is
the rationale for acquiring knowledge needed to
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Histidine + CH3—IC[—CO—-NH—(I2H—enzyme
6] CHyp
Hy0
AN
NONH B (o®
CH: —C—C/
2 N
HN® O

N NH

HaC—C=C—NH—enzyme
0
~H

Hy0

PAN
N()NH I
CHy—=CHy~NH) + CH3-C—CO~-NH=-enzyme

Fig. 2.20. A proposed mechanism for the reaction of
histidine decarboxylase

analyze the parameters which influence or deter-
mine the rate of an enzyme-catalyzed reaction.
The reaction rate is dependent on the concentra-
tions of the components involved in the reaction.
Here we mean primarily the substrate and the en-
zyme. Also, the reaction can be influenced by the
presence of activators and inhibitors. Finally, the
pH, the ionic strength of the reaction medium, the
dielectric constant of the solvent (usually water)
and the temperature exert an effect.

2.5.1 Effect of Substrate Concentration

2.5.1.1 Single-Substrate Reactions
2.5.1.1.1 Michaelis-Menten Equation

Let us consider a single-substrate reaction. En-
zyme E reacts with substrate A to form an in-
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termediary enzyme-substrate complex, EA. The
complex then forms the product P and releases
the free enzyme:

k1 l(2
EA — E+P
k., (2.30)

E+A

In order to determine the catalytic activity of the
enzyme, the decrease in substrate concentration
or the increase in product concentration as a func-
tion of time can be measured. The activity curve
obtained (Fig. 2.21) has the following regions:

a) The maximum activity which occurs for

a few msec until an equilibrium is reached
between the rate of enzyme-substrate
formation and rate of breakdown of this
complex.
Measurements in this pre-steady state region
which provide an insight into the reaction
steps and mechanism of catalysis are difficult
and time consuming. Hence, further analysis
fo the pre-steady state will be ignored.

b) The usual procedure is to measure the en-
zyme activity when a steady state has been
reached. In the steady state the intermedi-
ary complex concentration remains constant
while the concentration of the substrate and
end product are changing. For this state, the
following is valid:

dEA

dEA =—— (2.31)
dt dt

c) The reaction rate continuously decreases in
this region in spite of an excess of substrate.
The decrease in the reaction rate can be con-
sidered to be a result of:
Enzyme denaturation which can readily oc-
cur, continuously decreasing the enzyme con-
centration in the reaction system, or the prod-
uct formed increasingly inhibits enzyme ac-
tivity or, after the concentration of the prod-
uct increases, the reverse reaction takes place,
converting the product back into the initial re-
actant.

Since such unpredictable effects should be
avoided during analysis of enzyme activities, as
a rule the initial reaction rate, v, is measured as
soon as possible after the start of the reaction.

The basics of the kinetic properties of enzymes
in the steady state were given by Briggs and

a

(s)

(ms) .
Time ——»

Fig. 2.21. Progress of an enzyme-catalyzed reaction

Haldane (1925) and are supported by earlier
mathematical models proposed by Michaelis and
Menten (1913).

The following definitions and assumptions should
be introduced in relation to the reaction in Equa-
tion 2.30:

[Eo] = total enzyme concentration available at

the start of the catalysis.

= concentration of free enzyme not bound

to the enzyme-substrate complex, EA,
i.e. [E] = [Eo]—[EA].

[Ag] = total substrate concentration available at
the start of the reaction. Under these con-
ditions, [Ag] > [Eo]. Since in catalysis
only a small portion of Ag reacts, the
substrate concentration at any time, [A],
is approximately equal to [Ag].

(E]

When the initial reaction rate, v, is considered,
the concentration of the product, [P], is 0. Thus,
the reaction in Equation 2.30 takes the form:

dP
— =1y =k (EA)

& (2.32)

The concentration of enzyme-substrate complex,
[EA], is unknown and can not be determined ex-
perimentally for Equation 2.32. Hence, it is cal-
culated as follows: The rate of formation of EA,
according to Equation 2.30, is:

d EA
= = ki(E)(Ao) (2.33)
and the rate of EA breakdown is:
d EA
T =k_1(EA) %A (EA) (2.34)



Under steady-state conditions the rates of break-
down and formation of EA are equal (cf. Equation
2.31):

k1 (E)(Ag) = (k-1 %k2) (EA) (2.35)
Also, the concentration of free enzyme, [E], can
not be readily determined experimentally. Hence,
free enzyme concentration from the above re-
lationship ([E] = [Eg] — [EA]) is substituted in
Equation 2.35:

k1[(Eo) — (BEA)[(Ag) = (k-1 %k2)(EA)  (2.36)

Solving Equation 2.36 for the concentration of the
enzyme-substrate complex, [EA], yields:

Ep) (A
(EA) = —,Ll( +/?2) (Ao) (2.37)
B 4 (Ag)
The quotient of the rate constants in Equa-
tion 2.37 can be simplified by defining a new
constant, K, called the Michaelis constant:

(Eo)(Ao)

(BA) = K+ (Ag)

(2.38)

Substituting the value of [EA] from Equation 2.38
in Equation 2.32 gives the Michaelis—Menten
equation for vy (initial reaction rate):

v = k2 (Eo) (Ao)

Kin + (Ao) 239

Equation 2.39 contains a quantity, [Eg], which
can be determined only when the enzyme is
present in purified form. In order to be able
to make kinetic measurements using impure
enzymes, Michaelis and Menten introduced an
approximation for Equation 2.39 as follows.
In the presence of a large excess of substrate,
[Ao] > Ky, in the denominator of Equation 2.39.

Therefore, K, can be neglected compared
to [Ap]:
k2(Eo) (Ao)
0 (Ao) (2.40)

Thus, a zero order reaction rate is obtained. It is
characterized by a rate of substrate breakdown or
product formation which is independent of sub-
strate concentration, 1.e. the reaction rate, V, is
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dependent only on enzyme concentration. This
rate, V, is denoted as the maximum velocity.
From Equation 2.40 it is obvious that the catalytic
activity of the enzyme must be measured in the
presence of a large excess of substrate.

To eliminate the [Ey] term, V is introduced into
Equation 2.39 to yield:

V(Ao)

= T ) (2.41)

Vo

If [Ag] = Ky, the following is derived from Equa-
tion 2.41:

Vo= = (2.42)

2
Thus, the Michaelis constant, Ky, is equal to
the substrate concentration at which the reaction
rate is half of its maximal value. K,, is inde-
pendent of enzyme concentration. The lower the
value of Kp,, the higher the affinity of the en-
zyme for the substrate, i.e. the substrate will be
bound more tightly by the enzyme and most prob-
ably will be more efficiently converted to product.
Usually, the values of Ky, are within the range
of 1072 to 10>mol - 1~!. From the definition
of Kin:

kit

K
m /&1

(2.43)

it follows that K, approaches the enzymesub-
strate dissociation constant, K, only if

ki < k.

(2.44)

Some values for the constants kj, k_1, and kg
are compiled in Table 2.9. In cases in which the
catalysis proceeds over more steps than shown in
Equation 2.30 the constant k» is replaced by ko.
The rate constant, k1, for the formation of the
enzyme-substrate complex has values in the or-
der of 10° to 108: in a few cases it approaches
the maximum velocity (~10°1-mol~!s™1), espe-
cially when small molecules of substrate readily
diffuse through the solution to the active site of
the enzyme. The values for k_; are substantially
lower in most cases, whereas ko values are in the

range of 10! to 10° 71,
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Table 2.9. Rate constants for some enzyme catalyzed
reactions

Enzyme Substrate k; K ko
I mol'sh s H
Fumarase Fumarate > 10° 4.5-10* 10°
Acetylcho- Acetyl-  10° 103
line choline
esterase
Alcohol NAD 53-10° 74
dehydro- NADH  1.1-107 3.1
genase  Ethanol >1.2-10* >74 103
(liver)
Catalase  H,O,  5-10° 107
Peroxidase H,O,  9-10° <14 10°
Hexokinase Glucose 3.7-10° 1.5-10% 10°
Urease Urea >5.10° 10*

Another special case to be considered is
if [Ag] < K, which occurs at about [Ag] <
0.05K;,. Here [Ag] in the denominator of
Equation 2.39 can be neglected:

vy = 2(E0) (A0)

K., (2.45)

and, considering that k,[Eg] = V, it follows that:

v = l(Ao) (2.46)
Km

In this case the Michaelis—Menten equation re-
flects a first-order reaction in which the rate of
substrate breakdown depends on substrate con-
centration. In using a kinetic method for the deter-
mination of substrate concentration (cf. 2.6.1.3),
the experimental conditions must be selected such
that Equation 2.46 is valid.

2.5.1.1.2 Determination of K, and V

In order to determine values of K., and V, the
catalytic activity of the enzyme preparation is
measured as a function of substrate concentration.
Very good results are obtained when [Ag] is in the
range of 0.1 Ky, to10 Kpy,.

A graphical evaluation of the result is obtained by
inserting the data into Equation 2.41. As can be
seen from a plot of the data in Fig. 2.22, the equa-
tion corresponds to a rectangular hyperbola. This
graphical approach yields correct values for Ky,

X
3

——

(Ag)

Fig. 2.22. Determination of Michaelis constant, K, ac-
cording to Equation (2.41)

only when the maximum velocity, V, can be ac-
curately determined.

For a more reliable extrapolation of V, Equa-
tion 2.41 is transformed into a straight-line equa-
tion. Most frequently, the Lineweaver—Burk plot
is used which is the reciprocal form of Equa-
tion 2.41:

1 Kn 1 1

e 2.47
Y (2.47)

(Ro) 'V
Figure 2.23 graphically depicts a plot of 1/v( ver-
sus 1/[Ao]. The values V and Ky, are obtained
from the intercepts of the ordinate (1/V) and of
the abscissa (—1/Kp,), respectively. If the data do
not fit a straight line, then the system deviates
from the required steady-state kinetics; e. g., there
is inhibition by excess substrate or the system
is influenced by allosteric effects (cf. 2.5.1.3; al-
losteric enzymes do not obey Michaelis—Menten
kinetics).

A great disadvantage of the Lineweaver—Burk
plot is the possibility of departure from a straight
line since data taken in the region of saturating
substrate concentrations or at low substrate con-
centrations can be slightly inflated. Thus, values
taken from the straight line may be somewhat
overestimated.

A procedure which yields a more uniform distri-
bution of the data on the straight line is that pro-
posed by Hofstee (the Eadie—Hofstee plot). In this
procedure the Michaelis—Menten equation, 2.41,
is algebraically rearranged into:

vo(Ag) + voKm = V- (Ag)
Vo

(Ao)

(a)

Vo + Kn=V (b)
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Fig. 2.23. Determination of Ky, and V (according to
Lineweaver and Burk)

Vo

Vo K ( AO) A (C)
When Equation 2.48c is plotted using the
substrate-reaction velocity data, a straight line
with a negative slope is obtained (Fig. 2.24)
where y is vo and x is vo/[Ag]. The y and x inter-
cepts correspond to V and V/Ky,, respectively.
Single-substrate reactions, for which the kinetics
outlined above (with some exceptions, cf. 2.5.1.3)
are particularly pertinent, are those catalyzed by
lyase enzymes and certain isomerases. Hydroly-
sis by hydrolase enzymes can also be considered
a single-substrate reaction when the water con-
tent remains unchanged, i.e., when it is present
in high concentration (55.6 mol/u). Thus, water,
as a reactant, can be disregarded.
Characterization of an enzyme-substrate system
by determining values for K, and V is import-

(2.48)

N ——

B v
A Ka

Fig. 2.24. Determination of K;, and V (according to
Hofstee)
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ant in enzymatic food analysis (cf. 2.6.4) and for
assessment of enzymatic reactions occurring in
food (e.g. enzymatic browning of sliced pota-
toes, cf. 2.5.1.2.1) and for utilization of enzymes
in food processing, e. g., aldehyde dehydrogenase
(cf. 2.7.2.1.4).

2.5.1.2 Two-Substrate Reactions

For many enzymes, for examples, oxidoreductase
and ligase-catalyzed reactions, two or more sub-
strates or cosubstrates are involved.

