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FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

I N CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors wi th the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Τ 
J L H E T H E O R I E S A N D C O N C E P T S O F F O O D P R O T E I N D E T E R I O R A T I O N are 

based on the composition, structure, and physicochemical deteriorative 
changes that occur in proteins during genetic and physiological processes. 
Endogenous and exogenous enzymatic activities, chemical reactions and 
modifications, pH changes, salt effects, storage-fungi contamination, and 
temperature dependency all contribute to making the study of food protein 
deterioration a vital science. The utilization of proteins as the functionally 
active constituents in food systems, the processes that control the degree of 
protein degradation, and the nutritional quality and bioavailability of de
teriorated and modified proteins are topics that are included in this volume. 

Proteins undergo denaturation by reaction with hydroperoxides which 
are formed by lipoxygenase and nonenzymatic oxidation of polyunsaturated 
fatty acids. Discoloration occurs as a result of the disruption of food sys
tems by heating and/or blending during processing. Efforts to develop 
methods to characterize and control these reactions, and the objectionable 
odors and off-flavors developed during storage, handling, and processing 
have been fruitful. 

Temperature also affects food protein deterioration. Below ambient 
temperature proteins can be affected adversely with notable changes in 
cellular systems, solubility, and enzymatic activity. These alterations can 
affect storage time, salt concentration, pH dehydration effects, and the 
effect of ice on membranes. Evidence has shown that during heat exposure, 
enzyme-resistant linkages form between polypeptides. Many physicochemi
cal changes that are caused by heat-induced protein denaturation can 
result in texturation products having meat-like food properties. 

In addition, brown-colored beneficial and deleterious products can be 
formed from carbonylamines which are products of the reaction between 
the aldehydes of sugars and the amino groups of amino acids. (The latter 
reaction is the first step in the series of reactions that are collectively 
known as the Maillard reaction.) These chemical reactions can be pre
vented by eliminating the aldehyde-containing compounds, or temporarily 
masking the e-amino group of lysine during processing. 

The functional properties of foods are influenced by the inherent 
molecular properties of proteins, the manner in which they interact with 
other protein and nonprotein constituents, and their behavior in prevailing 
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environmental conditions. Most of the reactions that affect food functional
ity involve disulfide bonds, and the electrostatic and hydrophobic interac
tions of structure and surface properties of proteins. Chemical modification 
of these disulfide bonds results in the loss of both structural order and 
activity. 

This volume confronts the issue that the nutritional quality of proteins 
can change as a result of structural modification or deterioration. There 
may be a small increase or decrease in protein digestibility as the proteins 
unfold or form aggregates with other protein or nonprotein constituents. 
Extremes in heat or chemical modification can result in a major loss of 
bioavailability when essential amino acids form nonreversible molecular 
complexes. Understanding the mechanisms by which proteins deteriorate 
during handling, storage, and processing will allow modification and/or 
control of these processes to protect the inherent functional and nutritional 
qualities of proteins in raw products. This wil l then allow for maximum 
production of quality foods. 

JOHN P . CHERRY 

Eastern Regional Research Center 
United States Department of Agriculture 
Philadelphia, PA 19118 

June 1982 
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1 
Genetic Mechanisms and Protein Properties 
with Special Reference to Plant Proteins 

ASIM ESEN 
Virginia Polytechnic Institute and State University, Department of Biology, 
Blacksburg, VA 24061 

Continuous intake of high quality dietary protein in 
adequate amounts is prerequisite for normal growth and 
development in the young and for maintenance of nitrogen 
equilibrium in adult humans. The reason for this is that 
dietary protein provides certain specific (essential) amino 
acids that cannot be synthesized by man and other monogastric 
animals as well as indispensable nitrogen required for various 
physiological functions. Animal cells also cannot store amino 
acids as they do carbohydrates and lipids, which necessitates 
continuous protein intake. Malnutrition or undernutrition is a 
serious problem affecting nearly one half of the world's 
population. There is no consensus among nutritionists and 
sociologists on the causes of malnutrition. Some experts (1) 
attribute it to the lack of good quality protein for human 
consumption while others (2, 3, 4, 5, 6) to either protein and 
calorie deficiencies or calorie deficiency alone. Bressani and 
Elias (7) have recently emphasized the difficulty in 
identifying a simple nutrient as the causal factor in 
malnutrition. They concluded that the malnutrition problem is 
the end result of the interaction of many factors of which low 
food availability and intake are perhaps the most important. 

On a worldwide basis, about 90% of the calories and 10% of 
the protein available for human consumption come directly from 
plants with the remainder from foods of animal origin (Table 
i ) . There is a high correlation between income level and the 
proportion of animal protein in the diet with the prosperous 
nations and also prosperous social and economic classes in a 
country receiving their protein primarily from foods of animal 
origin (8), namely milk, meat, egg, fish and their products. 
In developed countries large amounts of plant protein are fed 
to animals for meat production. This is a rather wasteful 
process from the standpoint of energetics since it takes about 

0097-6156/82/0206-0001 $08.75/0 
© 1982 American Chemical Society 
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2 FOOD PROTEIN DETERIORATION 

e i g h t kg o f p l a n t p r o t e i n to produce one kg o f a n i m a l p r o t e i n . 
P r e s e n t l y the w o r l d ' s p o p u l a t i o n i s about 4-5 b i l l i o n and i t i s 
e s t i m a t e d to reach 6 to 7 b i l l i o n by the t u r n o f the c e n t u r y . 
T h e r e f o r e , i t i s p r o b a b l e t h a t the d i r e c t consumption o f p l a n t 
p r o t e i n by humans i s l i k e l y t o i n c r e a s e (9) and a n i m a l p r o t e i n 
i s to become somewhat a l u x u r y t h a t o n l y upper economic c l a s s e s 
and p o p u l a t i o n s o f c e r t a i n developed c o u n t r i e s can a f f o r d on a 
r e g u l a r b a s i s . 

T a b l e I . P r o t e i n s o u r c e s and i n t a k e (1975-77) 

Source 

Region o r Country 
D a i l y 

I n t a k e (gm) 
% 

P l a n t 
% 

Animal 

World 69 65 35 
A s i a 58 79 21 
A f r i c a 59 80 20 
S. America 66 56 44 
I . â C. America 93 39 61 
Europe 96 45 55 
Oceania 96 35 65 
USA 106 32 68 
I n d i a 48 89 11 
Z a i r e 36 80 20 

Source: ( 9 6 ) . 

R e g a r d l e s s o f i t s o r i g i n , p l a n t o r a n i m a l , a p r o t e i n 
s ource i s expected to meet c e r t a i n requirements i n o r d e r to be 
s u i t a b l e f o r food o r feed use. F i r s t , i t sh o u l d have a h i g h 
p r o t e i n c o n t e n t to p r o v i d e the q u a n t i t y o f p r o t e i n needed a t 
normal i n t a k e l e v e l s . S econdly, i t s p r o t e i n s s h o u l d be o f h i g h 
n u t r i t i o n a l q u a l i t y to p r o v i d e a l l e s s e n t i a l amino a c i d s a t o r 
above recommended l e v e l s . T h i r d l y , the p r o t e i n source must 
have a c c e p t a b l e o r g a n o l e p t i c p r o p e r t i e s ( e . g . , t a s t e , c o l o r and 
t e x t u r e ) i n i t s e d i b l e s t a t e so t h a t i t can be i n g e s t e d i n 
s u f f i c i e n t q u a n t i t y a l o n e o r i n m i x t u r e s w i t h o t h e r d i e t a r y 
components. F o u r t h l y , i t s p r o t e i n s h o u l d have h i g h 
d i g e s t i b i l i t y and b i o l o g i c a l v a l u e . I n o t h e r words, the 
p r o t e i n must be r e s i s t a n t to o r f r e e o f d e t e r i o r a t i v e changes 
and b i o l o g i c a l l y a c t i v e p r o t e i n and n o n p r o t e i n substances which 
u n f a v o r a b l y a f f e c t the d i g e s t i b i l i t y and b i o l o g i c a l v a l u e . 
L a s t l y , but not l e a s t , the p r o t e i n source and i t s p r o t e i n s 
s h o u l d have d e s i r a b l e f u n c t i o n a l p r o p e r t i e s to l e n d themselves 
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1. E S E N Genetic Mechanisms and Protein Properties 3 

to p r o c e s s i n g , h a n d l i n g and s t o r a g e w i t h l i t t l e o r no 
d e t e r i o r a t i v e changes. I f a p r o t e i n source cannot s a t i s f y one 
o r more o f these c r i t e r i a , i t s d e f i c i e n c i e s may be remedied by 
g e n e t i c o r nong e n e t i c ( e . g . su p p l e m e n t a t i o n , improved 
p r o c e s s i n g and s t o r a g e t e c h n i q u e s ) means. Animal p r o t e i n s meet 
a l l o r most o f the requirements as i n g r e d i e n t s w i t h h i g h 
n u t r i t i o n a l q u a l i t y and o r g a n o l e p t i c p r o p e r t i e s . The o n l y 
g e n e t i c improvement t h a t can be made i n these p r o t e i n s i s t h a t 
o f q u a n t i t y by s e l e c t i n g and d e v e l o p i n g breeds w i t h h i g h 
p r o d u c t i o n and feed u t i l i z a t i o n c a p a b i l i t y . Futhermore, a n i m a l 
p r o t e i n s a r e e x c l u s i v e l y s t r u c t u r a l and enzymatic i n n a t u r e 
w i t h w e l l - d e f i n e d m e t a b o l i c a c t i v i t i e s and f u n c t i o n s . Thus any 
attempt to change g e n e t i c a l l y t h e i r n u t r i t i o n a l p r o p e r t i e s and 
f u n c t i o n a l i t y would be d e l e t e r i o u s o r l e t h a l . However such 
c o n s t r a i n t s may not a p p l y to the s t o r a g e p r o t e i n s o f seeds 
where t h e r e i s b o t h need and p o t e n t i a l f o r improvement o f 
p r o t e i n p r o p e r t i e s by g e n e t i c means. T h e r e f o r e t h i s r e v i e w ' s 
fo c u s w i l l be on p l a n t p r o t e i n s w i t h s p e c i a l r e f e r e n c e to t h e i r 
d e f i c i e n c i e s and p o s s i b l e g e n e t i c approaches to improve them. 

There are about 80 thousand p l a n t s p e c i e s w i t h an organ o r 
p a r t s u i t a b l e f o r use as food and many o f them may be a 
p o t e n t i a l p r o t e i n source (10). However, o n l y 12 s p e c i e s a r e 
the main s t a y o f the w o r l d ' s food s u p p l y a c c o u n t i n g f o r about 
90% o f the h a r v e s t e d p r o d u c t s . Of th e s e , c e r e a l g r a i n s p r o v i d e 
some 70% o f the w o r l d ' s s u p p l y o f p l a n t p r o t e i n and over 90% o f 
the c a l o r i e s o f p l a n t o r i g i n . F o r example, r i c e a l one i s the 
main source o f p r o t e i n i n A s i a and p r o v i d e s 80% o f the c a l o r i e s 
i n the A s i a n d i e t . I t i s p r o j e c t e d t h a t the w o r l d demand f o r 
c e r e a l s i n the y e a r 2000 w i l l be 2,422 b i l l i o n m e t r i c tons 
assuming a net p o p u l a t i o n i n c r e a s e r a t e o f 0.7% i n developed 
c o u n t r i e s and 2.2% i n d e v e l o p i n g c o u n t r i e s (11 ). T h i s w i l l 
r e p r e s e n t a 100$ i n c r e a s e o v e r 1970 p r o d u c t i o n . The next major 
source o f p l a n t p r o t e i n f o r humans i s legume seeds, which 
account o n l y f o r 18-20$ o f the t o t a l p l a n t p r o t e i n produced. 
E f f o r t s d i r e c t e d towards improvement o f q u a n t i t y and p r o p e r t i e s 
o f p l a n t p r o t e i n s by g e n e t i c means would have to be ce n t e r e d 
around the c o n v e n t i o n a l crop p l a n t s such as c e r e a l s and legumes 
i n o r d e r to a c h i e v e t a n g i b l e r e s u l t s i n the near f u t u r e . There 
are b a s i c a l l y two reasons f o r t h i s o b s e r v a t i o n . F i r s t , almost 
our e n t i r e r e p e r t o i r e o f b a s i c s c i e n t i f i c i n f o r m a t i o n r e l a t i v e 
to p l a n t g e n e t i c s , b r e e d i n g and b i o c h e m i s t r y i s d e r i v e d from 
s t u d i e s on t r a d i t i o n a l crop p l a n t s ( e . g . , c o r n , wheat, soybean, 
and o t h e r s ) . T h i s b a s i c i n f o r m a t i o n c o n s t i t u t e s the most 
v a l u a b l e a s s e t f o r f u r t h e r p r o g r e s s through r e s e a r c h . 
S e condly, the t r a d i t i o n a l crop p l a n t s have been a p a r t o f 
s o c i a l , economic and c u l t u r a l l i f e o f mankind s i n c e the days o f 
p r e h i s t o r i c a g r i c u l t u r e ; man knows how to produce, p r o c e s s , 
market, and consume them. 
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4 FOOD PROTEIN DETERIORATION 

T h e o r e t i c a l l y s p e a k i n g , g e n e t i c improvement o f p r o t e i n s 
would be a s t r a i g h t f o r w a r d t a s k . P r o t e i n i s an immediate gene 
pro d u c t whose amino a c i d sequence ( p r i m a r y s t r u c t u r e ) i s 
c o l i n e a r to the n u c l e o t i d e sequence o f the gene encoding i t . 
Thus b o t h the s t r u c t u r e and f u n c t i o n o f a p r o t e i n i s under 
d i r e c t g e n e t i c c o n t r o l . From the s t a n d p o i n t o f a g e n e t i c i s t , 
each o f the d i f f e r e n t k i n d s o f p r o t e i n s i s a h e r i t a b l e 
c h a r a c t e r i s t i c , one which i s c l o s e s t to the gene and one t h a t 
can be d e s c r i b e d w i t h o u t any a m b i g u i t y . T h i s i s i n c o n t r a s t to 
many b i o l o g i c a l c h a r a c t e r i s t i c s t h a t g e n e t i c i s t s have to work 
w i t h t h a t a r e f a r removed from the gene and cannot be o f t e n 
d e s c r i b e d and measured i n p r e c i s e q u a n t i t a t i v e o r q u a l i t a t i v e 
terms. 

One may i d e n t i f y t h r e e major problems r e l a t i v e to p l a n t 
p r o t e i n s t h a t a r e p o t e n t i a l l y amenable to a g e n e t i c s o l u t i o n . 
These a r e : low p r o t e i n c o n t e n t i n c e r e a l s and some legumes, 
poor p r o t e i n q u a l i t y i n c e r e a l s and legumes, and the presence 
o f p r o t e i n and n o n p r o t e i n components t h a t a r e e i t h e r t o x i c o r 
a f f e c t u n f a v o r a b l y n u t r i t i o n a l v a l u e and f u n c t i o n a l i t y o f p l a n t 
p r o t e i n s and o t h e r e s s e n t i a l n u t r i e n t s . W i t h i n each problem 
a r e a t h e r e a r e sub-problems some o f which a r e amenable to 
s o l u t i o n , and some may d e f y a s o l u t i o n i n view o f b i o l o g i c a l 
and t e c h n i c a l c o n s t r a i n t s . 

E x p e r i m e n t a l P r o c e d u r e s 

T h i s c h a p t e r w i l l attempt to p r e s e n t a c a t a l o g u e o f 
g e n e t i c s t r a t e g i e s and approaches t h a t may be used f o r the 
s o l u t i o n o f the above mentioned problems r e l a t i v e to p l a n t 
p r o t e i n , and e v a l u a t e the p o t e n t i a l and l i m i t a t i o n s o f each 
approach based on r e p r e s e n t a t i v e e x p e r i m e n t a l d a t a from 
p r e v i o u s i n v e s t i g a t i o n s . F i n a l l y the p o t e n t i a l uses o f 
recombinant BNA t e c h n o l o g y and g e n e t i c e n g i n e e e r i n g f o r p l a n t 
p r o t e i n improvement w i l l be b r i e f l y mentioned. F o r a d d i t i o n a l 
i n f o r m a t i o n on t o p i c s d i s c u s s e d i n t h i s c h a p t e r and s p e c i f i c 
methodologies the r e a d e r i s r e f e r r e d to numerous p r e v i o u s 
reviews ( 9 , U ) , J_2, V 3 F H, V5, 1£» 1_7, U_, 19, 20) and 
r e s e a r c h and review papers t h a t appeared i n the p u b l i c a t i o n s o f 
many pro c e e d i n g s and symposia h e l d on t h i s s u b j e c t . 

The g e n e t i c s o l u t i o n to these problems w i l l r e l y upon the 
presence o f s u f f i c i e n t g e n e t i c v a r i a t i o n i n the e x i s t i n g germ 
plasm s o u r c e s . E q u a l l y i m p o r t a n t i s the a v a i l a b i l i t y o f 
s i m p l e , r a p i d , and i n e x p e n s i v e s c r e e n i n g procedures to d e t e c t 
such v a r i a t i o n . E x t e n s i v e s u r v e y s o f major c e r e a l s and legumes 
conducted w i t h i n the p a s t two decades f o r spontaneous h i g h 
q u a n t i t y and/or q u a l i t y mutants have r e v e a l e d a g r e a t d e a l o f 
v a r i a t i o n i n the germ plasm ( T a b l e I I ) . Moreover, a d d i t i o n a l 
v a r i a t i o n has been generated s u c c e s s f u l l y by employing the 
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1. E S E N Genetic Mechanisms and Protein Properties 5 

v a r i o u s methods o f induced mutagenesis (21, 22, 23, 24) . I n 
or d e r to make r a p i d p r o g r e s s and j u s t i f y the e x p e n d i t u r e o f 
f i n a n c i a l and t e c h n i c a l r e s o u r c e s , h i g h h e r i t a b i l i t y o f the 
d e s i r a b l e c h a r a c t e r i s t i c chosen f o r improvement i s a 
p r e r e q u i s i t e . P r o t e i n c o n t e n t seems to be a h i g h l y h e r i t a b l e 
c h a r a c t e r and shows r e l a t i v e l y a s i m p l e mode o f i n h e r i t a n c e . 
For example, Johnson e t a l . (25) r e p o r t e d h e r i t a b i l i t y 
e s t i m a t e s as h i g h as 83$ f o r p r o t e i n c o ntent i n wheat. 

Tab l e I I . V a r i a t i o n o f p r o t e i n c o n t e n t and l i m i t i n g 
amino a c i d i n some c e r e a l s and legumes 

L i m i t i n g 
Crop P r o t e i n {%) Amino A c i d 

L y s i n e (g/16 g Ν) 
Wheat 7-22 2.2-4.2 
R i c e 5-17 3.1-4 .5 
Corn 7-17 2.2-4.0 
B a r l e y 10-13 3.2-4 . 3 
Sorghum 7-26 1.8-3.8 
Oats 8-22 3.7-4.8 

M e t h i o n i n e (g/16 
Soybean 35-52 1.0-1.6 
Bean 19-31 0 .5-2.1 
Pea 17-31 -L e n t i l 20-31 -Cowpea 21-34 0.8-2 .3 
Chickpea 12-28 0 .5-1.7 

Source: (97, 98, 9 9 ) . 

Improvement o f P r o t e i n Q u a n t i t y 

The p r o t e i n c o n t e n t o f c e r e a l g r a i n s and o t h e r s t a r c h -
s t o r i n g crops i s r e l a t i v e l y low. F o r example on the average 
o n l y 8% o f the d r y m a t t e r i n r i c e , 12$ i n wheat, and 10$ i n 
c o r n i s p r o t e i n . These l e v e l s may not n e c e s s a r i l y be too low 
i n view o f the f a c t t h a t c e r e a l s a r e the p r i m a r y source o f 
d i e t a r y energy. I n f a c t i f c e r e a l p r o t e i n s c o n t a i n e d a l l the 
e s s e n t i a l amino a c i d s i n r e q u i r e d p r o p o r t i o n s they would 
a c t u a l l y meet the p r o t e i n requirement even f o r i n f a n t s and 
growing c h i l d r e n , the groups most v u l n e r a b l e to p r o t e i n 
m a l n u t r i t i o n . Of cou r s e , t h i s would be t r u e o n l y i f the 
q u a n t i t y o f c e r e a l consumed was adequate to meet the e n t i r e 
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6 FOOD PROTEIN DETERIORATION 

c a l o r i e requirement ( 2 6 ) . Some n u t r i t i o n i s t s ( e . g . , 6) argue 
t h a t most o f the common p l a n t s t a p l e s , which o f course i n c l u d e s 
c e r e a l s , " c o n t a i n s u f f i c i e n t u t i l i z a b l e p r o t e i n to meet the 
s a f e l e v e l requirements w i t h o u t any a d d i t i o n s o r supplements". 
Munck (19) s t a t e s t h a t t h e r e i s no p o i n t f o r i n c r e a s i n g the 
p r o t e i n q u a n t i t y i n c e r e a l s i f such an i n c r e a s e i s to be 
ac h i e v e d a t the expense o f y i e l d and c a r b o h y d r a t e s . Proponents 
o f t h i s view b e l i e v e t h a t c e r e a l s s h o u l d remain as energy foods 
and legumes must be the p r i m a r y s o u r c e o f p l a n t p r o t e i n . 

N e g a t i v e c o r r e l a t i o n between p r o t e i n c o n t e n t and y i e l d . 
H i g h e r p r o t e i n c o n t e n t has almost always been found to be 
n e g a t i v e l y c o r r e l a t e d w i t h g r a i n y i e l d (27, 28, 29, 30, 31 )» 
I f t h i s i s indeed a u n i v e r s a l phenomenon, the advocates f o r 
i n c r e a s i n g p r o t e i n c o n t e n t i n c e r e a l s cannot c o n v i n c i n g l y argue 
t h e i r case b e f o r e they r e s o l v e t h i s problem. The reason f o r 
the i n v e r s e r e l a t i o n s h i p between p r o t e i n c o n t e n t and y i e l d has 
been e x p l a i n e d by the energy requirements o f v a r i o u s seed 
biomass components (32, 3 3 ) . The amount o f the pr i m a r y 
p h o t o s y n t h a t e , g l u c o s e , expended to produce a u n i t mass o f 
p r o t e i n i s t w i c e as much as t h a t needed to produce the same 
u n i t mass o f c a r b o h y d r a t e . To be more s p e c i f i c , 1 g o f g l u c o s e 
y i e l d s 0.83 g o f ca r b o h y d r a t e and o n l y 0.4 g o f p r o t e i n . I f 
these t h e o r e t i c a l c a l c u l a t i o n s t r u l y r e f l e c t what i s happening 
i n the p l a n t i t would indeed be p o i n t l e s s to i n c r e a s e p r o t e i n 
c o n t e n t u n l e s s t h e r e i s a premium p a i d f o r h i g h p r o t e i n to 
o f f s e t y i e l d l o s s . However, the s i t u a t i o n does not seem as 
ho p e l e s s as the s k e p t i c s say i t i s . The n e g a t i v e c o r r e l a t i o n 
between y i e l d and p r o t e i n does not seem to be the r u l e . 
Johnson e t a l . (25, 34) showed t h a t the sim u l t a n e o u s p r o g r e s s 
i n g r a i n y i e l d and p r o t e i n c o n t e n t was p o s s i b l e i n wheat. They 
found t h a t 4 out o f 5 h i g h p r o t e i n s e l e c t i o n s d e r i v e d from the 
h i g h p r o t e i n c u l t i v a r A t l a s s 66 exceeded a p o p u l a r Nebraska 
c u l t i v a r , Scout 66, both i n y i e l d and p r o t e i n c o n t e n t . 
L i k e w i s e , new o a t s , r i c e , and c o r n c u l t i v a r s and e x p e r i m e n t a l 
l i n e s have been r e p o r t e d to c o n s i s t e n t l y and s i g n i f i c a n t l y 
exceed s t a n d a r d c u l t i v a r s i n p r o t e i n c o n t e n t w i t h o u t l o s s i n 
y i e l d (38, 39, 40). These i n c r e a s e s i n p r o t e i n c o n t e n t do 
not seem to be n e g a t i v e l y c o r r e l a t e d w i t h y i e l d (38, 39, 4 0 ) . 
However, some r e p o r t s i n d i c a t e c o n s i d e r a b l y h i g h n e g a t i v e 
c o r r e l a t i o n s e s p e c i a l l y i n beans (41 , 4 2 ) . I n soybean, p r o t e i n 
and o i l c o n t e n t s tend to be n e g a t i v e l y c o r r e l a t e d but t h i s 
r e l a t i o n s h i p may be o f l i t t l e consequence now s i n c e the o i l i s 
no l o n g e r the more v a l u a b l e p roduct from soybean because the 
v a l u e o f p r o t e i n exceeds t h a t o f o i l . 

Poey e t a l . (43) and Robbelen (10) p o s t u l a t e t h a t the 
i n v e r s e r e l a t i o n s h i p between y i e l d and p r o t e i n i s an a r t i f a c t 
o f p a s t s e l e c t i o n p r a c t i c e s which s e l e c t e d f o r o n l y one 
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1. E S E N Genetic Mechanisms and Protein Properties 7 

c h a r a c t e r a t a time, e i t h e r y i e l d o r p r o t e i n . I m p l i c i t i n t h i s 
h y p o t h e s i s i s t h a t i t may be p o s s i b l e to develop h i g h p r o t e i n -
h i g h y i e l d c u l t i v a r s by s e l e c t i n g f o r both t r a i t s 
s i m u l t a n e o u s l y . 

S t r a t e g i e s f o r the improvement o f p r o t e i n q u a n t i t y . 1_) 
In c r e a s e y i e l d per u n i t a r e a . I n c r e a s i n g the g r a i n y i e l d p e r 
u n i t a r e a would be the most s t r a i g h t f o r w a r d way to i n c r e a s e 
p r o t e i n p r o d u c t i o n . T h i s would r e q u i r e the development and use 
o f h i g h y i e l d c u l t i v a r s , namely, those w i t h h i g h p h o t o s y n t h e t i c 
e f f i c i e n c y , p e s t r e s i s t a n c e , and h a r v e s t i n d e x . These h i g h 
y i e l d c u l t i v a r s coupled w i t h b e t t e r c u l t u r a l p r a c t i c e s , e.g., 
b e t t e r seed bed p r e p a r a t i o n , f e r t i l i z a t i o n , i r r i g a t i o n , weed 
and p e s t c o n t r o l , and growth r e g u l a t o r a p p l i c a t i o n would 
f u r t h e r i n c r e a s e the y i e l d p e r u n i t a r e a . One p o t e n t i a l 
drawback o f t h i s approach i s t h a t i t may depress the p r o t e i n 
percentage below a c c e p t a b l e l e v e l s e s p e c i a l l y i n c e r e a l s , 
assuming t h a t the i n v e r s e r e l a t i o n s h i p s between y i e l d and 
p r o t e i n i s to o p e r a t e . T h i s might l e a d to a p r o t e i n - d e f i c i e n t 
d i e t , a l t h o u g h adequate i n c a l o r i e s , i n r e g i o n s where c e r e a l s 
a r e the common s t a p l e . However, the development o f h i g h 
p r o t e i n - h i g h y i e l d c u l t i v a r s may a l l e v i a t e t h i s p o s s i b i l i t y . 
I n c r e a s e d y i e l d p e r u n i t a r e a i s expected to be more s u c c e s s f u l 
i n terms o f p r o t e i n p r o d u c t i o n w i t h legumes than w i t h c e r e a l s . 
T h i s i s because p r o t e i n c o n t e n t i s l e s s a f f e c t e d by y i e l d and 
i s i n h e r e n t l y h i g h i n legumes. 

2) A p p l y a d d i t i o n a l n i t r o g e n - f e r t i l i z e r a t o r a f t e r 
a n t h e s i s . N i t r o g e n f e r t i l i z a t i o n , e s p e c i a l l y l a t e a p p l i c a t i o n s 
a t the time o f a n t h e s i s , has been shown to be r a t h e r e f f e c t i v e 
i n i n c r e a s i n g the p r o t e i n c o n t e n t i n c e r e a l s . Hucklesby e t a l . 
(44) observed 30-118$ i n c r e a s e i n p r o t e i n p r o d u c t i o n p e r 
h e c t a r e by l a t e s p r i n g a p p l i c a t i o n o f n i t r o g e n to wheat. The 
i n c r e a s e was due to b o t h y i e l d and p r o t e i n c o n t e n t . Somewhat 
s i m i l a r but l e s s d r a m a t i c r e s u l t s were o b t a i n e d w i t h c o r n by 
Hageman et a l . (45_). Z i n k (46) showed t h a t l a t e n i t r o g e n 
a p p l i c a t i o n i n c r e a s e d the k e r n e l number, w e i g h t , and p e r c e n t 
p r o t e i n i n c o r n by 15$ , 12$, and 3 0 $ , r e s p e c t i v e l y . These 
r e s u l t s suggested t h a t s o i l n i t r o g e n i s d e p l e t e d c o n s i d e r a b l y 
by the v e g e t a t i v e growth p r i o r to a n t h e s i s and l a t e Ν 
a p p l i c a t i o n b o t h p r o v i d e d a d d i t i o n a l reduced n i t r o g e n from 
r o o t s to the seed and prolonged the d u r a t i o n o f n i t r o g e n 
a c c u m u l a t i o n i n t o seeds. 

The development o f h y b r i d s and c u l t i v a r s t h a t w i l l respond 
to n i t r o g e n f e r t i l i z a t i o n can f u r t h e r i n c r e a s e the 
e f f e c t i v e n e s s o f n i t r o g e n used i n i n c r e a s i n g p r o t e i n c o n t e n t 
and p r o d u c t i o n . 

The a p p l i c a t i o n o f a d d i t i o n a l n i t r o g e n as a method to 
i n c r e a s e p r o t e i n p r o d u c t i o n may not be f e a s i b l e a t a l l i n the 
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8 FOOD PROTEIN DETERIORATION 

f u t u r e i n view o f h i g h c o s t o f n i t r o g e n f e r t i l i z e r s and t h e i r 
a p p l i c a t i o n . I n f a c t , the a u t h o r p e r s o n a l l y b e l i e v e s t h a t 
f u t u r e c r o p p l a n t c u l t i v a r s w i l l be ones t h a t perform b e s t 
under adverse e n v i r o n m e n t a l c o n d i t i o n s w i t h minimum c a r e u n l e s s 
new and cheap so u r c e s o f energy are a v a i l a b l e f o r a g r i c u l t u r a l 
use. T h e r e f o r e p l a n t g e n e t i c i s t s and b r e e d e r s s h o u l d r e a s s e s s 
t h e i r g o a l s o f d e v e l o p i n g c u l t i v a r s whose performance i s 
c o n t i n g e n t upon c u l t u r a l p r a c t i c e s r e q u i r i n g h i g h i n p u t s o f 
energy. 