2.5.1.2.1 Order of Substrate Binding

In the reaction of an enzyme with two substrates,
the binding of the substrates can occur sequen-
tially in a specific order. Thus, the binding mech-
anism can be divided into catalysis which pro-
ceeds through a ternary adsorption complex (en-
zyme + two substrates) or through a binary com-
plex (enzyme -+ one substrate), i. e. when the en-
zyme binds only one of the two available sub-
strates at a time.

A ternary enzyme-substrate complex can be
formed in two ways. The substrates are bound
to the enzyme in a random fashion (“random
mechanism”) or they are bound in a well-defined
order (“ordered mechanism”).

Let us consider the reaction

B —/——= P-+Q

A (2.49)

If the enzyme reacts by a “random mechanism”,
substrates A and B form the ternary enzyme-
substrate complex, EAB, in a random fashion and
the P and Q products dissociate randomly from
the ternary enzyme-product complex, EPQ:

A B P Q

E (ErG) E

B A Q P (2.50)

Creatine kinase from muscle (cf. 12.3.6) is an ex-
ample of an enzyme which reacts by a random
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mechanism:

Creatine + ATP

———— Creatine-phosphate + ADP (2.51)
In an “ordered mechanism” the binding during
the catalyzed reaction according to equation 2.49
is as follows:

A B P Q

1]

E EA (EAB) (EPQ) EQ

E (2.52)

Alcohol dehydrogenase reacts by an “ordered
mechanism”, although the order of the binding of
substrates NAD™ and ethanol is decided by the
ethanol concentration. NAD™ is absorbed first at
low concentrations (< 4 mmol/1):

NAD Eth Ald NADH
E E-NAD (E-NAD-Eth)
{E-NADH-ALld)
Eth : Ethanol
Ald : Acetaldehyde (2.53)

When the ethanol concentration is increased to 7—
8 mmol/1, ethanol is absorbed first, followed by
the cosubstrate. The order of removal of prod-
ucts (acetaldehyde and NADH) is, however, not
altered.

Polyphenol oxidase from potato tubers also re-
acts by an “ordered mechanism”. Oxygen is ab-
sorbed first, followed by phenolic substrates. The
main substrates are chlorogenic acid and tyro-
sine. Enzyme affinity for tyrosine is greater and
the reaction velocity is higher than for chloro-
genic acid. The ratio of chlorogenic acid to tyro-
sine affects enzymatic browning to such an ex-
tent that it is considered to be the major prob-
lem in potato processing. The deep-brown col-
ored melanoidins are formed quickly from tyro-
sine but not from chlorogenic acid. In assessing
the processing quality of potato cultivars, the dif-
ferences in phenol oxidase activity and the con-
tent of ascorbic acid in the tubers should also be
considered in relation to “enzymatic browning”.
Ascorbic acid retards formation of melanoidins
by its ability to reduce o-quinone, the initial prod-
uct of enzymatic oxidation (cf. 18.1.2.5.8).

In enzymatic reactions where functional group
transfers are involved, as a rule only binary
enzyme-substrate complexes are formed by the
so-called “ping pong mechanism”.

A substrate is adsorbed by enzyme, E, and re-
acts during alteration of the enzyme (a change in
the oxidation state of the prosthetic group, a con-
formational change, or only a change in covalent
binding of a functional group). The modified en-
zyme, which is denoted F, binds the second sub-
strate and the second reaction occurs, which re-
generates the initial enzyme, E, and releases the
second product:

(f

The glycolytic enzyme hexokinase reacts by
a “ping pong mechanism’:

N 1 N ¢4

|————

(2.54)

A'.[p ATP Gluc Gluc-@®
E-ATP (F-Glu
e (kaor) * (Ecue-®® (255

2.5.1.2.2 Rate Equations
for a Two-Substrate Reaction

Here the reaction rate is distinguished by
its dependence on two reactants, either two
molecules of the same compound or two different
compounds. The rate equations can be derived by
the same procedures as used for single-substrate
catalysis. Only the final forms of the equations
will be considered.

When the catalysis proceeds through a ternary
enzyme-substrate complex, EAB, the general
equation is:

A\
K, Ky Kja - kp
(Ao) " (Bo)  (Ao)(Bo)

(2.56)

Vo =
1+

When compared to the rate equation for a single-
substrate reaction (Equation 2.41), the difference
becomes obvious when the equation for a single-



substrate reaction is expressed in the following
form:

v
K,
1+
(Ao)

The constants K, and Ky, in Equation 2.56 are de-
fined analogously to Ky, i.e. they yield the con-
centrations of A or B for vop = V/2 assuming that,
at any given moment, the enzyme is saturated by
the other substrate (B or A). Each of the con-
stants, like Ky, (cf. Equation 2.43), is composed
of several rate constants. Kj, is the inhibitor con-
stant for A.

When the binding of one substrate is not influ-
enced by the other, each substrate occupies its
own binding locus on the enzyme and the sub-
strates form a ternary enzyme-substrate complex
in a defined order (“ordered mechanism”), the fol-
lowing is valid:

vy = (2.57)

Kia-Kp =Ki - Ky (2.58)
or from Equation 2.56:

\%
Vo = K, K K. K (2.59)

" a0 T B T A0 (Bo)

However, when only a binary enzyme-substrate
complex is formed, i. e. one substrate or one prod-
uct is bound to the enzyme at a time by a “ping
pong mechanism”, the denominator term Kj, - Kp
must be omitted since no ternary complex exists.
Thus, Equation 2.56 is simplified to:

\Y
Vy = 1+£+ﬁ (2.60)
(Ao)  (Bo)

For the determination of rate constants, the ini-
tial rate of catalysis is measured as a function of
the concentration of substrate B (or A) for sev-
eral concentrations of A (or B). Evaluation can be
done using the Lineweaver—Burk plot. Reshaping
Equation 2.56 for a “random mechanism” leads
to:

L[ 1
vw [V (Ag)V ] (Bo) (Ao)] V
2.61)
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(Ag)y

[Aq),

1
Yo
(Ag)s
7/
/(AO)L

W\

1/Bg —>

Fig. 2.25. Evaluation of a two-substrate reaction,
proceeding through a ternary enzyme-substrate
complex (according to Lineweaver and Burk).
[Aola > [Aols > [Aol2 > [Aoi

First, 1/vq is plotted against 1/[Bg]. The corre-
sponding slopes and ordinate intercepts are taken
from the straight lines obtained at various values
for [Ay] (Fig. 2.25):

Ky  KiKp 1
Sl = — 4+ —
ope v + vV

(Ao)

. . I K, 1

Ordinate intercept = v + v (A0) (2.62)
and are then plotted against 1/[Ag]. In this way
two straight lines are obtained (Fig. 2.26a and
b), with slopes and ordinate intercepts which pro-
vide data for calculating constants K,, Ky, Kija,
and the maximum velocity, V. If the catalysis pro-
ceeds through a “ping pong mechanism”, then
plotting 1/vq versus 1/[By] yields a family of par-
allel lines (Fig. 2.27) which are then subjected to
the calculations described above.
A comparison of Figs. 2.25 and 2.27 leads to
the conclusion that the dependence of the initial
catalysis rate on substrate concentration allows
the differentiation between a ternary and a bi-
nary enzyme-substrate complex. However, it is
not possible to differentiate an “ordered” from a
“random” reaction mechanism by this means.

2.5.1.3 Allosteric Enzymes

We are already acquainted with some enzymes
consisting of several protomers (cf. Table 1.26).
When the protomer activities are independent
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Fig. 2.26. Plotting slopes (a) and ordinate intercepts (b)
from Fig. 2.25 versus 1/[A]

oﬁl
z 2

(Bo)
Fig. 2.27. Evaluation of a two-substrate reaction, pro-
ceeding through a binary enzyme-substrate complex
(according to Lineweaver and Burk). [Agls > [Ag]3 >
[Aol2 > [Aoli

of each other in catalysis, the Michaelis—Menten
kinetics, as outlined under sections 2.5.1.1
and 2.5.1.2, are valid. However, when the
subunits cooperate, the enzymes deviate from
these kinetics. This is particularly true in the
case of positive cooperation when the enzyme is
activated by the substrate. In this kind of plot, vy
versus [Ag] yields not a hyperbolic curve but a sat-
uration curve with a sigmoidal shape (Fig. 2.28).

Thus, enzymes which do not obey the Michaelis—
Menten model of kinetics are allosterically
regulated. These enzymes have a site which
reversibly binds the allosteric regulator (sub-
strate, cosubstrate or low molecular weight
compound) in addition to an active site with
a binding and transforming locus. Allosteric
enzymes are, as a rule, engaged at control sites of
metabolism. An example is tetrameric phospho-
fructokinase, the key enzyme in glycolysis. In
glycolysis and alcoholic fermentation it catalyzes
the phosphorylation of fructose-6-phosphate
to fructose-1,6-diphosphate. The enzyme is
activated by its substrate in the presence of
ATP. The prior binding of a substrate molecule
which enhances the binding of each succeeding
substrate molecule is called positive cooperation.
The two enzyme-catalyzed reactions, one which
obeys Michaelis—Menten kinetics and the other
which is regulated by allosteric effects, can be
reliably distinguished experimentally by com-
paring the ratio of the substrate concentration
needed to obtain the observed value of 0.9V to
that needed to obtain 0.1 V. This ratio, denoted
as Rg, is a measure of the cooperativity of the
interaction.

Rg = (Ao)oo v
(Ao)o1v
For all enzymes which obey Michaelis—Menten

kinetics, Ry = 81 regardless of the value of Ky,
or V. The value of Ry is either lower or higher

(2.63)

than 81 for allosteric enzymes. Ry < 81 is
VA e o AL St
0.9V 1 c
a b
05V 1 c
01V 4

(Ag) —=

Fig. 2.28. The effect of substrate concentration on the
catalytic reaction rate. a Enzyme obeying Michaelis—
Menten kinetics; b allosterically regulated enzyme with
positive cooperativity; ¢ allosterically regulated en-
zyme with negative cooperativity



indicative of positive cooperation. Each substrate
molecule, often called an effector, accelerates
the binding of succeeding substrate molecules,
thereby increasing the catalytic activity of the
enzyme (case b in Fig. 2.28). When Ry > 81, the
system shows negative cooperation. The effector
(or allosteric inhibitor) decreases the binding of
the next substrate molecule (case ¢ in Fig. 2.28).
Various models have been developed in or-
der to explain the allosteric effect. Only the
symmetry model proposed by Monod, Wyman
and Changeux (1965) will be described in its
simplified form: specifically, when the substrate
acts as a positive allosteric regulator or effec-
tor. Based on this model, the protomers of an
allosteric enzyme exist in two conformations,
one with a high affinity (R-form) and the other
with a low affinity (T-form) for the substrate.
These two forms are interconvertible. There is an
interaction between protomers. Thus, binding of
the allosteric regulator by one protomer induces
a conformational change of all the subunits and
greatly increases the activity of the enzyme.

Let us assume that the R- and T-forms of an en-
zyme consisting of four protomers are in an equi-
librium which lies completely on the side of the
T-form:

B ==

(T-Form) (R-Form)

(2.64)

Addition of substrate, which here is synonymous
to the allosteric effector, shifts the equilibrium
from the low affinity T-form to the substantially
more catalytically active R-form. Since one sub-
strate molecule activates four catalytically active
sites, the steep rise in enzyme activity after only
a slight increase in substrate concentration is not
unexpected. In this model it is important that
the RT conformation is not permitted. All sub-
units must be in the same conformational state
at one time to conserve the symmetry of the pro-
tomers. The equation given by Hill in 1913, de-
rived from the sigmoidal absorption of oxygen by
hemoglobin, is also suitable for a quantitative de-
scription of allosteric enzymes with sigmoidal be-
havior:

V(Ag)"

= m (2.65)

Vo
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Fig. 2.29. Linear presentation of Hill’s equation

The equation says that the catalytic rate increases
by the nth power of the substrate concentration
when [Ag] is small in comparison to K. The Hill
coefficient, n, is a measure of the sigmoidal char-
acter of the curve and, therefore, of the extent
of the enzyme’s cooperativity. For n = 1 (Equa-
tion 2.65) the reaction rate is transformed into the
Michaelis—Menten equation, i.e. in which no co-
operativity factor exists.