3) A b o l i s h r a t e - l i m i t i n g s t e p s i n p r o t e i n b i o s y n t h e s i s 
pathway. C o n v e n t i o n a l wisdom suggests t h a t p r o t e i n s y n t h e s i s , 
l i k e any o t h e r b i o c h e m i c a l p r o c e s s , i s under g e n e t i c c o n t r o l . 
T h i s c o n t r o l may be e x e r t e d by r e g u l a t i n g the q u a n t i t y and/or 
a c t i v i t y o f any one o r more o f the components o f the p r o t e i n 
s y n t h e s i z i n g machinery, e.g. amino a c i d s , ribosomes, messenger 
r i b o n u c l e i c a c i d (RNA), i n i t i a t i o n , e l o n g a t i o n and t e r m i n a t i o n 
f a c t o r s , amino a c y l t r a n s f e r RNA s y n t h e t a s e s , p e p t i d y l 
t r a n s f e r a s e , adenosine t r i p h o s p h a t e , guanosine t r i p h o s p h a t e , 
and o t h e r u n i d e n t i f i e d f a c t o r s . F i g u r e 1 shows the pathway o f 
n i t r o g e n a s s i m i l a t i o n from n i t r a t e to amino a c i d s and p r o t e i n s 
i n p l a n t s ( 4 7 ) . A b o l i s h i n g the r a t e - l i m i t i n g s t e p s o f p r o t e i n 
s y n t h e s i s pathway by g e n e t i c a l l y a l t e r i n g the r e g u l a t o r y 
components would be expected to i n c r e a s e the p r o t e i n c o n t e n t . 
The a v a i l a b i l i t y o f s u b s t r a t e s , amino a c i d s , i s p r o b a b l y the 
most i m p o r t a n t r a t e - l i m i t i n g f a c t o r i n p r o t e i n s y n t h e s i s s i n c e 
i t a f f e c t s not o n l y the r a t e o f s y n t h e s i s o f s t o r a g e p r o t e i n s 
but a l s o t h a t o f enzymes and o t h e r p r o t e i n f a c t o r s t h a t 
f u n c t i o n d i r e c t l y i n n i t r o g e n a s s i m i l a t i o n . There i s 
c o n s i d e r a b l e e v i d e n c e f o r the r e g u l a t i o n o f amino a c i d 
b i o s y n t h e s i s by a l l o s t e r i c feedback i n h i b i t i o n by the end-
p r oduct amino a c i d s i n p l a n t s (47, 4 8 ) • Another l o g i c a l s t e p 
f o r the r e g u l a t i o n o f the s y n t h e s i s o f amino a c i d s i s thought 
to be the n i t r a t e r e d u c t a s e r e a c t i o n (45, 47). T h i s stems from 
the f a c t t h a t i t i s the f i r s t enzyme i n the n i t r o g e n 
a s s i m i l a t i o n pathway, i n d u c i b l e by the s u b s t r a t e and r e l a t i v e l y 
u n s t a b l e under adverse e n v i r o n m e n t a l c o n d i t i o n s . The 
e x p e r i m e n t a l d a t a i n s u p port o f t h i s s u g g e s t i o n came from 
s t u d i e s o f Hageman and h i s a s s o c i a t e s (46, 47, 50) who found 
c o n s i s t e n t l y p o s i t i v e c o r r e l a t i o n s between n i t r a t e r e d u c t a s e 
a c t i v i t y , g r a i n y i e l d and p r o t e i n c o n t e n t . I n view o f these 
r e s u l t s , they suggested the use o f n i t r a t e r e d u c t a s e a c t i v i t y 
as a s c r e e n i n g t o o l f o r s e l e c t i n g h i g h p r o t e i n - h i g h y i e l d 
genotypes. 

Most, o r a l l , o f the n i t r o g e n r e a c h i n g the seeds i s i n the 
form o f amino a c i d s coming from l e a v e s and r o o t s (51) · Amino 
a c i d s o r i g i n a t i n g i n l e a v e s r e s u l t p r i m a r i l y from p r o t e o l y s i s 
o f l e a f p r o t e i n s d u r i n g senescence and a l s o some from new amino 
a c i d s y n t h e s i s coupled to p h o t o s y n t h e s i s . But those coming 
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E S E N Genetic Mechanisms and Protein Properties 

1 2 3 Glutamate 4 Glutamate 5 <oxo acids 

Glutamine ocoxo acids *camino acids 

/ 
Protein 

Figure 1. The pathway of nitrate assimilation in plants. Key: 1, nitrate reductase; 
2, nitrite reductase; 3, glutamine synthetase; 4, glutamic: 2-oxoglutarate amino 

transferase; and 5, transaminase (AT). 
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10 FOOD PROTEIN DETERIORATION 

from r o o t s are from n i t r a t e uptake and r e d u c t i o n . A p p a r e n t l y , 
t h e r e i s no feedback c o n t r o l on amino a c i d s from p r o t e o l y s i s i n 
l e a v e s ( 4 8 ) . Oaks e t a l . (52) c o u l d d e t e c t v e r y l i t t l e n i t r a t e 
r e d u c t a s e a c t i v i t y i n the c o r n endosperm d u r i n g development 
w h i l e h i g h l e v e l s o f o t h e r enzymes o f n i t r o g e n a s s i m i l a t i o n 
were found. The l a t t e r group was thought to be concerned w i t h 
p r o v i d i n g amide n i t r o g e n i n the form o f g l u t a m i n e and 
a s p a r a g i n e f o r c o n v e r s i o n s to o t h e r amino a c i d s . I n wheat, 
K o l d e r u p (53) r e p o r t e d v a r y i n g degrees o f r e c o v e r y i n p r o t e i n s 
o f l a b e l l e d amino a c i d s d i r e c t l y s u p p l i e d to the d e v e l o p i n g 
s p i k e s . The l o w e s t r e c o v e r i e s were f o r a s p a r t i c a c i d , g l u t a m i c 
a c i d , a l a n i n e , p r o l i n e , and c y s t e i n e i n d i c a t i n g c o n s i d e r a b l e 
c o n v e r s i o n s to o t h e r amino a c i d s as w e l l as r e s p i r a t o r y l o s s . 
The h i g h e s t r e c o v e r i e s were f o r h i s t i d i n e , v a l i n e , 
p h e n y l a l a n i n e , l e u c i n e and t r y p t o p h a n i n d i c a t i n g l i t t l e o r no 
c o n v e r s i o n . 

O b v i o u s l y , the a v a i l a b i l i t y o f a s p e c i f i c amino a c i d i s 
not the r a t e l i m i t i n g f a c t o r f o r p r o t e i n s y n t h e s i s i n the seed 
but the amount o f f r e e amino a c i d s and amide n i t r o g e n t h a t can 
be t r a n s p o r t e d from l e a v e s and r o o t s i s . These r e s u l t s suggest 
t h a t g e n e t i c m a n i p u l a t i o n s to a f f e c t p r o t e i n q u a n t i t y s h o u l d be 
d i r e c t e d to s e l e c t i o n o f genotypes t h a t a r e e f f i c i e n t i n the 
a b s o r p t i o n , r e d u c t i o n , a c c u m u l a t i o n , and t r a n s l o c a t i o n o f 
n i t r o g e n . Indeed t h i s seems to be the case w i t h some h i g h 
p r o t e i n c e r e a l v a r i a n t s . P e r e z et a l . (54) r e p o r t e d t h a t the 
i n c r e a s e i n p r o t e i n c o n t e n t o f the h i g h p r o t e i n r i c e was due to 
the more e f f i c i e n t t r a n s l o c a t i o n o f n i t r o g e n from the l e a f 
b l a d e s to the d e v e l o p i n g g r a i n . Furthermore, the l e a f b l a d e s 
o f h i g h p r o t e i n l i n e s c o n t a i n e d more p r o t e a s e a c t i v i t y than 
those o f the normal r i c e which i n p a r t , i f not w h o l l y , account 
f o r i n c r e a s e d amino a c i d t r a n s l o c a t i o n from l e a v e s to seeds. 
High p r o t e i n wheat l i n e s were a l s o shown to be more capable o f 
n i t r o g e n uptake and t r a n s l o c a t i o n than the s t a n d a r d l i n e s ( 3 4 ) . 
Perhaps the b e s t example o f changing the p r o t e i n c o n t e n t 
d r a m a t i c a l l y i s the well-known s e l e c t i o n experiment i n c o r n 
which has been g o i n g on a t the I l l i n o i s A g r i c u l t u r a l Experiment 
S t a t i o n s i n c e 1896. T h i s l e g e n d a r y experiment s e l e c t e d c o r n 
f o r h i g h and low p r o t e i n s t a r t i n g w i t h a base p o p u l a t i o n o f 
10.9$ p r o t e i n and r a i s e d the p r o t e i n c o n t e n t to 26.6$ i n the 
High P r o t e i n l i n e and reduced i t to 4.4$ i n the Low P r o t e i n 
l i n e a f t e r 70 g e n e r a t i o n s o f s e l e c t i o n (31 ) · A thorough 
i n v e s t i g a t i o n o f a l t e r a t i o n s t h a t o c c u r r e d i n the p r o t e i n 
s y n t h e s i s machinery o f these two l i n e s d u r i n g the course o f 
s e l e c t i o n would be v e r y i n f o r m a t i v e . 

A l t h o u g h the a b o l i t i o n o f r a t e - l i m i t i n g s t e p s can i n c r e a s e 
p r o t e i n c o n t e n t i n the seed, u n r e g u l a t e d p r o t e i n s y n t h e s i s may 
be d e l e t e r i o u s to o t h e r p l a n t p a r t s . T h i s i s because i t i s 
expected t h a t genes r e g u l a t i n g p r o t e i n s y n t h e s i s w i l l be shared 
by o t h e r p l a n t p a r t s . 
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1. E S E N Genetic Mechanisms and Protein Properties 11 

4) Change seed morphology o r r e l a t i v e p r o p o r t i o n s o f seed 
components. S e l e c t i o n f o r l a r g e r germ s i z e i n c e r e a l s i s 
l i k e l y to i n c r e a s e p r o t e i n q u a n t i t y and q u a l i t y not o n l y 
because the germ c o n t a i n s t w i c e as much p r o t e i n as endosperm 
but a l s o has a b e t t e r o r complementary e s s e n t i a l amino a c i d 
p a t t e r n ( 19, 4 3 ). Furthermore t h e r e does not seem to be a 
r e l a t i o n s h i p between k e r n e l weight and germ/endοsperm r a t i o , 
and the germ i s r i c h i n o i l (30%); no r e d u c t i o n i n y i e l d and 
c a l o r i e v a l u e i s l i k e l y to o c c u r (43)» However b e n e f i t s from 
i n c r e a s e d germ/endosperm r a t i o would be l o s t i f the germ and 
endosperm were s e p a r a t e d and o n l y the endosperm was u t i l i z e d as 
foo d . I t was a l s o suggested t h a t the t h i c k n e s s o f the p r o t e i n 
and l y s i n e - r i c h a l e u r o n e l a y e r i n c e r e a l seeds be i n c r e a s e d 
(19). 

Improvement o f P r o t e i n Q u a l i t y 

The major l i m i t a t i o n o f p l a n t p r o t e i n s o f seed o r i g i n i s 
t h e i r low n u t r i t i o n a l q u a l i t y due to inadequate l e v e l s o f 
c e r t a i n e s s e n t i a l amino a c i d s which cannot be s y n t h e s i z e d by 
monogastric animals i n c l u d i n g man. I t i s w e l l known t h a t the 
major l i m i t i n g e s s e n t i a l amino a c i d i n c e r e a l s i s l y s i n e and i n 
legumes i t i s m e t h i o n i n e . The low n u t r i t i o n a l q u a l i t y o f 
c e r e a l and legume pro*tein r e s i d e s i n one o r more predominant 
s t o r a g e p r o t e i n f r a c t i o n s which are poor o r d e v o i d o f one o r 
more e s s e n t i a l amino a c i d s . I n the case o f c e r e a l s , a l c o h o l -
s o l u b l e p r o t e i n s o r p r o l a m i n s a r e the predominant p r o t e i n 
f r a c t i o n which make up 50-60$ o f the p r o t e i n i n the k e r n e l . 
S i n c e p r o l a m i n s a r e e s s e n t i a l l y d e v o i d o f l y s i n e , a c e r e a l 
based d i e t w i l l be l y s i n e d e f i c i e n t and o f poor q u a l i t y . T a b l e 
I I I shows the p r o l a m i n c o n t e n t and b i o l o g i c a l v a l u e o f v a r i o u s 
c e r e a l s . These d a t a c l e a r l y show a n e g a t i v e c o r r e l a t i o n 
between p r o l a m i n c o n t e n t and b i o l o g i c a l v a l u e ; low p r o l a m i n 
c e r e a l s , r i c e and o a t s , have p r o t e i n s w i t h much h i g h e r 
b i o l o g i c a l v a l u e than h i g h p r o l a m i n c e r e a l s such as sorghum, 
maize, and wheat. 

I n the case o f legumes, the two major s t o r a g e p r o t e i n 
f r a c t i o n s , 7S ( v i c i l i n ) and 11S (legumin) g l o b u l i n s , c o n t r i b u t e 
60-90$ o f the p r o t e i n i n the c o t y l e d o n , depending on the 
s p e c i e s . Of these the 7S g l o b u l i n i s e x t r e m e l y and 11S 
g l o b u l i n moderately low i n s u l f u r amino a c i d s , m e t h i o n i n e p l u s 
c y s t e i n e . Thus these two g l o b u l i n f r a c t i o n s are r e s p o n s i b l e 
f o r the low n u t r i t i o n a l q u a l i t y o f legume p r o t e i n s . 

The improvement o f p r o t e i n q u a l i t y o f c e r e a l s and legumes 
has l o n g ranked as a h i g h p r i o r i t y a r e a i n the r e s e a r c h agenda 
o f n u t r i t i o n i s t s and p l a n t b r e e d e r s . T h i s was p r i m a r i l y due to 
emphasis g i v e n to t h i s a r e a by v a r i o u s i n t e r n a t i o n a l and 
n a t i o n a l a g e n c i e s (Food and A g r i c u l t u r e O r g a n i z a t i o n [ F A Q ] , 
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12 FOOD PROTEIN DETERIORATION 

World Health Organization [WHO], International Atomic Energy-
Agency [IAEA]), United States through the Agency f o r 

Table I I I . Prolamin content of various cereals and 
bi o l o g i c a l value of the i r proteins 

Cereal 
Prolamin 

% of Total Protein 
% 

B i o l o g i c a l Value 

Rice 5 67-89 
Oats 12-15 75 
Barley 40-52 74 
Wheat 45-69 58-67 
Corn 50-55 53-60 
Sorghum 52-60 51 

Source; (30, 75» 100). 

International Development [US-AID], Federal Republic of Germany 
through the Gesellschaft fur Strahlen-und Umweltforschung [GSF J 
and various International crop improvement centers such as 
International Maize and Wheat Improvement Center [CIMMYTJ and 
International Rice Research Institute [iRRl]) f or solving 
nutrition-related problems i n developing countries. 

The intensive and well-coordinated research e f f o r t of the 
las t two decades has led to major discoveries i n this f i e l d and 
produced much useful data, including the development and use of 
a whole array of screening methods to id e n t i f y high quality 
protein variants. Information and experience gained so far 
have also resulted i n a re-evaluation and modification of some 
e a r l i e r objectives and premises. One major finding of the past 
two decades has been that increased y i e l d and protein content 
almost invariably reduce protein quality. This i s due to the 
fact that genetic and environmental factors that increase the 
y i e l d and protein content also favor increased synthesis and 
accumulation of poor quality, predominant protein fractions. 
In fact this relationship has been known i n cereals for some 
time. Bishop (56) showed that as grain protein percentage 
increased i n barley, so did the r e l a t i v e proportion of the 
lysine-poor prolamin f r a c t i o n (Figure 2). 

The seed i s essentially a dispersal organ which contains 
the young sporophyte, embryo, and reserve nutrients needed for 
i t s germination and early seedling growth. Storage proteins of 
seeds then serve as nitrogen reserves. They are "definable 
sets of organ-specific and tiss u e - s p e c i f i c gene products 
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E S E N Genetic Mechanisms and Protein Properties 

Figure 2. The effect of protein content on the relative proportions of different pro
tein fractions in barley (56, 101 J. Key: O, hordein; • , salt-soluble; and A, glutelin. 
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14 FOOD PROTEIN DETERIORATION 

sequestered and stored i n membrane-bound protein bodies for 
u t i l i z a t i o n a t a subsequent stage i n development" (37)» These 
are a complex mixture of different proteins which d i f f e r i n 
structure, size, charge, amino acid composition, s o l u b i l i t y and 
other physiochemical properties. Osborne (58), i n his 
pioneering research separated seed proteins into 4 fractions 
based on s o l u b i l i t y i n various solvents : albumins (water-
soluble) , globulins (salt-soluble), prolamins (alcohol-soluble) 
and glutelins (alkali-soluble) (Table IV). These data show 
that relati v e proportions of different Osborne fractions vary 
among cereal species. Also, i t should be mentioned that 
different fractions contain varying amounts of the l i m i t i n g 
amino acid lysine, the prolamin fraction being the poorest as 
mentioned before. The comparable s o l u b i l i t y fractions of 
legume proteins are given i n Table V. 

The improvement of n u t r i t i o n a l quality of seed proteins 
primarily hinges upon genetic manipulations changing the 
relativ e proportions of different s o l u b i l i t y fractions, or of 
individual polypeptides in these fractions. The objective i s 
to increase the relati v e proportion of proteins with the most 
desirable essential amino acid pattern or to decrease or 
eliminate those with the least desirable pattern. This w i l l 
have to be done i n a way not to unfavorably affect grain y i e l d 
and protein functionality. 

Strategies for the improvement of protein quality. 1_) 
Change the re l a t i v e proportions of different s o l u b i l i t y 
fractions. Reducing the re l a t i v e proportion of prolamins and 
increasing that of albumins, globulins, or g l u t e l i n s i s almost 
certain to improve the quality of cereal proteins since these 
l a t t e r fractions are r e l a t i v e l y l y s i n e - r i c h . The f e a s i b i l i t y 
of this approach has been confirmed with the discovery of the 
high-lysine mutant opaque-2 i n corn (59)» 'Hiproly' i n barley 
( 6 0 ) , and IS-11167 and 1S-11758 i n sorghum (61_). Additional 
high-lysine mutants of barley (21 , 62) and sorghum (24) were 
obtained through the use of chemical mutagens. Neither the 
extensive screening of over 17,000 wheat accessions from the 
World Collection nor the work with mutagens produced a high 
lysine wheat mutant comparable to those i n corn, barley and 
sorghum (63). Interestingly, the reduction of prolamin content 
has already occurred and become established i n nature with two 
cereal genera, oats (Avena) and r i c e (Oryza), accounting f o r 
the greater b i o l o g i c a l value of their protein. Both i n oats 
and r i c e , reduction i n prolamin i s accompanied by an increase 
i n the g l u t e l i n f r a c t i o n . As a result of th i s , oats and r i c e 
have the highest g l u t e l i n content among cereals. There i s a 
s t r i k i n g s i m i l a r i t y among high lysine mutants of maize, barley, 
and sorghum. They are single gene mutations where the mutant 
a l l e l e i s recessive to i t s normal counterpart. 
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1. E S E N Genetic Mechanisms and Protein Properties 15 

T a b l e IV. P r o p o r t i o n s o f p r o t e i n s o l u b i l i t y f r a c t i o n s 
o f c e r e a l s 

S o l u b i l i t y F r a c t i o n s (g/100 g P r o t e i n ) 

G l u t e l i n s 
C e r e a l Albumins G l o b u l i n s P r o l a m i n s and Residue 

B a r l e y 5 15 40 40 
Wheat 5 10 45 40 
Corn 5 5 50 40 
R i c e 5 10 5 80 
Oats 1 13 18 68 
Sorghum 8 8 52 32 

Source : (97) 

T a b l e V. P r o p o r t i o n s o f p r o t e i n s o l u b i l i t y f r a c t i o n s 
o f legumes 

S o l u b i l i t y F r a c t i o n s (g/100 g P r o t e i n ) 

Legume Albumins G l o b u l i n s G l u t e l i n s 

Mung Bean 4 67 29 
Broad Bean 20 60 15 
Pea 21 66 12 
Peanut 15 70 10 
Soybean 10 90 0 

Source: ( 9 7 ) . 

A l s o , they e i t h e r have f l o u r y (opaque) endosperms o f normal 
s i z e ( c o r n and sorghum) o r shrunken k e r n e l s ( b a r l e y ) . A l l but 
' H i p r o l y ' b a r l e y have s h i f t s i n r e l a t i v e p r o p o r t i o n s o f the 
endosperm p r o t e i n s o l u b i l i t y f r a c t i o n s i n comparison to t h e i r 
normal c o u n t e r p a r t s . T h i s r e d u c t i o n , i n r e l a t i v e and a b s o l u t e 
terms, o f the l y s i n e d e f i c i e n t p r o l a m i n f r a c t i o n , i s 
accompanied by an i n c r e a s e i n albumin p l u s g l o b u l i n and 
g l u t e l i n f r a c t i o n s which a r e r e l a t i v e l y l y s i n e - r i c h . N e l s o n 
(64) p o s t u l a t e d t h a t the h i g h l y s i n e mutants i n c e r e a l s a r e 
r e g u l a t o r y mutants i n which the l e s i o n causes reduced p r o l a m i n 
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16 FOOD PROTEIN DETERIORATION 

s y n t h e s i s and i n d i r e c t l y enhances the s y n t h e s i s o f c e r t a i n 
albumin and g l o b u l i n p o l y p e p t i d e s . The ' H i p r o l y ' b a r l e y 
a t t a i n e d i t s h i g h l y s i n e c o n t e n t w i t h o u t any marked decrease i n 
p r o l a m i n but by i n c r e a s i n g the q u a n t i t y o f f o u r l y s i n e - r i c h 
components i n the albumin f r a c t i o n (15). Another s i m i l a r i t y 
shared by these mutants i s t h e i r u n d e s i r a b l e agronomic 
c h a r a c t e r i s t i c s most i m p o r t a n t o f which i s low y i e l d . F o r 
example, the opaque-2 c o r n l i n e s had lower y i e l d , k e r n e l 
d e n s i t y , l.igher m o i s t u r e c o n t e n t ( a t m a t u r i t y ) , g r a i n c r a c k i n g 
and g r e a t e r s u s c e p t i b i l i t y to c e r t a i n p e s t s than normal c o r n . 

Consequently, none o f the h i g h - l y s i n e mutants have gained 
commercial a c c e p t a b i l i t y to any s i g n i f i c a n t degree i n s p i t e o f 
t h e i r w e l l documented n u t r i t i o n a l s u p e r i o r i t y . I n f a c t , the 
i n f e r i o r agronomic performance o f h i g h - l y s i n e c e r e a l s has had 
an u n f a v o r a b l e e f f e c t on s u p port f o r h i g h q u a l i t y p r o t e i n 
r e s e a r c h as d i s i l l u s i o n e d sponsors have begun to d i s c o n t i n u e o r 
reduce f u n d i n g . A p a r t i a l , i f not complete, e x p l a n a t i o n f o r 
the i n v e r s e r e l a t i o n s h i p between low y i e l d and h i g h l y s i n e 
t r a i t i n c e r e a l s has r e c e n t l y been o f f e r e d . Mehta e t a l . (65) 
proposed t h a t the major c o n s t r a i n t s on g r a i n y i e l d a r e 
premature t e r m i n a t i o n o f g r a i n development and the slow r a t e o f 
p r o t e i n s y n t h e s i s which encompasses the enzymes c a t a l y z i n g the 
s t a r c h b i o s y n t h e s i s pathway. T s a i e t a l . (66, 67) found 
p o s i t i v e c o r r e l a t i o n between z e i n ( p r o l a m i n ) c o n t e n t , k e r n e l 
w e i g h t , and g r a i n y i e l d i n c o r n . They proposed t h a t an 
i m p o r t a n t f u n c t i o n o f z e i n and g l u t e l i n i s to s e r v e as a 
n i t r o g e n s i n k d u r i n g seed development by i n c r e a s i n g the 
t r a n s l o c a t i o n o f s u c r o s e and o t h e r s o l u t e s from l e a v e s to 
seeds. I m p l i c i t i n t h i s s u g g e s t i o n i s t h a t p r o l a m i n and 
g l u t e l i n a r e i n d i s p e n s a b l e f o r h i g h y i e l d . I f t h i s i s 
u n i v e r s a l l y the case, then low prolamin-high l y s i n e c e r e a l 
types may never a c h i e v e commercial s t a t u s . 

There a r e o t h e r ways o f changing the r e l a t i v e p r o p o r t i o n s 
o f endosperm p r o t e i n s to improve p r o t e i n q u a l i t y . One way t h i s 
can be accomplished i s by b r e e d i n g genotypes w i t h low p r o l a m i n 
and h i g h g l u t e l i n . I f r e d u c t i o n i n p r o l a m i n were to be 
compensated o n l y by a r e l a t i v e and net i n c r e a s e i n g l u t e l i n , 
one n i t r o g e n s i n k would be r e p l a c e d by a n o t h e r one and thus no 
r e d u c t i o n i n y i e l d might o c c u r . The f a c t t h a t r i c e and o a t s 
have a l r e a d y adopted t h i s scheme makes i t a p r o m i s i n g one to 
pursue. I n p r a c t i c e t h i s c o u l d be accomplished i n two s t e p s : 
a r e g u l a t o r y gene m u t a t i o n to reduce the p r o l a m i n c o n t e n t 
d r a s t i c a l l y ( s t e p 1) f o l l o w e d by a d i f f e r e n t r e g u l a t o r y 
m u t a t i o n to i n c r e a s e the g l u t e l i n c o n t e n t ( s t e p 2 ) . The f i r s t 
s t e p has a l r e a d y been accomplished i n the h i g h - l y s i n e mutants 
mentioned above. I n f a c t , these mutants shou l d be screened f o r 
v i t r e o u s ( c o r n and sorghum) o r plump ( b a r l e y ) k e r n e l s some o f 
which might be h i g h g l u t e l i n mutants and some unwanted 
r e v e r t a n t s . 
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1. E S E N Genetic Mechanisms and Protein Properties 17 

2) I n c r e a s e the r e l a t i v e p r o p o r t i o n s o f i n d i v i d u a l 
p o l y p e p t i d e s w i t h the most d e s i r a b l e amino a c i d p r o f i l e . The 
b a s i s f o r t h i s approach i s the assumption t h a t t h e r e e x i s t 
i n d i v i d u a l p o l y p e p t i d e s , w i t h i n each s o l u b i l i t y f r a c t i o n except 
the prolamine f r a c t i o n o f c e r e a l s , which e i t h e r have a r a t h e r 
d e s i r a b l e e s s e n t i a l amino a c i d p r o f i l e o r one t h a t i s r i c h i n 
the l i m i t i n g amino a c i d ( s ) . I f the q u a n t i t y o f such i n d i v i d u a l 
p o l y p e p t i d e s were to be i n c r e a s e d w i t h o u t changing the r e l a t i v e 
p r o p o r t i o n s o f the s o l u b i l i t y f r a c t i o n s , a s i g n i f i c a n t 
improvement i n p r o t e i n q u a l i t y would o c c u r . A l t e r n a t i v e l y , 
d e c r e a s i n g the q u a n t i t y o f i n d i v i d u a l p o l y p e p t i d e s w i t h the 
l e a s t d e s i r a b l e amino a c i d p r o f i l e o r t h e i r e l i m i n a t i o n would 
y i e l d the same r e s u l t . T h i s approach would be a p p l i c a b l e not 
o n l y t o c e r e a l s but a l s o to legumes and o t h e r g r a i n s . For 
example, s e l e c t i n g for r e l a t i v e l y s u l f u r amino a c i d - r i c h 
p o l y p e p t i d e s o f the 11S g l o b u l i n , o r a g a i n s t s u l f u r amino a c i d -
poor p o l y p e p t i d e s o f the 7S g l o b u l i n would improve p r o t e i n 
q u a l i t y i n legumes. The major drawback o f t h i s approach i s 
t h a t one o r a few m u t a t i o n a l events are not expected to produce 
d r a m a t i c changes i n p r o t e i n q u a l i t y u n l e s s the p o l y p e p t i d e s i n 
q u e s t i o n are coded by homologous genes r e g u l a t e d c o o r d i n a t e l y 
by one r e g u l a t o r y gene. A p p a r e n t l y , " H i p r o l y " b a r l e y i s such a 
mutant whose h i g h l y s i n e c o n t e n t i s due to the i n c r e a s e d 
amounts o f f o u r l y s i n e - r i c h p o l y p e p t i d e s i n the albumin 
f r a c t i o n (15)· 

P r o g r e s s under t h i s approach would be slow and r e q u i r e the 
use of an assay procedure for the l i m i t i n g amino a c i d ( s ) b e i n g 
s e l e c t e d f o r . T h i s i s because one i s s e l e c t i n g f o r o r a g a i n s t 
many s t r u c t u r a l gene p r o d u c t s s i m u l t a n e o u s l y , each w i t h s m a l l 
d e s i r a b l e o r u n d e s i r a b l e a d d i t i v e e f f e c t s on the o v e r a l l amino 
a c i d c o m p o s i t i o n . Rapid p r o g r e s s would be made i f t h e r e were a 
simp l e and s p e c i f i c assay (e.g. immunochemical assay) f o r the 
d e s i r a b l e o r u n d e s i r a b l e p o l y p e p t i d e s i n q u e s t i o n . However, 
t h i s would r e q u i r e that each o f the d i f f e r e n t major 
p o l y p e p t i d e s i n d i f f e r e n t s o l u b i l i t y f r a c t i o n s be p u r i f i e d and 
c h a r a c t e r i z e d . 

T h i s approach, i n s p i t e o f i t s l i m i t a t i o n s , may prove to 
be u s e f u l i n i m p r o v i n g p r o t e i n q u a l i t y i n p o l y p l o i d s p e c i e s 
such as wheat i n which mut a t i o n s c a u s i n g d r a s t i c changes i n 
amino a c i d c o m p o s i t i o n are d i f f i c u l t to d e t e c t and induce as 
w e l l as i n legumes whose d i f f e r e n t s o l u b i l i t y f r a c t i o n s do not 
d i f f e r c o n s i d e r a b l y i n t h e i r c o n t e n t o f the l i m i t i n g amino 
a c i d s . 

3) E l i m i n a t e major p o l y p e p t i d e s w i t h the l e a s t d e s i r a b l e 
amino a c i d p r o f i l e o r change t h e i r amino a c i d c o m p o s i t i o n 
through induced m u t a t i o n s . T h i s s t r a t e g y i s to e l i m i n a t e a 
predominant p o l y p e p t i d e that i s d e f i c i e n t i n the l i m i t i n g amino 
a c i d ( s ) by d e l e t i n g the gene encoding i t o r i n d u c i n g a nonsense 
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18 FOOD PROTEIN DETERIORATION 

mutation towards the 3' terminus of the gene (the terminus 
corresponding to the N-terminus of the polypeptide). To the 
same end, point mutations can be induced such that a 
nonessential amino acid w i l l be replaced with the l i m i t i n g 
amino acid(s) or they result i n a reading frame s h i f t at a 
point beyond which some of the new sets of t r i p l e t codons may 
now specify the l i m i t i n g amino acid(s). The success of this 
type of approach depends on how many structural genes encode a 
given predominant polypeptide class. The fewer the number of 
different structural genes the easier i t would be to affect 
desirable changes i n the amino acid composition by point 
mutations. 

There i s apparently both size and charge heterogeneity 
among the major storage protein polypeptides such as prolamin 
of cereals and globulins of legumes (57). Although the genetic 
basis for this heterogeneity has not been rigorously defined, 
i t appears to come from homologous structural l o c i which arose 
by duplication from an ancestral gene and then evolved 
independently. Another p o s s i b i l i t y i s that structural genes 
for each major polypeptide within a class may exist i n many 
tandem copies l i k e ribosomal RNA genes. I f many reiterated 
homologous structural genes code for the predominant storage 
polypeptides with less favorable amino acid p r o f i l e , there i s 
very l i t t l e hope of correcting their deficiencies by induced or 
spontaneous point mutations. It has been widely believed that 
storage proteins tolerate and accumulate random mutations 
rather readily since t h e i r sole function i s to serve as the 
source of free amino acids and amide nitrogen during seed 
germination. Righetti et a l . (68) calculated that, i f zein 
genes accepted missense mutations randomly, a zein molecule 
would have sixteen lysine residues (as opposed to none as i t 
now seems to have) and eight arginine residues (as opposed to 2 
to 3 )· This implies that there are certain strong selective 
constraints on the amino acid composition and sequence of 
storage proteins and that these constraints may involve mostly 
their transport, assembly and packaging rather than th e i r 
ultimate function. 

4) Induce, select and use variants that are overproducers 
of key amino acids. The regulation of amino acid biosynthesis 
i n prokaryotic and u n i c e l l u l a r eukaryotic organisms by feedback 
i n h i b i t i o n i s well documented. The mutants that have l o s t the 
a b i l i t y to regulate the biosynthesis of a particular amino acid 
due to either constitutive enzyme synthesis or the synthesis of 
an altered enzyme insensitive to feedback i n h i b i t i o n are known 
to be the overproducers of that amino acid. It i s now 
established that higher plant c e l l s regulate amino acid 
biosynthesis i n a manner similar to that i n bacteria (49)· 
Therefore, i t should be possible to produce mutant plant c e l l s 
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1. E S E N Genetic Mechanisms and Protein Properties 19 

t h a t a r e o v e r p r o d u c e r s o f l y s i n e i n c e r e a l s and s u l f u r amino 
a c i d s i n legumes, s e l e c t them by u s i n g analogues i n the c u l t u r e 
media and r e g e n e r a t e p l a n t s from them. T h i s p o s s i b i l i t y , f i r s t 
suggested by Nelson (12) and f u r t h e r e l a b o r a t e d l a t e r (18, 64), 
may be a r e a l one i n view o f the i s o l a t i o n o f 
5-methyltryptophan r e s i s t a n t c e l l c u l t u r e s o f tobacco and 
c a r r o t w i t h an a l t e r e d a n t h r a n i l a t e s y n t h e t a s e t h a t i s 
i n s e n s i t i v e to feedback i n h i b i t i o n by tr y p t o p h a n (69, 7 0 ) . 
S i m i l a r l y , v a l i n e - r e s i s t a n t tobacco has been o b t a i n e d from 
s e l e c t e d c e l l c u l t u r e s (71)· There a r e s e v e r a l o b s e r v a t i o n s 
and reasons t h a t suggest t h a t t h i s approach may not be 
s u c c e s s f u l . F i r s t , K o l d e r u p (53) showed t h a t a l l C - l a b e l e d 
amino a c i d s but h i s t i d i n e s u p p l i e d t o the wheat s p i k e s were 
c o n v e r t e d to o t h e r amino a c i d s ; the s i t e o f i n t e r c o n v e r s i o n s 
was v e r y l i k e l y to be the endosperm. Furthermore, the 
exogenously s u p p l i e d amino a c i d s d i d not seem to have an e f f e c t 
on the r e l a t i v e r a t e o f s y n t h e s i s o f the d i f f e r e n t p r o t e i n 
f r a c t i o n s . E a r l i e r Sodek and W i l s o n (72) r e p o r t e d s i m i l a r 
r e s u l t s by exogenously s u p p l y i n g l a b e l e d l y s i n e and l e u c i n e to 
de v e l o p i n g c o r n e a r s . These r e s u l t s suggest t h a t 
o v e r p r o d u c t i o n o f an amino a c i d w i l l n e i t h e r r e s u l t i n i t s 
s t o r a g e i n the seed nor i n the s y n t h e s i s o f p r o t e i n s t h a t a r e 
r i c h i n i t . Second, p r o d u c t i o n o f an amino a c i d i n excess o f 
the normal amount may be t o x i c o r d e t r i m e n t a l t o o t h e r p l a n t 
t i s s u e s o r organs even though i t i s d e s i r a b l e i n the seed. 
T h i r d , the ove r p r o d u c e r phenotype observed i n su s p e n s i o n 
c u l t u r e s o r c a l l i may not be expressed i n s p e c i a l i z e d t i s s u e s 
o r organs such as the seed. F o u r t h , except i n the case o f a 
m i n e r a l n u t r i e n t d e f i c i e n c y such as s u l f u r , the a v a i l a b i l i t y o f 
a p a r t i c u l a r amino a c i d may not be r a t e - l i m i t i n g because o f 
p o s s i b l e i n t e r c o n v e r s i o n s . For example, detached wheat s p i k e s 
c o u l d develop n o r m a l l y when s u p p l i e d w i t h g l u t a m i n e o r 
asp a r a g i n e as the o n l y n i t r o g e n s o u r c e . And f i f t h , p r e s e n t l y 
i t i s not p o s s i b l e to r e g e n e r a t e p l a n t s from c e l l c u l t u r e s o f 
any o f the a g r o n o m i c a l l y i m p o r t a n t crop p l a n t s , a l t h o u g h whole 
p l a n t s by c u l t u r i n g the e x c i s e d a n t h e r s have been o b t a i n e d 
(22). 

Improvement o f D i g e s t i b i l i t y , A v a i l a b i l i t y and F u n c t i o n a l i t y 

The poor n u t r i t i o n a l q u a l i t y o f p l a n t p r o t e i n s i s not 
always e x p l a i n e d by t h e i r inadequate q u a n t i t y and amino a c i d 
c o m p o s i t i o n . There a r e a v a r i e t y o f p r o t e i n and n o n p r o t e i n 
f a c t o r s t h a t u n f a v o r a b l y a f f e c t the d i g e s t i b i l i t y o f p r o t e i n s 
and a v a i l a b i l i t y o f e s s e n t i a l amino a c i d s i n seeds o f c e r e a l s , 
legumes and o i l c r o p s . Some o f these a n t i n u t r i t i o n a l f a c t o r s 
a f f e c t a l s o the d i g e s t i o n and u t i l i z a t i o n o f n o n p r o t e i n 
n u t r i e n t s . Others may be t o x i c o r cause p a t h o l o g i c a l 
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20 FOOD PROTEIN DETERIORATION 

conditions. The effect of these factors on protein digestion 
and u t i l i z a t i o n i s either through direct deteriorative changes 
and antiproteolytic a c t i v i t y or indirect ones, such as the 
undesirable deteriorative changes caused by heating i n an 
ef f o r t to inactivate or detoxify the a n t i n u t r i t i o n a l and toxic 
substances. 

Because of the high p r i o r i t y given to the improvement of 
protein quantity, quality and grain y i e l d , a n t i n u t r i t i o n a l and 
toxic factors have often been ignored, though not 
intentionally. Therefore, i f plant breeders find that their 
new va r i e t i e s with improved protein quantity and quality do not 
perform up to expectations i n feeding t r i a l s , they should not 
be surprised. 

The most important a n t i n u t r i t i o n a l and toxic factors 
encountered i n seeds are protease i n h i b i t o r s , amylase 
in h i b i t o r s , phytohemagglutinins, phenolic compounds (tannins, 
gossypol, resorcinol, chlorogenic acid, etc.), glycosides 
(goitrogens, cyanogens), metal ion-binding substances (phytic 
acid), antivitamins, lathyrogens, favism factors, allergens, 
flatulance factors and other unidentified protein and 
nonprotein substances. Their structure, mode of action, 
d i s t r i b u t i o n , and other effects have been reviewed (74, 75, 
76). The importance of these factors i s expected to increase 
i n the years ahead along with increased use of proteins of 
plant o r i g i n . Needless to say there are many other 
a n t i n u t r i t i o n a l factors yet to be i d e n t i f i e d because i n many 
cases undesirable effects could not be f u l l y accounted for by 
the known factors. 

There are only a few limited surveys of different plant 
taxa conducted to investigate the d i s t r i b u t i o n of 
an t i n u t r i t i o n a l and toxic substances (77, 78, 79, 80, 81). 
These surveys indicated considerable variation between and 
within species with respect to occurrence and the l e v e l of 
a c t i v i t y . However, very l i t t l e information i s available on 
their mode of inheritance. Jaffe and Brucher (82) found 4 
types of phytohemagglutinins varying i n t o x i c i t y i n beans. 
Crosses between v a r i e t i e s with toxic and nontoxic 
phytohaeraogglutinins revealed a simple (monogenic) mode of 
inheritance where t o x i c i t y was dominant to nontoxicity. P u l l 
et a l . (83) reported that several soybean line s lacked the seed 
l e c t i n . Genetic studies (84) showed the occurrence of this 
l e c t i n to be simply inherited where the presence was dominant 
to the absence. Recently, Vodkin (85) has shown that the 
l e c t i n l e s s cultivars lacked functional mRNA suggesting that the 
genetic lesion affects the transcription. Similarly, i t was 
shown that the Kunitz trypsin i n h i b i t o r occurred i n three 
different forms, distinguishable by electrophoresis, i n 
soybeans and some accessions completely lacked this protein 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
1



1. E S E N Genetic Mechanisms and Protein Properties 21 

(19)· A g a i n , g e n e t i c s t u d i e s i n d i c a t e d monogenic i n h e r i t a n c e 
where the presence of any o f t h r e e e l e c t r o p h o r e t i c v a r i a n t s was 
dominant to t h e i r absence (86). I n some i n s t a n c e s , the problem 
caused by a n t i n u t r i t i o n a l and t o x i c f a c t o r s has been s o l v e d by 
g e n e t i c means. A case i n the p o i n t i s t h a t o f the g o s s y p o l 
problem i n c o t t o n s e e d . T h i s p h e n o l i c substance i s t o x i c t o 
nonruminant ani m a l s and reduces the n u t r i t i o n a l v a l u e and 
f u n c t i o n a l i t y o f c o t t o n s e e d p r o t e i n (87). Gossypol i s s t o r e d 
i n pigment glands i n the seed. The d i s c o v e r y o f spontaneous 
and induced g l a n d l e s s mutants and b r e e d i n g o f the g l a n d l e s s 
v a r i e t i e s a l l e v i a t e d the problem ( 8 8 ) . Another example o f 
s u c c e s s f u l g e n e t i c i n t e r v e n t i o n was i n the rapeseed which 
c o n t a i n g o i t r o g e n i c f a c t o r s t h a t i n h i b i t the b i n d i n g o f i o d i n e 
i n the t h y r o i d g l a n d . There i s c o n s i d e r a b l e v a r i a t i o n i n the 
rapeseed germplasm w i t h r e s p e c t to g o i t r o g e n i c i t y and p l a n t 
b r e e d e r s have been a b l e to develop v a r i e t i e s w i t h low g o i t r o g e n 
c o n t e n t (89). 

Some a n t i n u t r i t i o n a l and t o x i c substances can be reduced 
o r i n a c t i v a t e d by heat p r o c e s s i n g which e x p l a i n s the reason f o r 
t h e i r b e i n g a l e s s e r p o t e n t i a l problem. T h e r e f o r e , most 
a n t i n u t r i t i o n a l and t o x i c e f f e c t s o c c u r i n a n i m a l s whose feed 
i s not o r d i n a r i l y cooked. However, h e a t i n g a l s o causes many 
u n d e s i r a b l e d e t e r i o r a t i v e changes i n p r o t e i n s , e.g. l o s s o f 
s o l u b i l i t y , d i g e s t i b i l i t y and c o v a l e n t m o d i f i c a t i o n i n 
e s s e n t i a l amino a c i d s , l y s i n e i n p a r t i c u l a r . Moreover, some 
f a c t o r s cannot be i n a c t i v a t e d and d e s t r o y e d by heat p r o c e s s i n g . 
Thus, i t would be b e s t to a l l e v i a t e the problem by g e n e t i c 
means. S t r a t e g i e s to be adapted t o t h i s end w i l l depend on 
v a r i o u s f a c t o r s such as the a v a i l a b i l i t y o f s u f f i c i e n t g e n e t i c 
v a r i a t i o n i n the germ plasm and i n f o r m a t i o n on the i d e n t i t y o f 
an unwanted substance and b i o s y n t h e t i c pathway p r o d u c i n g i t , as 
w e l l as on the a v a i l a b i l i t y o f s c r e e n i n g p r o c e d u r e s . 
Consequently, the f i r s t l o g i c a l s t e p would be to p u r i f y and 
c h a r a c t e r i z e a l l a n t i n u t r i t i o n a l and t o x i c f a c t o r s o f 
importance. One can then develop s c r e e n i n g procedures f o r 
them, study t h e i r d i s t r i b u t i o n i n the germ plasm, and d e f i n e 
b r e e d i n g g o a l s and s t r a t e g i e s . Another p o i n t worthy o f 
de t e r m i n i n g i n advance i s the f u n c t i o n o f these substances i n 
the p l a n t and how e s s e n t i a l they a r e so t h a t one w i l l not have 
to be i n a s i t u a t i o n where o t h e r problems have been c r e a t e d 
w h i l e t r y i n g to s o l v e one. For example, the s i g n i f i c a n c e o f 
the presence o f pr o t e a s e i n h i b i t o r s t o the p l a n t and o f t h e i r 
h e t e r o g e n e i t y i s not w e l l u nderstood. 

Often p r o t e i n and n o n p r o t e i n a n t i n u t r i t i o n a l and t o x i c 
s ubstances have been i m p l i c a t e d i n the defense o f p l a n t s 
a g a i n s t i n s e c t s and d i s e a s e agents. Alpha amylase i n h i b i t o r s 
i n wheat a p p a r e n t l y p r o v i d e some r e s i s t a n c e t o i n s e c t s t h a t 
a t t a c k the g r a i n because most such i n s e c t s seem to have h i g h 
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22 FOOD PROTEIN DETERIORATION 

-amylase a c t i v i t i e s i n h i b i t e d by wheat amylase i n h i b i t o r s . 
Another example i s t h a t o f g o s s y p o l i n c o t t o n . When g l a n d l e s s 
c o t t o n was i n t r o d u c e d to s o l v e the g o s s y p o l problem, i t was 
r e a l i z e d t h a t g l a n d l e s s types were more s u s c e p t i b l e to c o t t o n 
p e s t s than the normal c u l t i v a r s which s t o r e g o s s y p o l i n t h e i r 
g l a n ds (90). F o r t u n a t e l y , i t was p o s s i b l e to c o r r e c t t h i s 
problem by b r e e d i n g p l a n t s w i t h fewer g l a n d s i n seeds but w i t h 
the normal number i n v e g e t a t i v e p a r t s . I t i s c o n c e i v a b l e t h a t 
some unwanted p r o t e i n and n o n - p r o t e i n substances r e p r e s e n t 
r udimentary g e n e t i c f u n c t i o n s from the p a s t e v o l u t i o n a r y 
h i s t o r y which are now meaningless and d i s p e n s a b l e e s p e c i a l l y 
under man's ca r e ( 7 6 ) . 

The unwanted p r o t e i n substances w i l l be much e a s i e r t o 
d e a l w i t h g e n e t i c a l l y than n o n p r o t e i n ones because the former 
are d i r e c t gene p r o d u c t s whose r e d u c t i o n , e l i m i n a t i o n , o r 
i n a c t i v a t i o n by g e n e t i c means can be monitored through a 
v a r i e t y o f methods, e.g. s p e c i f i c s e r o l o g i c a l t e s t s . I n d o i n g 
so, one can e x p l o i t e x i s t i n g g e n e t i c v a r i a t i o n o r generate 
v a r i a t i o n by i n d u c t i o n w i t h mutagens. For example, some 
p r o t e a s e i n h i b i t o r s may be i n a c t i v a t e d by the a l t e r a t i o n o f a 
s i n g l e amino a c i d a t a c r i t i c a l s i t e r e q u i r e d f o r a c t i v i t y o r 
b i n d i n g , assuming t h a t t h e i r e x p r e s s i o n i s s p e c i f i c t o the seed 
and they a r e not needed f o r a c r i t i c a l f u n c t i o n i n o t h e r 
organs. I n legumes, i t would a c t u a l l y be b e n e f i c i a l to 
m a i n t a i n t r y p s i n i n h i b i t o r s i n an i n a c t i v e form because they 
are r i c h i n c y s t e i n e . 

As f o r the n o n p r o t e i n a n t i n u t r i t i o n a l and t o x i c 
s u b s t a n c e s , the most s u i t a b l e g e n e t i c m a n i p u l a t i o n t a r g e t s 
would be the enzymes i n the b i o s y n t h e t i c pathways t h a t produce 
them o r those i n the c a t a b o l i c pathways t h a t u t i l i z e them. The 
o b j e c t i v e would be to f i n d o r induce m u t a t i o n s to a l t e r the 
r e g u l a t o r y o r s t r u c t u r a l gene p r o d u c t s such t h a t e i t h e r the 
s y n t h e s i s i s b l o c k e d o r the product i s c a t a b o l i z e d o r c o n v e r t e d 
to an i n a c t i v e form. A l t e r n a t i v e l y , one can a l s o a f f e c t the 
a n a t o m i c a l and m o r p h o l o g i c a l s t r u c t u r e s i n which unwanted 
p r o d u c t s are s e q u e s t e r e d . As mentioned b e f o r e , t h i s approach 
has been employed i n c o t t o n where the pigment glands s t o r i n g 
the g o s s y p o l have been e l i m i n a t e d through the d i s c o v e r y and 
i n d u c t i o n o f g l a n d l e s s mutants. 

Improvement o f P r o t e i n P r o p e r t i e s by G e n e t i c E n g i n e e r i n g 

A paper by Cohen e t a l . (9.1 ) i n 1973 r e p o r t e d the 
" c o n s t r u c t i o n o f b i o l o g i c a l l y f u n c t i o n a l " genomes i n v i t r o by 
c u t t i n g and s p l i c i n g genomes from two d i f f e r e n t s o u r c e s . T h i s 
marked the advent o f a new e r a i n g e n e t i c s , the e r a o f " g e n e t i c 
e n g i n e e r i n g " o r "recombinant DNA" t e c h n o l o g y . I t has now 
become a r o u t i n e l a b o r a t o r y procedure to i s o l a t e genes from 
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1. E S E N Genetic Mechanisms and Protein Properties 23 

d i f f e r e n t organisms, c l e a v e them w i t h s p e c i f i c r e s t r i c t i o n 
enzymes and s p l i c e the r e s u l t i n g fragments to o b t a i n 
recombinant DNA m o l e c u l e s . Such recombinant DNA m o l e c u l e s 
c o u l d be i n s e r t e d e i t h e r the source organism from which they 
came o r i n t o t o t a l l y u n r e l a t e d organisms. I n o t h e r words, 
g e n e t i c e n g i n e e r i n g i s not r e s t r i c t e d by any taxonomic and 
p h y l o g e n e t i c b a r r i e r s i n c o n s t r u c t i o n , m o d i f i c a t i o n , 
t r a n s m i s s i o n , and e x p r e s s i o n o f the g e n e t i c m a t e r i a l . F o r 
example the genes from a c o r n p l a n t can be t r a n s f e r r e d to the 
b a c t e r i u m S s c h e r i c h i a c o l i as e a s i l y as the genes from a 
r e l a t e d b a c t e r i a l s p e c i e s . The r a p i d development i n the 
recombinant DNA t e c h n o l o g i e s i n the p a s t 8-9 y e a r s caused much 
con c e r n , c o n t r o v e r s y and exci t e m e n t encompassing a l l segments 
o f the s o c i e t y . The i n i t i a l f e a r s t h a t i t c o u l d r e s u l t i n the 
c r e a t i o n o f g e n e t i c m o n s t r o s i t i e s , i n t e n t i o n a l l y o r 
u n i n t e n t i o n a l l y , which might t h r e a t e n the p r e s e n t b i o l o g i c a l 
and s o c i a l o r d e r on the e a r t h have now s u b s i d e d . I n t e n s i v e 
r e s e a r c h e f f o r t s d i r e c t e d a t the a p p l i c a t i o n o f the recombinant 
DNA t e c h n o l o g i e s t o the s o l u t i o n o f v a r i o u s problems f a c i n g the 
mankind are c u r r e n t l y i n p r o g r e s s i n many i n d u s t r i a l and 
academic l a b o r a t o r i e s . 

The p o t e n t i a l a p p l i c a t i o n s o f the recombinant DNA 
t e c h n o l o g i e s t o the improvement o f q u a l i t y , q u a n t i t y , and 
u t i l i z a t i o n o f p l a n t p r o t e i n s a r e numerous. I t i s not 
u n r e a l i s t i c t o p e r c e i v e the t r a n s f e r o f the genes c o d i n g f o r 
l y s i n e - r i c h s t o r a g e p r o t e i n s from legumes to c e r e a l s and those 
c o d i n g f o r m e t h i o n i n e - r i c h p r o t e i n s from c e r e a l s to legumes. 
L i k e w i s e i t i s c o n c e i v a b l e t h a t r e g u l a t o r y g e n e t i c elements 
c o u l d be t r a n s f e r r e d o r i n s e r t e d i n t o the c e r e a l o r legume 
genomes to a f f e c t f a v o r a b l y the q u a l i t y and q u a n t i t y o f seed 
p r o t e i n s . I n f a c t , i n the d i s t a n t f u t u r e i t may even be 
p o s s i b l e t o s y n t h e s i z e the d e s i r a b l e genes i n the l a b o r a t o r y 
and i n s e r t them i n t o the genome o f c e r e a l s and legumes. 
However, the recombinant DNA te c h n o l o g y , a l t h o u g h a most u s e f u l 
and e x c i t i n g r e s e a r c h t o o l , i s s t i l l i n i t s i n f a n c y i n terms o f 
a p p l i c a t i o n . At t h i s w r i t i n g , t h e r e i s not a s i n g l e g e n e t i c 
e n g i n e e r i n g p r o d u c t o r procedure t h a t can compete w i t h 
c o n v e n t i o n a l p r o d u c t s o r procedures i n the ma r k e t p l a c e . 
However, t h e r e i s no reason to conclude t h a t t h e r e w i l l not be 
one soon. The a p p l i c a t i o n o f g e n e t i c e n g i n e e r i n g t e c h n i q u e s i n 
p l a n t g e n e t i c s may be hampered f o r some time because o f the 
l a c k o f s u i t a b l e v e c t o r s , s c r e e n i n g , and c u l t u r e procedures t o 
reg e n e r a t e p l a n t s from i n d i v i d u a l c e l l s o r c a l l i . 

F or a d d i t i o n a l i n f o r m a t i o n on g e n e t i c e n g i n e e r i n g and 
recombinant DNA tec h n o l o g y the r e a d e r i s r e f e r r e d t o r e c e n t 
t e x t s and re v i e w a r t i c l e s (92, 93» 9 4 , 95)· 
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24 FOOD PROTEIN DETERIORATION 

C o n c l u s i o n s 

P r o t e i n s a r e p r i m a r y gene p r o d u c t s whose s t r u c t u r e and 
f u n c t i o n are d i r e c t r e f l e c t i o n s o f the i n f o r m a t i o n encoded i n 
the g e n e t i c m a t e r i a l . T h e r e f o r e , most problems a s s o c i a t e d w i t h 
q u a l i t y , q u a n t i t y , u t i l i z a t i o n , d e t e r i o r a t i o n and p r o c e s s i n g o f 
p l a n t p r o t e i n s s h o u l d l e n d themselves t o s o l u t i o n by g e n e t i c 
m a n i p u l a t i o n . I n f a c t , a g e n e t i c s o l u t i o n t o b i o l o g i c a l 
problems would be most l a s t i n g and l e a s t e x p e n s i v e i n the l o n g 
r u n . There a r e numerous examples i n the l i t e r a t u r e 
i l l u s t r a t i n g the f e a s i b i l i t y and p o s s i b i l i t y o f i m p r o v i n g the 
q u a l i t y and q u a n t i t y o f p l a n t p r o t e i n s . F u r t h e r s u c c e s s i n 
t h i s a r e a w i l l depend upon (1) the a v a i l a b i l i t y o f s i m p l e , 
r a p i d and i n e x p e n s i v e s c r e e n i n g p r o c e d u r e s , (2) overcoming the 
i n v e r s e r e l a t i o n s h i p between p r o t e i n q u a l i t y , q u a n t i t y , and 
y i e l d , and (3) a thorough u n d e r s t a n d i n g o f key b i o c h e m i c a l -
g e n e t i c and p h y s i o l o g i c a l events t h a t a f f e c t p r o t e i n c o n t e n t , 
c o m p o s i t i o n and u t i l i z a t i o n . 

The q u e s t i o n o f whether d e t e r i o r a t i v e changes t h a t o c c u r 
i n p r o t e i n s under i n v i v o and i n v i t r o c o n d i t i o n s can be 
i n f l u e n c e d by g e n e t i c m a n i p u l a t i o n s i s worthy o f c o n s i d e r a t i o n . 
The m o l e c u l a r b i o l o g y l o g i c d i c t a t e s t h a t a l l p o s t -
t r a n s l a t i o n a l s i d e c h a i n m o d i f i c a t i o n s and p r o t e o l y t i c changes 
t h a t o c c u r i n v i v o are under g e n e t i c c o n t r o l . On the o t h e r 
hand the d e t e r i o r a t i v e changes t h a t o c c u r i n p r o t e i n s d u r i n g 
the s t o r a g e and p r o c e s s i n g o f foods and f e e d s t u f f s a r e not 
s p e c i f i c a l l y coded by the g e n e t i c m a t e r i a l a l t h o u g h the 
p o t e n t i a l to undergo such unintended changes i s dependent upon 
the p r i m a r y s t r u c t u r e o f the p r o t e i n . Thus, i n t h e o r y i t i s 
p o s s i b l e t o p r e v e n t unwanted d e t e r i o r a t i v e changes, to promote 
d e s i r a b l e d e t e r i o r a t i v e changes, and t o a f f e c t b o t h n u t r i t i o n a l 
v a l u e and f u n c t i o n a l i t y o f food p r o t e i n s through g e n e t i c 
m a n i p u l a t i o n . The q u e s t i o n i s : i s i t worth the t i m e , money 
and e f f o r t s t h a t need to be expended? I t has a l r e a d y been 
d i s c u s s e d t h a t e l i m i n a t i o n o r i n a c t i v a t i o n o f s p e c i f i c 
a n t i n u t r i t i o n a l and t o x i c p r o t e i n and n o n p r o t e i n s ubstances can 
be r e a l i s t i c a l l y done and i s worth the e f f o r t . T e c h n i c a l l y and 
f i n a n c i a l l y i t makes sense to e l i m i n a t e t a n n i n s from sorghum 
g r a i n o r reduce them to a n u t r i t i o n a l l y i n s i g n i f i c a n t l e v e l by 
b r e e d i n g t a n n i n l e s s o r low t a n n i n c u l t i v a r s . T h i s would 
improve not o n l y the f u n c t i o n a l i t y and o r g a n o l e p t i c p r o p e r t i e s 
o f sorghum but a l s o the many u n d e s i r a b l e d e t e r i o r a t i v e changes 
r e s u l t i n g from p r o t e i n - t a n n i n i n t e r a c t i o n s r e d u c i n g 
d i g e s t i b i l i t y and u t i l i z a t i o n o f the p r o t e i n . I t a l s o makes 
sense t o use the g e n e t i c approach t o breed soybean c u l t i v a r s 
w i t h i n a c t i v e t r y p s i n i n h i b i t o r s , wheats w i t h improved 
n u t r i t i o n a l and b a k i n g q u a l i t y , o r rapeseed l a c k i n g g o i t r o g e n s . 
But i t does not make sense t o t r y t o g e n e t i c a l l y t a i l o r e v e r y 
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1. E S E N Genetic Mechanisms and Protein Properties 25 

d i f f e r e n t p o l y p e p t i d e i n the soybean seed so as to w i t h s t a n d 
d e n a t u r a t i o n d u r i n g heat p r o c e s s i n g . A l s o i t i s not f e a s i b l e 
to t r y t o breed c e r e a l and legume types t o meet s h o r t - l i v e d 
f u n c t i o n a l i t y needs o f the food systems. I n o t h e r words many 
u n d e s i r a b l e changes t h a t o c c u r i n p r o t e i n s d u r i n g s t o r a g e and 
p r o c e s s i n g , d e s i r a b l e d e t e r i o r a t i v e changes and c e r t a i n 
f u n c t i o n a l p r o p e r t i e s may be c o n t r o l l e d and produced more 
e f f i c i e n t l y through improvement i n s t o r a g e and p r o c e s s i n g 
t e c h n o l o g i e s than through p l a n t b r e e d i n g . 

There a r e reasons to b e l i e v e t h a t the recombinant DNA 
techno l o g y may be s u c c e s s f u l l y a p p l i e d to the s o l u t i o n o f many 
problems i n a g r i c u l t u r e , i n c l u d i n g the improvement o f the 
q u a l i t y , q u a n t i t y and u t i l i z a t i o n o f p l a n t p r o t e i n s i n the 
yea r s ahead. However, t h e r e a r e a l s o reasons to be s k e p t i c a l 
o f s e n s a t i o n a l c l a i m s and p r o j e c t i o n s one hears and reads about 
t h i s new tech n o l o g y and i t s a p p l i c a t i o n s . T h e r e f o r e , i t would 
be unwise t o s c a l e down o r abandon c o n v e n t i o n a l r e s e a r c h 
e f f o r t s and approaches because some wise men o r women p r o j e c t 
breakthroughs i n g e n e t i c e n g i n e e r i n g t h a t a r e imminent to 
su p p l a n t c o n v e n t i o n a l approaches. 
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2 
Controlling Enzymic Degradation of Proteins 

T. RICHARDSON 
University of Wisconsin—Madison, Department of Food Science and the 
Walter V. Price Cheese Research Institute, Madison, WI 53706 

Traditionally, the food industry has used a limited number 
of processes for controll ing endogenous (in the raw material) and 
exogenous (added or adventitious) enzymic activities in foods 
including proteolysis. Control of enzymic activities in foods 
usually depends upon controll ing the enzymic environment so as to 
maximize or prevent the action of enzymes on their substrates. 
All food scientists recognize that the activities of exogenous 
enzymes added to foods can be controlled by manipulating such 
factors as pH, temperature, presence of co-factors or inhibitors, 
etc. On the other hand exogenous, adventitious enzymes arising 
from spoilage microorganisms can often be controlled by the 
judicious use of sanitizers and pH controls which may be a 
function of product formation, water activity, osmolarity, etc. 
The control of endogenous food enzymes, however, is often very 
complex and requires a thorough knowledge of enzymic activities 
and how they are integrated into the post-harvest and post-mortem 
physiologies of foods. Control of these metabolic (usually 
catabolic) activities by the food scientist can have a profound 
influence on the quality and storage stability of various foods. 
Controlled atmosphere storage and packaging of various foods is 
an obvious example of environmental control of endogenous enzymic 
activities (1). Oxidative and fermentative metabolic reactions 
are of extreme importance in the conversion of muscle to meat (2) 
and in the maintenance of quality in post-harvest fruits and 
vegetables (3). Endogenous enzymic reactions are of great 
importance in the maturation of dates and tea as well as other 
foods. 

Endogenous and exogenous proteolytic enzymes are well-docu
mented as factors controlling the tenderization of meat (2). 
Blanching of vegetables and fruits is the time-honored method for 
inactivating endogenous enzymes to enhance stability of frozen 
foods (1). 

Within the intact tissues of foods, numerous enzymes are 
compartmentalized or constrained by intracellular membranes to 
physically prevent their interaction with substrates. This 

0097-6156/82/0206-0031 $07.25/0 
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32 FOOD PROTEIN DETERIORATION 

latency i s destroyed after harvest or slaughter as the membranes 
deteriorate, thereby allowing admixture of enzymes with c e l l u l a r 
substrates (_2, _3» jO · This results in the degradation of 
c e l l u l a r structural elements which may be desirable for meat 
tenderization or undesirable i n the textural deterioration of 
f r u i t s . Thus, the control of enzymic latency i n food processing 
can be extremely important. Recent research suggests some 
p o s s i b i l i t i e s for con t r o l l i n g the latency of exogenous and endo
genous enzymes i n food systems. 

Ideally, the food s c i e n t i s t would l i k e to control the 
various enzymic reactions affecting food quality thereby leading 
to products with better texture, color, flavor and n u t r i t i o n a l 
value. At the present time, this ideal i s unobtainable; however, 
further research w i l l undoubtedly lead to additional ways for 
cont r o l l i n g enzymic a c t i v i t i e s i n foods. The subsequent 
discussion w i l l explore some p o s s i b i l i t i e s for manipulating 
enzymic a c t i v i t i e s which may serve as a basis for additional 
research i n this area. In many cases, i t i s necessarily specula
tive but the speculation, I believe, i s based on acceptable 
chemical, physical and b i o l o g i c a l p r i n c i p l e s . Since this volume 
i s dedicated to the degradation of proteins i n foods, the 
following text w i l l be r e s t r i c t e d primarily to a discussion of 
the control of proteolytic a c t i v i t i e s i n foods. 

Need to Control Proteolysis 

The control of proteolytic a c t i v i t y i n food materials should 
be considered i n the broadest possible terms and not only i n i t s 
prevention. The regulation of the extent and timing of 
proteolysis by endogenous and exogenous enzymes could be of prime 
importance i n processing and storage of foods. If one could 
se l e c t i v e l y i n i t i a t e , enhance, retard or i n h i b i t various 
proteases, a greater f l e x i b i l i t y i n food processing, i n product 
development and in storage variables might be possible. The 
requisite control might be achieved by manipulating enzymic 
latency physically or chemically, by judicious use of natural or 
synthetic, digestible i n h i b i t o r s , by engineering exogenous 
proteases with recombinant DNA methods or by various other 
techniques discussed i n the succeeding sections. 

A few examples w i l l serve to i l l u s t r a t e why the control of 
proteolytic enzymes, or the lack of i t , i s important i n food 
systems. The substitution of fungal rennets for calf-rennet i n 
cheesemaking created an unexpected problem i n the control of 
proteolytic a c t i v i t y i n the cheese whey. Fungal rennets appearing 
in the whey after curd formation are substantially more stable 
than c a l f rennet to thermal inactivation (5). Consequently, 
residual fungal proteolytic a c t i v i t y after conventional thermal 
processing of the whey led to obvious problems when the dried 
whey was subsequently used i n products containing casein. 
Ideally, these proteases should be controlled with a minimum heat 
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2. RICHARDSON Enzymic Degradation of Proteins 33 

treatment to save energy and minimize damage to whey proteins. 
Recently, fungal rennets more l a b i l e to heat treatments have 
become commercially available. 