In order to assess the experimental data, Equa-
tion 2.65 is rearranged into an equation of
a straight line:

log = —2 — nlog(Ag) — logK’ (2.66)

V- Vo

The slope of the straight line obtained by
plotting the substrate concentration as log[Ag]
versus log[vy/(V — vo)] is the Hill coefficient, n
(Fig. 2.29). The constant K incorporates all the
individual Ky, values involved in all the steps of
substrate binding and transformation. The value
of K, is obtained by using the substrate concen-
tration, denoted as [Ag]o.5 v, at which vo = 0.5 V.
Under these conditions, the following is derived
from Equation 2.66):

0.5V
log 05V 0=n-log(Ag)osv —logK' (a)
K'=(Ao)osv (b)
(2.67)

2.5.2 Effect of Inhibitors

The catalytic activity of an enzyme, in addition
to substrate concentration, is affected by the type
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and concentration of inhibitors, i.e. compounds
which decrease the rate of catalysis, and activa-
tors, which have the opposite effect. Metal ions
and compounds which are active as prosthetic
groups or which provide stabilization of the en-
zyme’s conformation or of the enzyme-substrate
complex (cf. 2.3.2 and 2.3.3) are activators. The
effect of inhibitors will be discussed in more de-
tail in this section.

Inhibitors are found among food constituents.
Proteins which specifically inhibit the activity
of certain peptidases (cf. 16.2.3), amylases or
B-fructofuranosidase are examples. Furthermore,
food contains substances which nonselectively
inhibit a wide spectrum of enzymes. Phenolic
constituents of food (cf. 18.1.2.5) and mustard oil
(cf. 17.1.2.6.5) belong to this group. In addition,
food might be contaminated with pesticides,
heavy metal ions and other chemicals from
a polluted environment (cf. Chapter 9) which can
become inhibitors under some circumstances.
These possibilities should be taken into account
when enzymatic food analysis is performed.
Food is usually heat treated (cf. 2.5.4) to suppress
undesired enzymatic reactions. As a rule, no in-
hibitors are used in food processing. An excep-
tion is the addition of, for example, SO; to inhibit
the activity of phenolase (cf. 8.12.6).

Much data concerning the mechanism of action
of enzyme inhibitors have been compiled in re-
cent biochemical research. These data cover the
elucidation of the effect of inhibitors on funtional
groups of an enzyme, their effect on the active
site and the clarification of the general mech-
anism involved in an enzymecatalyzed reaction
(cf. 2.4.1.1).

Based on kinetic considerations, inhibitors are
divided into two groups: inhibitors bound irre-
versibly to enzyme and those bound reversibly.

2.5.2.1 Irreversible Inhibition

In an irreversible inhibition the inhibitor binds
mostly covalently to the enzyme; the EI complex
formed does not dissociate:
‘1

o1 —2L o gl (2.68)

The rate of inhibition depends on the reaction
rate constant k; in Equation 2.68, the enzyme
concentration, [E], and the inhibitor concentra-

tion, [I]. Thus, irreversible inhibition is a function
of reaction time. The reaction cannot be reversed
by diluting the reaction medium. These criteria
serve to distinguish irreversible from reversible
inhibition.

Examples of irreversible inhibition are the reac-
tions of SH-groups of an enzyme with iodoacetic
acid:

Enz-SH + ICH,COOH

— = Enz-5-CHy-COOH + HI (2.69)

and other reactions with the inhibitors described
in section 2.4.1.1.

2.5.2.2 Reversible Inhibition

Reversible inhibition is characterized by an equi-
librium between enzyme and inhibitor:
£l

€ - M,

(E1) : (2.70)

The equilibrium constant or dissociation constant
of the enzyme-inhibitor complex, Kj, also known
as the inhibitor constant, is a measure of the ex-
tent of inhibition. The lower the value of Kj, the
higher the affinity of the inhibitor for the enzyme.
Kinetically, three kinds of reversible inhi-
bition can be distinguished: competitive,
non-competitive and uncompetitive inhibition
(examples in Table 2.10). Other possible cases,
such as allosteric inhibition and partial competi-
tive or partial non-competitive inhibition, are
omitted in this treatise.

2.5.2.2.1 Competitive Inhibition

Here the inhibitor binds to the active site of the
free enzyme, thus preventing the substrate from
binding. Hence, there is competition between
substrate and inhibitor:

£l (8 E+A=—=FEA (b

E+ ]l =——

(2.71)

According to the steady-state theory for a single-
substrate reaction, we have:

V(Ag)
K (1 + %)) +(Ao)

i

Vo =

(2.72)



Table 2.10. Examples of reversible enzyme inhibition
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Enzyme EC- Sustrate Inhibitor Inhibi- K; (mmol/1)
Number tion
type?
Glucose 1.1.1.47 Glucose/NAD Glucose-6- C 4.4.107°
dehydrogenase phosphate
Glucose-6-
phosphate
dehydrogenase 1.1.1.49 Glucose- Phosphate C 1-107!
6-phosphate/
NADP
Succinate 1.3.99.1 Succinate Fumarate C 1.9-1073
dehydrogenase
Creatine kinase 2.73.2  Creatine/ ATP ADP NC 2.1073
Glucokinase 2.7.1.2  Glucose/ATP D-Mannose C 1.4-1072
2-Deoxyglucose C 1.6-1072
D-Galactose C 6.7-107"
Fructose- 3.1.3.11 D-Fructose-1, AMP NC 1.1-107*
biphosphatase 6-biphosphate
o-Glucosidase 3.2.1.20 p-Nitrophenyl-o.-  Saccharose C 3.7-1072
D-glucopyranoside Turanose C 1.1-1072
Cytochrome 1.9.3.1  Ferrocytochrome ¢ Azide ucC
¢ oxidase

4 C: competitive, NC: noncompetitive, and UC: uncompetitive.

In the presence of inhibitors, the Michaelis con-
stant is apparently increased by the factor:

i

(2.73)

Such an effect can be useful in the case of
enzymatic substrate determinations (cf. 2.6.1.3).
When inhibitor activity is absent, i.e. [I] = 0,
Equation 2.72 is transformed into the Michaelis—
Menten equation (Equation 2.41). The Line-
weaver—Burk plot (Fig. 2.30a) shows that the
intercept 1/V with the ordinate is the same in the
presence and in the absence of the inhibitor, i.e.
the value of V is not affected although the slopes
of the lines differ. This shows that the inhibitor
can be fully dislodged by the substrate from the
active site of the enzyme when the substrate is
present in high concentration. In other words,
inhibition can be overcome at high substrate
concentrations (see application in Fig. 2.49). The
inhibitor constant, K;, can be calculated from
the corresponding intercepts with the abscissa in
Fig. 2.30a by calculating the value of K, from
the abscissa intercept when [I] = 0.

2.5.2.2.2 Non-Competitive Inhibition

The non-competitive inhibitor is not bound to the
active site of the enzyme but to some other site.
Therefore, the inhibitor can react equally with
free enzyme or with enzyme-substrate complex.
Thus, three processes occur in parallel:

E+ A E 1

EA (a) El (b)

EA + [=——= tAl (c) 2.74)

Postulating that EAI and EI are catalytically in-
active and the dissociation constants K; and Kgaj
are numerically equal, the following equation
is obtained by rearrangement of the equation
for a single-substrate reaction into its reciprocal
form:

EF (i (o)
(2.75)

The double-reciprocal plot (Fig. 2.30b) shows
that, in the presence of a noncompetitive inhi-
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bitor; K, is unchanged whereas the values
of V are decreased such that V becomes
V/(1 + [I]/Kj), i.e. non-competitive inhibition
can not be overcome by high concentrations of
substrate.

This also indicates that, in the presence of in-
hibitor, the amount of enzyme available for catal-
ysis is decreased.

2.5.2.2.3 Uncompetitive Inhibition

In this case the inhibitor reacts only with enzyme-
substrate complex:

E+P

E+ A=—=EA__/

N

EAl (2.76)
Rearranging Equation 2.76 into an equation for
a straight line, the reaction rate becomes:

1 _ Ko t 1/ . (1)
vV (A0)+V(1+Ki>

2.77)
The double reciprocal plot (Fig. 2.30c) shows
that in the presence of an uncompetitive inhibitor,
both the maximum velocity, V, and K;, are
changed but not the ratio of K,/V. Hence the
slopes of the lines are equal and in the presence
of increasing amounts of inhibitor, the lines
plotted are parallel. Uncompetitive inhibition
is rarely found in single-substrate reactions. It
occurs more often in two-substrate reactions.

In conclusion, it can be stated that the three
types of reversible inhibition are kinetically
distinguishable by plots of reaction rate versus
substrate concentration using the procedure
developed by Lineweaver and Burk (Fig. 2.30).

2.5.3 Effect of pH on Enzyme Activity

Each enzyme is catalytically active only in a nar-
row pH range and, as a rule, each has a pH opti-
mum which is often between pH 5.5 and 7.5 (Ta-
ble 2.11).

The optimum pH is affected by the type and ionic
strength of the buffer used in the assay. The rea-
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Fig. 2.30. Evaluation of inhibited enzyme-catalyzed re-
action according to Lineweaver and Burk, [I;] < ().
a Competitive inhibition, b noncompetitive inhibition,
¢ uncompetitive inhibition

sons for the sensitivity of the enzyme to changes
in pH are two-fold:

a) sensitivity is associated with a change in pro-
tein structure leading to irreversible denatura-
tion,

b) the catalytic activity depends on the quantity
of electrostatic charges on the enzyme’s ac-
tive site generated by the prototropic groups
of the enzyme (cf. 2.4.2.4).

In addition the ionization of dissociable sub-
strates as affected by pH can be of importance to



Table 2.11. pH Optima of various enzymes
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Enzyme Source Substrate pH
Optimum

Pepsin Stomach Protein 2
Chymotrypsin Pancreas Protein 7.8
Papain Tropical plants Protein 7-8
Lipase Microorganisms ~ Olive oil 5-8
a-Glucosidase (maltase) Microorganisms ~ Maltose 6.6
B-Amylase Malt Starch 52
B-Fructofuranosidase (invertase)  Tomato Saccharose 4.5
Pectin lyase Microorganisms  Pectic acid 9.0-9.2
Xanthine oxidase Milk Xanthine 8.3
Lipoxygenase, type I* Soybean Linoleic acid 9.0
Lipoxygenase, type II* Soybean Linoleic acid 6.5

2 See 3.7.2.2.

the reaction rate. However, such effects should be
determined separately. Here, only the influences
mentioned under b) will be considered with some
simplifications.

An enzyme, E, its substrate, A, and the enzyme-
substrate complex formed, EA, depending on pH,
form the following equilibria:

(2.78)

Which of the charged states of E and EA are in-
volved in catalysis can be determined by follow-
ing the effect of pH on V and K.

a) Plotting Ky, versus pH reveals the type of pro-

totropic groups involved in substrate binding
and/or maintaining the conformation of the
enzyme. The results of such a plot, as a rule,
resemble one of the four diagrams shown in
Fig. 2.31.
Figure 2.31a: Ky, is independent of pH in
the range of 4 — 9. This means that the
forms E"!, E", and E"!, i. e. enzyme forms
which are neutral, positively or negatively
charged on the active site, can bind substrate.
Figures 2.31b and c: Ky, is dependent on one
prototropic group, the pK value of which is
below (Fig. 2.31b) or above (Fig. 2.31c) neu-
trality. In the former case, E" and E" ! are the
active forms, while in the latter, E"! and EM
are the active enzyme forms in substrate bind-
ing.

Figure 2.31d: K, is dependent on two pro-
totropic groups; the active form in substrate
binding is E".

b) The involvement of prototropic groups in the
conversion of an enzyme-substrate complex
into product occurs when the enzyme is satu-
rated with substrate, i.e. when equation 2.40
which defines V is valid ([Ag] > Ky,). Thus,
aplot of V versus pH provides essentially the
same four possibilities presented in Fig. 2.31,
the difference being that, here, the prototropic
groups of EA, which are involved in the con-
version to product, are revealed.

Kl K]
pK®
L 6 8 L 6 8
a pH b pH
Kl K
E
pK
pKE pK2
L6 8 L 8 8
c pH d pH

Fig. 2.31. The possible effects of pH on the Michaelis
constant, K,



130 2 Enzymes

In order to better understand the form of the
enzyme involved in catalysis, a hypothetical
enzyme-substrate system will be assayed and
interpreted. We will start from the assumption
that data are available for v¢ (initial velocity)
as a function of substrate concentration at
several pH’s, e.g., for the Lineweaver and
Burk. The values for K, and V are obtained
from the family of straight lines (Fig. 2.32) and
plotted against pH. The diagram of K ! = f(pH)
depicted in Fig. 2.33a corresponds to Fig. 2.31c
which implies that neutral (E") and positively
charged (E"*!) enzyme forms are active in
binding the substrate.