A c t i v i t i e s of heat-stable proteases and lipases from 
psychrotrophic microorganisms ( 6 , 7) p r o l i f e r a t i n g i n milk stored 
at low temperatures may adversely af f e c t milk quality and cheese 
yi e l d s . Inexpensive, p r a c t i c a l control of psychrotrophs and/or 
their heat-stable proteolytic and l i p o l y t i c enzymes would be 
highly desirable. 

Bovine plasmin i s secreted from the blood into milk where 
i t acts primarily on B-casein to generate a series of more 
hydrophobic γ-caseins and polar peptides (8, 9). Apparently, the 
plasmin can attack the milk proteins while they are s t i l l i n the 
lumen of the mammary gland. In addition, proteolysis can 
continue, after milking, i n the raw, stored product. The amount 
of plasmin in milk seems to increase i n late lactation milk and 
su f f i c i e n t plasminolysis of the milk proteins may lead to defects 
in texture and loss of y i e l d i n the resultant cheese (10, 11). 
Since the plasmin has a s p e c i f i c i t y similar to trypsin, i t s 
a c t i v i t y has been inhibited with soybean trypsin i n h i b i t o r . The 
control of endogenous plasmin a c t i v i t y i n milk would d e f i n i t e l y 
benefit the dairy industry. 

The foregoing three examples r e l a t i n g to control of added, 
microbial and endogenous enzymes serve to i l l u s t r a t e that the 
control of enzymic a c t i v i t y i s important in a l l three general 
areas of food enzymology. 

In Table I are l i s t e d some major p o s s i b i l i t i e s for control
l i n g proteolytic degradation of food proteins by enhancing, 
retarding, i n h i b i t i n g or delaying enzymic a c t i v i t i e s . These are 
based i n part on observations from the l i t e r a t u r e and w i l l be 
discussed i n the following sections. 

Enzymic Latency 

Latent a c t i v i t y of enzymes w i l l be defined as potential 
a c t i v i t y which becomes expressed upon removal of physical and/or 
chemical constraints. Control of enzymic latency should allow 
release of enzyme at defi n i t e points in a food process or during 
storage to effect desired changes. Conversely, latent enzyme 
inhibi t o r s may also be controlled to i n h i b i t enzymic a c t i v i t y 
after a desired i n t e r v a l . Various types of potential enzymic 
latency are l i s t e d i n Table II. 

Lysosomal latency. A c l a s s i c a l example of enzymic latency 
i s the various hydrolytic enzymes that are sequestered within 
i n t r a c e l l u l a r lysosomal p a r t i c l e s (2, 4_, 12). Included among the 
hydrolytic enzymes retained within the lysosomal membranes are 
the proteolytic cathepsins. Since these lysosomal proteases have 
pH optima in the acidic region around 5, there has been much 
discussion concerning their relevance i n the economy or turnover 
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34 FOOD PROTEIN DETERIORATION 

of c e l l s with a presumed, nominal pH near neut r a l i t y . This has 
been especially true in research on meat tenderization whereby 
the post-mortem li b e r a t i o n of latent catheptic a c t i v i t y has been 
implicated in degradation of muscle proteins to enhance the 
tenderization of meat (2). However, the low pH optima of these 
enzymes coupled with the sparse numbers of lysosomal p a r t i c l e s 
and r e l a t i v e l y low catheptic a c t i v i t y i n muscle tissue have led 
some sc i e n t i s t s i n meat research to question their importance i n 
the tenderization of meat (2, -4» 13, 14). Nevertheless, recent 
research by Dutson et a l . (15) on the increase i n meat tenderness 
resulting from high voltage e l e c t r i c stimulation of ovine 
carcasses suggests that this treatment releases latent catheptic 
a c t i v i t y by rupturing lysosomal p a r t i c l e s . An attendant decrease 
in the pH of the muscle tissue apparently favors the rupture of 
lysosomes and catheptic-mediated hydrolysis of muscle proteins 
leading to increased tenderization of the meat. However, i t 
must be emphasized that the release of lysosomal enzymes r e s u l t 
ing from e l e c t r i c a l stimulation i s only one of several possible 
mechanisms suggested for this tenderizing e f f e c t . In addition, 
other endogenous proteases have also been involved i n meat 
tenderization (2). 

Table I. P o s s i b i l i t i e s for c o n t r o l l i n g exogenous and endogenous 
proteases. 

1) Manipulation of enzymic latency i n s i t u , ex vivo and 
in vivo. 

2) Chemical and b i o l o g i c a l engineering of enzymes. 
3) Use of natural and synthetic i n h i b i t o r s . 
4) Control of e l e c t r o s t a t i c interactions that may affect 

enzymic-substrate and post-enzymic product interactions. 

Thus, the meat s c i e n t i s t may be able to control latency of 
lysosomal enzymes in muscle tissue by e l e c t r i c a l stimulation. 
In addition, other factors of a biochemical nature may contribute 
to the s t a b i l i t y or lack of i t in c e l l u l a r membranes that delimit 
i n t r a c e l l u l a r enzymic reactions. For example, Lawrie (2) b r i e f l y 
discussed the l i b e r a t i o n of lysosomal enzymes as a result of 
vitamin Ε deficiency or of excess vitamin A i n animal tissues. 

Polyunsaturated fatty acids of membrane l i p i d s are known to 
enhance f l u i d i t y of c e l l u l a r membranes implying a decrease in 
their physical s t a b i l i t y (16). This has obvious implications i n 
the post-mortem latency of lysosomal enzymes in f i s h muscle. 
Mitochondria from f i s h l i v e r swell much more rapidly than those 
from rat l i v e r (17) . Also, one might ask whether the latency of 
lysosomal enzymes in the muscles of ruminants fed encapsulated 
polyunsaturated o i l s to y i e l d more unsaturated meat (and 
presumably membranes) (18, 19) would be different than the normal, 
more saturated counterpart. 
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2. RICHARDSON Enzymic Degradation of Proteins 35 

Some meat s c i e n t i s t s and muscle b i o l o g i s t s have suggested 
that lysosomal enzymes released from phagocytic c e l l s within 
muscle tissue may play a role i n the tenderization of meat. 
Catheptic a c t i v i t y i n phagocytic c e l l s i s very high (4). If the 
migration of the phagocytic c e l l s into muscle tissue could be 
controlled, i t may be possible to regulate, i n part, the tender
iza t i o n process. In this regard, chemotactic peptides (e.g., 
M-formyl-methionyl-leucyl-phenylalanine) that attract phagocytic 
c e l l s have been isolated and characterized (20). If these 
peptides could be se l e c t i v e l y delivered to skeletal muscles, 
they might prove useful i n manipulating the migration of 
phagocytic c e l l s into muscle tissue thereby p a r t i a l l y c o n t r o l l i n g 
levels of lysosomal cathepsins. Thus, p o s s i b i l i t i e s exist, 
a l b e i t remote at this point, for cont r o l l i n g post-mortem 
lysosomal enzymic latency i n muscle tissue. Latent enzymic 
a c t i v i t i e s are also very important i n the post-harvest physiology 
of plant tissue (3). It i s less clear, however, how these 
a c t i v i t i e s might be better controlled. 

Table II. Enzymic latency. 

1) Control of lysosomal proteases in vivo and ex vivo. 
2) Microencapsulation of proteases (controlled release). 
3) Control of zymogen activation. 
4) Latency of chemical derivatives of proteases (chemical 

latency). 
5) Latency of polycationic proteins - protease complexes. 
6) Genetic engineering of food microorganisms. Proteolytic 

a c t i v i t y after autolysis or secretion of enzymes. 

Chemical latency. An excellent example of chemical latency 
arises out of the pre-slaughter, intravenous inj e c t i o n of the 
sulfhydryl protease papain into animals, again to enhance tender
iza t i o n of meat v i a post-mortem proteolytic a c t i v i t y . In this 
case, the enzyme injected before slaughter of the animal i s 
disseminated by the c i r c u l a t i o n of the animal throughout i t s 
musculature. The uniform d i s t r i b u t i o n of enzyme within the 
tissues results i n post-mortem tenderization of the resultant 
meat. Injection of the free, active enzyme results i n stress to 
the animal accompanied by internal hemorrhaging leading to 
rejection of the carcass. However, i f the essential t h i o l group 
in the active s i t e of papain i s reversibly blocked by t h i o l -
d i s u l f i d e interchange, this inactive enzyme can be administered 
to the animal without i l l e f f e c t s . The latent papain a c t i v i t y 
i s subsequently regenerated i n s i t u by reducing agents i n the 
meat (perhaps by glutathione while cooking) (21) . If the 
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36 FOOD PROTEIN DETERIORATION 

e s s e n t i a l f u n c t i o n a l groups f o r enzymic a c t i v i t y a r e known, i t 
s h o u l d be p o s s i b l e t o i n t r o d u c e c h e m i c a l l a t e n c y i n t o v i r t u a l l y 
any exogenous enzyme used i n fo o d p r o c e s s i n g . 

The a c i d p r o t e a s e s used i n the manufacture o f cheese may 
o f f e r o p p o r t u n i t i e s f o r l a t e n t p r o t e o l y s i s i n the r i p e n i n g of 
cheese. C o n v e r s i o n of e s s e n t i a l c a r b o x y l a t e r e s i d u e s i n the 
a c i d p r o t e a s e s t o l a b i l e a n h y d r i d e s o r e s t e r s may a l l o w slow but 
s u s t a i n e d r e l e a s e of p r o t e o l y t i c a c t i v i t y w i t h i n the cheese. I n 
t h i s r e g a r d , i t s h o u l d be u s e f u l t o d i s c u s s the i n h i b i t i o n o f 
chymosin a c t i v i t y upon t r e a t i n g the enzyme w i t h d a n s y l c h l o r i d e 
(22, 23, 24). S i n c e l y s i n e r e s i d u e s i n p r o t e i n s a r e r e a d i l y 
d a n s y l a t e d , an e s s e n t i a l l y s i n e was proposed f o r chymosin 
a c t i v i t y (22, 2 3 ) . However, the slow r e g e n e r a t i o n of l a t e n t 
p r o t e o l y t i c a c t i v i t y upon s t o r a g e of the d a n s y l a t e d chymosin (23) 
and r a p i d r e a c t i v a t i o n upon treatment w i t h NH^OH (24) were not 
c o n s i s t e n t w i t h proposed d a n s y l a t i o n of an e s s e n t i a l l y s i n e 
r e s i d u e , which y i e l d s a v e r y s t a b l e c o v a l e n t d e r i v a t i v e . 
S u bsequently, f o r m a t i o n of a l a b i l e , d a n s y l a t e d h i s t i d i n e r e s i d u e 
i n chymosin was suggested (24) t o e x p l a i n the r e g e n e r a t i o n of 
a c t i v i t y . However, i n v i e w of the e s s e n t i a l i t y o f the γ-carboxyl 
groups of two a s p a r t a t e r e s i d u e s i n a c i d p r o t e a s e s ( 2 5 ) , i t i s 
p l a u s i b l e t h a t the d a n s y l c h l o r i d e r e a c t e d w i t h an e s s e n t i a l 
c a r b o x y l a t e a n i o n as shown i n F i g u r e 1 t o y i e l d a mixed a n h y d r i d e 
thereby i n a c t i v a t i n g the chymosin. T h i s c o u l d s u b s e q u e n t l y r e a c t 
w i t h ammonium h y d r o x i d e or a l y s i n e r e s i d u e t o r e g e n e r a t e 
p r o t e o l y t i c a c t i v i t y and y i e l d , i n the l a t t e r case a d a n s y l a t e d -
l y s i n e . T h i s s u g g e s t i o n i s c o n s i s t e n t w i t h the mechanism f o r 
h y d r o l y s i s of s u l f i t e e s t e r s by p e p s i n proposed by K a i s e r and 
Nakagawa (26) who were a b l e t o i n f e r a n h y d r i d e i n t e r m e d i a t e s by 
u s i n g s t r o n g n u c l e o p h i l e s as t r a p p i n g agents ( F i g u r e 2 ) . 

M i c r o e n c a p s u l a t i o n . Enzymes have been entrapped w i t h i n 
m i c r o c a p s u l e s u s i n g a v a r i e t y of methods (27, 28) t o y i e l d s o -
c a l l e d m i c r o c e l l s and i m m o b i l i z e d enzymes f o r b i o m e d i c a l o r food 
p r o c e s s i n g purposes. The f e a s i b i l i t y of e n c a p s u l a t i n g enzymes 
or c e l l - f r e e e x t r a c t s c o n t a i n i n g m i x t u r e s of enzymes i n t o e d i b l e 
m i c r o c a p s u l e s of m i l k f a t has been e s t a b l i s h e d by Ols o n and c o 
workers (29, 30, 3 1 ) . These workers a r e d e v e l o p i n g a cheese 
r i p e n i n g system whereby c e l l - f r e e e x t r a c t s of microorganisms can 
be e n c a p s u l a t e d w i t h s u b s t r a t e s and c o - f a c t o r s f o r g e n e r a t i o n of 
f l a v o r s such as d i a c e t y l and a c e t o i n . The m i l k - f a t c o a t e d 
m i c r o c a p s u l e s c o n t a i n i n g the a p p r o p r i a t e enzyme systems a r e added 
t o m i l k and r e t a i n e d i n the r e s u l t i n g cheese. The j u x t a p o s i t i o n 
of enzyme, s u b s t r a t e s and c o - f a c t o r s a l l o w s the enhancement and 
r e g u l a t i o n of f l a v o r development i n the cheese. P r o t e o l y t i c 
enzymes c o u l d be e n c a p s u l a t e d and the l a t e n t a c t i v i t y r e l e a s e d by 
the r m a l o r l i p o l y t i c treatment of the pr o d u c t a f t e r an a p p r o p r i a t e 
p e r i o d . 

P h y s i c a l l a t e n c y . A l t h o u g h enzymic c o m p a r t m e n t a l i z a t i o n i n 
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RICHARDSON Enzymic Degradation of Proteins 

Ο Ο 
1» - Il 

Chym-C-O + DanSO^l - — • Chym-C-O-SO^Dan + HC1 

(mixed a n h y d r i d e ) 

II Ν» OH fj _ 
Chym-C-O-SC^-Dan • Chym-C-0 + Dan-S03 

Figure 1. Suggested mechanism for inhibition of chymosin by dansyl chloride 
(top) and subsequent reactivation (bottom). Although aromatic sulfonates are good 
leaving groups (56), it is possible that an incoming amine could attack the sulfur 
moiety in such an asymmetric anhydride, yielding the appropriate sulfonamide (61). 
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Figure 2. Proposed mechanism for the pepsin-catalyzed hydrolysis of sulfite esters. 
(Reproduced, with permission, from Ref. 26. Copyright 1977, Plenum Publishing 

Corp.) 
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38 FOOD PROTEIN DETERIORATION 

lysosomes and microencapsulation of enzymes are forms of physical 
latency, this section w i l l be r e s t r i c t e d to latency v i a formation 
of digestible, macromolecular aggregates. Generally, most 
proteins and enzymes carry a net negative charge a t neutral pH 
values ( 3 2 ) . I t follows that there are few proteins and enzymes 
with net positive charges i n food systems. However, po s i t i v e l y 
charged proteins (pi = 7 to 10) can be prepared by simply 
es t e r i f y i n g or amidating free carboxyl groups (33, 34, 35). 
These positively charged proteins avidly interact with negatively 
charged caseins, for example, to y i e l d a precipitated complex 
(33, 34, 35). Thus, i t seems possible to form insoluble, 
inactive complexes between po s i t i v e l y charged proteins and 
negatively charged proteases such as porcine pepsin (pi = 2.2) 
and bovine chymosin (pi = 4.6). Proteolysis of the complexed 
polycation by the entrapped protease should y i e l d the latent 
a c t i v i t y . The putative latency might be useful i n co n t r o l l i n g 
ripening of cheese. Digestible, macromolecular complexes with 
other food-related enzymes such as the amylases should also be 
possible to prepare. 

Zymogen activation. As i s well known, many proteolytic 
enzymes are secreted as inactive zymogens. Subsequent cleavage 
of an activation peptide from the N-terminus, for example, of 
pepsinogen (36) or prochymosin (autocatalytically or by other 
proteases) results i n r e a l i z a t i o n of proteolytic a c t i v i t y 
(Figure 3 ) . The rates of activation of the foregoing zymogens 
are affected by a number of environmental factors such as pH, 
ionic strength, temperature, etc. (25, 3 7 ) . Apparently, 
e l e c t r o s t a t i c interactions between the covalently bound acti v a 
tion peptide sequence and the active s i t e of the protease 
s t e r i c a l l y prevents enzyme-substrate interactions (25). With 
pepsinogen, at least, the released activation peptide can, at 
r e l a t i v e l y high molar r a t i o s , s t i l l e l e c t r o s t a t i c a l l y bind to 
the enzyme as an i n h i b i t o r (Figure 4). Guanidation of the 
activation peptide enhanced the i n h i b i t i o n (38) suggesting that 
chemical synthesis and modification of peptides may y i e l d useful 
protease i n h i b i t o r s . 

The control of zymogen activation by other than environment
a l factors might be accomplished by varying the sequence of the 
activation peptide with recombinant DNA techniques. For example, 
Nishimori et a l . (39) recently cloned the gene for c a l f pro
chymosin into Escherichia c o l i . It i s well known that many of 
the acid proteases are genetically related with long amino acid 
sequences conserved (40) (Table I I I ) . However, there are also a 
number of non-homologous regions that apparently are not 
essential for proteolytic a c t i v i t y . Therefore, these non
homologous regions within the various acid proteases or their 
activation peptides might be altered using point mutations and 
recombinant DNA techniques (41, 42, 43) to engineer the rate of 
zymogen activation and perhaps the a c t i v i t y of the proteolytic 
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RICHARDSON Enzymic Degradation of Proteins 

Ρ p Ρ Ρ 

Figure 3. Activation of pepsinogen. In the conversion of pepsinogen to pepsin, 
hydrolysis occurs at several points (P) releasing peptides (A), a pepsin inhibitor (B), 
and pepsin (C). (Reproduced, with permission, from Ref. 36. Copyright 1960, 

Academic Press.) 
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PEPTIDEiPEPSIN MOLAR RATIO 

Figure 4. Inhibition of pepsin by varying amounts of its activation. Key: | , pep
tide 1-16; and Φ, its guanidinated derivative. (Reproduced, with permission, from 

Ref. 38. Copyright 1977, Plenum Publishing Corp.) 
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40 FOOD PROTEIN DETERIORATION 

enzyme i t s e l f . Other p o s s i b i l i t i e s f o r g e n e t i c e n g i n e e r i n g of 
p r o t e a s e s w i l l be d i s c u s s e d below. 

The f o r e g o i n g examples s e r v e t o i l l u s t r a t e how the r e g u l a 
t i o n of the l a t e n c y of enzymes, e s p e c i a l l y p r o t e a s e s , may be 
a t t a i n a b l e t o f a c i l i t a t e food p r o c e s s i n g and t o c o n t r o l s t o r a g e . 

Table I I I . Homology i n some a c i d p r o t e a s e s ( 4 0 ) . 

Homology i n Bovine 
and P o r c i n e P e p s i n s 

Homology 
Chymosin 

i n Bovine 
and P e p s i n 

% Homology Sequences % Homology Sequences 

67 A c t i v a t i o n P e p t i d e 40 1-47 
83 48-111 67 48-111 

100 259-265 86 259-265 
79 355-373 57 355-373 

Chemical E n g i n e e r i n g 

The c h e m i c a l m o d i f i c a t i o n o f enzymes i s p r o b a b l y o f l i m i t e d 
p r a c t i c a l v a l u e . However, i t may h e l p t o understand such f a c t o r s 
as how p r o t e a s e - p r o t e i n i n t e r a c t i o n s may be a f f e c t e d by t h e i r 
r e l a t i v e p i v a l u e s . I n a d d i t i o n , c h e m i c a l m o d i f i c a t i o n s of 
p r o t e a s e s may p r o v i d e w o r t h w h i l e i n f o r m a t i o n f o r e n g i n e e r i n g 
p r o t e a s e s u s i n g recombinant DNA methods. 

I t i s l i k e l y t h a t any attempts t o s u b s t a n t i a l l y modify the 
s u r f a c e charge o f enzymes by e s t e r i f i c a t i o n of c a r b o x y l groups 
o r by a c y l a t i o n of amino groups, f o r example, may l e a d t o 
d i s r u p t i o n of t h e i r t h r e e d i m e n s i o n a l s t r u c t u r e s and t h e r e b y 
i n a c t i v a t e them. For example, e x t e n s i v e p h o s p h o r y l a t i o n , amida-
t i o n or e s t e r i f i c a t i o n of 3 - l a c t o g l o b u l i n tends t o d i s r u p t i t s 
g l o b u l a r s t r u c t u r e (35, 4 4 ) . N e v e r t h e l e s s , Johansen e t a l . (45) 
found t h a t s u c c i n y l a t e d , n i t r a t e d and i o d i n a t e d p r e p a r a t i o n s of 
s u b t i l i s i n C a r l s b e r g were more a c t i v e towards c l u p e i n and 
g e l a t i n but not c a s e i n o r fi-benzoyltyrosine e t h y l e s t e r s as 
compared t o the n a t i v e enzyme. By the same t o k e n , M i t z and 
Summaria (46) r e p o r t e d i n c r e a s e d a c t i v i t y o f s o l u b l e c h y m o t r y p s i n -
c e l l u l o s e d e r i v a t i v e s i n r e l a t i o n t o the n a t i v e enzyme. 

There are a number of examples o f c h e m i c a l m o d i f i c a t i o n s o f 
enzymes t h a t suggest p o s s i b i l i t i e s f o r e n g i n e e r i n g enzymes by 
recombinant DNA t e c h n i q u e s . For example, p o l y p e p t i d y l enzymes 
have been s t u d i e d i n some d e t a i l ( 4 7 ) . I n g e n e r a l , the enzyme 
i s r e a c t e d w i t h an a p p r o p r i a t e amino a c i d ϋ-carboxyanhydride t o 
y i e l d a p r o d u c t whereby polyamino a c i d c h a i n s a r e c o v a l e n t l y 
bound t o the enzyme t o render i t more c a t i o n i c , a n i o n i c o r 
h y d r o p h o b i c , e t c . 
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2, RICHARDSON Enzymic Degradation of Proteins 41 

Soluble, polypeptidyl proteases are generally more resistant 
to inactivation by autolysis or by proteolysis resulting from 
other enzymes. Also, polypeptidyl proteases may have much d i f f e r 
ent a c t i v i t i e s on the same substrates compared to the native 
enzymes. Poly-DL-t-leucyl chymotrypsin had 64% of the esterase 
a c t i v i t y of chymotrypsin acting on L-phenylalanyl-ethyl ester. 
On the other hand, i t was 90% more active than chymotrypsin as an 
amidase acting on benzoyl-L-phenylalanylhydroxamide (48). 

Poly-L-lysyl-ribonuclease (P-L-RNase) has been prepared as 
indicated i n Figure 5 to y i e l d a po s i t i v e l y charged enzyme (49) 
which, of course, interacts with polyanionic ribonucleic acid. 
As shown in Table IV, the P-L-RNase acts d i f f e r e n t l y on various 
substrates as the pH i s changed compared to the unmodified 
enzyme indicating a marked alteration i n interactions with 
substrate. Although various P-L-RNase preparations possessed 
only 4 to 25% of the native a c t i v i t y on RNA, P-L-RNase displays 
maximal a c t i v i t y at ionic strengths 2 to 6 times greater than for 
the native enzyme at pH 5 or 8 (49). Optimum pH at low ionic 
strengths was shifted i n the same direction as that of the 
is o e l e c t r i c point of the modified enzyme for RNA. Removal of 
l y s y l peptides by try p t i c treatment of P-L-RNase tended to 
reverse the changes in enzymic properties. 

Interestingly, d i s u l f i d e bridges i n the P-L-RNase (as with 
the control RNase) could be reduced and subsequently reformed by 
oxidation to completely recover a c t i v i t y . 

Table IV. Relative rates of hydrolysis of nucleoside 2*-3* cyclo-
phosphates by polypeptidyl RNase. Native RNase = 100% 
(49). 

Preparation 
(Number of 
Lysines/RNase) C-

pH 
-c-P 

5.0 
;U-c-P2 

pH 
C-c-P1 

7.0 
;U-c-P2 

pH 8 
C-c-P1 

.0 
;U-c-P2 

p-Lys-RNase 
(21 lysines/RNase) 

53 125 60 65 107 100 

p-Lys-RNase 
(26 lysines/RNase) 

88 250 112 95 120 108 

p-DL-Ala-RNase 84 42 177 47 210 25 

Cytidine 2 f-3 f c y c l i c phosphate 

Uridine 2 !-3 f c y c l i c phosphate 

The foregoing data suggest modification of proteases using 
genetic engineering techniques to a l t e r their p i , interactions 
with substrates, kinetic parameters, hydrophobicity, pH optimum, 
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42 FOOD PROTEIN DETERIORATION 

1. Dioxane-
Phosphate L__ 1 

ε-Ν-TFA-a-N-carboxy-L-lysine · ' . J J 
J J _ c c RNase + B u f f e r 

RNase pH 7, 0°C 
2. 1,0 M Piperidine 

Figure 5. Synthesis of polylysyl ribonuclease (49J. 
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2. RICHARDSON Enzymic Degradation of Proteins 43 

thermal s t a b i l i t y , etc. This offers numerous opportunities for 
designing novel enzymes to be used i n food processing. It may 
eventually be possible to manipulate secondary and te r t i a r y 
structures of enzymes using genetic and computer techniques which 
could define the effects of changes i n primary amino acid 
sequences on three dimensional structure (50). 

Bi o l o g i c a l Engineering 

In addition to modifying putative non-homologous or other 
regions of the primary sequence of zymogens and proteases with 
point mutation-recombinant DNA techniques, other p o s s i b i l i t i e s 
are suggested by the previous discussion of polypeptidyl enzymes. 
For example, insertion into a cloning vector of the appropriate 
oligonucleotide sequence coding for polylysine, polycysteine, 
polyleucine, polyglutamic acid, etc. covalently bound to the 
C-terminus of the protease might allow the production of food-
related enzymes with vastly altered properties which could be 
exploited. The regeneration of a c t i v i t y after oxidation of the 
inactive, reduced P-L-RNase discussed previously suggests that 
polyamino acids added to proteases by genetic manipulation 
should not affect folding of the modified proteases and oxida
tion of t h i o l groups to y i e l d an active three-dimensional 
structure. Recombinant DNA technology i s currently at a stage 
where the aforementioned modifications of enzymes are c l e a r l y 
possible. 

Natural and Synthetic Protease Inhibitors 

There i s a wide range of proteases that are inhibited by 
naturally occurring protein i n h i b i t o r s i n plants (51) . Inhib
i t o r s are known to occur i n certain animal tissues and f l u i d s 
as well (52). Evidently there are numerous in h i b i t o r s s p e c i f i c 
for proteases with different active s i t e s such as the serine 
proteases and the acid proteases. There i s a substantial amount 
of information on the structures and active s i t e s of these 
natural i n h i b i t o r s available with which to design potential 
synthetic peptide in h i b i t o r s (51, 5 3 ) . 

Although the use of these natural in h i b i t o r s i n foods may 
not meet with the approval of the U.S. Food and Drug Administra
tion, a detailed knowledge of their structures and mechanisms 
of action may eventually allow the synthesis of reversible and 
digestible peptide in h i b i t o r s that could prove useful. For 
example, pepstatin analogs, pepstatin-like peptides, or modified 
activation peptides from zymogens may be used to control acid 
proteases in the production of cheese. Or peptides patterned 
after the active s i t e i n trypsin i n h i b i t o r s could i n h i b i t un
wanted plasmin a c t i v i t y i n milk mentioned previously. 

Pepstatin i s a pentapeptide, isolated from various species 
of actinomycetes, which strongly i n h i b i t s several acid 
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44 FOOD PROTEIN DETERIORATION 

proteases; the K± for i n h i b i t i o n of pepsin i s Ι Ο" 1 0 M (25, 54). 
Pepstatin, which contains a unique, central s t a t y l residue 
involved i n interactions with the active s i t e s of acid proteases 
has the following structure (25, 54): 

CH CH. CH CH CH(CH-). CH(CH ) 0 \3 ^3 ^ 3 j 3 2 j 3 2 
CH CH CH 0 CH 0 CH 0 

I I I 2 I3 I2 

(CH„) 0 CHCH0 CONHCHCONHCHCONHCH CONHCHCONHCH 
3 2 2 j j j 

HO — CH — CH 2 HO — CH — CH 2 — CO^ 

There are a number of novel features i n the structure of 
pepstatin that are important i n the i n h i b i t i o n of pepsin (Figure 
6 ) . It i s a very hydrophobic peptide that has poor s o l u b i l i t y 
in water. The central s t a t y l residue (Figure 6) i s thought to 
combine with the active s i t e of pepsin to mimic the tr a n s i t i o n 
state during normal peptic proteolysis. Pepstatin has thus been 
referred to as a "tr a n s i t i o n state" i n h i b i t o r (25). The central 
hydroxy1 group i s essential for assuming a pseudo-transition 
state and i s , therefore, necessary for i n h i b i t i o n of pepsin 
(25, 54 , 55). The terminal carboxyl group i s not required for 
inhibitory a c t i v i t y . Under comparable conditions, pepstatin 
i n h i b i t s chymosin at 48% of the i n h i b i t i o n for pepsin, suggesting 
a certain structural s p e c i f i c i t y for i n h i b i t i o n that might be 
exploited (55). Although there are a number of unique features 
about the structure of pepstatin, the judicious use of model-
building combined with appropriate peptide chemistry might allow 
the synthesis of reversible, digestible i n h i b i t o r s of acid 
proteases for use i n foods. 

Chemical modifications of pepstatin such as those suggested 
in Figure 7 may help define structure-activity relationships 
as well as in designing some novel i n h i b i t o r s of acid proteases. 
Removal of the essential hydroxy1 group (dideoxypepstatin) 
increases the for porcine pepsin 2,000 fo l d (54). In Figure 
7, reactions are proposed whereby a t h i o l , amino or other 
nucleophilic group might be substituted for the essential 
hydroxy1 function. These modifications r e l y on the good leaving 
properties of aromatic sulfonates (56). Such structural 
alterations should lead to a better understanding of molecular 
requirements for producing pepstatin analogs. 

Various types of esters involving the pepstatin hydroxy1 
group should be e a s i l y obtainable to impart latent i n h i b i t o r s 
or other features to these derivatives. For example, phosphoryla
tion of the hydroxyl group (Figure 7) potentially results i n a 
more water-soluble, inactive but latent i n h i b i t o r . Slow 
hydrolysis of the phosphate ester i n acid i c foods (optimum pH for 
hydrolysis of phosphate esters -4-6) (57) should release active 
i n h i b i t o r . The non-essential carboxyl group of pepstatin can be 
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Pepsin -

Asp 2 !5 

~, . P̂ 3 L ' 1 C H -7 CH -2 

I / / I ι 
9 H2 6 H C H 2 Ο Η 
I I ! i l l 

- N H — C H — Ç Ν — N H — C H — C C CO — 

Ô Η Η Η 

JC—Ο Pepsin - Asp 

P R O P O S E D TRANSITION S T A T E Δ STATYL RESIDUE IN 
OF P E P T I C CATALYSIS PEPSTATIN 

Figure 6. Inhibition of pepsin by pepstatin. (Reproduced, with permission, ft 
Ref. 55. Copyright 1977, Plenum Publishing Corp.) 
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1) Modification of essential -OH on s t a t y l residue: 

+ C H CH SO F 
Pepstatin -OH _ R p — P e p s t a t i n - O - S O ^ H ^ ^ 

-C 6H 5CH 2S0 3 

+ AcSH 
or 

+ NH. 

Pepstatin-SH Pepstatin-S-Ac 
or 

Pepstatin-NH 2 

2) Active esters of essential -OH group: 
0 

+ OH" II -A. Pepstatin-OH + P0C1 3 — P e p s t a t i n - O - P - 0 + 3C1 

8 - + H

+ 9 -
B. Pepstatin-O-P-0 + R Q-> Pepstatin OH + HO-j>-0 

0" 2 Ο 
slow? 

3) Derivatives of non-essential carboxyl group : 

Pepstatin-COO + X • Pepstatin-COX 
(activated carboxyl group) 

* 
Pepstatin-COX + Z: * • Pepstatin-COZ 

Figure 7. Possible chemical modifications of pepstatin. 
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2. RICHARDSON Enzymic Degradation of Proteins 47 

activated or otherwise modified to immobilize the in h i b i t o r or to 
couple i t to undigestible macromolecules such as carboxymethyl 
cellulose for use i n foods. This l a t t e r compound would impart 
water s o l u b i l i t y to the hydrophobic i n h i b i t o r . Immobilized 
pepstatin has been used to isolate acid proteases (58). 