Figure 2.33b: V is dependent on one prototropic
group, the pK value of which is below neutral-
ity. Therefore, of the two enzyme-substrate com-
plexes, E"'A and E"A, present in the equilib-
rium state, only the latter complex is involved in
the conversion of A to the product.

In the example given above, the overall effect of
pH on enzyme catalysis can be illustrated as fol-
lows:

(2.79)

This schematic presentation is also in agreement
with the diagram of V /K, = f(pH) (Fig. 2.33¢c)

pH 40
pH80 pH50
T pH70
1
CA pH 6.0
/
/// g
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s, //7/
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1
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Fig. 2.32. Determination of V and K,, at different pH
values

K v
4 6 8 4 6 8
a pH b pH
v
Km
4 6 8
C pH

Fig. 2.33. Evaluation of K;;, and V versus pH for a hy-
pothetical case

which reveals that, overall, two prototropic
groups are involved in the enzymecatalyzed
reaction.

An accurate determination of the pK values of
prototropic groups involved in enzyme-catalyzed
reactions is possible using other assays (cf. J.R.
Whitaker, 1972). However, identification of these
groups solely on the basis of pK values is not
possible since the pK value is often strongly in-
fluenced by surrounding groups. Pertinent to this
claim is our recollection that the pH of acetic acid
in water is 4.75, whereas in 80% acetone it is
about 7. Therefore, the enzyme activity data as
related to pH have to be considered only as pre-
liminary data which must be supported and veri-
fied by supplementary investigations.

2.5.4 Influence of Temperature

Thermal processes are important factors in the
processing and storage of food because they al-
low the control of chemical, enzymatic and mi-
crobial changes. Undesired changes can be de-
layed or stopped by refrigerated storage. Heat
treatment may either accelerate desirable chem-
ical or enzymatic reactions or inhibit undesirable
changes by inactivation of enzymes or microor-
ganisms. Table 2.12 informs about quality dete-
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Table 2.12. Thermal inactivation of enzymes to prevent deterioration of food quality
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Food product Enzyme Quality loss

Potato products, =~ Monophenol Enzymatic browning

apple products oxidase

Semi-ripe peas Lipoxygenase, Flavor defects;
peroxidase bleaching

Fish products Proteinase, Texture (liquefaction),
thiaminase loss of vitamine B

Tomato purée Polygalacturonase ~ Texture (liquefaction)

Apricot products  B-Glucosidase Color defects

Oat flakes Lipase, Flavor defects
lipoxygenase (bitter taste)

Broccoli Cystathionine Oft-flavor

Cauliflower B-Lyase

(cystine-lyase)

rioration caused by enzymes which can be elimi-
nated e. g., by thermal inactivation.

Temperature and time are two parameters respon-
sible for the effects of a thermal treatment. They
should be selected carefully to make sure that all
necessary changes, e. g., killing of pathogens, are
guaranteed, but still all undesired changes such as
degradation of vitamins are kept as low as possi-
ble.

2.5.4.1 Time Dependence of Effects

The reaction rates for different types of enzymatic
reactions have been discussed in section 2.5.1.
The inactivation of enzymes and the killing of mi-
croorganisms can be depicted as a reaction of 1st
order:

e =coe (2.80)

with ¢ and ¢; = concentrations (activities, germ
counts) at times O and t, and k = rate constant
for the reaction. For c; and t follows from equa-
tion 2.80:

k
loge; = —— - t+logcy

2.81
23 (2.81)

2,3 Co
t=—1 —_ 2.82
K log (2.82)

co/c = 10 gives:
2.3

t=—""-=D (2.83)

The co-called “D-value” represents the time
needed to reduce the initial concentration
(activity, germ count) by one power of ten.
It refers to a certain temperature which has
to be stated in each case. For example:
Bacillus cereus Djyoc = 2.3s, Clostridium
botulinum D, ,>c = 12.25 s. For a heat treatment
process, the D-value allows the easy determin-
ation of the holding time required to reduce
the germ count to a certain level. If the germ
count of B. cereus or Cl. botulinum in a certain
food should be reduced by seven powers of ten,
the required holding times are 2.3 x 7 = 16.1s
and 12.25 x 7 =85.8s.

2.5.4.2 Temperature Dependence of Effects

A relationship exists for the dependence of re-
action rate on temperature. It is expressed by an
equation of Arrhenius:

k=A.e Ea/RT (2.84)

with k = rate constant for the reaction rate,
E, = activation energy, R = general gas constant
and A = Arrhenius factor. For the relationship
between k and T, the Arrhenius equation is only
an approximation. According to the theory of
the transition state (cf. 2.2.1), A is transferred
via the active state A* into P. A and A" are in
equilibrium.

AKax__Lp

fr—

k_, (2.85)
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For the reaction rate follows:
A ky

k=M-— =M. — =M-.K* 2.
7 = (2.86)
with
Kg-T R-T
M= — 2.87
h Na-h (2.87)

(K# equilibrium constant, kg Boltzmann constant,
h: Planck constant, Na: Avogadro number).
For the equilibrium constant follows:

K# — ¢~ AG7/RT (2.88)
Resulting for the equilibrium constant in:
kg T
k= B’ —AG7/RT (2.89)
h
and for the free activation enthalpy:
k-h
AG” = —RTI 2.90
n ke T (2.90)

If k is known for any temperature, AG” can be
calculated according to equation 2.90. Further-

more, the following is valid:
AG” = AH” — TAS” (2.91)

A combination with equation 2.90 results in:

—RTIn = AH” — TAS” (2.92)
kg-T
and
k h  AH#* TAS?
log— = —log — — ——— + — 2.
08T = T8 T53RT T 23R (2.93)

It is possible to determine AH7 graphically based
on the above equation if k is known for several
temperatures and logk/T is plotted against 1/T.
If AG” and AH” are known, AS7 can be calcu-
lated from equation 2.91.

The activation entropy is contained in the Ar-
rhenius factor A as can be seen by comparing
the empirical Arrhenius equation 2.84 with equa-
tion 2.89 which is based on the transition state
hypothesis:

k=A-e B /RT

K — kTB.e—AS%/R.T.e—AH%/RT

(2.942)

(2.94b)

Activation energy E, and activation en-
thalpy AH7 are linked with each other as
follows:

dink E,
— = 2.95
dT  RT? 2.95)
dink 1 AH” RT+AH”

UL L (2.96)
dT ~ T ' RT RT

E, = AH” +RT (2.97)

Using plots of logk against 1/T, the activation en-
ergy of the Arrhenius equation can be determined.
For enzyme catalyzed reactions, E, is 10-60, for
chemical reactions this value is 50-150 and for
the inactivation of enzymes, the unfolding of pro-
teins, and the killing of microorganisms, 250—
350 kJ /mol are required.

For enzymes which are able to convert more
than one substrate or compound into product,
the activation energy may be dependent on the
substrate. One example is alcohol dehydroge-
nase, an important enzyme for aroma formation
in semiripened peas (Table 2.13). In this case the
activation energy for the reverse reaction is only
slightly influenced by substrate.

Under consideration of the temperature depend-
ence of the rate constant k in equation 2.80, the
implementation of the expression from Arrhenius
equation 2.84 leads to:

kg -te—Ea/RT

ci=c¢p-€ (2.98)
For a constant effect follows:
St _ const. = e Kote /KT (2.99)

Co

Table 2.13. Alcohol dehydrogenase from pea seeds: ac-
tivation energy of alcohol dehydrogenation and alde-
hyde reduction

Alcohol E, Aldehyde E,
(kJ - mole™1) (kJ - mole™ 1)
Ethanol 20

n-Propanol 37
2-Propenol 18
n-Butanol 40
n-Hexanol 37
2-trans-
hexenol 15

n-Propanal 20

n-Butanal 21
n-Hexanal 18
2-trans-
Hexenal 19
2-trans-
Heptenal 18




and

E,
Int=+ RT + const. (2.100)
When plotting Int against 1/T, a family of par-
allel lines results for each of different activation
energies E, with each line from a family cor-
responding to a constant effect ¢;/co (cf. equa-
tion 2.99) (Fig. 2.34).

For very narrow temperature ranges, sometimes
a diagram representing log t against temperature &
(in °C) is favourable. It corresponds to:

t E,

1
v 2R T 0 =0 )

(2.101)

log

with tg as reference time and Tg or O as
reference temperature in K respectively °C.
For logt/tg the following is valid:

23R-Tg-T
z7=———

2.102
= (2.102)
B1 B10
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Fig. 2.34. Lines of equal microbiological and chemical
effects for heat-treated milk (lines B10, B1, and BO.1
correspond to a reduction in thermophilic spores by
90, 9, and 1 power of ten compared to the initial
load; lines C10, C1, and CO.1 correspond to a thi-
amine degradation of 30%, 3%, and 0.3%; according
to Kessler, 1988)
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This z-value, used in practice, states the tempera-
ture increase in °C required to achieve a cer-
tain effect in only one tenth of the time usu-
ally needed at the reference temperature. How-
ever, due to the temperature dependence of the z-
value (equation 2.101), linearity can be expected
for a very narrow temperature range only. A plot
according to equation 2.100 is therefore more
favourable.

In the literature, the effect of thermal processes is
often described by the Q¢ value. It refers to the

ratio between the rates of a reaction at tempera-
tures 8+ 10(°C) and 6(°C):

Kgtio0 ty
ky ty+10

(2.103)

The combination of equations 2.101 and 2.103
shows the relationship between the Q;( value and
z-value:

logQyp ~  Ea 1

== 2.104

10 23RT? =z ( )
2.5.4.3 Temperature Optimum

Contrary to common chemical reactions,

enzyme-catalyzed reactions as well as growth of
microorganisms show a so-called temperature
optimum, which is a temperature-dependent
maximum resulting from the overlapping of
two counter effects with significantly different
activation energies (cf. 2.5.4.2):

* increase in reaction or growth rate
* increase in inactivation or killing rate

For starch hydrolysis by microbial ci-amylase, the
following activation energies, which lie between
the limits stated in section 2.5.4.2, were derived
from e. g. the Arrhenius diagram (Fig. 2.35):

+ E, (hydrolysis) = 20kJ - mol~!
* E, (inactivation) = 295 kJ - mol~!

As a consequence of the difference in activation
energies, the rate of enzyme inactivation is sub-
stantially faster with increasing temperature than
the rate of enzyme catalysis. Based on activa-
tion energies for the above example, the following
relative rates are obtained (Table 2.14). Increas-
ing 8 from 0 to 60 °C increases the hydrolysis rate
by a factor of 5, while the rate of inactivation is
accelerated by more than 10 powers of ten.
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Fig. 2.35. Fungal o-amylase. Amylose hydrolysis ver-
sus temperature. Arrhenius diagram for assessing the
activation energy of enzyme catalysis and enzyme in-
activation; V = total reaction rate

Table 2.14. o-Amylase activity as affected by tempera-
ture: relative rates of hydrolysis and enzyme inactiva-
tion

Temperature Relative rate®

“0O) hydrolysis inactivation
0 1.0 1.0

10 1.35 1.0-10?

20 1.8 0.7-10*

40 3.0 1.8-107

60 4.8 1.5-10'

a Activation energies of 20 kJ - mole™! for hydrolysis
and 295 kJ - mole™! for enzyme inactivation were used
for calculation according to Whitaker (1972).

The growth of microorganisms follows a similar
temperature dependence and can also be depicted
according to the Arrhenius equation (Fig. 2.36)
by replacing the value k by the growth rate and
assuming E, is the reference value p of the tem-
perature for growth.

For maintaining food quality, detailed knowledge
of the relationship between microbial growth rate
and temperature is important for optimum pro-
duction processes (heating, cooling, freezing).
The highly differing activation energies for
killing microorganisms and for normal chem-
ical reactions have triggered a trend in food
technology towards the use of high-temperature
short-time (HTST) processes in production.
These are based on the findings that at higher

log Growth rate

T T
30 32 34 36
104/T(K)

Fig. 2.36. Growth rate and temperature for 1) psy-
chrophilic (Vibrio AF-1), 2) mesophilic (E. coli K-12)
and 3) thermophilic (Bacillus cereus) microorganisms
(according to Herbert, 1989)

temperatures the desired killing rate of mi-
croorganisms is higher than the occurrence of
undesired chemical reactions.

2.5.4.4 Thermal Stability

The thermal stability of enzymes is quite vari-
able. Some enzymes lose their catalytic activity
at lower temperatures, while others are capable of
withstanding — at least for a short period of time —
a stronger thermal treatment. In a few cases en-
zyme stability is lower at low temperatures than
in the medium temperature range.

Lipase and alkaline phosphatase in milk are ther-
molabile (Fig. 2.37), whereas acid phosphatase is
relatively stable. Therefore, alkaline phosphatase
is used to distinguish raw from pasteurized milk
because its activity is easier to determine than
that of lipase. Of all the enzymes in the potato
tuber (Fig. 2.38), peroxidase is the last one to
be thermally inactivated. Such inactivation pat-
terns are often found among enzymes in vegeta-
bles. In such cases, peroxidase is a suitable in-
dicator for controlling the total inactivation of
all the enzymes e. g., in assessing the adequacy
of a blanching process. However, newer devel-
opments aim to limit the enzyme inactivation to
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Fig. 2.37. Thermal inactivation of enzymes of milk.
1 Lipase (inactivation extent, 90%), 2 alkaline phos-
phatase (90%), 3 catalase (80%), 4 xanthine oxidase
(90%), 5 peroxidase (90%), and 6 acid phosphatase
(99%)
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Fig. 2.38. Thermal inactivation (90%) of enzymes
present in potato tuber

such enzymes responsible for quality deteriora-
tion during storage. For example semiripened pea
seeds in which lipoxygenase is responsible for
spoilage. However, lipoxygenase is more sensi-
tive than peroxidase, thus a sufficient but gentle
blanching requires the inactivation of lipoxyge-
nase only. Inactivation of peroxidase is not neces-
sary.

All the changes which occur in proteins outlined
in section 1.4.2.4 also occur during the heating of
enzymes. It the case of enzymes the consequences
are even more readily observed since a slight con-
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formational change at the active site can result in
total loss of activity.

The inactivation or killing rates for enzymes and
microorganisms depend on several factors. Most
significant is the pH. Lipoxygenase isolated from
pea seeds (Fig. 2.39) denatures most slowly at its
isoelectric point (pH 5.9) as do many other en-
zZymes.

Table 2.21 contains a list of technically useful
proteinases and their thermal stability. However,
these data were determined using isolated en-
zymes. They may not be transferrable to the same
enzymes in food because in its natural environ-
ment an enzyme usually is much more stable. In
additional studies, mostly related to heat transfer
in food, some successful procedures to calculate
the degree of enzyme inactivation based on ther-
mal stabilty data of isolated enzymes have been
developed. An example for the agreement be-
tween calculated and experimental results is pre-
sented in Fig. 2.40.

Peroxidase activity can partially reappear dur-
ing storage of vegetables previously subjected to
a blanching process to inactivate enzymes. The
reason for this recurrence, which is also observed
for alkaline phosphatase of milk, is not known
yet.

Enzymes behave differently below the freezing
point. Changes in activity depend on the type of
enzyme and on a number of other factors which
are partly contrary. The activity is positively influ-
enced by increasing the concentration of enzyme
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Fig. 2.39. Pea seed lipoxygenase. Inactivation extent
at 65 °C as affected by pH
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Fig. 2.40. Blanching of semiripened peas at 95 °C;
lipoxygenase inactivation (according to Svensson,
1977). B Experimentally found, [J calculated

and substrate due to formation of ice crystals.
A positive or negative change might be caused by
changes in pH. Viscosity increase of the medium
results in negative changes because the diffusion
of the substrate is restricted. In completely
frozen food (T < phase transition temperature 7,
cf. 0.3.3 and Table 0.8), a state reached only
during deep-freezing, the catalytic activity
stops temporarily. Relatively few enzymes are
irreversibly destroyed by freezing.

2.5.5 Influence of Pressure

The application of high pressures can inhibit the
growth of microorganisms and the activity of en-
zymes. This allows the protection of sensitive
nutrients and aroma substances in foods. Some
products preserved in this gentle way are now
marketable. Microorganisms are relatively sensi-
tive to high pressure because their growth is in-
hibited at pressures of 300-600 MPa and lower
pH values increase this effect. However, bacterial
spores withstand pressures of >1200 MPa.

In contrast to thermal treatment, high pressure
does not attack the primary structure of proteins
at room temperature. Only H-bridges, ionic bonds
and hydrophobic interactions are disrupted. Qua-
ternary structures are dissociated into subunits by
comparatively low pressures (<150 MPa). Higher

pressures (>1200 MPa) change the tertiary struc-
ture and very high pressures disrupt the H-bridges
which stabilize the secondary structure. The hy-
dration of proteins is also changed by high pres-
sure because water molecules are pressed into
cavities which can exist in the hydrophobic in-
terior of proteins. In general, proteins are irre-
versibly denatured at room temperature by the ap-
plication of pressures above 300 MPa while lower
pressures cause only reversible changes in the
protein structure.

In the case of enzymes, even slight changes in the
steric arrangement and mobility of the amino acid
residues which participate in catalysis can lead
to loss of activity. Nevertheless, a relatively high
pressure is often required to inhibit enzymes. But
the pressure required can be reduced by increas-
ing the temperature, as shown in Fig. 2.41 for
o-amylase. While a pressure of 550 MPa is
required at 25°C to inactivate the enzyme
with a rate constant (first order reaction)
of k=0.01 min~!, a pressure of only 340 MPa is
required at 50 °C.

It is remarkable that enzymes can also be ac-
tivated by changes in the conformation of the
polypeptide chain, which are initiated especially
by low pressures around 100 MPa. In the applica-
tion of the pressure technique for the production
of stable food, intact tissue, and not isolated en-
zymes, is exposed to high pressures. Thus, the en-
zyme activity can increase instead of decreasing
when cells or membranes are disintegrated with
the release of enzyme and/or substrate.

Some examples are presented here to show the
pressures required to inhibit the enzyme activity
which can negatively effect the quality of foods.

— Pectin methylesterase (EC 3.1.1.11) causes the
flocculation of pectic acid (cf. 2.7.2.2.13) in
orange juices and reduces the consistency of
tomato products. In orange juice, irreversible
enzyme inactivation reaches 90% at a pressure
of 600 MPa. Even though the enzyme in toma-
toes is more stable, increasing the temperature
to 59-60 °C causes inactivation at 400 MPa
and at 100 MPa after the removal of Ca”>* ions.

— Peroxidases (EC 1.11.1.3) induce undesirable
aroma changes in plant foods. In green beans,
enzyme inactivation reached 88% in 10 min
after pressure treatment at 900 MPa. At
pressures above 400 MPa (32 °C), the activity
of this enzyme in oranges fell continuously



to 50%. However, very high pressures in-
creased the activity at 32-60 °C. It is possible
that high pressure denatures peroxidase to
a heme(in) catalyst (cf. 3.7.2.1.7).

— Lipoxygenase from soybeans (cf. 3.7.2.2).
This enzyme was inactivated in 5Smin at
pH 8.3 by pressures up to 750 MPa and tem-
peratures in the range 0-75 °C. The pressure
stability was reduced by gassing with CO;
and reducing the pH to 5.4.

— Polyphenol oxidases (cf. 0.3.3) in mushrooms
and potatoes require pressures of 800-
900 MPa for inactivation. The addition of
glutathione (5 mmol/1) increases the pressure
sensitivity of the mushroom enzyme. In this
case, the inactivation is obviously supported
by the reduction of disulfide bonds.

2.5.6 Influence of Water

Up to a certain extent, enzymes need to be hy-
drated in order to develop activity. Hydration of
e.g. lysozyme was determined by IR and NMR
spectroscopy. As can be seen in Table 2.15, first
the charged polar groups of the side chains hy-
drate, followed by the uncharged ones. Enzymatic
activity starts at a water content of 0.2 g/g pro-
tein, which means even before a monomolec-
ular layer of the polar groups with water has
taken place. Increase in hydration resulting in
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Fig. 2.41. Pressure—temperature diagram for the inac-
tivation kinetics of o-amylase from Bacillus subtilis at
pH 8.6 (according to Ludikhuyze etal., 1997). Range of

the rate constants: k = 0.01 min~! (lower line) to k =
0.07 min~! (upper line)
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Table 2.15. Hydration of Lysozyme

g Water  Hydration Molecular

m sequence changes

0.0 5 Charged groups Relocation

of protons

Uncharged, New orientation
polar groups of disulfide
(formation bonds
of clusters)

0.1 — Saturation of Change in
COOH groups conformation
Saturation of
polar groups
in side chains

0.2 Peptide-NH Start of enzymatic

activity

0.3 H Peptide-CO
Monomolecular
hydration of
polar groups
Apolar side chains

0.4 — Complete enzyme

Y hydration

a monomolecular layer of the whole available en-
zyme surface at 0.4 g/g protein raises the activ-
ity to a limiting value reached at a water content
of 0.9 g/g protein. Here the diffusion of the sub-
strate to the enzyme’s active site seems to be com-
pletely guaranteed.
For preservation of food it is mandatory to inhibit
enzymatic activity completely if the storage tem-
perature is below the phase transition temperature
Tg or T’g (cf. 0.3.3). With help of a model sys-
tem containing glucose oxidase, glucose and wa-
ter as well as sucrose and maltodextrin (10 DE)
for adjustment of T;, values in the range of —9.5
to —32°C, it was found that glucose was enzy-
matically oxidized only in such samples that were
stored for two months above the T;, value and not

3 /
in those kept at storage temperatures below Ty

2.6 Enzymatic Analysis

Enzymatic food analysis involves the determinat-
ion of food constituents, which can be both sub-
strates or inhibitors of enzymes, and the determin-
ation of enzyme activity in food.
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2.6.1 Substrate Determination

2.6.1.1 Principles

Qualitative and quantitative analysis of food con-
stituents using enzymes can be rapid, highly sen-
sitive, selective and accurate (examples in Ta-
ble 2.16). Prior purification and separation steps,
as a rule, are not necessary in the enzymatic ana-
lysis of food.

In an enzymatic assay, spectrophotometric or
electrochemical determination of the reactant or
the product is the preferred approach. When this
is not applicable, the determination is performed
by a coupled enzyme assay. The coupled reaction
includes an auxiliary reaction in which the food
constituent is the reactant to be converted to
product, and an indicator reaction which involves
an indicator enzyme and its reactant or product,
the formation or breakdown of which can be
readily followed analytically. In most cases, the
indicator reaction follows the auxiliary reaction:

Glucose + ATP Glucose-6P

H

Esuo

Saccharose

Lactose
Glucose

T~ HK+GEP-DH

(min) —_—

Fig. 2.42. Enzymatic determination of glucose, saccha-
rose and lactose in one run. After adding cosubstrates,
ATP and NADP, the enzymes are added in the order:
hexokinase (HK), glucose-6-phosphate dehydrogenase
(G6P-DH), B-galactosidase (B-Ga) and B-fructosidase
B3P

(a)

Glucose-6P + NADPO G 6P-DH 6-Phosphogluconate + NADPH + H® (b)
Lactose L— Glucose + Galactose (c)
B-F
Saccharose ~———————  Glucose + Fructose (d) (2.105)
Auxiliary reaction
A+B P +Q .. .
ition of P-galactosidase starts the lactose
Indicator reaction . . .
P+C R+S (2.106) analysis (c) in which the released glucose, after

Reactant A is the food constituent which is being
analyzed. C or R or S is measured. The equlib-
rium state of the coupled indicator reaction is con-
centration dependent. The reaction has to be ad-
justed in some way in order to remove, for exam-
ple, P from the auxiliary reaction before an equi-
librium is achieved. By using several sequential
auxiliary reactions with one indicator reaction, it
is possible to simultaneously determine several
constituents in one assay. An example is the anal-
ysis of glucose, lactose and saccharose (cf. Reac-
tion 2.105).

First, glucose is phosphorylated with ATP
in an auxiliary reaction (a). The product,
glucose-6-phosphate, is the substrate of the
NADP-dependent indicator reaction (b). Add-

phosphorylation, is again measured through
the indicator reaction [(b) of Reaction 2.105
and also Fig. 2.42]. Finally, after addition of
B-fructosidase, saccharose is cleaved (d) and
the released glucose is again measured through
reactions (a) and (b) as illustrated in Fig. 2.42.