Pepsin i s known to be inhibited by high molar ratios of i t s 
activation peptide (38). When the activation peptide i s 
guanidated, i t s inhibitory a c t i v i t y can be more than doubled 
(Figure 4). The sequence of this peptide and relevant chemical 
modifications suggest routes for preparation of ef f e c t i v e , 
digestible synthetic i n h i b i t o r s . 

Trypsin i s inhibited by oligomers of homoarginine (n = 10) 
with a Ki approaching 10""5 M (53) (Figure 8). This oligomeric 
substrate analog for trypsin apparently binds to the active s i t e 
of trypsin where the geometry for rapid hydrolysis i s not 
adequate. 

Synthetic peptide inhi b i t o r s with high a f f i n i t i e s for the 
active s i t e of proteases are also possible based on a f f i n i t y 
labeling techniques ( 5 9 ) . 

There are thus numerous p o s s i b i l i t i e s for designing 
synthetic peptide (60) protease i n h i b i t o r s that could prove 
useful i n food systems. Again based on an understanding of the 
peptide chemistry of i n h i b i t o r s , recombinant DNA technology could 
probably be employed to eventually produce desirable peptide 
inh i b i t o r s using conventional fermentation technology. S o l i d -
phase oligonucleotide synthetic procedures are progressing 
quickly and i t i s rapidly becoming possible to synthesize 
oligonucleotides, coding for a particular amino acid sequence, 
for insertion into a cloning vector (61, 62). 

Control of Interactions 

A few, b r i e f examples from the l i t e r a t u r e should be 
su f f i c i e n t to i l l u s t r a t e the potential of d i r e c t l y managing 
enzyme-substrate interactions and i n d i r e c t l y c o n t r o l l i n g 
subsequent product interactions. Since v i r t u a l l y a l l food 
proteins have a net negative charge at the pH of most foods, 
enzymes engineered to be more p o s i t i v e l y or negatively charged 
or more hydrophobic may be retained more or less i n a food as 
desired. For example, the amount of milk-clotting or l i p o l y t i c 
enzymes retained i n cheese curd could be governed by charge or 
functional groups on a modified enzyme. Interactions of this 
type might be important i n subsequent ripening or aging of the 
cheese. Holmes et a l . (63) have demonstrated the d i f f e r e n t i a l 
retention of various, proteolytic milk-clotting enzymes i n 
cheese curd. 

Marshall and Green (64) have studied i n some d e t a i l the 
effects of cationic substances including proteins on the rennet 
c l o t t i n g time of milk. Normal renneting of milk i s thought to 
result i n a decreased charge repulsion between caseinate 

American Chemical 
Society Library 
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48 FOOD PROTEIN DETERIORATION 

Figure 8. Inhibition of trypsin by poly-
homoarginine. (Reproduced, with per
mission, from Ref. 53. Copyright 1974, 

Springer-Verlag New York, Inc.) Π , Residues per molecule  P
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2. RICHARDSON Enzymic Degradation of Proteins 4 9 

p a r t i c l e s from the enzymic-mediated release of a hydrophilic, 
negatively charged peptide. The decreased charge repulsion 
favors coagulation of the modified caseinate p a r t i c l e s to 
y i e l d curd. Marshall and Green (64) observed that as increasing 
amounts of cationic materials were added to the milk to pro
gressively neutralize the net negative charge on the casein 
micelles, the rate of enzymic-mediated coagulation of the 
casein increased with the reduced net negative charge i n the 
system. Many of these observations have been v e r i f i e d and 
extended by DiGregorio and Sisto (33, 34) and by Mattarella (35), 
who studied the interactions of po s i t i v e l y charged β-lactoglob-
u l i n derivatives with caseinate systems. This has resulted i n 
the use of po s i t i v e l y charged proteins as ele c t r o s t a t i c 
coagulants of milk which dramatically increased the y i e l d of 
proteins i n cheesemaking (33, 34). However, i t i s not known 
what the effects would be on the quality of resultant cheese. 

Kang and Kepplinger (65) showed that addition of a cationic 
peptide, palmitoyl-L-lysyl-L-lysine ethyl ester, to a pepsin 
solution before addition to milk inhibited the c l o t t i n g a c t i v i t y 
of pepsin. On the other hand, when the peptide was added f i r s t 
to the milk, an enhanced rate of c l o t t i n g was observed. This i s 
an extreme example of how proteolysis and subsequent product 
interactions might be regulated e l e c t r o s t a t i c a l l y . 

Controlling the pattern of proteolysis i n protein 
hydrolysates by relying on s t e r i c or charge effects between 
protein and an immobilized protease i s a d i s t i n c t p o s s i b i l i t y . 
By analogy, the patterns of starch hydrolysis are substantially 
different depending upon whether a soluble or immobilized a-
amylase i s used (66). 

Conclusions 

Control of endogenous and exogenous enzymic a c t i v i t y i n 
foods must be extended beyond current, conventional methods to 
real i z e advances i n food processing and storage. Suggestions i n 
this review for manipulating food enzymes are based on accepted 
physical, chemical and b i o l o g i c a l p r i n c i p l e s . Among 
p o s s i b i l i t i e s discussed are: (1) management of enzymic latency 
in s i t u , ex vivo and in vivo; (2) engineering of enzymes using 
chemical and b i o l o g i c a l techniques; (3) control of enzymes using 
natural and synthetic i n h i b i t o r s : and (4) alteration of electro
s t a t i c and hydrophobic forces on exogenous enzymes and within 
foods that may regulate enzymic-substrate and post-enzymic 
product interactions. Although proteolytic enzymes are s p e c i f i 
c a l l y discussed, many of the concepts can be generalized to 
other food-related enzymes. 

Future food s c i e n t i s t s may thus be able to exert better 
control over exogenous and adventitious enzymes in foods by 
designing and engineering the enzymes as well as by using 
acceptable enzymic i n h i b i t o r s . Powerful techniques such as 
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50 FOOD PROTEIN DETERIORATION 

those used for chemical modification of enzymes and i n h i b i t o r s , 
and s o l i d phase synthesis of polypeptides and oligonucleotides 
coupled w i t h emerging recombinant DNA technology can be brought 
t o bear t o eventually r e a l i z e b e t t e r control of enzymic reactions 
i n f o o d processing and i n food deterioration* 

Regulation of endogenous enzymes i n foods i s obviously more 
d i f f i c u l t and must aw a i t a better understanding of the physiology 
of post-harvest and post-mortem processes. 
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3 
Effects of Lipid Oxidation on Proteins of Oilseeds 

ROBERT L. ORY and ALLEN J. ST. ANGELO 
United States Department of Agriculture, Southern Regional Research Center, 
Agricultural Research Service, New Orleans, LA 70179 

Peanuts (groundnuts) are one of the world's major oilseeds 
and are grown in tropical and subtropical countries. World pro
duction of peanuts is annually about 19 mil l ion tons (1), with 
most of them grown in India, China, Afr ica , and the United States 
(2). The United States produces about 10% of the world supply and 
is the only country that consumes most of the crop as whole nut 
products. Most countries crush peanuts for the edible oil. 
Peanuts contain 50-55% oil and 27-30% protein. The major proteins 
of peanuts are the storage globulins, arachin and conarachin, that 
make up almost 75% of the total proteins. After removal of the 
oil, the oil-free peanut meal contains 55-60% protein that can be 
used to raise the nutritional quality of protein-deficient diets 
or to provide alternate sources of low-cost functionally useful 
protein. Nutri t ion, however, is not simply a matter of supplying 
individual nutrients. Good nutrition involves groups of 
nutrients whose functions are closely related, each providing a 
necessary part of the balanced diet . 

Storage o i l and protein in oilseeds l ike soybeans and peanuts 
are in close proximity and, under normal conditions, no changes 
occur in either the protein or the o i l , which contains polyunsatu
rated fatty acids. Peanut o i l contains varying amounts of oleic 
and l inoleic acids; soybean o i l contains these two, plus linolenic 
acid. It is the latter two fatty acids that can be oxidized to 
hydroperoxides and their breakdown products ( i . e . : ketones, alde
hydes , alcohols, etc.) which, in turn, can react with terminal 
functional groups of amino acids in proteins and enzymes. Such 
interactions of l i p i d peroxides and the secondary products with 
proteins can alter the functional and nutritional properties, in 
addition to affecting their flavor. 

Lipoxygenase is the principal enzyme that catalyzes oxidation 
of polyunsaturated fatty acids in oiIseeds. Denatured metallopro-
teins are the primary nonenzymatic catalysts. Soybean 
lipoxygenase is possibly the most studied oilseed lipoxygenase. 
Peanuts also contain the enzyme, about a f i f th of the act ivi ty in 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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56 FOOD PROTEIN DETERIORATION 

soybeans (3, 4 ) . This enzyme acts on l ino le ic and l inolenic acids 
to produce hydroperoxides which, in turn, can react with terminal 
functional groups of amino acids in proteins ( i . e . : -SH, -OH, 
-C00H, -NH2) to alter their functional, f lavor , and nutrit ional 
properties. Hydroperoxides also break down into carbonyl com
pounds that react readily with these amino acids; especially when 
catalyzed by metalloproteins. Some effects of protein interac
tions with l i p i d peroxides and their secondary products and 
methods for studying them are described. 

Experimental Procedures 

Interactions of l i p i d peroxides with proteins can be measured 
by several methods: thin layer chromotography of the amino acids, 
l i p i d peroxides, and their reaction products (24); dual staining 
of gel electrophoretic protein patterns for both protein and asso
ciated l i p i d (13) ; and flourescence spectroscopy of the extracted 
proteins (23). 

Catalysts of Lipid Oxidation 

Enzymatic Oxidation. Lipoxygenase (E.G. 1.13.1.13) is the 
principal enzyme for catalyzing oxidation of polyunsaturated 
fatty acids in vegetable o i l s . It is present in v i r tua l ly a l l 
oilseeds but has been studied more in soybeans than in other 
oilseeds (3J. This enzyme is substrate-specific in that i t 
attacks only c i s , c i s , - l , 4 - pentadiene bonds, such as those in 
1inoleic and 1inolenic acids. The primary products are opt ica l ly 
active cis-trans conjugated hydroperoxides (5). Once formed, 
hydroperoxides can be degraded further into various aldehydes, 
ketones, and alcohols by enzymatic and/or nonenzymatic catalysts . 
It is these secondary products, plus the intact hydroperoxides 
that can interact with proteins to lower both nutrit ional and 
flavor quality of a food product. 

Soybean lipoxygenase, because of i t s higher ac i t iv ty , has 
been the most completely investigated of the seed lipoxygenases 
(2,8,9). It is not particulate and can be extracted with water. 
It has a molecular weight of 100,000, consists of a single poly
peptide chain, exists in at least two isomeric forms, and has a 
pH range from 6-9, depending upon the isomer being studied. With 
l ino le ic acid as substrate, i t forms predominantly the C-13 hydro
peroxide, rather than the C-9 isomer (3>). Chan and coworkers 
(10,11) examined methyl esters of the soybean 1ipoxygenase-formed 
C-9 and C-13 linoleate hydroperoxides after thermal decomposition. 
The volat i le degradation products included many of the shorter 
chain aldehydes that have been implicated in flavor problems of 
plant food products. 

Peanut lipoxygenase has not been as well characterized as 
soybean lipoxygenase but various workers (4,12-17) have identified 
some s imi lar i t ies in the two enzymes. The part ia l ly purified 
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3. ORY AND ST. ANGELO Lipid Oxidation Effects 57 

enzyme has a general pH optimum of 6.2 and is rather heat-labile, 
losing a l l act iv i ty at temperatures above 40°C. Sulfhydryl 
reducing agents (2,3-dimercaptoethanol and di thiothrei tol ) inhibi t 
act iv i ty by 55-100%. Sanders et a l . (18) isolated 3 isozymes 
from raw peanuts; two having a pH optimum of 6.2 and the th i rd , 
at pH 8.3. Molecular weight of a l l isomers was 73,000. The 
alkaline pH enzyme was reported to be CN-tolerant but the acid 
isozymes were inhibited by NaCN in their tests. However, work by 
Siddiqui and Tappel (16) and St. Angelo and Kuck (19) showed no 
inhibit ion of peanut 1ipoxygenase by CN when the system was 
buffered at pH 6.2 to offset the NaCN-induced rise in pH. 
Increasing concentration of NaCN caused a rise in pH, which then 
decreased act ivi ty of the acid pH isozyme. 

Nonenzymatic Oxidation. As was shown earl ier by St. Angelo, et 
a l . (6_,7J, catalysis of l i p i d peroxidation/ degradation by 
nonenzymatic agents, such as hemeproteins and metals, can induce 
faster deterioration in a high oil/protein product l ike peanut 
butter, than that caused by 1ipoxygenase. Relative rates of 
l i p i d peroxidation shown in Table I i l lus t ra te the faster rates 
catalyzed by metal ions, Fe and Cu, and the metalloproteins, per
oxidase and tyrosinase. Depending upon the types of handling, 
processing and/or storage conditions, i t is these lat ter 

Table I . Effect of various catalysts on rates of peroxidation 
of fatty acids in stored peanut butter 

Catalyst Peroxide Value (meq/kiT 
i n i t i a l 28 days meq. increase 

None 30.0 31.1 1.1 
NaCl (0.04 mmole) 14.3 24.9 10.6 
Cupric acetate (0.02 mmole) 11.8 33.1 21.3 
FeCI3 (0.02 mmole) 10.3 36.8 26.5 
Soybean lipoxygenase!/ 7.0 21.0 14.0 
Tyrosinase 6.3 24.9 18.6 
Peroxidase 5.4 27.0 21.6 
Boiled Peroxidase 7.3 26.6 19.3 

1/ Concn. of enzymes was 0.1% (w:v). 

catalysts that frequently cause greater deterioration of foods 
through l i p i d peroxide-protein interactions. 

Efffects of Lipid Peroxide-Protein Interactions 

Advanced stages of l i p i d peroxidation cause flavor problems 
that are well known. Rancidity in a vegetable o i l or oi1-
containing food w i l l preclude any attempts to consume the food 
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58 FOOD PROTEIN DETERIORATION 

because of objectionable odors and off-f lavors. These off-flavors 
may or may not be 1ipid-protein interactions, depending upon the 
extent of the rancidity. Effects on nutritional value of pro
teins, however, may not be as obvious without chemical analysis 
of the products. In general, the protein quality of oilseed 
proteins i s , with very few exceptions, lower than animal proteins 
(20). Oilseed proteins have inherent amino acid deficiencies 
that differ between seeds. For example, soybeans are low in 
methionine but have sufficient lysine. Sesame is low in lysine 
but is high in sulfur-containing amino acids, whereas cottonseed 
and peanuts are lower in both of these amino acids (20). These 
deficiencies can be easily improved by blending with other 
proteins having the complimentary amino acid but, i f large 
amounts of l i p i d peroxides and their secondary products are 
present, they can bind to terminal reactive groups of cysteine 
and methionine or other amino acids (Table II) to inactivate 
them, i f present in enzymes, or lower nutritional value, i f 
present in food proteins. 

Table I I . Terminal reactive groups of amino acids in proteins 

Amino Acid Reactive Group 

ARG, LYS -NH 2 

CYS -SH 
GLU, ASP -C00H 
SER, THR, TYR -OH 
MET -SCH 3 

HIS =NH 

Proteins are the most important source of amino acids. Some 
amino acids can be produced in the body but the essential amino 
acids must be obtained from the diet as protein, peptides, or 
free amino acids. Of these, i t is lysine, methionine, and 
cysteine that are most l imit ing in oi1 seeds and are the ones that 
are inactivated by l i p i d peroxides. If peroxidized or autoxidized 
l ip ids are ingested, they can also bind to enzymes and inhibit 
their act iv i ty . This was shown by Matsushita (21), who examined 
the specific interactions of 1inoleic acid hydroperoxide and i t s 
secondary products with trypsin, pepsin, 1ipase, and RNase. He 
found a correlation between the incorporation of autoxidized 
1ipids into the enzymes and their inactivation caused by result
ing damage to the amino acids: aspartic and glutamic acids, 
threonine, cysteine, methionine, leucine, tyrosine, lysine, and 
hist idine. Methionine, cysteine, h ist id ine, lysine, and tyrosine 
were the most labi le to hydroperoxide damage, whereas lysine, 
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3. ORY AND ST. ANGELO Lipid Oxidation Effects 59 

hist id ine , and methionine were the most susceptible to interac
tions with the peroxide secondary products (e.g. : aldehydes, 
ketones, etc.) 

Karel , et a l . (22) also showed that peroxidizing methyl 
1inoleate could react with proteins and amino acids. They f o l 
lowed the reaction of peroxidizing 1inoleate with lysozyme by 
electron spin resonance (ESR). Peroxides did not break disulfide 
bonds but several reaction products were identified from 
his t id ine , methionine, and lysine interactions. In addition to 
the thorough characterization of ESR signals in peroxide-lysozyme 
interactions, they also examined ESR spectral characteristics of 
gelat in, bovine serum albumin, casein, lactalbumin, g l iad in , 
trypsin, several other enzymes and free amino acids. Results 
were similar to those obtained with lysozyme. Lipid peroxides 
and/or free radicals can readily abstract hydrogen from -SH 
groups in proteins but they do not easily break -SS- bonds. 

As noted earl ier (13), 1ipoxygenase is the prime suspect for 
catalyzing 1i pid oxidation in raw peanuts but this enzyme is 
destroyed by roasting temperatures. In cooked or roasted peanut 
products, l i p i d oxidation is catalyzed by nonenzymic catalysts 
such as metal loproteins, free Fe and Cu. 

One of the primary methods for identifying 1ipid-protein 
interactions in crude protein extracts is polyacrylamide gel elec
trophoresis, employing dual staining for both protein and 1ipid. 
Ami do Black and Coomassie Blue are ideal stains for protein, but 
they do not identify those proteins with associated 1ipid. Sudan 
stains are the principal stains employed in histochemical analyses 
for l ip ids but they are not sensitive enough for oilseed proteins 
separated by gel electrophoresis. We, therefore, developed a pro
cedure using Rhodamine 6G or Oi1 Red 0 stain, allowing the gels 
to soak in the l i p i d s t a i η at 37°c overnight. This produced 
satisfactory 1ipid-stained gels as shown in Figure 1. Total pro
teins are stained with ami do black. Lipid-stained gels show only 
those bands that contain 1ipid material associated with protein. 
Only three proteins of peanuts appear to bind l i p i d peroxides. 
Of these, the principal protein that binds 1ipids appears to be 
the major storage protein, arachin. 

This general type of 1ipid-protein staining pattern for raw 
peanuts also appears in roasted peanuts (Figure 2). Peanuts that 
are roasted for candy or peanut butter manufacture undergo some 
protein denaturation, which can lower protein so lub i l i t y . Because 
of th i s , there are fewer protein bands in gel patterns of roasted 
peanut proteins, but 1i pi d-stai ni ng bands s t i l l appear. Only two 
major protein bands appear in roasted peanut extracts (compared 
to three in raw peanuts) and these same two 1ipid-protein 
complexes are evident in Oi1 Red 0-stained gels of both raw and 
roasted peanuts. Lipid bands are similar in both raw and roasted 
peanuts, in that arachin is sti11 the principal protein that 
binds to l i p i d peroxides. The conarachin fraction of peanut 
proteins does not appear to bind to the 1ipid peroxides. 
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FOOD PROTEIN DETERIORATION 

Figure 1. Dual staining of gel electrophoretic patterns of raw peanut proteins with 
oil red Ο (A), amido black (B), and rhodamine 6G (C). Migration is toward the 

anode. 

Figure 2. Dual staining of gel electrophoretic patterns of roasted peanut proteins 
with amido black (A and C) and oil red Ο (Β and D). A and Β are freshly roasted 
peanuts; C and D are rancid roasted peanuts, 1 year old. Migration is toward the 

anode. 
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Thin layer chromatography (TLC) is another method that can be 
used to identify reactions between peroxidized l ip ids and amino 
acids but, because of different so lub i l i t i es of the amino acids 
and the 1ipids in aqueous and organic solvents, this technique 
has not been used much. Reactants had to be separated on two or 
more plates or in 2-phase systems to insure separation of both ma
t e r i a l s . To avoid the use of several separations and/or 2-phase 
systems that required an additional development, Kuck, et a l . 
(24) developed a single phase system for TLC analysis of free 
amino acids, l i p i d peroxides, and the 1ipid peroxide-ami no acid 
complex (Figure 3). The developing solvent of petroleum ether: 
diethyl ether: glacial acetic acid (60:40:1) separated the 
1inoleate hydroperoxide-amino acid complex (A), 1inolete hydro
peroxide (D), oxidized 1inoleic acid (E), and the free ami no acids 
threonine and lysine (F). Β and C are unknown minor products. 
Identities of the separated materials on the TLC plates were con
firmed by infrared spectral analysis and mass spectrometer frag
mentation patterns. Polyacrylamide gel electrophoresis and TLC 
therefore, can provide useful information on the effects of l i p i d 
peroxides binding to proteins and amino acids, but these methods 
do not identify changes in protein conformation by changes in 
size and charge of the proteins in the gels. 

We also employed fluorescence spectroscopy to compare fresh 
and peroxidized peanut proteins (23). The NaCl-soluble proteins 
were extracted and scanned. Figure 4 i l lustrates fluorescence 
spectra of salt-soluble proteins from fresh raw peanuts (curve A) 
and rancid raw peanuts stored 4.5 months at 30°c ( Β ) , plus freshly 
roasted peanuts (C) and 12-month old roasted peanuts (D). These 
scans show that both raw and roasted peanuts have some natural 
fluorescence which can be quenched or decreased by apparent 1ipid 
peroxide interactions (curves Β and D). Both curves of rancid 
peanut proteins (B and D) showed some decrease in intensity com
pared to the fresh samples (A and C). Malonaldehyde is one 
product of l i p i d peroxidation that fluoresces but this apparent 
quenching suggests that other nonfluorescing l i p i d peroxide 
secondary products may be formed in greater amounts than is 
malonaldehyde. 

Increasing l i p i d peroxidation in both raw and roasted pea
nuts can also affect so lubi l i ty of salt-soluble proteins (14, 
23). Peanuts were ground in a food blender to disrupt the eel 1 s 
and promote 1ipoxygenase act ivi ty on the 1inoleic acid of the 
storage o i l . Ground samples were stored under separate condi
tions for 4.5 months: (1) at 4°c in a sealed glass jar , (2) at 
30°C in an open, gauze-covered jar , and (3) at 30°C in an open, 
gauze-covered jar with 10% rancid o i l added to enhance 1ipid-
protein interactions. Results in Table III i l lus t ra te the 
recoveries of soluble proteins from hexane-deoiled meals prepared 
from these samples. As absorbance ( l ip id peroxidation) 
increased, so did the amounts of salt-soluble proteins extracted 
from the ground peanuts. Conversely, the amounts of 
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FOOD PROTEIN DETERIORATION 

Figure 3. Thin layer chromatographic separation of linoleate hydroperoxide, 
amino acids, and their complexes. Key to spots: 1, pure linoleic acid; 2, oxidized 
linoleic acid; 3, threonine; and 4, lysine. A-F and the developing solvent are defined 

in the text. 
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ORY AND ST. ANGELO Lipid Oxidation Effects 

Figure 4. Fluorescence spectra of proteins extracted from fresh and rancid pea
nuts. Key: A, fresh raw peanuts; B, rancid raw peanuts; C, freshly roasted peanuts; 

and D, rancid roasted peanuts. 
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64 FOOD PROTEIN DETERIORATION 

salt-extracted residue (oil-and protein-extracted) remaining 
showed a decrease. The reason for the increased so lubi l i ty of 
proteins after association with l i p i d peroxides is unknown; the 
amounts of bound l i p i d are not sufficient to account for the 
increase. 

Table I I I . Effects of l i p i d peroxidation on protein so lubi l i ty 
in ground-up raw peanuts after 4.5 months storage. 
(A) In i t i a l recoveries. 

Sample 
% Oil 

removed 
% Deoiled 

meal 
CDHP 

Units U ) 
%Protein 

in meal 

1 
2 
3 

46.10 
45.09 
48.45 

53.90 
54.91 
51.55 

0.53 
1.21 
1.89 

46.64 
44.47 
44.16 

(B) Recoveries after NaCl extraction of proteins from deoiled 
meals.'2) 

Sample 
%NaCl-
insoluble 

%NaCl- %Total 
soluble recovered 

Protein Content 
% NaCl- % NaCl-
insoluble soluble 

1 
2 
3 

37.48 
35.80 
34.30 

31.60 69.08 
36.55 72.35 
39.17 73.47 

22.99 
18.96 
17.29 

88.48 
87.86 
88.01 

(1) Conjugated diene hydroperoxide units of peroxidation. 
(2) Values shown are those after dialysis and freeze-drying. 

Conclusions. Lipid peroxides formed by both enzymatic and 
nonenzymatic catalysts can react with proteins, very l i ke l y 
through terminal functional groups of amino acids. These 1ipid-
protein interactions can be measured by gel electrophoresis, thin 
layer chromatography, electron spin resonance, and fluorescence 
spectroscopy. Lipid peroxide interactions can affect several pro
perties of proteins. If the interactions occur through functional 
groups of essential amino acids, nutrit ional value w i l l be 
lowered. If the binding of l i p i d peroxides with arachin involves 
lysine, this would be very undesirable since lysine is already 
low in this protein. If binding affects amino acids in active 
sites of enzymes, these enzymes would have diminished act iv i ty . 
Peroxidation also appears to decrease fluorescence of oilseed 
proteins but i t seems to increase their so lub i l i t y . 
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4 
Discoloration of Proteins by Binding 
with Phenolic Compounds 

F. A. BLOUIN, Z. M. ZARINS, and J. P. CHERRY 1 

United States Department of Agriculture, Southern Regional Research Center, 
Agricultural Research Service, New Orleans, LA 70179 

Phenolic compounds that occur in plant materials have very 
diverse chemical structures. Some are simple benzene deriva
t ives , l i ke the phenolic acids, p-hydroxybenzoic acid and caffeic 
acid (Figure 1). Others contain more complex ring systems such 
as the flavonoid quercetin and the terpenoid gossypol (Figure 1). 
Still others are extremely complex in structure. The vegetable 
tannin, procyanidin, is thought to be an oligomer of flavan-3-ol 
units (Figure 1). Lignin is a network type polymer composed of 
substituted cinnamyl alcohols (Figure 1). 

Phenolic compounds are found in a l l plant tissues. 
Gr i f f i ths (1), for example, found gentisic acid in the wood, bark, 
roots, stems, leaves, flowers, pod wal l , cotyledons and testa of 
the cacao tree (Table I). Leucoanthocyanins and epicatechin were 
also present in most of the parts of this particular plant. 

The concentration of phenolics in plant materials can be 
quite high. Lignin represents 20-30% of the dry weight of the 
woody stems of trees. The dry matter of tea leaves is 40% 
polyphenols of the tannin type. Chlorogenic acid, one of the com
monly occurring phenolic esters, is present in fruits at about a 
0.1% level whereas in sunflower seed i t s concentration can be as 
high as 2-3%. 

In the natural state, the low molecular weight phenolic 
compounds are generally bound to carbohydrate moieties. For 
example, one of the commonly occurring flavonoids is rutin 
(Figure 2). It is a quercetin 3-0-rutinoside; a disaccharide of 
glucose and rhamnose is bound to the 3-hydroxyl of the C-ring of 
the quercetin. Even the polymeric polyphenol, 1ignin, is 
covalently bound to the hemicellulose components of the cel l 
walls . Phenols sometime occur in the free state but usually in 
storage tissues such as seeds, in dead tissues such as the 
heartwood of trees, or in diseased plant t issues. 

1Current address: United States Department of Agriculture, Eastern Regional Research 
Center, Philadelphia, PA 19118. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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OH 

OH 

Figure 2. Structure of rutin. 
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4. BLOWN ET AL. Discoloration of Proteins 71 

Discoloration 

When plant tissues are disrupted by grinding, heating or 
blending with other ingredients such as occurs in food processing, 
the phenolic components usually undergo enzymatic and nonenzy
matic reactions that can cause undesirable discoloration in the 
processed food. Figure 3 i l l u s t r â t e s the effect of several types 
of plant protein products on the color of biscuits (2). Soybean 
and peanut flours used at the 20% replacement level do not cause 
a color problem. Sunflower, a lfa lfa leaf and cottonseed f lours, 
on the other hand, cause a marked discoloration of the biscui ts . 
In the case of the sunflower seed f lour , this discoloration is 
believed to be due to chlorogenic acid. The coloration caused by 
the a lfa l fa leaf protein product has been attributed mainly to 
chlorophyll pigments (3) but polyphenol s are also thought to 
contribute to the discoloration (4J. Work at the Southern 
Regional Research Center (SRRC) has shown that flavonoids, 
gossypol and possibly other phenolic compounds contribute to the 
color observed when cottonseed flours are used in foods (2). 

Interactions 

There are two major types of interactions between proteins 
and phenolic compounds (5). F i r s t , phenols combine reversibly 
with proteins by hydrogen bonding. Second, they interact 
i r revers ibly by oxidation and condensation-type reactions. 

Infrared spectral data indicate that hydrogen bonding between 
phenols and N-substituted amides is one of the strongest types of 
H-bonds {§_). Research on col lagen, vegetable tannins and syn
thetic polymers (j>) has established the importance of the peptide 
linkage in the formation of Η-bonded complexes between tannins 
and proteins. The interaction is probably between the peptide 
oxygen and the hydrogen of the phenol. Condensed tannins are 
bound to proteins almost independent of pH below pH 7.0 to 8.0. 
This bonding is thought to involve only un-ionized phenolic 
hydroxyl groups. Hydrolyzable tannins, on the other hand, are 
strongly bound to proteins at pH 3.0 to 4.0 but the binding 
decreases above pH 5.0. In this case, the stronger Η-bonding has 
been attributed to the un-ionized carboxyl groups and the weaker 
Η-bonding to the un-ionized hydroxyl groups of the tannins. 

Oxidation of phenols is the f i r s t step in the irreversible 
type protein-phenol interaction. This oxidation can be enzymatic 
(as i l lustrated in Figure 4) or nonenzymatic. The primary reac
tion products are qui nones which are themselves very reactive 
compounds. These qui nones can then react direct ly with protein 
groups or can f i r s t undergo polymerization and/or oxidation-reduc
tion reactions to produce secondary reaction products which can 
form covalent bonds with the proteins. The work of Mason and 
Peterson (7j has shown that sulfhydryl and N-terminal ami no groups 
are the most reactive. The epsilon-amino group of lysine also 
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FOOD PROTEIN DETERIORATION 

ure 3. Biscuits containing 100% wheat and 20% plant-protein products. 
(Reproduced from Ref. 2. Copyright 1981, American Chemical Society.) 
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74 FOOD PROTEIN DETERIORATION 

reacts with qui nones but more slowly. These qui none-type 
reactions are most commonly cited as causing discoloration 
problems in plant food products. 

Cottonseed Flours 

One of our interests at SRRC is the use of high protein 
cottonseed flours as edible food products. Glanded cottonseeds 
contain high concentrations of the phenolic compound gossypol, 
enclosed in pigment glands. This compound is toxic to humans but 
an edible flour can be made by removal of the glands in a process 
developed at SRRC called the Liquid Cyclone Process (8). 
Glandless cottonseeds do not contain gossypol and an edible f lour 
is prepared from this material by simple hexane extraction 
methods. 

Biscuits prepared using 20% cottonseed flours as a 
replacement for wheat flour are yellow-brown in color (Figure 3) . 
The biscuit prepared with glanded flour is much darker in color 
than that containing glandless f lour . Our research work was to 
isolate and identify the pigments responsible for this color 
problem. 

Experimental. Cottonseed flour was prepared from glanded 
seeds at SRRC by the Liquid Cyclone Process of Gardner, et a l . 
(8). The glanded flour had a proximate composition of 57.3% 
protein, 32.1% carbohydrate, 1.6% l i p i d , 7.7% ash and 2.3% crude 
f iber . The glandless cottonseed flour was obtained from the 
Plains Cooperative Oil M i l l , Lubbock, Texas and had a proximate 
compositon of 56.6% protein, 29.9% carbohydrate, 3.7% l i p i d , 7.5% 
ash and 2.3% crude f iber . Analysis of glanded flour indicated 
0.04% free gossypol and 0.15% total gossypol. Free and total 
gossypol analyses of glandless flour indicated that i t s gossypol 
content was below the detectable level s of the methods. 