2.6.1.2 End-Point Method

This procedure is reliable when the reaction
proceeds virtually to completion. If the substrate
is only partly consumed, the equilibrium is
displaced in favor of the products by increasing
the concentration of reactant or by removing
one of the products of the reaction. If it is not
possible to achieve this, a standard curve must
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Table 2.17. Enzyme concentrations used in the end-
point method of enzymatic food analysis

Substrate  Enzyme Ky Enzyme
(mol /1) concen-
tration
(ucat/1)
Glucose  Hexo- 1.0-107*(30°C) 1.67
kinase
Glycerol ~ Glycerol  5.0-107 (25°C) 0.83
kinase
Uric acid Urate 1.7-1075 (20°C) 0.28
oxidase
Fumaric ~ Fumarase 1.7-107°(21°C) 0.03
acid

be prepared. In contrast to kinetic methods (see
below), the concentration of substrate which is
to be analyzed in food must not be lower than
the Michaelis constant of the enzyme catalyzing
the auxiliary reaction. The reaction time is
readily calculated when the reaction rate follows
first-order kinetics for the greater part of the
enzymatic reaction.

In a two-substrate reaction the enzyme is satu-
rated with the second substrate. Since Equa-
tion 2.41 is valid under these conditions,
the catalytic activity of the enzyme needed for
the assay can be determined for both one- and
two-substrate reactions. The examples shown in
Table 2.17 suggest that enzymes with low Ky,
values are desirable in order to handle the sub-
strate concentrations for the end-point method
with greater flexibility.

Data for K,,, and V are needed in order to calcu-
late the reaction time required. A prerequisite is
a reaction in which the equilibrium state is dis-
placed toward formation of product with a con-
version efficiency of 99%.

2.6.1.3 Kinetic Method

Substrate concentration is obtained using
a method based on kinetics by measuring the
reaction rate. To reduce the time required per
assay, the requirement for the quantitative con-
version of substrate is abandoned. Since kinetic
methods are less susceptible to interference than
the endpoint method, they are advantageous for
automated methods of enzymatic analysis.

The determination of substrate using kinetic
methods is possible only as long as Equation 2.46
is valid. Hence, the following is required to
perform the assay:

a) For a two-substrate reaction, the concentra-
tion of the second reactant must be so high
that the rate of reaction depends only on the
concentration of the substrate which is being
analyzed.

b) Enzymes with high Michaelis constants
are required; this enables relatively high
substrate concentrations to be determined.

¢) If enzymes with high Michaelis constants are
not available, the apparent Ky, is increased by
using competitive inhibitors.

In order to explain requirement c), let us con-
sider the example of the determination of glyc-
erol as given in Table 2.16. This reaction allows
the determination of only low concentrations of
glycerol since the Ky, values for participating en-
zymes are low: 6 x 107> mol/I to 3 x 10~* mol /1.
In the reaction sequence the enzyme pyruvate ki-
nase is competitively inhibited by ATP with re-
spect to ADP. The expression Ky (1 + (I)/Ki)
(cf. 2.5.2.2.1) may in these circumstances assume
a value of 6 x 1073 mol /1, for example. This cor-
responds to an apparent increase by a factor of 20
for the K, of ADP (3 x 10~ mol/1). The ra-
tio (S)/Km(1+ [I]/K;) therefore becomes 1 x
1073 to 3 x 10~2. Under these conditions, the aux-
ilary reaction (Table 2.16) with pyruvate kinase
follows pseudo-first-order kinetics with respect to
ADP over a wide range of concentrations and, as
aresult of the inhibition by ATP, it is also the rate-
determining step of the overall reaction. It is then
possible to kinetically determine higher concen-
trations of glycerol.

2.6.2 Determination of Enzyme Activity

In the foreword of this chapter it was emphasized
that enzymes are suitable indicators for identify-
ing heat-treated food. However, the determination
of enzyme activity reaches far beyond this pos-
sibility: it is being used to an increasing extent
for the evaluation of the quality of raw food and
for optimizing the parameters of particular food
processes. In addition, the activities of enzyme



preparations have to be controlled prior to use in
processing or in enzymatic food analysis.

The measure of the catalytic activity of an en-
zyme is the rate of the reaction catalyzed by the
enzyme. The conditions of an enzyme activity
assay are optimized with relation to: type and
ionic strength of the buffer, pH, and concentra-
tions of substrate, cosubstrate and activators used.
The closely controlled assay conditions, includ-
ing the temperature, are critical because, in con-
trast to substrate analysis, the reliability of the re-
sults in this case often can not be verified by using
a weighed standard sample.

Temperature is a particularly important paramet-
er which strongly influences the enzyme assay.
Temperature fluctuations significantly affect the
reaction rate (cf. 2.5.4); e.g., a 1°C increase
in temperature results in about a 10% increase
in activity. Whenever possible, the incubation
temperature should by maintained at 25 °C.

The substrate concentration in the assay is ad-
justed ideally so that Equation 2.40 is valid, i.e.
[Ao] > K. Difficulties often arise while trying to
achieve this condition: the substrate’s solubility
is limited; spectrophotometric readings become
unreliable because of high light absorbance by
the substrate; or the high concentration of the
substrate inhibits enzyme activity. For such cases
procedures exist to assess the optimum substrate
concentration which will support a reliable activ-
ity assay.

2.6.3 Enzyme Immunoassay

Food compounds can be determined specifically
and sensitively by immunological methods.
These are based on the specific reaction of an
antibody containing antiserum with the antigen,
the substance to be determined. The antiserum
is produced by immunization of rabbits for
example. Because only compounds with a high
molecular weight (M; > 5000) display immuno-
logical activity, for low molecular compounds
(haptens) covalent coupling to a protein is
necessary. The antiserum produced with the
“conjugate” contains antibodies with activities
against the protein as well as the hapten.

Prior to the application, the antiserum is tested
for its specificity against all proteins present in
the food to be analyzed. As far as possible all un-

2.6 Enzymatic Analysis 141

specificities are removed. For example, it is pos-
sible to treat an antiserum intended to be used for
the determination of peanut protein with proteins
from other nuts in such a way that it specifically
reacts with peanut protein only. However, there
are also cases in which the specificity could not
be increased because of the close immunochem-
ical relationship between the proteins. This hap-
pens, for example, with proteins from almonds,
peach and apricot kernels.

The general principle of the competitive im-
munoassay is shown in Fig. 2.43. Excess amounts
of marked and unmarked antigens compete for
the antibodies present. The concentration of
the unmarked antigen to be determined is the
only variable if the concentration of the marked
antigen and the antibody concentration are kept
on a constant level during the examination.
Following the principle of mass action, the
unknown antigen concentration can be calculated
indirectly based on the proportion of free marked
antigen. Older methods still require the formation
of a precipitate for the detection of an antibody—
antigen reaction (cf. 12.10.2.3.2). Immunoassays
are much faster and more sensitive.
Radioisotopes CH, '*C) and enzymes are used to
mark antigens. Furthermore, fluorescent and lu-
minescent dyes as well as stable radicals are im-
portant. Horseradish peroxidase, alkaline phos-
phatase from calf stomach, and B-D-galactosidase
from E. coli are often used as indicator enzymes
because they are available in high purity, are very
stable and their activity can be determined sensi-
tively and precisely. Enzymes are bound to anti-
gens or haptens by covalent bonds, e. g., by reac-
tion with glutaraldehyde or carbodiimide.
Enzyme immunoassays are increasingly used in
food analysis (examples see Table 2.18). Labora-
tories employing these methods need no specific
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Fig. 2.43. Principle of an immunoassay. Marked anti-
gens () and unmarked antigens (o) compete for the
binding sites of the antibodies A
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Table 2.18. Examples for application of enzyme im-
munoassay in food analysis

Detection and quantification

Type of meat

Soya protein in meat products

Myosin in muscle meat

Cereal proteins as well as papain in beer
Gliadins (absence of gluten in foods)
Veterinary drugs and fattening aids, e. g. penicillin
in milk, natural or synthetic estrogens in meat
Toxins (aflatoxins, enterotoxins, ochratoxins) in
food

Pesticides (atrazine, aldicarb, carbofuran)
Glycoalkaloids in potatoes

equipment contrary to use of radio immunolog-
ical methods (RIA). Furthermore, for radio im-
munoassays free antigens have always to be sep-
arated from the ones bound to antibodies (het-
erogeneous immunoassay) while an enzyme im-
munoassay is suitable for homogeneous tests if
the activity of the indicator enzyme is inhibited by
the formation of an antigen—antibody-complex.
In food analysis, the ELISA test (enzyme linked
immunosorbent assay) is the most important im-
munochemical method. In fact, two experimental
procedures are applied: the competitive ELISA,
as shown in Fig. 2.43, and the sandwich ELISA.
While the competitive ELISA is directed at
the detection of low-molecular substances, the
sandwich ELISA is suitable only for analytes
(antigens) larger than a certain minimum size.
The antigen must have at least two antibody
binding sites (epitopes) which are spatially so far
apart that it can bind two different antibodies.
The principle of the sandwich ELISA is shown in
Fig. 2.44. A plastic carrier holds the antibodies,
e.g. against a toxin, by adsorption. When the
sample is added, the toxin (antigen) reacts with
the excess amount of antibodies (I in Fig. 2.44).
The second antibody marked with an enzyme
(e. g. alkaline phosphatase, peroxidase, glucose
oxidase or luciferase) and with specificity for the
antigen forms a sandwich complex (II). Unbound
enzyme-marked antibodies are washed out. The
remaining enzyme activity is determined (III). It
is directly proportional to the antigen concentra-
tion in the sample which can be calculated based
on measured standards and a calibration curve.

LLEL

Sample £ £ E

& &L
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Fig. 2.44. Principle of non-competitive ELISA (sand-
wich ELISA)
Y Immobilized antibody,

®  antigen,

/(E enzyme-marked antibody

2.6.4 Polymerase Chain Reaction

With the polymerase chain reaction (PCR), a few
molecules of any DNA sequence can be multi-
plied by a factor of 10° to 10% in a very short time.
The sequence is multiplied in a highly specific
way until it becomes visible electrophoretically.
Based on PCR, analytical techniques have been
developed for species identification in the case of
animal and plant foods and microorganisms. It is

Table 2.19. Examples of approved genetically modified
crops (as of 2003)*

Crop Property

Cauliflower Herbicide tolerance

Broccoli  Herbicide tolerance

Chicory Herbicide tolerance

Cucumber Fungal resistance

Potato Insect and virus resistance

Pumpkin  Virus resistance

Corn Herbicide tolerance, insect resistance

Melon Virus resistance, delayed ripening

Papaya Virus resistance

Paprika Virus resistance

Rape seed Higher concentrations of 12:0 und 14:0,
herbicide resistance

Rice Virus resistance

Red Bean Insect resistance

Soybean  Altered fatty acid spectrum
(cf. 14.3.2.2.5), herbicide tolerance

Tomato Delayed ripening, increased pectin con-
tent

Wheat Herbicide tolerance

Sugar beet Herbicide tolerance

2 The crop is approved in at least one country.



of special interest that PCR allows the detection
of genetically modified food (genetically modi-
fied organism, GMO). Thus, it is possible to con-
trol the labeling of GMOs, which is required by
law. In fact, the number of GMOs among food
crops is increasing steadily (cf. Table 2.19); cf.
survey by Anklam etal. (2002).

2.6.4.1 Principle of PCR

The first steps of a PCR reaction are shown
schematically in Fig. 2.45. First, the extract

Target DNA
T T TITOITTTE (Cytting)
l (95°C, first cycle)
Single strands
(54°C) 1 2
k Primers 3, &ZZ2
5'I¥Iq 3 3 = 5'

l/ Nucleotide, DNA-Polymerase
(72°C)

3 T T T 5
5 oo 3

l (95°C, second cycle)

3
zA
1 2
l/ Primers 1, 22
| -
B
l/ Nucleotide, DNA-Polymerase
(72°C)
EZA
T I )
—d
l_l_LL_I_l_I_I_Ll_l_LLl_I_LI_LJ_&j
l (95°C, third cycle)
(a) z22
—1 (b)
J —
2

Fig. 2.45. Principle of PCR
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which contains, among other substances, the
DNA fragment (analyte) to be identified is briefly
heated to 95°C. This causes denaturation and
separation into single strands. After cooling
to 54 °C, two oligodeoxynucleotides (primer 1
and 2 having base sequences complementary to
the target DNA) which flank the DNA sequence
to be multiplied are added in excess. These
primers, which are 15-30 nucleotides long and
made with a synthesizer, hybridize with the com-
plementary segments on the single strands. The
temperature is increased to 72 °C and a mixture
of the four deoxynucleoside 5’'-triphosphates
(dATP, dCTP, dGTP, dTTP, for structures of the
bases cf. Formula 2.107) and a thermostable
DNA polymerse, e.g., Tag polymerase from
Thermus aquaticus, are added. The polymerase
synthesizes new complementary strands starting
from the primers in the 5’ — 3’ direction using the
deoxynucleotides. In the subsequent heating step,
these strands are separated, in addition to the
denatured target DNA which is no longer shown
in Fig. 2.45. In the second cycle, the primers
hybridize with the single strands which end with
the nucleotide sequence of the other primer in
each case. The PCR yields two DNA segments
(a and b in Fig. 2.45) which are bounded by
the nucleotide sequences of the primer. The
DNA segment is amplified by repeating the steps
denaturation — addition of primer — PCR 20 to
30 times, and is then electophoretically analyzed.

Base:

NH, o)
CH

. .

H H
Cytosine (C) Thymine (T)

NH, o}
NZ N HN N
:I? I
NT N HNT SN N
Adenine (A) Guanine (G)

(2.107)

In comparison with protein analysis, DNA ana-
lysis is more sensitive by several orders of mag-
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nitude due to amplification which is millionfold
after 20 cycles and billionfold after 30 cycles.
Heated food can be analyzed because DNA is
considerably more stable than proteins. It is also
possible to detect GMOs which do not contain al-
tered or added proteins identifiable by chemical
methods. Acidic foods can cause problems when
they are strongly heated, e. g., tomato products. In
this case, the DNA is hydrolyzed to such an ex-
tent that the characteristic sequences are lost. The
exceptional sensitivity of this method can also
give incorrect positive results. For this reason, it
is important that the PCR is quantitatively evalu-
ated, especially when controlling limiting values.
A known amount of a synthetic DNA is added to
the sample and amplified competitively with the
analyte. For calibration, mixtures of the target and
competing DNA are subjected to PCR analysis.

2.6.4.2 Examples
2.6.4.2.1 Addition of Soybean

The addition of soybean protein to meat and
other foods can be detected with the help of
the primers GMO3 (5-GCCCTCTACTCCA-
CCCCCATCC-3') and GMO4 (5'-GCCCATC-
TGCAAGCCTTTTTGTG-3'). They label a small
but still sufficiently specific sequence of 118 base
pairs (bp) of the gene for a lectin occurring in
soybean. A small amplicon is of advantage since
the DNA gets partially fragmented when meat
preparations are heated.

2.6.4.2.2 Genetically Modified Soybeans

Genetically modified soybeans are resistant to
the herbicide glyphosphate (cf. 9.4.3), which
inhibits the key enzyme, 5-enolpyruvylshiki-
mi-3-phosphate  synthase (EPSPS), in the
metabolism of aromatic amino acids in plants.
However, glyphosphate is inactive against the
EPSPS of bacteria. Hence transgenic soybeans
contain a genetic segment which codes for an
EPSPS from Agrobacterium sp. and a peptide
for the transport of this enzyme. To detect this
segment and, consequently, genetically modified
soybeans, primers are used which induce the
amplification of a segment of 172 bp in the PCR.

2.6.4.2.3 Genetically Modified Tomatoes

During ripening and storage, tomatoes soften due
to the activity of an endogenous enzyme poly-
galacturonase (PG). The expression of the gene
for PG is specifically inhibited in a particular
tomato, resulting in extended storage life and bet-
ter aroma. PCR methods have been developed to
detect these transgenic tomatoes. However, this
detection can fail if the DNA is too strongly hy-
drolyzed on heating the tomato products.

2.6.4.2.4 Species Differentiation

If specific primers fail, a PCR with universal
primers can be applied in certain cases, followed
by an RFLP analysis (restriction fragment length
polymorphism). The DNA of a meat sample is
first determined with a primer pair which exhibits
a high degree of correspondence in its binding
sites to the DNA of many animal species. In the
case of various animal species, the PCR yields
equally long products which should be relatively
large (ca. 300-500 bp). The amplicon is cleaved
in the subsequent RFLP analysis with different
restriction endonucleases. After electrophoretic
separation, the pattern of the resulting DNA
fragments can be assigned to individual animal
species. This method is suitable for samples of
one type of meat. Preparations containing meat
of several animal species or DNA which is more
strongly fragmented on heating can be reliably
analyzed only with animal species-specific
primers.

2.7 Enzyme Utilization
in the Food Industry

Enzyme-catalyzed reactions in food processing
have been used unintentionally since ancient
times. The enzymes are either an integral part
of the food or are obtained from microorgan-
isms. Addition of enriched or purified enzyme
preparations of animal, plant or, especially, mi-
crobial origin is a recent practice. Most of these
enzymes come from microorganisms, which
have been genetically modified in view of their
economic production. Such intentionally used



additives provide a number of advantages in food
processing: exceptionally pronounced substrate
specificity (cf. 2.2.2), high reaction rate under
mild reaction conditions (temperature, pH), and
a fast and continuous, readily controlled reaction
process with generally modest operational costs
and investment. Examples for the application of
microbial enzymes in food processing are given
in Table 2.20.

2.7.1 Technical Enzyme Preparations

2.7.1.1 Production

The methods used for industrial-scale enzyme
isolation are outlined in principle under sec-
tion 2.2.4. In contrast to the production of
highly purified enzymes for analytical use, the
production of enzymes for technical purposes
is directed to removing the interfering activities
which would be detrimental to processing and
to staying within economically acceptable costs.
Selective enzyme precipitation by changing the
ionic strength and/or pH, adsorption on inorganic
gels such as calcium phosphate gel or hydroxyl
apatite, chromatography on porous gel columns
and ultrafiltration through membranes are among
the fractionation methods commonly used. Ionex-
change chromatography, affinity chromatography
(cf. 2.2.4) and preparative electrophoresis are
relatively expensive and are seldom used. A few
temperature-stable enzymes are heat treated to
remove the other contaminating and undesired
enzyme activities.

Commercial enzyme preparations are available
with defined catalytic activity. The activity is usu-
ally adusted by the addition of suitable inert fillers
such as salts or carbohydrates. The amount of
active enzyme is relatively low, e. g., proteinase
preparations contain 5-10% proteinase, whereas
amylase preparations used for treamtent of flour
contain only 0.1% pure fungal o-amylase.

2.7.1.2 Immobilized Enzymes

Enzymes in solution are usually used only once.
The repeated use of enzymes fixed to a carrier
is more economical. The use of enzymes in
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Fig. 2.46. Forms of immobilized enzymes

a continous process, for example, immobilized
enzymes used in the form of a stationary phase
which fills a reaction column where the reaction
can be controlled simply by adjustment of
the flow rate, is the most advanced technique.
Immobilized enzymes are produced by various
methods (Fig. 2.46).

2.7.1.2.1 Bound Enzymes

An enzyme can be bound to a carrier by co-
valent chemical linkages, or in many cases, by
physical forces such as adsorption, by charge at-
traction, H-bond formation and/or hydrophobic
interactions. The covalent attachment to a car-
rier, in this case an activated matrix, is usually
achieved by methods employed in peptide and
protein chemistry. First, the matrix is activated.
In the next step, the enzyme is coupled under
mild conditions to the reactive site on the ma-
trix, usually by reaction with a free amino group.
This is illustrated by using cellulose as a matrix
(Fig. 2.47). Another possibility is a process of
copolymerization with suitable monomers. Gen-
erally, covalent attachment of the enzyme pre-
vents leaching or “bleeding”.

2.7.1.2.2 Enzyme Entrapment

An enzyme can be entrapped or enclosed in the
cavities of a polymer network by polymerization
of a monomer such as acrylamide or N,N’-
methylene-bis-acrylamide in the presence of
enzyme, and still remain accessible to substrate
through the network of pores. Furthermore,
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Table 2.20. Examples for the use of microbial enzymes in food processing

EC Enzyme?® Biological Origin Application®
Number
Oxidoreductases
1.1.1.39 Malate 10
dehydrogenase
(decarboxylating) Leuconostoc oenos
1.1.34 Glucose oxidase  Aspergillus niger 7,10, 16
1.11.1.6 Catalase Micrococcus lysodeicticus
Aspergillus niger 1,2,7,10, 16
Transferases
2.7.2.4 Transglutaminase Streptoverticillium 5,8
Hydrolases
3.1.1.1 Carboxylesterase Mucor miehei 2,3
3.1.13 Triacylglycerol  Aspergillus niger, A. oryzae,
lipase Candida
lipolytica, Mucor javanicus,
M. miehei, Rhizopus 2,3
arrhizus, R. niveus
3.1.1.11 Pectinesterase Aspergillus niger 9,10, 17
3.1.1.20 Tannase Aspergillus niger, 10
A. oryzae
3.2.1.1 a-Amylase Bacillus licheniformis,
B. subtilis, Aspergillus oryzae  3,8,9, 10, 12 14, 15
Aspergillus niger, Rhizopus 8,9, 10, 12,
delemar, R. oryzae 14, 15
3212 B-Amylase Bacillus cereus, 8,10
3.2.1.3 Glucan-1,4-oi- B. magatherium, 3,9,10,12, 14
D-gluco-sidase B. subtilis Aspergillus oryzae 15, 18
(glucoamylase)
Aspergillus niger, Rhizopus
arrhizus, R. delemar, R. niveus, 9,10, 12, 14,
R. oryzae, Trichoderma reesei 15, 18
32.14 Cellulase Aspergillus niger, A. oryzae,
Rhizopus delemar, R. oryzae,
Sporotrichum dimorphosporum,
Thielavia terrestris,
Trichoderma reesei 9,10, 18
3.2.1.6 Endo-1,3(4)-B-D- Bacillus circulans,
glucanase B. subtilis, Aspergillus niger,
A. oryzae, Penicillum emersonii,
Rhizopus delemar, R. oryzae 10
32.1.7 Inulinase Kluyveromyces fragilis 12
3.2.1.11 Dextranase Klebsiella aerogenes,
Penicillium funicolosum,
P. lilacinum 12
3.2.1.15 Polygalacturonase Aspergillus niger, Penicillium
simplicissimum, Trichoderma
reesei 3,9,10, 17
Aspergillus oryzae,
Rhizopus oryzae 3,9,10
Aspergillus niger 9,10, 17
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Table 2.20. (continued)

EC Enzyme?* Biological Origin Application®
Number
3.2.1.20 a-D-Glucosidase Aspergillus niger,
A. oryzae, Rhizopus oryzae 8
3.2.1.21 B-D-Glucosidase Aspergillus niger;
Trichoderma reesei 9
3.2.1.22 a-D-Galactosidase Aspergillus niger,

Mortierella vinacea
sp., Saccharomyces

carlsbergensis 12
3.2.1.23 B-D-Galactosidase Aspergillus niger;
A. oryzae, Kluyveromyces
fragilis, K. lactis 1,2, 4, 18
3.2.1.26 B-D-Fructofuranosidase ~ Aspergillus niger,
Saccharomyces carlsbergensis,
S. cerevisiae 14
3.2.1.32 Xylan endo-1,3-B-D- Streptomyces
xylosidase sp., Aspergillus niger,
Sporotrichum dimorphosporum 8, 10, 13
3.2.1.41 o-Dextrin endo-1,6-0i- Bacillus acidopullulyticus 8,10, 12, 14, 15
glucosidase (pullunanase) Klebsiella aerogenes 8,10, 12
3.2.1.55 a-L-Arabinofuranosidase Aspergillus niger 9,10, 17
3.2.1.58 Glucan-1,3-3- Trichoderma harzianum 10
D-glucosidase
3.2.1.68 Isoamylase Bacillus cereus 8, 10
3.2.1.78 Mannan endo-1,4-B-D-  Bacillus subtilis, Aspergillus
mannanase oryzae, Rhizopus delemar,
R. oryzae, Sporotrichum 13
dimor-phosporum,
Trichoderma reesei
Aspergillus niger 13, 17
35.1.2 Glutaminase Bacillus subtilis 5
3.4.21.14 Serine endopeptidase® Bacillus licheniformis 5,6,10, 11
3.4.23.6 Aspartic acid Aspergillus melleus,
Endothia parasitica,
endopeptidase Mucor miehei, M. pusillus 2
Aspergillus oryzae 2,5,6,8,9, 10,
11, 15, 18
3.4.24.4 Metalloendopeptidase Bacillus cereus, B. subtilis 10, 15
Lyases
4.2.2.10 Pectin lyase Aspergillus niger 9,10, 17
Isomerases
5.3.1.5 Xylose isomerased Streptomyces murinus 8,9, 10, 12

S. olivaceus,
S. olivochromogenes,
S. rubiginosus

 Principal activity.

b 1) Milk, 2) Cheese, 3) Fats and oils, 4) Ice cream, 5) Meat, 6) Fish, 7) Egg, 8) Cereal and starch, 9) Fruit
and vegetables, 10) Beverages (soft drinks, beer, wine), 11) Soups and broths, 12) Sugar and honey, 13) Cacao,
chocolate, coffee, tea, 14) Confectionery, 15) Bakery, 16) Salads, 17) Spices and flavors, 18) Diet food.