Extraction with petroleum ether, chloroform, 85% aqueous 
isopropyl alcohol, water and 10% sodium chloride were conducted 
at room temperature with s t i r r ing at a sol id to solvent ratio of 
1:10. Extraction times were 1 hr for the water and salt solution 
systems and 24 hr for the other solvents. Solids were separated 
from extracts either by f i l t r a t i on or centrifugation and residues 
were washed with a volume of sol vent equal to the original vol ume 
used. Insoluble residues were dried in a i r (to remove petroleum 
ether), in vacuum oven (chloroform) or by freeze drying after 
removal of alcohol by rotary evaporation or salt by d ia l ys i s . 
Solvents were removed from the extracts by rotary evaporation 
and/or freeze drying and salt by d i a l y s i s . 

Pepsin digestions were conducted on the salt insoluble 
residues at 37°C for 24 hr at pH 2 using 1:100 rat io of enzyme to 
substrate. Cellulase treatments were at 45°C for 24 hr at pH 4.5 
with an enzyme ratio of 1:50. Digestions with amylase were run 
at 75°C for 4 hr at pH 6.5 with an enzyme ratio of 1:25. 
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4. BLOWN ET AL. Discoloration of Proteins 75 

Insoluble residues were separated from digests by centrifugation, 
washed with water, neutralized and freeze dried. Digests were 
also neutralized and freeze dried. 

Insoluble amylase residues were treated with di methyl-
sulfoxide (DMSO) with s t i r r ing for 1 hr at 160°C. The insoluble 
residue was collected on a f i l t e r , washed with 50% methanol , 
dispersed in water, neutralized and freeze dried. The DMSO 
extract was poured into a large volume of 50% methanol and 
st irred for about 1 hr. The precipitated sol ids were separated 
from the solution by centrifugation, washed with 50% methanol, 
dispersed in water, neutralized and freeze dried (fraction A) . 
The non-precipitable fraction was isolated by rotary evaporation 
of the methanol-water-DMSO solution (fraction B). 

Wheat flour biscuits were prepared with 20.0 g wheat or 
composite f lour , 1.0 g baking powder, 0.5 g sa l t , 4.5 g 
shortening, and 15.0 g f lu id milk. Biscuits were prepared from 
plant-protein flours based on 20% replacement for wheat f lour . 
In biscuits prepared with fractions isolated from cottonseed 
f lours , the quantities used were calculated using the percentages 
these fractions represented of the original f lour , e.g. the salt 
solution soluble fraction of glanded flour was 35.7% of the 
original flour and 7.1 % (20 χ .357) replacement for wheat was 
used to prepare the biscui t . 

Other methods and procedures are fu l l y described by Blouin 
et a l . (9 ,10) . 

Sol vent Extraction Steps. Glandless and glanded cottonseed 
flours were subjected to a series of five mild extraction steps. 
Biscuits were prepared with the extracted flours and in most 
cases with the extracts (Figure 5). The quantity of cottonseed 
material used in preparation of a biscuit was proportional to the 
amount that the fraction represented in the original f lour . 
These percentages of the orginal flour are shown in Figure 5 in 
parentheses. In this way, the preparation of biscuits was used 
as a guide to determine i f the pigments responsible for the color 
had been modified or lost and to establish in which fractions 
they occurred. 

Figure 5 i l lustrates that extraction of glandless flour with 
petroleum ether and chloroform does not alter the color of bis
cu i t s . After extraction with aqueous alcohol , the yel1ow color 
is present in the biscuit containing the extract and the brown 
color is present in the biscuit containing the insoluble flour 
residue. We were able to establish that the yel1ow is caused by 
flavonoids present in the flours ( £ ) . Seven flavonol compounds 
were isolated and identified as glycosides of quercetin and kemp-
f e r o l . No strong interactions between these phenolic components 
and the cottonseed proteins were evident since they were readily 
removed by simple room temperature extraction. The pigments 
responsible for the brown color, however, appear to be strongly 
bound to the more insoluble flour components. They remain in the 
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FOOD PROTEIN DETERIORATION 

Figure 5. Biscuits containing glandless cottonseed flour fractions isolated in five 
solvent extraction steps. Values in parentheses represent the amount of cottonseed 

material used in preparation of the biscuit. 
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4. BLOWN ET AL. Discoloration of Proteins 77 

insoluble flour fractions after extractions with water and 10% 
sodium chloride solution. At this point in the isolat ion proce
dure, the brown color causing pigments are contained in a 
fraction which represents 29% of the orginal f lour . 

Figure 6 shows biscuits prepared from glanded flour frac
tions obtained by the same five extraction steps. The yellow 
color due to the flavonoids is in the biscuit containing the 
aqueous alcohol extract and the brown coloration remains in the 
insoluble fraction through the salt solution extraction step. 
Our i n i t i a l assumption about the more intense brown color in 
glanded flour was that i t was caused by gossypol bound to the 
cottonseed proteins. The original flour contained 0.1% bound 
gossypol measured by an analytical method developed by W. Pons 
and co-workers at SRRC (1JJ. 

This analytical method assumes gossypol is bound as a Schiff 
base to the epsilon-amino groups of the lysine in proteins 
(Figure 7). Although this bonding is not of the type previously 
described for phenol-quinone-proteiη systems, i t is a type quite 
common in biological systems (12). In this analytical method, 
the cottonseed flour is treated with 3-amino-l-propanol and 
acetic acid in dimethylformamide (DMF) solut ion. Under these 
conditions, i t is assumed that the gossypol becomes bound to the 
aminopropanol as the Schiff base of this low molecular weight com
pound. This gossypol-aminopropanol derivative can then be washed 
from the flour and the gossypol content measured spectrophoto
metrical ly . This reaction appeared to be a good means to test 
the role of bound gossypol in the color problem. 

The flour residues after extraction with salt solution were 
treated with 2% aminopropanol and 10% acetic acid in DMF solution 
for 15 min at 90°C. The treated fractions were washed, dried and 
used in biscuits (Figure 8) . Most of the brown color was removed 
from the glanded flour fraction by this treatment. The color of 
the biscuit prepared with the glandless flour fraction was not 
altered by this aminopropanol treatment. These results suggest 
that bound gossypol is responsible for the intense brown color 
observed in the glanded cottonseed flour-containing b iscu i t . 

Enzyme Digestion Steps. To further concentrate and isolate 
the brown pigments in glandless and glanded f lours, the salt 
solution insoluble residues were subjected to a series of four 
sequential enzyme treatments. Biscuits prepared from the soluble 
and insoluble fractions of glandless flour are shown in Figure 9. 
Pepsin digestion solubil ized about 50% of the salt solution 
insoluble residue. Treatment of the pepsin residue with a eel 1u-
lase enzyme, which also contained hemicellulase ac t iv i ty , removed 
an additional 50-60% from the insoluble fract ion. This was 
followed by a second pepsin digestion which removed 20-30% from 
the eellulase residue. Treatment with amylase solubil ized an 
additional 20-25%. At each step of these treatments, biscuit 
preparation showed that the brown color-causing pigments remained 
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78 FOOD PROTEIN DETERIORATION 

Figure 6. Biscuits containing glanded cottonseed flour fractions isolated in five 
solvent extraction steps. 
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CHJT CH 2-CH 2-OH 

NH* 

OH CHO 

CH 5 C0 2 H/DMF 

C H - C H £ - C H £ - O H 

OH CHO 

Figure 7. Reaction of protein-bound gossypol with 3-amino-l-propanol in the 
presence of acetic acid in DMF solution. (Reproduced, with permission, from Ref. 
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FOOD PROTEIN DETERIORATION 

Figure 8. Biscuits containing the salt solution insoluble fractions of glanded (top) 
and glandless (bottom) cottonseed flour before and after treatment with amino

propanol. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
4
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Figure 9. Biscuits containing glandless cottonseed flour fractions isolated in four 
enzyme digestion steps. 
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82 FOOD PROTEIN DETERIORATION 

in the insoluble fractions. The amylase residue represented 2% 
of the original f lour . Glanded cottonseed flour responded in an 
identical manner when subjected to the same four enzyme treat
ments. Biscuits prepared with these fractions are shown in 
Figure 10. The last insoluble fraction in this case was 2.6% of 
the original f lour . 

Pimethyl sulfoxide Treatment Step. The last step in the iso
lat ion procedure was to treat the amylase residues from glanded 
and glandless flours with DMSO at 160°C for 1 hr . This treatment 
solubi l ized 70 to 75% of the residues. For both f lours, the DMSO 
solution was f i l tered off to isolate the insoluble fract ion. A 
second fraction was isolated by precipitation on mixing of the 
DMSO solution with a large volume of 50% methanol (soluble frac
t ion A) . A third fraction was obtained by removal of the 
solvents on a rotary evaporator (soluble fraction B). 

Biscuits prepared from these DMSO treated fractions, i l l u s 
trated in Figure 11, showed some coloration in a l l six b iscu i ts . 
However, a marked difference in color distr ibut ion is now evident 
between the two types of f lour . For the glanded f lour , the 
intense brown color is clearly present in the DMSO soluble frac
t ion A. With the glandless f lour , the major proportion of the 
brown pigments is in the insoluble fract ion. Also, a brown color 
of- similar hue and intensity is observed in the biscuit 
containing the insoluble fraction of glanded cottonseed f lour . 
This indicated that the pigments responsible for the brown color 
in glandless flour are also present in glanded f lour . Chemical 
analyses indicated that these insoluble fractions are about 40% 
carbohydrate (presumably polysaccharide), 30% protein and 5% fat . 
As yet, we have no experimental evidence that the brown color in 
these insoluble fractions is caused by phenolic compounds. 
Because of the extremely insoluble nature of these residues, how
ever, we suspect that l ignins or condensed tannins are present. 

The DMSO soluble fraction A of glanded flour is about 70% 
protein. It also contains about 7% carbohydrates and 8% fat . 
The fact that this fract ion, which contains the intense brown 
color characteristic of glanded f lour, is mainly protein, is in 
agreement with the assumption that gossypol bound to proteins is 
responsible for this discoloration. 

The DMSO soluble fraction A of glandless flour is about 50% 
protein. This lower proportion of protein is due to a higher fat 
content (18%). This high 1i pi d content and the amino acid pro
f i l e data suggests that the DMSO soluble A fractions are mainly 
membrane type lipoproteins (13). 

The DMSO soluble Β fractions appear to be mixtures of pro
te ins , 35 to 50%, and carbohydrates, 14 to 19%. They cause the 
least amount of brown color in b iscui ts . 

The infrared spectra of these six fractions, shown in 
Figure 12, mainly confirm the chemical data previously described. 
The spectra of the DMSO insoluble residues are identical for both 
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4. BLOUIN ET AL. Discoloration of Proteins 83 

Figure 10. Biscuits containing glanded cottonseed flour fractions isolated in four 
enzyme digestion steps. 
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84 FOOD PROTEIN DETERIORATION 

Figure 11. Biscuits containing glanded and glandless flour fractions isolated in 
DMSO treatment step. Precipitable DMSO soluble fraction is Fraction A and non-

precipitable DMSO soluble fraction is Fraction Β in text. 
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Figure 12. IR spectra of DMSO treated fractions of glanded (A) and glandless 
(B) cottonseed flours. 
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86 FOOD PROTEIN DETERIORATION 

f lours . The -OH, -CH and -C-0- absorption regions indicate a pre
dominance of carbohydrate components. For the DMSO soluble A 
fract ions, the -NH and amide I and II absorption regions indicate 
a predominance of protein components. The -CH absorption region 
confirms the presence of greater amounts of l ip ids in the gland
less f lour . There i s , however, no indication of the presence of 
the intense brown color causing components in the spectrum of the 
DMSO soluble fraction A of the glanded f lour . The spectra of the 
DMSO soluble Β fractions again confirm the presence of protein 
and carbohydrate mixtures in these fractions. There are some d i f 
ferences between these two spectra which are unexplainable at 
this time. 

The u l t rav io le t -v i s ib le spectra of the DMSO soluble 
fractions, shown in Figure 13, do indicate significant differences 
between the two types of f lours . The concentrations used were 
0.2 mg/ml for the four flour fractions and 0.02 mg/ml for the 
gossypol spectra. The glanded flour fractions exhibited s i gn i f i 
cantly higher UV-visible absorption than the glandless flour 
fract ions. Even more s ignif icant , both of the glanded fractions 
exhibited absorption in the 375-400 nm region similar to the 379 
nm maximum exhibited by free gossypol. These data again suggest 
that gossypol bound to protein is the cause of the intense brown 
color in glanded flour-containing b iscu i t s . 

Sunflower Seed Flour 

Chlorogenic acid (Figure 14) i s the phenolic compound, which 
according to several research groups (14-17), is responsible for 
the discoloration problem observed when sunflower proteins are 
used in food systems. The concentration of phenolic compounds in 
sunflower seed flour is 3.0 to 3.5% (18). Chlorogenic acid and 
caffeic acid constitute about 70% of these phenolics (18). As an 
interesting comparison with cottonseed flour studies, the research 
of M. A. Sabir and co-workers (14,15) on the chlorogenic acid-
protein interactions in sunflower is reviewed below. 

Sabir et a l . (14) extracted proteins from sunflower seed 
flours with 2.5% sodium chloride at pH 7. They fractionated the 
salt-extractable proteins on a Sephadex G-200 column and isolated 
five protein fractions (Figure 15). When the undialyzed extracts 
(Figure 15a) were used, peak V showed far greater absorption at 
280 nm than the high molecular weight fractions. Peak V also 
exhibited a UV-visible maximum at 328 nm which was not observed 
in the spectra of the other fractions. If the salt extractable 
proteins were dialyzed before fractionation, the elution curve 
shown in Figure 15b was obtained. Peak V exhibited, in this case, 
an absorption at 280 nm more in proportion to the other peaks. 
This fraction s t i l l exhibited a second absorption maximum at 328 
nm. Chlorogenic acid gives a UV-visible maximum at 328 nm and 
other phenolic acids and esters absorb between 310 and 335 nm. 
Presumably, phenolic components were present in fraction V, some 
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ε 
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E L U T I O N V O L U M E 

Figure 15. Fractionation of undialyzed (top) and dialyzed (bottom) salt-extractable 
sunflower proteins on a Sephadex G-200 column with neutral salt solution. (Repro

duced from Ref. 14. Copyright 1973, American Chemical Society.) 
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4. BLOUIN ET AL. Discoloration of Proteins 89 

of which were removed by d ia lys i s . The phenolics that remain in 
fraction V after dialysis are strongly bound to this protein 
fract ion. 

Sabir and coworkers (15) refractionated fraction V on a 
Sephadex G-200 column with neutral salt solution and 7 M urea. 
They reasoned that a strong hydrogen-bonding medium such as 7 M 
urea would dissociate any phenolics that were hydrogen bonded to 
the proteins but would not influence any phenolic compounds 
covalently bound. As shown in Figure 16, they isolated two sub-
fractions, VI and V2. Fraction VI exhibited a maximum at 280 nm 
characteristic of proteins but no absorption in the 328 nm region 
(Figure 17). This subfraction represented 68% of the proteins in 
fraction V. Fraction V2, on the other hand, showed absorption 
maxima at 280 and 328 nm. Since 7 M urea did not dissociate 
these bonds, these researchers concluded that chlorogenic acid 
was covalently bonded to this low molecular weight protein 
fract ion. This fraction represented 4% of the original sa l t-
extractable proteins. 

Conclusions 

Current research on sunflower and cottonseed flours indicates 
that phenolic compounds contribute to discoloration problems when 
these plant protein products are used in food systems. In the 
case of cottonseed f lours, flavonoids cause a yel1ow coloration 
but these phenolics do not interact to any significant extent with 
the proteins. The phenolic compound gossypol in glanded cotton
seed flour is believed to be covalently bonded to membrane type 
lipoproteins and cause an intense brown color in food products 
containing this f lour . Both glanded and glandless cottonseed 
flours contain pigments causing 1ight brown color in foods. 
These pigments are bound to or are part of the most insoluble 
flour components. Lignin or condensed tannins may be the 
moieties responsible for this l ight brown color . 

Sunflower seed protein products also cause marked 
discoloration in food products. Experimental evidence obtained 
by Sabir et a l . (14, 15) indicates that strong hydrogen bonding 
and covalent bonding of chlorogenic acid to low molecular weight 
sunflower proteins occurs and that these interactions are 
probably responsible for the discoloration problem. 

If plant protein products are to be used in food systems, 
discoloration problems must be solved. A knowledge of the nature 
of the bonding between the color-causing components and the 
proteins should lead to development of better methods for 
prevention and elimi nation of these problems. 
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90 FOOD PROTEIN DETERIORATION 

Vt f ι f l V™ ι 1 — 
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ELUTION VOLUME (ml ) 

Figure 16. Refractionation of salt-extractable sunflower protein Fraction V on a 
Sephadex G-200 column with neutral salt solution and 7 M urea. Key: O-O, 
280 nm; and Δ - Δ, 328 nm. (Reproduced from Ref. 15. Copyright 1974, Ameri

can Chemical Society.) 
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Figure 17. UV spectra of Subfractions F , and Vt of salt-extractable sunflower 
proteins. (Reproduced from Réf. 15. Copyright 1974, American Chemical 

Society.) 
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5 
Seed Protein Deterioration by Storage Fungi 

JOHN P. CHERRY1 

United States Department of Agriculture, Southern Regional Research Center, 
Agricultural Research Service, New Orleans, LA 70179 

Fungi are used to process a variety of seed materials into 
various fermented food products, such as: 1) miso--a peanut 
butterlike product prepared by fermenting mixtures of rice and 
soybeans with Aspergillus oryzae or A. soyae and Saccharomyces 
rouxii (1-4); 2) shoyu--a l iquid food (soya sauce) prepared by 
fermenting soybeans and rice with A. oryzae or A. flavus and 
Zygosaccharomyces sp. yeast (5,6,7); 3) tempeh--a material from 
soybeans fermented with Rhizopus oligosporus (8,9); 4) 
ang-khak--a rice product fermented with Monasus purpureas and 
used as a food coloring agent (10); and 5) ontjom--a peanut 
presscake fermented by Neurospora si tophila (4,11). Enhanced 
nutrit ive quality and d iges t ib i l i ty of these fermented products 
have been par t ia l ly attributed to proteolytic ac t iv i t ies of the 
various fungi used in the fermentation processes (12-19). 

The aging processes of seeds that produce degradative 
changes leading to seed deterioration are, in many cases, 
enhanced by microorganisms (20-23). Pathogens produce metabo
lites that enhance deterioration of their host's ce l lu lar 
structures (24-27). Cell membrane disruption allows solute 
leakage and activation, for example, of autolytic host enzymes 
such as proteases (27,28). This is in addition to increases in 
the amounts and kinds of enzymes from the fungi (29,30,31). 
Biochemical transformations include deletion of some proteins 
and enzymes, intensification of others, and/or production of 
new components as evidenced by quantitative and qualitative 
changes in free amino acids and band patterns in polyacrylamide 
electrophoretic disc-gels (32-37). 

This chapter examines the sequence of events ini t ia ted by 
the inoculation of oi1 seeds and their products with selected 
fungi (A. parasiticus, A. oryzae, A. flavus, R. oligosporus and 
H. s i tophi la) , which~leads to the hydrolysis of proteins to 
small polypeptides and/or aqueous insoluble components, then to 
free amino acids. Changes in certain enzymes during the 
infection period that are characterized by gel electrophoretic 
techniques are also described. 

1Current address: United States Department of Agriculture, Eastern Regional Research 
Center, Philadelphia, PA 19118. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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94 FOOD PROTEIN DETERIORATION 

Experimental Procedures 

Aspergillus parasiticus, NRRL A-16,462, A. oryzae, NRRL 
1988, nine strains of A. flavus Link ex, N. s i tophi la , NRRL 
2884, and R. oligosporus, NRRL 2710, were cultured on potato 
dextrose agar slants between 24° and 29°C for 4 to 16 days. 
Fungal spores were collected from the surface of the culture 
slants with a s ter i l e solution of 0.005% Span 20. After 
removal of their skins, the peanut seeds of the cul t ivar , 
Florunner, were soaked in an inoculum of each fungus for 1 min. 
They were then placed in Petri dishes set in ventilated 
containers lined with water-saturated absorbent cotton and 
incubated at 29°C. Control uninoculated seeds were s imilar ly 
treated, omitting the fungi in the inoculation step. After 
test periods ranging from 2 to 18 days, duplicate samples of 
groups of three uninoculated and three of each fungi-infected 
seeds were collected. They were individually ground in 7 ml of 
sodium phosphate buffer (pH 7.9; I = 0.01) in a mortar with a 
pestle, then centrifuged at 43,500 χ g for 30 min to separate 
soluble and insoluble fractions. Polyacrylamide disc- and 
starch slab-gel electrophoresis were used to indicate the 
qualitative and semi-quantitative changes that occurred in 
proteins and/or selected enzymes in the soluble fractions of 
control and inoculated seeds (30). Al 1 soluble and insoluble 
samples were then lyophi l ized, ground into meals, and defatted 
with diethyl ether. The quantities of proteins in the soluble 
and insoluble fractions were determined by the macro-Kjeldahl 
technique (Ν χ 5.41). Defatted whole seed meals were used for 
determination of free ami no acid content. Measurements for 
free amino acids were made u t i l i z i ng the procedure of Young et 
a l . (38). Al 1 tests were conducted twice and labeled as experi
ments 1 and 2. In instances where there were no s t a t i s t i c a l l y 
significant differences between experiments, data from both 
experiments were combined for presentation in the text. 

Results 

Quantitative protein changes. Protein quantities decreased 
in sodium phosphate buffer-soluble fractions of peanut seeds 
during early stages of A. parasiticus, A. oryzae, IN. sitophila 
and R. oligosporus contamination; time intervals of fungi 
growth ranged from 2 to 19 days (Table I ; 32, 34-37). 
Simultaneously, an increase in protein content occurred in 
buffer-insoluble fractions. During longer growth periods, 
fungi grew luxuriantly (e .g . , A. parasiticus; Figure 1), and 
most fungi-inoculated seeds showed a continued decrease in solu
ble proteins with a leveling off at the later stages of growth, 
while others increased in soluble protein (A. oryzae). The 
rate of these changes varied signif icantly between experiments 
of A. parasiticus-inoculated seeds. 

The data imply different rates and/or mechanisms of peanut 
protein hydrolysis by the fungi used in these experiments. The 
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96 FOOD PROTEIN DETERIORATION 

Figure 1. Typical peanut seeds contam
inated with A . parasiticus and then incu
bated for 0 to 5 days. Included are cross 
sections of seeds incubated for 5 days to 
show mold penetration. (Reproduced, 
with permission, from Ref. 34. Copyright 

1974, Physiol. Plant Pathol.j 
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5. CHERRY Seed Protein Deterioration 97 

organisms are known to exhibit strong and several types of 
proteolytic act iv i ty (13 -19 ,29»30 ,31 ,34 ,39 ) . The sustained 
increase in amount of proteins in soluble and insoluble 
fractions during the later fungi growth stages suggests that 
there is an accumulation of low molecular weight proteins, 
peptides and amino acids which have differing molecular 
properties and so lubi l i t i es in the phosphate buffer. This may 
be due in part to increased level s of extractable and 
nonextractable fungal mycelial enzymatic proteins and related 
metabolites that are present in seed fractions during the later 
stages of the test periods. A significant contribution to the 
apparent increase in soluble protein in A. oryzae-contaminated 
seeds may be due to the accumulation of peanut protein 
hydrolysates that are not eff ic ient ly ut i l ized by this fungus 
for growth and metabolism. 

Gel electrophoretic properties. Gel electrophoretic pat
terns of proteins in buffer-soluble fractions showed that each 
fungus caused specific changes in these storage components 
during the growth period (Figures 2, 3, and 4). No protein 
changes were noted in gel patterns of control seeds. In 
general, protein patterns of seeds contaminated with the 
various fungi, when compared to those of the noninoculated 
control , showed new protein components in region 0-1.0 cm and 
increased mobility and poor resolution of the major dark 
staining bands in region 1.0-2.0 cm, as fungi growth progressed. 
At the same time, bands normally located in region 2.0-3.5 cm 
disappeared, and a new group of polypeptides appeared in region 
3.5-7.0 cm. During later stages of growth, many of the proteins 
became d i f f i cu l t to distinguish in the lower half of the gel 
patterns. 

The changes in protein properties on electrophoretic gel s 
were more rapid in experiment 1 than experiment 2 with A. 
parasiticus, as was shown with the quantitative data (cf Table 
I and Figure 2). With A. oryzae, the major difference between 
the two experiments was that the smaller molecular weight com
pounds in region 2.0-6.0 cm seemed to disappear more rapidly in 
experiment 1 than 2 (Figure 3). 

The two protein bands in region 0.5-2.0 cm of electro
phoretic gels shown in Figures 2, 3, and 4 have been character
ized as the major storage globulin, arachin, which is present 
in aleurone grains of peanut seeds (40). These bands were not 
clearly discernable in the gel patterns after day 3; this was 
especially noted in experiment 1 with A. parasiticus (Figure 
2). Evidently, as portions of the arachin components were 
hydrolyzed by a combination of proteases from the fungi and the 
peanut seeds, their s izes, conformations and electr ica l charges 
gradually changed resulting in an increase in electrophoretic 
mobility. Arachin is most l ike ly being hydrolyzed to small 
polypeptide components and free ami no acids. 
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98 FOOD PROTEIN DETERIORATION 

Figure 2. Polyacrylamide disc-gel electrophoretic patterns of buffer-soluble pro
teins from A. pMBslticm-inoculated peanut seeds of Experiments 1 and 2 after 
incubation for 0-18 days. (Reproduced, with permission, from Ref. 35. Copy

right 1975, Can. J . Bot.) 
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CHERRY Seed Protein Deterioration 

Figure 3. Polyacrylamide disc-gel electrophoretic patterns of buffer-soluble pro
teins from A. oryme-inoculated peanut seeds of Experiments 1 and 2 after incuba
tion for 0-18 days. (Reproduced from Ref. 36. Copyright 1976, American Chem

ical Society.) 
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100 FOOD PROTEIN DETERIORATION 

Figure 4. Poly aery lamide disc-gel electrophoretic patterns of buffer-soluble pro
teins from R. oligosporus- and N. sitophilm-inoculated peanut seeds after incuba
tion for 0-7 days. (Reproduced, with permission, from Ref. 32. Copyright 1976, 

Cereal Chem.) 
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5. CHERRY Seed Protein Deterioration 101 

Free amino acids. Analysis of free essential amino acid 
contents of peanut seeds during a 2- to 7-day period of rapid 
growth of the various fungi used in this study showed that most 
of these components increased to levels greater than those 
observed in uninoculated seeds (Table II ; 32,35,36,37). 
Similar observations were noted with many of the nonessential 
amino acids (32,35,36,37). During later stages, many of the 
free ami no acids decreased in amount, most l i ke l y being used as 
nutrients by the fungi. These observations coincide with the 
deterioration of proteins to small molecular weight components 
and their disappearance from gel electrophoretic patterns. 

Enzyme analyses. Gel electrophoretic patterns of buffer-
soluble extracts from fungi-inoculated peanut seeds showed many 
biochemical transformations in enzymes (29,30,31,34). Examples 
of selected enzyme patterns of A. flavus-contaminated seeds are 
shown in Figure 5 (31). Changes included deletion of some 
enzymes, intensification of others and/or the production of new 
multiple molecular forms (31). These enzyme systems cause 
degradation of storage protein peptides (leucine aminopep-
tidases), hydrolysis of many ester linkages (esterases, acid 
and alkaline phosphatases) and oxidation reactions (phospho-
gluconate, alcohol, mal ate and glucose-6-phosphate 
dehydrogenases). As a result of enzyme changes, other studies 
suggested increased hormonal interaction and/or oxidation of 
organic substrates with hydrogen peroxide (peroxidases, 
oxidases) and decomposition of toxic substances such as hydro
gen peroxide (catalases) (29,30,34). No doubt, these data on 
enzyme changes as fungal growth progresses in seeds, make i t 
d i f f i cu l t to prepare vegetable protein products of known com
position and s tab i l i t y during handling, storage and processing. 

Discussion 

The observation that proteins, enzymes and amino acid 
quantities in various preparations of peanut seeds inoculated 
with A. parasiticus, A. oryzae, A. flavus, R. oligosporus, or 
N. s i tophila are different from those of noninoculated seeds 
expands presently known information on the effects of 
saprophytic organisms on plant tissues. For example, gel 
electrophoretic data show that water-soluble proteins from 
fungi-inoculated peanut seeds are hydrolyzed to their 
structural components during various test periods. New 
multiple molecular forms of enzymes appear, or i f stored in 
inactive forms, are activated. These data also imply various 
rates and/or mechanisms of storage protein hydrolysis for the 
different fungi included in these studies. 

Other studies have shown that although certain proteolytic 
enzymes may be common to different fungi, each species has the 
capacity to produce proteinases endemic to i t s e l f (13-19). 
Quantitatively, there are decreases and, in some cases, 
increases, in percentages of prote iη of soluble extracts during 
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104 FOOD PROTEIN DETERIORATION 

the test periods, regardless of the fungus used, while at the 
same time an increase in these constituents occurs in insoluble 
fractions. These changes are further confirmed by observations 
showing that the total protein ami no acid composition of the 
soluble and insoluble fractions are continually changing 
(32,35,36) and that free amino acid quantities are increasing. 
Evidently, in the presence of these fungi the major storage 
proteins of fungi-inoculated seeds are converted to free amino 
acids and polypeptides of various sizes having different solu
b i l i t y characteristics. Changes in so lubi l i ty of various 
hydrolyzed products of proteins may also be related to their 
differential interactions with other degraded constituents 
stored in peanut seeds (o i l s , fatty acids, sugars, e tc . ; 33). 

Previous to these studies on peanut seeds inoculated with 
different fungi, most research on this subject was on the proxi
mate composition of finished fermented products compared to the 
nonfermented substrates (18,19,41,42,13). Other studies showed 
that quantities and proportions of essential ami no acids in 
certain fermented products were greatly improved over those of 
raw substrates (12). These improvements were partly attributed 
to fungal digestion of proteins to their structural components, 
which yielded more nutritious food products. Thus, while 
hydrolyzed protein components in fermenting substrates serve as 
primary sources of readily available nutrients for fungal 
metabolism and growth, they in turn have the poss ib i l i ty of 
improving the nutritional and functional properties of ferments 
as foods or feeds. 

This chapter showed that techniques normally used to pre
pare protein extracts from high quality oilseeds w i l l not 
necessarily produce fractions similar to those from seeds 
inoculated with A. parasiticus, A. oryzae, A. flavus, R. 
oligosporus, or N_. s i tophi la . In fact, the resulting extracts 
w i l l depend on the species of fungus used and the length of the 
growth period. Since these conditions affect the type and 
quantity of proteins and ami no acids in various peanut 
extracts, they should also alter the nutritional and functional 
properties of peanut protein products to different forms from 
those of quality seeds. For example, fungus-inoculated peanut 
seeds have greater quantities of certain essential ami no acids 
in soluble and insoluble protein fractions than those of 
noninoculated seeds. In future studies, these factors need to 
be considered in research to expand u t i l i za t ion in foods or 
feeds of protein isolates or concentrates from various fungi -
inoculated oilseeds. 

Conclusions 

Fungi (e.g. , A. parasiticus, A. oryzae, A. flavus, R. 
oligosporus and N. sitophila) growing on oilseeds and their 
products for various times greatly altered the protein's 
so lub i l i t y and gel electrophoretic properties. In aqueous 
extracts of inoculated materials, protein quantities changed to 
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5. CHERRY Seed Protein Deterioration 105 

levels much lower or higher than those not inoculated with 
fungi. Simultaneously, the amounts of insoluble proteinaceous 
compounds changed to quantities greater or lesser than those 
contained in soluble fractions. Gel electrophoresis of soluble 
extracts from inoculated seeds showed that proteins were hydro
lyzed to small molecular-weight components which eventually 
disappeared as fungal growth progressed. A corresponding 
increase in quantity of most free ami no acids coincided with 
the substantial alterations of proteins in both soluble and 
insoluble fractions. During the interval of protein changes, 
electrophoretic patterns of inoculated seeds showed that some 
enzymes were deleted, others were intensif ied, and/or new 
molecular forms of these constituents appeared. These data 
suggested that inoculation of oilseeds and their products with 
fungi in i t iated a sequence of events whereby enzyme composition 
was changed, and proteins were hydrolyzed f i r s t to small 
polypeptides and/or insoluble components, then to free ami no 
acids. 
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6 
Behavior of Proteins at Low Temperatures 

OWEN FENNEMA 
University of Wisconsin—Madison, Department of Food Science, 
Madison, WI 53706 

Protein behavior at below ambient temperatures has received 
l i t t le attention compared to that of protein behavior at physio
logical temperatures or above. This is , of course, understand
able, but nonetheless unfortunate, since proteins are believed by 
many authorities to be involved in significant, if not substan
t ia l , ways with the ability or inability of living matter and 
foods to tolerate a variety of low temperature situations. 