¢ Similar to Subtilisin.

4 Some enzymes also convert D-glucose to D-fructose, cf. 2.7.2.3.
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Fig. 2.47. Enzyme immobilization by covalent binding
to a cellulose matrix

suitable processes can bring about enzyme
encapsulation in a semipermeable membrane
(microencapsulation) or confinement in hollow
fiber bundles.

2.7.1.2.3 Cross-Linked Enzymes

Derivatization of enzymes using a bifunctional
reagent, e. g. glutaraldehyde, can result in cross-
linking of the enzyme and, thus, formation of
large, still catalytically active insoluble com-
plexes. Such enzyme preparations are relatively
unstable for handling and, therefore, are used
mostly for analytical work.

2.7.1.2.4 Properties

The properties of an immobilized enzyme are of-
ten affected by the matrix and the methods used
for immobilization.

Kinetics. As a rule, higher substrate concentra-
tions are required for saturation of an entrapped
enzyme than for a free, native enzyme. This is
due to a decrease in the concentration gradient
which takes place in the pores of the polymer
network. Also, there is an increase in the “ap-
parent” Michaelis constant for an enzyme bound
covalently to a matrix carrying an electrostatic
charge. This is also true when the substrate and
the functional groups of the matrix carry the
same charge. On the other hand, opposite charges
bring about an increase of substrate affinity for
the matrix. Consequently, this decreases the
“apparent” Kp,.

pH Optimum. Negatively charged groups on
a carrier matrix shift the pH optimum of the
covalently bound enzyme to the alkaline region,
whereas positive charges shift the pH optimum
towards lower pH values. The change in pH
optimum of an immobilized enzyme can amount
to one to two pH units in comparison to that of
a free, native enzyme.

Thermal Inactivation. Unlike native enzymes, the
immobilized forms are often more heat stable (cf.
example for B-D-glucosidase, Fig. 2.48). Heat sta-
bility and pH optima changes induced by immo-
bilization are of great interest in the industrial uti-
lization of enzymes.
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Fig. 2.48. Thermal stabilities of free and immobi-
lized enzymes (according to Zaborsky, 1973). 1 B-D-
glucosidase, free, 2 B-D-glucosidase, immobilized



2.7.2 Individual Enzymes

2.7.2.1 Oxidoreductases

Broader applications for the processing industry,
besides the familiar use of glucose oxidase, are
found primarily for catalase and lipoxygenase,
among the many enzymes of this group. A num-
ber of oxidoreductases have been suggested or
are in the experimental stage of utilization, par-
ticularly for aroma improvement (examples un-
der 2.7.2.1.4 and 2.7.2.1.5).

2.7.2.1.1 Glucose Oxidase

The enzyme produced by fungi such as As-
pergillus niger and Penicillium notatum catalyzes
glucose oxidation by consuming oxygen from
the air. Hence, it is used for the removal of
either glucose or oxygen (Table 2.20). The H,0,
formed in the reaction is occasionally used as an
oxidizing agent (cf. 10.1.2.7.2), but it is usually
degraded by catalase.

Removal of glucose during the production of egg
powder using glucose oxidase (cf. 11.4.3) pre-
vents the Maillard reaction responsible for dis-
coloration of the product and deterioration of its
whippability. Similar use of glucose oxidase for
some meat and protein products would enhance
the golden-yellow color rather than the brown
color of potato chips or French fries which is ob-
tained in the presence of excess glucose.
Removal of oxygen from a sealed package system
results in suppression of fat oxidation and oxida-
tive degradation of natural pigments. For exam-
ple, the color change of crabs and shrimp from
pink to yellow is hindered by dipping them into
a glucose oxidase/catalase solution. The shelf life
of citrus fruit juices, beer and wine can be pro-
longed with such enzyme combinations since the
oxidative reactions which lead to aroma deterio-
ration are retarded.

2.7.2.1.2 Catalase

The enzyme isolated from microorganisms is im-
portant as an auxiliary enzyme for the decompo-
sition of H>O»:

2H202 ;—:.—‘2}120 + 0,

(2.108)
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Hydrogen peroxide is a by-product in the treat-
ment of food with glucose oxidase. It is added to
food in some specific canning procedures. An ex-
ample is the pasteurization of milk with H,O,,
which is important when the thermal process is
shut down by technical problems. Milk thus sta-
bilized is also suitable for cheesemaking since the
sensitive casein system is spared from heat dam-
age. The excess H,O» is then eliminated by cata-
lase.

2.7.2.1.3 Lipoxygenase

The properties of this enzyme are described under
section 3.7.2.2 and its utilization in the bleach-
ing of flour and the improvement of the rheo-
logical properties of dough is covered under sec-
tion 15.4.1.4.3.

2.7.2.1.4 Aldehyde Dehydrogenase

During soya processing, volatile degradation
compounds (hexanal, etc.) with a “bean-like”
aroma defect are formed because of the enzy-
matic oxidation of unsaturated fatty acids. These
defects can be eliminated by the enzymatic
oxidation of the resultant aldehydes to carboxylic
acids. Since the flavor threshold values of
these acids are high, the acids generated do not
interfere with the aroma improvement process.

n-Hexanal + NAD®

S Caproicacid + NADH +H® (2 |(9)

Of the various aldehyde dehydrogenases, the
enzyme from beef liver mitochondria has
a particularly high affinity for n-hexanal (Ta-
ble 2.21). Hence its utilization in the production
of soya milk is recommended.

2.7.2.1.5 Butanediol Dehydrogenase

Diacetyl formed during the fermentation of beer
can be a cause of a flavor defect. The enzyme
from Aerobacter aerogenes, for example, is able
to correct this defect by reducing the diketone to
the flavorless 2,3-butanediol:

CH,-CO-CO-CH; + NADH + H®

[E—
~—

CH;—CH—CH—CH; + NAD®

OH OH (2.110)
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Table 2.21. Michaelis constants for aldehyde dehydro-
genase (ALD) from various sources

Substrate K (umol /1)
ALD (bovine liver) ALD
Mitochon-  Cytosol ~ Micro-  Yeast
dria somes
Ethanal 0.05 440 1500 30
n-Propanal - 110 1400 -
n-Butanal 0.1 <1 - -
n-Hexanal  0.075 <1 <1 6
n-Octanal 0.06 <1 <1 -
n-Decanal ~ 0.05 - - -

Such a process is improved by the utilization of
yeast cells which, in addition to the enzyme and
NADH, contain a system able to regenerate the
cosubstrate. In order to prevent contamination of
beer with undesirable cell constituents, the yeast
cells are encapsulated with gelatin.

2.7.2.2 Hydrolases

Most of the enzymes used in the food industry
belong to the class of hydrolase enzymes (cf. Ta-
ble 2.20).

2.7.2.2.1 Peptidases

The mixture of proteolytic enzymes used in
the food industry contains primarily endopep-
tidases (specificity and classification under
section 1.4.5.2). These enzymes are isolated from
animal organs, higher plants or microorganisms,
i.e. from their fermentation media (Table 2.22).
Examples of their utilization are as follows. Pro-
teinases are added to wheat flour in the production
of some bakery products to modify rheological
properties of dough and, thus, the firmness of the
endproduct. During such dough treatment, the
firm or hard wheat gluten is partially hydrolyzed
to a soft-type gluten (cf. 15.4.1.4.5).

In the dairy industry the formation of casein
curd is achieved with chymosin or rennin (cf.
Table 2.20) by a reaction mechanism described
under section 10.1.2.1.1. Casein is also precipi-
tated through the action of other proteinases by
a mechanism which involves secondary proteo-

lytic activity resulting in diminished curd yields
and lower curd strength. Rennin is essentially
free of other undesirable proteinases and is,
therefore, especially suitable for cheesemaking.
However, there is a shortage of rennin since it
has to be isolated from the stomach of a suckling
calf. However, it is now possible to produce
this enzyme using genetically engineered mi-
croorganism. Proteinases from Mucor miehei, M.
pusillus and Endothia parasitica are a suitable
replacement for rennin.

Plant proteinases (cf. Table 2.22) and also those
of microorganisms are utilized for ripening and
tenderizing meat. The practical problem to be
solved is how to achieve uniform distribution of
the enzymes in muscle tissue. An optional method
appears to be injection of the proteinase into the
blood stream immediately before slaughter, or re-
hydration of the freeze-dried meat in enzyme so-
lutions.

Cold turbidity in beer is associated with protein
sedimentation. This can be eliminated by hydrol-
ysis of protein using plant proteinases (cf. Ta-
ble 2.22). Utilization of papain was suggested by
Wallerstein in 1911. Production of complete or
partial protein hydrolysates by enzymatic meth-
ods is another example of an industrial use of pro-
teinases. This is used in the liquefaction of fish
proteins to make products with good flavors.
One of the concerns in the enzymatic hydrolysis
of proteins is to avoid the release of bitter-tasting
peptides and/or amino acids (cf. 1.2.6 and 1.3.3).
Their occurrence in the majority of proteins
treated (an exception is collagen) must be ex-
pected when the molecular weight of the peptide
fragments falls below 6000. Bitter-tasting pep-
tides, e. g., those which are formed in the ripening
of cheese, can be converted to a hydrolyzate
which is no longer bitter by adding a mixture of
endo- and exopeptidases from Latobacilli.

2.7.2.2.2 o- and B-Amylases

Amylases are either produced by bacteria
or yeasts (Table 2.20) or they belong to the
components of malt preparations. The high
temperature-resistant bacterial amylases, par-
ticularly those of Bac. licheniformis (Fig. 2.49)
are of interest for the hydrolysis of corn starch
(gelatinization at 105-110 °C). The hydrolysis
rate of these enzymes can be enhanced further
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Table 2.22. Peptidases (proteinases) utilized in food processing
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Name Source pH Optimal
optimum stability
pH range
A. Peptidases of
animal origin
Pancreatic
proteinase?® Pancreas 9.0 3-5
Pepsin Gastric lining of swine or bovine 2
Chymosin Stomach lining of calves
or genetically engineered
microorganisms B. Peptidases of 67 5.5-6.0
plant origin
Papain Tropical melon tree
(Carica papaya) 7-8 4.5-6.5
Bromelain Pineapple (fruit and stalk) 7-8
Ficin Figs (Ficus carica) 7-8
C. Bacterial peptidases
Alkaline
proteinases
e. g. subtilisin Bacillus subtilis 7-11 7.5-9.5
Neutral
proteinases
e. g. thermo-
lysin Bacillus thermoproteolyticus 6-9 6-8
Pronase Streptomyces griseus
D. Fungal peptidases
Acid proteinase Aspergillus oryzae 3.0-4.04 5
Neutral
proteinase Aspergillus oryzae 5.5-7.5¢ 7.0
Alkaline
proteinase Aspergillus oryzae 6.0-9.54 7-8
Proteinase Mucor pussillus 3.5-4.54 3-6
Proteinase Rhizopus chinensis 5.0 3.8-6.5

% A mixture of trypsin, chymotrypsin, and various peptidases with amylase and lipase as accompanying enzymes.

b With casein as a substrate.

¢ A mixture of