*The ability of some animals to hibernate and others to 
acclimate when exposed to a low, nonfreezing environment. 

*The ability of some plants to "winter harden" and thereby 
tolerate freezing conditions. 

*The ability of some fish to avoid freezing at water tempera
tures normally low enough to cause freezing. 

*The ability of some microbial cultures and other small 
biological specimens to survive freezing, frozen storage 
and thawing. 

*The inability of humans to tolerate low nonfreezing body 
temperatures. 

*The inability of large biological specimens such as whole 
organs and small, whole animals to survive preservation by 
freezing. 

*The inability of plant and animal food tissue to withstand 
commercial freeze preservation procedures without under
going detrimental changes, particularly with respect to 
water holding capacity and texture. 

In addition, i t should be noted that a l l too many researchers 
pay insufficient attention to the effects of low temperature 
storage on proteinaceous samples, assuming simply, and often 
falsely, that the lower the temperature the better. 

As will be documented in this Chapter, the behavior of 
proteins at low temperatures often deviates from intuitive 
expectations. Functional properties, especially enzyme activity, 
can change nonlinearly as the temperature is lowered and this 
unexpected behavior becomes even more erratic when cellular 
systems are involved and/or freezing occurs. Changes in enzyme 

0097-6156/82/0206-0109$07.75/0 
© 1982 American Chemical Society 
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110 FOOD PROTEIN DETERIORATION 

a c t i v i t y r e s u l t i n g from a l o w e r i n g o f temperature can be 
r e v e r s i b l e , p a r t i a l l y r e v e r s i b l e o r i r r e v e r s i b l e depending on 
f a c t o r s such as the k i n d of enzyme, the n a t u r e o f the sample and 
the time-temperature scheme employed. From what has a l r e a d y been 
s a i d , a r e d u c t i o n i n temperature a l s o would be expected t o cause 
s i g n i f i c a n t i n t r a - and i n t e r m o l e c u l a r changes i n p r o t e i n s , and 
these a l t e r a t i o n s do i n f a c t o c c u r . 

The b e h a v i o r o f p r o t e i n s i n n o n c e l l u l a r and c e l l u l a r systems 
w i l l be c o n s i d e r e d a t temperatures c o v e r i n g above and below 
f r e e z i n g c o n d i t i o n s . A t t e n t i o n w i l l be g i v e n t o b o t h changes i n 
p r o t e i n f u n c t i o n a l i t y ( mainly enzyme a c t i v i t y ) and changes i n 
p r o t e i n s t r u c t u r e . 

E x p e r i m e n t a l Procedures 

One obvious r e a s o n f o r the l i m i t e d amount o f r e s e a r c h b e i n g 
generated on p r o t e i n s a t low temperatures r e l a t e s t o the d i f f i 
c u l t i e s of c o n d u c t i n g t h i s k i n d of r e s e a r c h , p a r t i c u l a r l y i n the 
presence o f i c e . O p t i c a l p r ocedures t h a t a re r e l i e d on so 
h e a v i l y i n u n f r o z e n l i q u i d samples are g e n e r a l l y u s e l e s s when an 
i c e phase i s p r e s e n t . Furthermore, g r o s s nonhomogeneity e x i s t s 
i n f r o z e n samples and t h i s nonhomogeneity changes w i t h f r o z e n 
s t o r a g e . Procedures t o a c c u r a t e l y a s s e s s the c h a r a c t e r i s t i c s of 
samples of t h i s n a t u r e s i m p l y do not e x i s t . Thus, many 
r e s e a r c h e r s e v a l u a t e the e f f e c t s o f f r e e z i n g and f r o z e n s t o r a g e 
a f t e r thawing. Furthermore, a l l too many i n v e s t i g a t o r s f a i l t o 
d e s i g n t h e i r s t u d i e s so t h a t the e f f e c t s o f f r e e z i n g r a t e can be 
i s o l a t e d from the e f f e c t s of f r e e z i n g depth ( n a d i r ) . 

One approach t o s t u d y i n g enzyme-catalyzed r e a c t i o n s a t v e r y 
low temperatures (down t o about -100°C) i n v o l v e s the use o f 
aqueous-organic s o l v e n t s w i t h f r e e z i n g p o i n t s s u f f i c i e n t l y low t o 
a v o i d i c e f o r m a t i o n (_1_, 2). T h i s t e c h n i q u e was developed p r i m a r 
i l y t o study r e a c t i o n i n t e r m e d i a t e s and has proven r e a s o n a b l y 
s u c c e s s f u l . Some concern e x i s t s , however, t h a t h i g h c o n c e n t r a 
t i o n s of o r g a n i c s o l v e n t s might i n f l u e n c e r e a c t i o n pathways. 

F a c t o r s I n f l u e n c i n g Enzyme A c t i v i t y at Low Temperatures 

In t h i s s e c t i o n , enzyme a c t i v i t y i n s i m p l e , n o n c e l l u l a r 
systems w i l l be c o n s i d e r e d f i r s t and t h i s w i l l be f o l l o w e d by a 
d i s c u s s i o n of enzyme a c t i v i t y i n c e l l u l a r systems. 

Enzymes i n n o n c e l l u l a r , s i m p l e systems a t low temperatures. 
F a c t o r s c o n s i d e r e d t o be of s i g n i f i c a n c e i n g o v e r n i n g the 
a c t i v i t y of enzymes a t low temperatures i n c l u d e n a t u r e o f the 
enzyme, temperature dependence, c o o l i n g - f r e e z i n g p r o c e d u r e s , and 
c o m p o s i t i o n o f the medium. 

1) Nature o f the enzyme. I t i s w e l l known t h a t enzymes 
d i f f e r g r e a t l y i n t h e i r response t o a v a r i e t y o f c o n d i t i o n s so i t 
s h o u l d be no s u r p r i s e t h a t marked d i f f e r e n c e s i n the b e h a v i o r of 
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6. FENNEMA Behavior of Proteins at Low Temperatures 111 

various enzymes are observed during cooling and freezing. Some 
enzymes, for example, exhibit great tolerance to freeze-thaw 
treatments, whereas others do not (3, 4_» 5); and some exhibit 
s i g n i f i c a n t a c t i v i t y i n p a r t i a l l y frozen systems (e.g. oxidases 
and lipases) whereas others do not (e.g. some proteinases) (6-10). 
Based largely on a review of the Japanese and Russian l i t e r a t u r e , 
Lozina-Lozinskii (11) concluded that freezing causes greater 
changes in f i b r i l l a r proteins than i n globular proteins. The 
ramifications of this conclusion, of course, involve more than 
just enzyme a c t i v i t y . 

2) Temperature dependence. Temperature i s , of course, 
a factor of primary importance in determining enzyme a c t i v i t y and 
reaction rates. The relationship between the reaction rate con
stant and absolute temperature i s expressed by the well known 
Arrhenius equation (k = se~^ ' ), and i t i s normally expected 
that Arrhenius plots (log k vs. 1/T) w i l l be linear over reason
ably small (20-30°C) temperature spans. This expectation i s not 
normally met, however, for enzyme suspensions at low or even mod
erately low temperatures (12, 13, 14). For example, nonlinear 
Arrhenius plots have been observed at s l i g h t l y above-freezing 
temperatures for pyruvate carboxylase (15), glutamate carboxylase 
(16), acetyl CoA-carboxylase (17), pyruvate orthophosphate 
dikinase (18), lipase (10) and for phosphatase and peroxidase 
(9). The behavior of lipase i s shown i n Figure 1. It has been 
suggested that these data conform equally well to a smooth curve 
and that more acceptable interpretations are possible in thi s 
form (14). It also should be emphasized that the plot i n Figure 1 
i s obtained both i n the presence and absence of ic e . Thus, the 
independent effect of decreasing temperature can cause enzyme-
catalyzed reactions i n simple systems to depart i n a si g n i f i c a n t 
negative fashion from the Arrhenius equation. 

It should not be assumed, however, that the effects of 
temperature lowering and the effects of temperature lowering plus 
the formation of ice always produce Arrhenius plots that are 
superimposable. Freezing introduces many more complexities 
(changes in pH, ionic strength, solute concentration, etc.) than 
temperature lowering alone and the effects of freezing are there
fore not always consistent with the pattern i n Figure 1. 
Although rare, freezing can, for example, actually cause an 
increase i n the rate constant for some enzyme-catalyzed reactions 
(19, 20). 

The general pattern of a negative deviation from the 
Arrhenius relationship as temperature i s lowered (with or without 
freezing) probably involves conformational changes i n the enzyme 
and/or an association-dissociation type transition that leads to 
enzyme i n a c t i v i t y . In this case, one of the assumptions under
lying the a p p l i c a b i l i t y to the Arrhenius relationship i s violated 
and l i n e a r i t y would not be expected. 

A second property of enzymes that i s sometimes temperature 
dependent i s their a f f i n i t y for substrate. Under appropriate 
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112 FOOD PROTEIN DETERIORATION 

Figure 1. Log rate of hydrolysis (i.e., log reciprocal of time required for 1% 
hydrolysis) of tributyrin by lipase as influenced by temperature. (Reproduced, with 

permission, from Ref. 10. Copyright 1942, Institute of Food Technologists.) 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 113 

c i r c u m s t a n c e s , enzyme-substrate a f f i n i t y i s i n d i c a t e d by the 
magnitude o f the M i c h a e l i s c o n s t a n t (Km), and r e p o r t s of a s t r o n g 
temperature dependence of t h i s v a l u e have been observed f o r 
s e v e r a l enzymes i n c l u d i n g l a c t a t e dehydrogenases (21, 2 2 ) , phos-
phophenol p y r u v a t e c a r b o x y l a s e (23) and p h e n y l a l a n i n e ammonia 
l y a s e ( 2 4 ) . The r e l a t i o n s h i p between Km and temperature f o r 
l a c t a t e dehydrogenases from v a r i o u s sources i s shown i n F i g u r e 2. 
In these examples, maximum apparent enzyme-substrate a f f i n i t y 
(minimum Km) corresponds v e r y c l o s e l y t o the h a b i t a t o r 
a c c l i m a t i o n temperature o f the host from which the enzyme i s 
d e r i v e d . A r e v e r s i b l e change i n c o n f o r m a t i o n near the enzyme 
a c t i v e s i t e c o u l d be r e s p o n s i b l e f o r t h i s b e h a v i o r ( 2 3 ) . S i n c e 
s u b s t r a t e c o n c e n t r a t i o n s i n c e l l s a r e n o r m a l l y low ( u s u a l l y 1 mM 
or l e s s ) and seldom, i f e v e r , a t t a i n s a t u r a t i o n l e v e l s f o r most 
enzymes, the temperature dependence of Km v a l u e s i n l i v i n g 
systems i s c o n s i d e r e d o f f a r g r e a t e r importance than the tempera
t u r e dependence of V m a x v a l u e s ( 2 2 ) . 

S t i l l another temperature-dependent p r o p e r t y o f enzyme-
c a t a l y z e d r e a c t i o n s i s worthy of mention. T h i s concerns the 
u l t i m a t e e x t e n t t o which t h e s e r e a c t i o n s proceed. I t i s commonly 
observed t h a t t he u l t i m a t e a c c u m u l a t i o n o f r e a c t i o n p r o d u c t s tends 
t o decrease as the s u b f r e e z i n g temperature i s decreased. For 
example, t h i s r e s u l t has been observed f o r d e n a t u r a t i o n of 
chymotrypsinogen (25) and f o r r e a c t i o n s c a t a l y z e d by l i p a s e (26), 
i n v e r t a s e (27) and l i p o x y g e n a s e (28), w i t h d a t a i l l u s t r a t i n g the 
l a t t e r example a p p e a r i n g i n F i g u r e 3. P o s s i b l e e x p l a n a t i o n s f o r 
t h i s b e h a v i o r i n c l u d e ; 

^ R e v e r s i b l e changes i n enzyme a c t i v i t y stemming from 
r e v e r s i b l e changes i n enzyme c o n f o r m a t i o n and/or a s s o c i a 
t i o n . These changes c o u l d o c c u r because of the d i r e c t 
e f f e c t s o f temperature o r the i n d i r e c t e f f e c t s of f r e e z i n g 
(pH change, i n c r e a s e i n i o n i c s t r e n g t h , e t c . ) . 

^ R e s t r a i n t s on d i f f u s i o n o f s u b s t r a t e , r e a c t i o n p r o d u c t s 
and/or enzyme. T h i s c o u l d o c c u r because o f entrapment i n 
i c e and/or slow d i f f u s i o n i n the c o n c e n t r a t e d , h i g h -
v i s c o s i t y , u n f r o z e n phase. I n l i q u i d systems, v i s c o s i t y i s 
known to decrease as a f u n c t i o n o f 1/T, but the consequences 
on enzyme a c t i v i t y , even a t v e r y low tem p e r a t u r e s , i s not 
c o n s i d e r e d important ( 2 9 ) . However, once i c e f o r m a t i o n 
o c c u r s , v i s c o s i t y i n c r e a s e s a b r u p t l y t o a v e r y h i g h l e v e l 
and the e f f e c t on enzyme a c t i v i t y , a l t h o u g h not w e l l known, 
i s l i k e l y t o be s u b s t a n t i a l . 

3) C o o l i n g and f r e e z i n g p r o c e d u r e s . C o o l i n g and 
f r e e z i n g p r o c e d u r e s , e s p e c i a l l y the l a t t e r , can have pronounced 
e f f e c t s on enzyme a c t i v i t y . F a c t o r s such as r a t e s of c o o l i n g , 
f r e e z i n g and warming, temperature n a d i r , and the time and tempera
t u r e of f r o z e n s t o r a g e a l l are s i g n i f i c a n t (3, 8̂, 30, 31). I n 
e v a l u a t i n g t h ese e f f e c t s , one s h o u l d be aware t h a t most i n v e s t i 
g a t o r s have measured enzyme a c t i v i t y f o l l o w i n g thawing r a t h e r 
than d u r i n g f r o z e n s t o r a g e , and have confounded the e f f e c t s o f 
f r e e z i n g r a t e and temperature n a d i r . 
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114 F O O D P R O T E I N D E T E R I O R A T I O N 
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Figure 2. Temperature dependence of Michaelis constant (Km) of pyruvate in 
reactions catalyzed by lactate dehydrogenases. Temperatures indicate average tissue 
temperatures. (Reproduced, with permission, from Ref. 21. Copyright 1968, Per-

gamon Press.) 
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Figure 3. Effect of sub free zing storage temperatures on the ultimate accumulation 
of oxidation products of linolenic acid. (All samples were rapidly frozen to —78.5 
°C, then stored at temperatures indicated.) Each value is a mean of four deter
minations. (Reproduced, with permission, from Ref. 28. Copyright 1980, Academic 

Press.) 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 115 

4) Composition of the sample. Enzyme purity and concen
tra t i o n , pH of the medium, the kind and quantity of electrolytes 
present and the absence or presence of protective agents (such as 
proteins, glycerol, sugars, dimethyl sulfoxide, etc.) can greatly 
influence enzyme a c t i v i t y at low temperatures. For example, 
retention of a c t i v i t y of lactate dehydrogenase i n a simple solu
tion following thawing i s favored when enzyme concentration i s 
high, s a l t concentration i s low, chlorides rather than phosphates 
are present, other proteins or glycerol are present, and pH i s at 
the upper end of the range 6.0-7.8 (31, 32). During freezing, 
the concentration of solutes i n the unfrozen phase always 
increases and, as a re s u l t , properties such as pH (31, 33, 34), 
ionic strength, surface tension, concentration of dissolved gases 
and v i s c o s i t y undergo marked changes. A l l of these properties 
have important influences on enzyme a c t i v i t y . 

Enzymes in c e l l u l a r systems at low temperatures. Enzyme 
a c t i v i t y in c e l l u l a r systems i s influenced by a l l of the factors 
previously discussed, with additional complications a r i s i n g because 
of the c e l l u l a r structure. Two complications of particular 
importance involve the behavior of enzymes during c h i l l i n g injury 
of plants, and d e r e a l i z a t i o n of enzymes during freezing of both 
plant and animal tissues. 

It has long been recognized that plants of t r o p i c a l and 
subtropical origins undergo detrimental physiological changes, 
known as " c h i l l i n g injury," when exposed to low nonfreezing temp
eratures. Two occurrences associated with c h i l l i n g injury are 
1) a l t e r a t i o n of membrane structure i n organelles (35, 36) and 
2) discontinuities i n , or at least a sharp change i n the 
curvature of, Arrhenius plots for reactions catalyzed by membrane-
bound enzymes. These discontinuities generally coincide well 
with the maximum temperature for the onset of membrane damage and 
c h i l l i n g injury (35, 3 7 ) . The l a t t e r occurrence exemplifies 
protein behavior that i s apparently unique to c e l l u l a r systems 
and i s worthy of further consideration. 

Numerous enzymes, t y p i c a l l y nonsoluble (e.g. associated with 
membrane systems or starch grains) and from c h i l l i n g - s e n s i t i v e 
plants, exhibit nonlinear Arrhenius plots at above-freezing 
temperatures. An example involving cytochrome oxidase a c t i v i t y 
i n intact mitochondria from tomato i s shown i n Figure 4. The 
most attractive explanation for this behavior i s that the enzyme 
i s associated with a l i p i d , and i t i s temperature-induced changes 
in t h is association, perhaps changes i n f l u i d i t y of the l i p i d and/ 
or changes i n the geometry of the l i p i d molecules, that produce a 
conformational change in the enzyme and reversible inactivation. 

Although most reports of the anamolous behavior mentioned 
above involve enzymes that are attached to membranes or other 
c e l l u l a r p a r t i c l e s , attachment i s not a prerequisite for t h i s 
behavior. Enzymes experimentally detached from membranes of 
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116 F O O D P R O T E I N D E T E R I O R A T I O N 

Figure 4. Arrhenius plot of cytochrome oxidase activity in mitochondria. (Repro
duced, with permission, from Ref. 40. Copyright 1979, Academic Press.) 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 111 

c h i l l i n g - s e n s i t i v e p l a n t s w i l l e x h i b i t t h i s b e h a v i o r (39) and 
t h e r e i s a t l e a s t one r e p o r t of a s o l u b l e enzyme, phosphophenol 
p y r u v a t e c a r b o x y l a s e from tomato ( 2 3 ) , t h a t e x h i b i t s t h i s be
h a v i o r . S i n c e treatment of the enzyme w i t h a d e t e r g e n t , o r some 
o t h e r substance t h a t w i l l remove l i p i d s , w i l l o f t e n (but not 
always) cause the enzyme t o y i e l d l i n e a r A r r h e n i u s p l o t s , i t i s 
the l i p i d - p r o t e i n i n t e r a c t i o n , and perhaps the n a t u r e of the 
l i p i d i t s e l f , t h a t i s b e l i e v e d r e s p o n s i b l e f o r the n o n l i n e a r 
A r r h e n i u s p l o t s (38, 39, 4 0 ) . 

A l t h o u g h most i n v e s t i g a t o r s b e l i e v e t h a t p r o t e i n s a r e not 
d i r e c t l y i n v o l v e d i n c h i l l i n g i n j u r y (41) t h i s v i e w i s not 
u n i v e r s a l l y h e l d ( 2 3 ) . 

The b e h a v i o r of enzymes d u r i n g f r e e z e - p r e s e r v a t i o n can v a r y 
g r e a t l y depending on whether the enzyme i s l o c a t e d i n a c e l l u l a r 
or n o n c e l l u l a r environment. Many enzyme-catalyzed r e a c t i o n s i n 
c e l l u l a r systems a c t u a l l y i n c r e a s e i n r a t e d u r i n g f r e e z i n g . Exam
p l e s i n c l u d e enzyme-catalyzed d e g r a d a t i o n of g l ycogen and/or a c c u 
m u l a t i o n of l a c t a t e i n f r o g , f i s h , beef or p o u l t r y muscle ( 4 2 - 4 6 ) ; 
enzyme-catalyzed d e g r a d a t i o n of h i g h energy phosphates i n f i s h , 
beef and p o u l t r y muscle (42, 47-52); enzyme-catalyzed h y d r o l y s i s 
of p h o s p h o l i p i d s i n cod muscle ( 5 3 ) ; enzymic d e c o m p o s i t i o n of 
pe r o x i d e s i n r a p i d l y f r o z e n p o t a t o e s and i n s l o w l y f r o z e n peas 
(54); and o x i d a t i o n of L - a s c o r b i c a c i d i n r o s e h i p s (55) , s t r a w 
b e r r i e s (30) and B r u s s e l s s p r o u t s ( 5 6 ) . I n n o n c e l l u l a r systems, 
t h i s b e h a v i o r i s v e r y uncommon, and has been observed o n l y when 
the sample i s extremely d i l u t e p r i o r t o f r e e z i n g . 

The i n c r e a s e i n s o l u t e c o n c e n t r a t i o n t h a t o c c u r s i n the 
u n f r o z e n phase d u r i n g f r e e z i n g i s o f t e n suggested as b e i n g 
r e s p o n s i b l e f o r i n s t a n c e s o f f r e e z e - i n d u c e d i n c r e a s e s i n r e a c t i o n 
r a t e s . For enzyme-catalyzed r e a c t i o n s i n c e l l u l a r systems, t h i s 
e x p l a n a t i o n i s i n a p p r o p r i a t e because: 

*Enhanced r e a c t i o n r a t e s i n f r o z e n c e l l u l a r systems o f t e n do 
not decrease upon thawing (57, 58, 59). T h i s would not be 
so i f f r e e z e - i n d u c e d c o n c e n t r a t i o n s of s o l u t e s were the 
cause s i n c e thawing would r e v e r s e the c o n c e n t r a t i o n 
e f f e c t . 

*Enzyme-catalyzed r e a c t i o n s i n n o n c e l l u l a r systems r a r e l y 
a c c e l e r a t e d u r i n g f r e e z i n g , even though the f r e e z e - c o n c e n -
t r a t i o n phenomena i s f u l l y o p e r a t i v e . 

The most r e a s o n a b l e e x p l a n a t i o n f o r the f r e e z e - i n d u c e d r a t e 
enhancement of enzyme-catalyzed r e a c t i o n s i n c e l l u l a r systems 
i n v o l v e s membrane damage. I t i s w e l l known t h a t f r e e z i n g can 
d i s r u p t membranes and thereby cause r e l e a s e of enzymes. 
Documented i n s t a n c e s i n c l u d e r e l e a s e o f cytochrome o x i d a s e from 
m i t o c h o n d r i a i n beef and t r o u t muscle and i n c h i c k e n l i v e r ( 6 0 ) ; 
r e l e a s e of a c i d l i p a s e s from lysosomes from rainbow t r o u t ( 6 1 ) ; 
and r e l e a s e of malate and glutamate dehydrogenases, glutamate 
p y r u v a t e t r a n s a m i n a s e , glutamate or a l o a c e t a t e t r a n s a m i n a s e , 
a c o n i t a s e and fumarase from m i t o c h o n d r i a of b o v i n e and p o r c i n e 
muscle ( 6 2 ) . I t i s a l s o r e a s o n a b l e t o expect t h a t not o n l y 
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118 F O O D P R O T E I N D E T E R I O R A T I O N 

enzymes would be delocalized by freezing, but also substrates and 
other constituents that influence rates of enzyme reactions (8). 

F i n a l l y , i t should be noted that c h i l l i n g , or freezing and 
frozen storage, can also a l t e r the binding states ( i o n i c a l l y 
bound vs. soluble), and the r e l a t i v e concentrations of isoenzymes 
in c e l l u l a r systems (5, 63, 64). 

Effect of Low Temperature on Protein Structure 

Although i t i s commonly believed that proteins become more 
stable as the temperature i s lowered, i t has already been shown 
that many proteins exhibit i n s t a b i l i t y , as measured by p a r t i a l 
loss of functionality, at low, especially subfreezing, tempera
tures. In this section, attention w i l l be directed to molecular 
changes that proteins can undergo at low temperatures. These are 
important because they are no doubt responsible for observed 
alterations i n protein functionality at low temperatures. 

C l a s s i f i c a t i o n of molecular changes in proteins at low 
temperatures. 

1) Dissociation of oligomers. According to Taborsky 
(65) and Lozina-Lozinskii (11), dissociation of protein oligomers 
into subunits i s a primary response of enzymes to freezing. 
Examples of proteins behaving i n this manner include lactate 
dehydrogenase (66) , α-chymotrypsin (67) , glutamate dehydrogenase 
(68), an apoprotein of high-density serum lipoproteins (69), 
glucose-6-phosphate dehydrogenase (70) , pyruvate orthophosphate 
dikinase (18), albumins and globulins (71) and deoxyribonucleo-
proteins (72). % 

2) Rearrangement of subunits within oligomers. An 
example of this kind involves lactate dehydrogenase (3). 

3) Aggregation. Low temperature association (a s p e c i f i c 
form of aggregation usually involving subunits of oligomers and 
sp e c i f i c bonding sites) of protein subunits i s comparatively 
rare. One example involves a tr a n s i t i o n of monomers to trimers 
in a membrane proteinase from Streptococcus l a c t i s (73). Fink 
(2) also has found that association of enzyme subunits can occur 
at low temperatures i n aqueous-organic solvents. 

Gelation of egg yolk i s routinely observed during freezing 
and thawing (74, 75). Low temperature aggregation has also been 
reported for 17B-hydroxysteroid dehydrogenase (76) , urease (77) 
and myosin (78). Casein micelles i n milk can also aggregate 
during frozen storage. In the early stages, a flocculent 
precipitate forms, and i n the more advanced stages, a gel (79). 

4) Changes i n conformation. Reports of conformâtional 
changes in proteins at low temperatures are reasonably abundant 
(11, 12, 80). Examples include phosvitin (81) , actomyosin (82), 
myosin Β (83), v i r i o n s of southern bean mosaic virus (84), snake 
venom L-amino oxidase (85) and numerous instances of denaturation 
cited by Brandts (12). 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
6



6. F E N N E M A Behavior of Proteins at Low Temperatures 119 

Discussion of changes i n protein structure at low tempera
ture. The types of changes cited above can be best understood i f 
two premises, that appear to have general a p p l i c a b i l i t y to these 
situations, are accepted. F i r s t , i t i s generally agreed that the 
te r t i a r y native structure of protein i s maintained by several 
types of interactions, namely hydrophobic, hydrogen-bonding, 
e l e c t r o s t a t i c and van der Waals forces (86). Among these, 
hydrophobic interactions are regarded as being of primary 
importance i n most proteins (65, 80, 87) and the strength of 
these interactions i s weakened by lowering the temperature. 
Therefore, lowering the temperature w i l l tend to produce 
structural changes i n those protein molecules that are dependent 
on hydrophobic interactions for maintenance of native structure 
(65, 87). It should also be recognized that t h i s statement 
applies equally well to both association-dissociation transitions 
and to changes i n conformation (88) . Although this c l e a r l y 
applies to the situations being considered here, i t should never
theless be recognized that the simple relationship between hydro
phobic interactions and temperature i s not capable of accounting 
for a l l protein structural changes that are observed at low 
temperatures. For example, factors other than temperature have 
profound effects on the structure of proteins, and some of these 
factors (pH, ionic strength, surface tension, protein concentra
tio n , concentration of nonprotein solutes) change substantially 
during freezing. 

Second, a thermodynamic approach to the molecular behavior 
of proteins at low temperatures provides information of great 
importance and must therefore occupy a position of central 
importance i n this discussion. A l l of the protein alterations 
mentioned previously involve the transfer of some portion of a 
protein molecule from an aqueous environment to an ess e n t i a l l y 
organic environment (to the i n t e r i o r of a folded protein) or the 
reverse. Dissociation and unfolding involve increased exposure 
of protein surface to an aqueous environment (increased protein-
water interaction). Whether dissociation and/or unfolding w i l l 
actually occur depends solely on the change i n t o t a l free energy. 
If the change i n free energy for increased interaction with water 
i s negative, the dissociation-unfolding type transitions w i l l 
occur spontaneously, but nothing w i l l be known about rate. If 
the change i n free energy of increased water interaction i s 
positive, the association-folding-aggregation type transitions 
w i l l occur spontaneously, but again, nothing w i l l be known about 
rate. These statements, of course, apply to the overall behavior 
of the sample, not to individual molecules. Furthermore, changes 
in temperature can al t e r whether the transitions just mentioned 
w i l l result i n negative or positive changes i n free energy, so at 
one temperature, increased water interaction may be favored and 
at another temperature, the reverse may be true. 

It i s now instructive to examine some quantitative data for 
thermodynamic properties of globular proteins exposed to low 
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120 F O O D P R O T E I N D E T E R I O R A T I O N 

temperatures. At the outset, i t should be emphasized that data 
i s not abundant since the thermodynamic prerequisite of reaction 
r e v e r s i b i l i t y severely l i m i t s the conditions that can be used 
experimentally. Furthermore, the data presented here were 
developed on the assumption that the transitions under considera
tion (associâtionjdissociation; native^enatured) involve only 
two states. Reaction intermediates, i f they occur, must not be 
stable under the conditions used. This assumption i s considered 
reasonable for many proteins, including those considered here, 
but not necessarily for a l l proteins (12, 89, 90, 91). 

Shown in Figure 5 i s the temperature dependence of the 
standard free energy (AG° or AF°) of denaturation for chymotryp-
sinogen at three different pH values. Conditions were such that 
association did not occur and observations therefore pertain to 
nativejunfolded transitions of monomers. Since accurate values 
of AG° could be d i r e c t l y determined only within the range of 
±2,000 ca l o r i e s , the remainder of the data were calculated from 
a four-term power series involving absolute temperature (92). 
The data i n Figure 5 c l e a r l y indicate that AG° i s not a l i n e a r 
function of temperature as had been frequently assumed pr i o r to 
publication of these data. Instead, the relationship i s parabolic 
in nature, with a temperature of maximum s t a b i l i t y ( T m a x ) occur
ring at about 10-12°C, i . e . r a i s i n g or lowering the temperature 
from T m a x can result in denaturation (unfolding). Thus, low 
temperature denaturation i s c l e a r l y possible. 

Lowering the pH of the sample causes the entire curve to 
s h i f t to a more negative value of AG° and thereby reduce the 
temperature at which a value of AG° = 0 (for the high-temperature 
leg of the graph) i s attained. According to Brandts (12), the 
essential features of these data are undoubtedly t y p i c a l of 
denaturation reactions for most proteins. 

The data i n Figures 6 and 7 provide clear evidence that the 
conclusions drawn from Figure 5 are v a l i d . The data i n Figure 6 
relate to chymotrypsin at pH 1.47 and i t i s evident that this 
protein does, i n fact, exhibit maximum s t a b i l i t y at about 12°C, 
with increased denaturation occurring at higher or lower tempera
tures. T m a x for chymotrypsin i s therefore almost i d e n t i c a l to 
Tmax f o r chymotrypsinogen i n Figure 5. 

Figure 7 i s a van't Hoff plot (log equilibrium constant, Κ = 
unfolded/native vs. 1/T) for β-lactoglobulin A showing T m a x at 
about 35°C (90). A s u f f i c i e n t number of other investigators have 
reported incidences of low temperature denaturation to v e r i f y 
that t h i s behavior i s a reasonably common occurrence (12, 25). 

From the slopes of the curves i n Figure 7 i t i s possible to 
calculate the enthalpy of t r a n s i t i o n from the native to the 
denatured state, assuming a two-state process at a l l temperatures. 
From such calculations, i t i s found that the unfolding reaction 
for β-lactoglobulin A i s exothermic below 35°C and endothermic 
above this temperature (90). 

Calculated thermodynamic parameters for the a-chymotrypsino-
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6. F E N N E M A Behavior of Proteins at Low Temperatures 121 

pH 3.0, 0.01 M Cl 

J 1 I I I I X -
0 10 20 30 40 50 60 

TEMPERATURE 

Figure 5. Temperature dependence of the free energy of denaturation of chymo-
trypsinogen at different pH values and ionic strengths. (Reproduced from Ref. 92. 

Copyright 1964, American Chemical Society.) 
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j ι ι i I Ι 
Ο 10 20 30 40 50 

TEMPERATURE (°) 

Figure 6. Temperature dependence of the extinction coefficient at 293 nm for 
chymotrypsin at pH 1.47. The dashed lines at the top and bottom of the plot 
indicate the extinction coefficients for the denatured and native states, respectively, 
(Reproduced, with permission, from Ref. 12. Copyright 1967, Academic Press.) 
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σ* ο 

3.5 3.6 

1 / T x 10 3 ( ° K ~ 1 ) 

Figure 7. Van't Hoff plots (logarithm of the equilibrium constant, Κ = 

unfolded^ ̂  reciprocal of absolute temperature) for β-lactoglobulin A in urea at 

various concentrations. (Reproduced from Ref. 90. Copyright 1968, American 
Chemical Society.) 
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gen data (native^unfolded) i n Figure 5 (pH 3.0) are shown i n 
Figure 8 ( 9 2 ) . Values for ΔΗ° and AS° are highly temperature 
dependent, both exhibiting large positive values at 65°C, 
decreasing to values of zero at about 10°C and becoming negative 
below 10°C. 

The change i n heat capacity (ACp) between the native and 
unfolded forms at a given temperature i s large and positive for 
a l l temperatures i n Figure 8. The large positive values of ACp 
are responsible for the temperature dependency of both 

and for the occurrence of a temperature of maximum protein 
s t a b i l i t y (Figures 5 and 7) (88, 90, 92, 93). Although ACp i s 
temperature dependent i n Figure 8, this i s not especially 
important nor i s this characteristic true for a l l denaturation 
reactions ( 8 8 ) . 

The large heat capacity values apparently arise from exposure 
of apolar groups to water during the denaturation process. In 
water, apolar groups exhibit a p a r t i a l molal heat capacity that 
i s about three times greater than their heat capacity i n an 
organic environment, such as i n the i n t e r i o r of the native 
protein. Consequently, considerable energy must be expended 
during temperature increases to p a r t i a l l y disrupt the structural 
water existing around apolar groups at low temperature ( 2 5 ) . 

The general importance of the heat capacity effect at 
atmospheric pressure was emphasized by Edelhock and Osborne (80) 
i n their statement that ". . .most, i f not a l l , protein reactions 
i n which nonpolar groups are exposed to water, i . e . , denaturation, 
ligand dissociation, the dissociation of macromolecules or 
microscopic structures composed of a large number of subunits, 
are controlled, i n large part, by a positive heat capacity change 
which appears to increase with temperature." 

Dissociation of oligomeric proteins into subunits at low 
temperatures probably occurs more ea s i l y than simple unfolding 
since the binding forces involved i n dissociation are not as 
strong as those involved i n unfolding. In Figure 9 the tempera
ture dependence of heats of dissociation (enthalpies, ΔΗ°) are 
shown for glutamate dehydrogenase at pH 7 (68), α-chymotrypsin 
at pH 4.12 (67) and apo A-II protein at pH 7.4 from high-density 
serum lipoprotein (69) . The enthalpies for glutamate dehydro
genase and α-chymotrypsin are negative (exothermic) at low 
temperatures and positive (endothermic) at high temperatures. 
The enthalpy of dissociation for carboxymethylated (Cm) apo A-II 
i s negative below, and positive above, 23°C, and contrary to 
glutamate dehydrogenase and α-chymotrypsin, which y i e l d globular 
molecules upon dissociation, Cm apo A-II dissociates into 
molecules that are randomly c o i l e d . Thus, dissociation i n this 
instance i s accompanied by major changes i n secondary and 
t e r t i a r y structure. 

ΔΗ° (-d(AH) dT = ACp) and AS° (AS = I C T2 S & d T ) 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 125 

T E M P E R A T U R E ( ° ) 

Figure 8. Temperature dependence of enthalpy (àH°), entropy (AS°), and heat 
capacity (àCp) pertaining to denaturation of chymotrypsinogen. (Reproduced from 

Ref, 92, Copyright 1964, American Chemical Society.) 
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20 40 60 
TEMP. (°C) 

Figure 9. Temperature dependence of heats of dissociation for a-chymotrypsin 
(O) (61), glutamate dehydrogenase (A) (68), and reduced and carboxymethylated 
apo A-II protein (•) (69). (Reproduced, with permission, from Ref. 80. Copyright 

1976, Academic Press.) 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 127 

As mentioned at the beginning of thi s section, examples do 
exist for both association and dissociation type reactions i n 
proteins exposed to low temperatures, and the type of tra n s i t i o n 
favored w i l l be that which exhibits a decrease i n free energy. 
From the expression AG = ΔΗ - TAS (constant Τ and P) i t i s 
evident that AG w i l l become more negative as AH becomes more 
negative (exothermic) or AS becomes more positive (greater 
disorder or greater probability of existence). Situations do 
exist where AH i s negative and AS i s positive, but i t i s more 
common for both terms to have the same sign (94). 

Based on the data presented, the thermodynamic properties of 
unfolding and dissociation reactions for proteins can be 
summarized as shown i n Table I. The two assumptions mentioned 
e a r l i e r apply to these data. Since these assumptions are con
sidered v a l i d for many proteins (12), these data, and the 
associated behavior depicted i n Figures 5-7, can be considered 
reasonably t y p i c a l . 

Omitted from Table I are the association type transitions 
that some proteins undergo at low temperatures. In these 
instances, interactions ( e l e c t r o s t a t i c , hydrogen bonding, 
d i s u l f i d e interchange) other than hydrophobic may play decisive 
roles, or hydrophobic interactions may be influenced s i g n i f i c a n t 
l y by factors other than temperature (pH, ionic strength, e t c . ) . 
Thus, the data i n Table I are*an oversimplification, but they 
nevertheless are believed to represent, reasonably well, the 
behavior of many proteins at low temperatures. 

Beginning with a discussion of the data at intermediate to 
high temperatures (row 1 of Table I ) , i t i s evident that the 
enthalpies and entropies of tran s i t i o n to the undissociated or 
unfolded state are both positive. Either of these transitions 
are favored (-AG) when the temperature i s high enough and AS i s 
large enough so that TAS > AH. The entropy term, i n a l l instances 
i n Table I i s composed of two components, one involving protein 
structure and the other water structure. Unfolding or dissoc i a 
tion would involve a positive change i n entropy for the protein 
and a negative change i n entropy for water, the l a t t e r occurring 
because groups exposed to water during unfolding or dissociation 
are predominantly hydrophobic, thus promoting increased water 
structure (88). As the temperature i s raised i n the region above 
the temperature of maximum s t a b i l i t y ( T m a x ) for the protein, 
water exhibits a reduced tendency to associate i n an ordered 
manner around hydrophobic groups, and more hydrophobic groups 
become exposed. Thus, the change i n protein structure becomes an 
increasingly dominant component of AS, and AS assumes a larger 
positive value, and AG a larger negative value, as the tempera
ture i s raised above T m a x . 

At T m a x , the values of AH and AS both decrease to near zero 
(row 2, Table I and Figure 8) . Since AG assumes the largest 
possible positive value at this temperature, AH and AS cannot 
both have values of zero. Small changes i n either AH or AS near 
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128 F O O D P R O T E I N D E T E R I O R A T I O N 

Table I . Thermodynamic s o f p r o t e i n u n f o l d i n g o r d i s s o c i a t i o n 
when hydrophobic i n t e r a c t i o n s a r e o f major importance 

Temperature 
Thermodynamic d a t a 

Temperature 
AG AH AS |TAS/AH| ACp2 

S u f f i c i e n t l y h i g h 
t o cause 
d i s o r d e r i n g + + >1 

~+4 
@55°C 

Temperature o f 
maximum s t a b i l i t y + 

s m a l l 
-0 - >1 

~+2 
@10°C 

S u f f i c i e n t l y low 
to cause s i g n i f 
i c a n t d i s o r d e r i n g 

s m a l l 
- >1 

H-1.5 
@-10eC 

S t i l l lower 
temperature w i t h 
more d i s o r d e r i n g - - <1 ? 

Based on d a t a from Edelhoch and Osborne (80)» Ta n f o r d (88)» and 
Brand t s (92). 

A p p l i e s t o chymotrypsinogen u n f o l d i n g ( 9 2 ) . See a l s o F i g u r e 8. 
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6. F E N N E M A Behavior of Proteins at Low Temperatures 129 

a v a l u e o f zer o can r e s u l t i n v a r i o u s combinations o f the two 
p r o p e r t i e s t h a t w i l l y i e l d a p o s i t i v e AG. I n Table I» a p o s i t i v e 
AG i s a c h i e v e d by s e t t i n g AH e q u a l t o zer o and a s s i g n i n g a s l i g h t 
n e g a t i v e v a l u e t o AS. T h i s c o m b i n a t i o n appears t o be c o n s i s t e n t 
w i t h the temperature-dependent t r e n d s i n Table I . 

As the temperature i s lowered below T m a x , AH and AS become 
i n c r e a s i n g l y n e g a t i v e (row 3» Table I ; F i g u r e 8) and AG becomes 
l e s s p o s i t i v e ( F i g u r e 5). As l o n g as AG remains p o s i t i v e on the 
low temperature s i d e o f T m a x , t h i s must r e s u l t from |TAS|>|ΔΗ|, 
w i t h the AS term b e i n g dominated by the change i n water s t r u c t u r e . 
At s t i l l lower temperatures (row 4» Table I ) AG presumably 
becomes n e g a t i v e ( l o g Κ > 0» where AG = -RT InK; F i g u r e 7), i n 
which case the a b s o l u t e v a l u e of AH(-) must exceed the a b s o l u t e 
v a l u e o f TAS (-). 

C o n c l u s i o n s 

P o s s i b l e adverse e f f e c t s o f low temperatures on p r o t e i n s 
i n c l u d e d e r e a l i z a t i o n o f p r o t e i n s i n c e l l u l a r systems and a l o s s 
of p r o t e i n s o l u b i l i t y and f u n c t i o n a l i t y . F a c t o r s i n f l u e n c i n g 
the degree o f damage d u r i n g f r e e z i n g i n c l u d e the type o f p r o t e i n , 
the c o m p l e x i t y of the system ( c e l l u l a r v s . n o n c e l l u l a r ) , s t o r a g e 
temperature ( r e l a t e d t o water a c t i v i t y ) , s t o r a g e t i m e , and the 
c o n d i t i o n s o f f r e e z i n g and thawing. P r o t e i n s a t low temperature 
may undergo changes i n c o n f o r m a t i o n and the degree o f a s s o c i a t i o n , 
w i t h the degree o f r e v e r s i b i l i t y depending on the c o n d i t i o n s . 
C a u s a t i v e f a c t o r s i n f l u e n c i n g p r o t e i n damage d u r i n g f r e e z i n g 
i n c l u d e changes i n s a l t c o n c e n t r a t i o n , changes i n pH, m e c h a n i c a l 
e f f e c t s of i c e on membranes and d e h y d r a t i o n e f f e c t s . 

D i f f e r e n t p r o t e i n s d i f f e r g r e a t l y i n t h e i r responses t o low 
temperatures, and the b e h a v i o r of a s i n g l e p r o t e i n a t a g i v e n 
low temperature can be unusual and d i f f i c u l t t o p r e d i c t . The 
l a t t e r i s t r u e because low temperatures can have a d i r e c t 
i n f l u e n c e on p r o t e i n s t r u c t u r e and f u n c t i o n a l i t y , and because 
low t e m p e r a t u r e s , e s p e c i a l l y s u b f r e e z i n g t e m p e r a t u r e s , can induce 
d r a m a t i c changes i n the p r o t e i n ' s environment. A proper p e r s p e c 
t i v e i s perhaps b e s t a c h i e v e d by r e c o g n i z i n g t h a t a gre a t d e a l 
remains t o be l e a r n e d about the muçh-studied b e h a v i o r o f p r o t e i n s 
at ambient t o h i g h t e m p e r a t u r e s , and t h a t f a r more remains t o be 
le a r n e d about the l i t t l e - s t u d i e d b e h a v i o r of p r o t e i n s a t low 
temperatures. 
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7 
Structural Changes and Metabolism of Proteins 
Following Heat Denaturation 

J. N. NEUCERE and J. P. CHERRY 1 

United States Department of Agriculture, Southern Regional Research Center, 
Agricultural Research Service, New Orleans, LA 70179 

Heat is perhaps the primary factor that enhances the safety, 
nutritional quality, and palatability of most foods. Mild or 
moderate temperatures can be beneficial in achieving these goals, 
whereas, extreme temperatures often are deleterious in terms of 
biological value and toxicity. The complex reactions that occur 
during extreme heat treatments, which usually involve simple and 
intricate molecules and ions, modify the physicochemical 
properties and metabolic efficiency of proteins. A key concept 
in protein chemistry is the effect heat has on active centers or 
sites within these molecules. These centers, involving any 
number of functional groups, are defined as the regions of space 
where the binding of other molecules and ions occur. Some of the 
most reactive sites in proteins are amine, sulfhydryl, tyrosyl, 
and imidizole groups. Heat-induced changes in any or all of 
these functional groups are directly related to physicochemical 
modifications such as solubility, enzymatic activity, antigenic 
reactivity, electrophoretic migration and association-dissociation 
constraints. 

Anti-nutritional parameters and toxicological aspects of 
products from protein heated in the presence of carbohydrates are 
well recognized from the many studies via the Amadori and 
Maillard reactions. The formation of diverse isopeptides induced 
by heat are also critical factors that can adversely affect the 
biological value of proteins. Measuring toxicity or harmful 
effects, for example, of such complicated reaction products is 
not a simple matter. Adversity could involve either a modified 
intact protein or the presence of intricate amino acids and 
peptides that have formed. This chapter concentrates on several 
empirical views of structural changes and anti-nutritional 
aspects of proteins under various conditions of heat treatments. 

Experimental Procedures 

The reader is referred to the fol 1 owing publications on 
techniques of gel electrophoresis Q), immunochemistry (j2), 

1Current address: United States Department of Agriculture, Eastern Regional Research 
Center, Philadelphia, PA 19118. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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136 F O O D P R O T E I N D E T E R I O R A T I O N 

functionality (3) and nutrit ion (4). Studies on the 
determination of multiple forms of enzymes and their use as 
biological indicators for food uses and applications were 
reviewed by Cherry ( ! , £ ) . 

Whole seeds, fu l l - f a t and fat-free meal s, concentrates 
and/or isolates are used in research to determine the effects of 
moist and dry heat on protein properties. For example, peanut 
kernels are moist-heated in water in a temperature-control 1ed 
steam retort kept at various temperatures for different time 
intervals (7). After moist heat treatment, the seals are lyophi-
l ized and then ground into a meal for protein analyses. Dry heat 
treatments may be conducted by placing seeds in a forced-draft 
oven at various temperatures and time intervals ( £ ) ; purified 
proteins such as peanut α-arachin are s imi lar ly heat-treated (9). 
Seeds can be made to imbibe varying amounts of water to 40% and 
then dry heated (8). Microwave heating of seeds containing only 
their innate moisture or after they have been placed in water is 
conducted at operational frequencies as high as 2,480 MHz (10). 

Evidence of Protein Structural Changes Induced by Heat 

So lub i l i t y . Perhaps the most obvious evidence of conforma
tional changes in protein structure are the alterations in protein 
so lub i l i t y . In general, protein so lub i l i ty decreases with time 
and temperature of heat treatment; and considerable variations in 
the degree of change exist among proteins. Interactions with 
several functional groups (e .g . , SH- or tyrosyl-residues) become 
more prevalent fol 1 owing unfolding of protein chains, resulting 
in diverse and complicated precipitation reactions. The exact 
mechanisms leading to precipitation are most d i f f i cu l t to study 
after heat treatments because the process is usually i r revers ib le . 
It is well known that the interactions of water molecules with 
ionic and polar groups of proteins strongly inf1uence the folded 
conformations of proteins (11). Consequently, moist heat usually 
has a more complex effect on the so lub i l i ty properties of pro
teins than does dry heat, and is strongly influenced by ionic 
strength and pH. 

An example of so lubi l i ty changes of peanut proteins induced 
by heat is shown in Figure 1. In this study (8), seeds were 
al 1 owed to imbibe d i s t i l l ed water for 16 hr at 25°C to a final 
moisture content of 40% and were heated for 1 hr from 110 to 
155°C. Other seed samples were heated on an "as is" basis (5% 
moisture) under identical conditions. Solubi l i ty of total pro
tein decreased almost 1inearly with temperature for the dry-heated 
seeds. For the wet-heated samples, the relationship was quite 
different ; a plot of so lub i l i ty versus temperature showed a 
sigmoid-1ike curve with a minimum at 120°C decreasing sharply 
after 145°C. Compared to the 110°C wet- and dry-heated samples, 
the control had an intermediate degree of so lub i l i t y . This 
information implies that the i n i t i a l steps of denaturation in the 
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Figure 1. Relative protein solubilities of intact peanuts, after moist (O) and dry 
(Φ) heat. Triangles indicate native seed or control. (Reproduced, from Ref. 9. 

Copyright 1974, American Chemical Society.) 
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138 F O O D P R O T E I N D E T E R I O R A T I O N 

imbibed seed involve a gradual change of the water-protein system 
within the seed between 110 and 120°C. Beyond this point, a more 
complex water-protein system appears to develop possibly involving 
protein fragments and other macromolecules. At low moisture con
tent, a continuous change in the water-protein system seems to 
occur. 

Cherry et <fU (7) showed that the percentages of water-sol u-
ble protein in peanut seeds wet-heated (temperature-control 1ed 
steam retort) at 100°C remained constant between 0 and 45 min, 
then declined from 55.7 to 21.8% between 45 and 210 min (Figure 
2). During this same time interva l , percentages of water 
insoluble proteins increased from 38.9 to 52.2%. In this same 
study, the percentages of water-soluble proteins in peanut seeds 
wet-heated at 120°C were shown to decline very rapidly to 10.9% 
in 45 min, then increase to 32.8% as heating was extended to 180 
min; the protein content in the insoluble fraction gradually 
increased and then leveled off during this heating period. 

Ultraviolet c ircular dichroic spectra of peanut seed 
α-arachin (major globulin stored in aleurone grains ; 12) that was 
heated at various temperatures showed the occurrence of many 
changes in i ts conformation modes (13). These changes were re lat
ed to increased content of unordered structures within the 
globulin from decreased amounts of helical and pleated sheet modes. 
The unordered structures allow the formation of protein-protein 
and prote in-nonprote iη component interactions that are water-
insoluble. The increase in solubi l izat ion during long heating 
periods at high temperature is probably caused by disruption of 
these interacted components (7,14,15). 

Theoretical studies dealTng with the binding of water vapor 
by purified proteins have been reported (16,17). The so lubi l i ty 
of purified egg albumin as a function of water content and heat is 
described in Figure 3 (16). In this study, hydrated egg albumin 
samples were al1 owed to equilibrate with reference solutions at 
25°C. Test samples were heated in a water bath for 10 min at 70, 
76.5, and 80°C. Clearly, the protein samples at 25°C suffered no 
irreversible changes in so lubi l i ty up to 0.4 g of water per g of 
protein. At elevated temperatures, however, decreases in solu
b i l i ty were l inear up to about 0.275 g of water per g of protein; 
thereafter, a gradual decrease in so lub i l i ty was observed. Close 
observation of the piot shows that the change in so lubi l i ty at 
76.5 and 80°C is almost ident ica l . Other data from this study 
showed that 6 moles of water are complexed with each mole of 
hydrophilic amino acid residue when water content was about 0.3 g 
of water per g of protein at a temperature of 23°C. This corre
sponds to the point of maximum inso lub i l i t y at 25°C on the p iot . 

In establishing protein functionality, i t is apparent that 
the effects of heat on so lubi l i ty become a prime factor of con
sideration. Properties such as emulsification, whippability, 
texturization and water and o i l absorptivity, for example, are 
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Figure 2. Percentages (Kjeldahl Ν X 6.25) of protein in whole seed (——) and 
water soluble (Φ — and Ο - -), and insoluble ( · - - -) extracts of peanut seeds 
after moist-heat treatment at 100 and 120°C for intervals of 0-210 min. (Repro
duced, with permission, from Ref. 7. Copyright 1975, Institute of Food Tech

nologists.) 
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Figure 3. Solubility of egg albumin as a function of water content. Key: O, 25°C; 
A, 70°C; A, 76.5°C; and ·, 80°C. (Reproduced, with permission, from Ref. 16. 

Copyright 1968, Academic Press.) 
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140 F O O D P R O T E I N D E T E R I O R A T I O N 

a l l interrelated to so lubi l i ty in the production of fabricated 
foods from f lours , concentrates, and isolates (18,19). 

Gel electrophoretic properties* Gel el ectrophoretic tech
niques are excellent examples of modern technology developed to 
qual i tat ively detect proteins (5.,6J. Basical ly , the methods 
separate part ia l ly to highly purified fractions of proteins by an 
e lectr ic charge in aqueous extracts in a gel matrix such as poly-
acrylamide or starch. Protein mobility through electrophoretic 
media depends upon a combination of protein-related factors, 
including net charge, molecular s ize , and conformation. 

Heating aqueous extracts of peanut seed proteins to 85°C did 
not affect their mobility in electrophoretic gel s (Figure 4; 23, 
24). At 95°C, however, α-arachin (Figure 4; arrows 1 and 2) 
decreased in staining density with the greatest reduction 
occurring in band 2. Simultaneously, two new bands (arrows 5 and 
6) appeared anodal to α-arachin. At 100°C, sites of α-arachin 
had further decreased in staining intensity and were accompanied 
by the appearance of an additional band (arrow 7). Thus, as the 
apparent concentration of α-arachin decreased (arrows 3 and 4 com
pared to arrows 1 and 2), three new bands appeared (arrows 5 to 
7) . Furthermore, a weak band at Rf 1.0 (arrow 8; bromophenol 
marker front) became more obvious at 95 and 100°C as α-arachin 
and the heated products migrated anodal 1 y to different sites in 
the ge l . 

The proteins in the soluble fractions of wet-heated (100°C) 
peanut seeds (Figure 2) were characterized by polyacrylamide gel 
electrophoresis (Figure 5; 7,19). Alpha-arachin (region 0.5-1.5 
cm) in the gel patterns of peanut seeds wet-heated at 100°C for 
15 to 90 min remained unchanged. The gel patterns showed that 
the quality of proteins of nonarachin fractions (region 2.0-4.0 
cm) decreased in extracts from peanut seeds wet-heated at 100°C 
for 30 to 75 min. The quantity of α-arachin declined in the gel 
patterns between 105 and 180 min. Between 90 and 180 min, the 
number of protein bands greatly increased in region 3.0-6.5 cm of 
the gels. 

Elect rophoret i cal 1y detected changes in the soluble proteins 
of peanut seeds wet-heated at 120°C were clearly shown at 15 min 
(Figure 6). This gel pattern resembled those of peanut seeds 
wet-heated at 100°C for 90 to 105 min; i . e . , a decrease in the 
quantity of nonarachin proteins and a simultaneous increase in 
the number of components that migrated to region 3.0-6.5 cm of 
the gels. Between 30 and 210 min, α-arachin and the proteins in 
region 3.0-6.5 cm became d i f f i cu l t to discern and at the same 
time, a broad diffuse band formed through the gel (region 1.0-5.0 
cm). 

These studies showed that in addition to denaturing proteins 
to insoluble forms in aqueous solutions, moist heating of peanut 
seeds at high temperatures sequential 1 y alters them to subunit 
polypeptide forms or fragments, then to aggregates, and f ina l l y 
to insoluble components. Continued heating causes an increase in 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
7



7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 141 

Figure 4. Starch gel stained for proteins in heated aqueous extracts from dormant 
peanut cotyledons. Numbers represent temperatures (°C) of heat treatment. (GP = 
general soluble proteins.) (Reproduced from Ref. 8. Copyright 1972, American 

Chemical Society.) 

Figure 5. Disc poly aery lamide get electrophoretic patterns of water-soluble pro
teins from 1973 peanut seeds moist-heated at 100 C for periods of 15-210 min. 
(Reproduced, with permission, from Ref. 7. Copyright 1975, Institute of Food 

Technologists.) 
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142 F O O D P R O T E I N D E T E R I O R A T I O N 

Figure 6, Disc polyacrylamide gel electrophoretic patterns of water-soluble pro
teins from, peanut seeds moist-heated at 120°C for periods of 15-210 min. (Repro
duced, with permission, from Ref. 7. Copyright 1975, Institute of Food Tech

nologists.) 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 143 

so lub i l i t y of the proteins and the formation of a major diffuse 
component or aggregate that is detectable by gel electrophoresis. 
Similar observations have been noted with soybean proteins (.5,6., 
7,19). It appears that during heating of peanut and soybean seed 
products the extent of unfolding of the structural components of 
proteins, and their interactions with other proteins (or sub-
units) and/or various types of constituents occurs in a stepwise 
fashion and is dependent on heating temperature and the time 
interval heat is applied. 

Cherry and McWatters (19) showed that the degree of denatura
tion of proteins from 1974 harvested peanut seeds moist-heated at 
100°C for various time intervals differed from those harvested in 
1973 (Figure 7). The increase in the number of bands that 
migrated to regions 1.5-2.5 and 4.5-6.5 cm in electrophoretic gels 
from extracts of heated 1973 seeds were not shown in those of the 
1974 seeds. Instead, changes in aqueous extracts of 1974 seeds 
heated for 75 to 210 min were mainly the formation of two major 
proteins that migrated in the gels to region 3.0-4.0 cm. These 
proteins were noted mainly in the gels of 1973 seeds heated for 
90 to 105 min. 

These data showed that peanut seeds grown during different 
crop years and/or stored for various time intervals are affected 
differently by moist-heat processing. This work presented 
evidence that environmental, agronomic, and handling practices 
can contribute to variations in peanut seed proteins during 
moist-heat processing. It is necessary, therefore, to consider 
these factors in characterizing the functionality of peanut seeds 
and their vegetable protein products prior to their use in food 
formulations. 

Inactivation of enzymes. The catalytic act iv i ty of enzymes 
depends on the maintenance of three-dimensional structures which 
are stabi l ized by hydrogen bonds and hydrophobic interactions. 
Ultimate s t ab i l i t y , however, depends on the primary structures of 
polypeptide chains. Measurement of deactivation rates conducted 
by heat are used extensively in distinguishing between multiple 
forms of enzymes. Individual members of a family of multiple 
forms of enzymes can have a wide range of variation in heat 
stabil i t i e s (5,,6). Both close s imi lar i t ies and wide differences 
in rates of inactivation by heat can co-exist among multiple 
forms of a single enzyme. This has been shown, for example, on 
studies of human a lkal i ne phosphatase (21,22). Alkaline 
phosphatase extracted from placental tissue is stable to heat up 
to 70°C, whereas the enzyme prepared from bone loses half of i ts 
act iv i ty in less than 10 min at 55°C. Rates of inactivation of 
multiple forms of enzymes by heat are al so generally affected by 
changes in other factors such as pH, protein concentrations, and 
the amounts of substrates and co-factors present. It has been 
shown that certain enzymes have increased heat-stabi l i ty in the 
presence of their substrates. Lactate dehydrogenase multiple 
forms in human serum, for example, showed increased 
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144 F O O D P R O T E I N D E T E R I O R A T I O N 

Figure 7. Disc poly aery lamide gel electrophoretic patterns of water-soluble pro
teins from 1973 (top) and 1974 (bottom) peanut seeds moist-heated at 100°C for 
periods of 15-210 min. (Reproduced, with permission, from Ref. 19. Copyright 

1975, Institute of Food Technologists.) 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
7



7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 145 

heat-stabi l i ty in the presence of coenzyme nicotinamide adenine 
dinucleotide (NAD) (23). 

Separation procedures such as electrophoresis and chromatog
raphy, as approaches to multiple enzyme analysis, have proved to 
be powerful tools (5,6,11,14). The distr ibution patterns on 
starch gels, of multiple molecular forms of peanut seed enzymes 
before and after heat treatments have been reproduced (5,6,20,24). 
Examples of these results, on heated extracts from dormant peanut 
colyledons, are shown in Figure 8 (1-5). 

Mai ate dehydrogenase (MDH) of nonheated dormant peanut coty
ledons exhibited five multiple forms, one band stained very 
l i gh t l y (Figure 8-1; arrow). The MDHs in Figure 8-2 were al1 owed 
to react longer with substrate then those in Figure 8-1 to 
intensify the banding pattern. No changes were apparent in the 
distr ibut ion pattern of MDH between 25 and 60°C (Figure 8-1,2); 
at 61°C, only one band remained. This band persisted through 
63°C and disappeared at 65°C (cf Figures, 8-1 and 8-2). 

Three anodal bands of nonspecific α - e s t e r a s e s (α-EST) pre
sent in the nonheated extract (Figure 8-3; arrows 1-3) began 
exhibiting thermal sensi t iv i ty between 45 and 50°C; only a trace 
of act iv i ty occurred at the la t ter temperature. However, a s in 
gle band in the cathodal section indicated that enzymatic 
act iv i ty at this site was evident through 55°C but not present at 
65°C. 

The nonheated extract exhibited five sites of leucine 
aminopeptidase (LAP) act iv i ty (Figure 8-4; arrows 1-5). The 
act iv i t i es of the five enzyme forms were unaffected through 45°C. 
At 55°C, only one band was easily discernible but traces of two 
bands were al so present (Figure 8-4; arrows 3,4). The most heat 
stable band was barely v is ib le at 65°C (Figure 8-4; arrow 5). 

Glutamate dehydrogenase (GDH) displayed three dist inct bands 
which were unaffected by heat through 75°C; at 85°C, no banding 
occurred (Figure 8-5). 

Another study of plant enzymes after dry-roasting whole seeds 
showed definit ive banding at 110°C with weak responses at 130°C 
(24). This same study al so showed that imbibed seeds heated in 
s i tu displayed no enzyme act iv i ty above 100°C. 

It is known that a number of factors affect the process of 
thermal inactivation of enzymes. Among these are pH and the 
presence of certain ions and various compounds in different mole
cular environments. The specific eel 1 conditions in which 
enzymes normally function are d i f f i cu l t to define. Obviously, in 
v i t ro conditions are not the same as those in s i t u . One may 
assume that the ce l lu lar environment affords better heat protec
t ion for enzymes than buffered solutions. However, the amount of 
moisture in the cel l and the state of metabolic act iv i ty are also 
significant factors. 

Quantification of the act iv i ty of multiple forms of enzymes 
can be made by semi-1ogarithmic plots of decay of act iv i ty at a 
constant temperature (25). This method of analysis has been shown 
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146 F O O D P R O T E I N D E T E R I O R A T I O N 

Figure 8. Photographs of starch gels stained for enzymes in heated extracts from 
dormant peanut cotyledons. Basal numbers represent temperatures (°C) of heat 
treatment. Key: 1 and 2, malate dehydrogenase; 3, nonspecific α-est erase (stipled 
bands are on the gel of the nonheated sample); 4, leucine aminopeptidase; and 5, 
glutamate dehydrogenase. (Reproduced from Ref. 24. Copyright 1973, American 

Chemical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

00
7



7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 147 

to be useful for two-component systems, e.g. , l i v e r and bone 
alkaline phosphatases (Figure 9). The 1inear components 
represent a decline in act iv i ty as a function of time for the two 
enzymes. Note that complete loss of act iv i ty for bone alkaline 
phosphatase occurs after heating for about 10 min at 56°C and 
that 1iver alkaline phosphatase remains active up to 30 min at 
this temperature. Provided that qualitative differences in 
s t ab i l i t i e s between multiple forms are maintained from one speci
men to the next, si ight variations in incubation temperatures do 
not affect comparability of results. 

Inhibition of antigenic reac t iv i t i es . Differences in 
antigenicity offer a wide range of immunochemical analyses for 
both qualitative and quantitative work. Because the antigenicity 
of individual globular proteins is due mostly to the three-
dimensional conformation of the molecule, any type of steric 
change induced by heat usually affects the antigenic determinants 
of the native protein. Changes in the immunochemical profi le of 
peanut proteins heated in s i tu have been reported (8). The 
immunoelectrophoretic profi le of the major peanut proteins after 
different heat treatments is shown in Figure 10. The profi le of 
native seeds in example 1 of Figure 10 is based on the original 
work of Daussant et a l . (26). 

The precipit in lines corresponding to α-arachin (designated 
B) and one other antigen were detected throughout the series of 
wet and dry heat treatments. The antigenic sites on al 1 of the 
other proteins were inactivated at a relat ively low temperature 
(110°C) at high moisture content (samples 2 to 6) . Conversely, 
dry heat (samples 7 to 11) induced sequential antigenic 
degradation with increased temperature; a2-conarachin (C) 
remained antigenic up to 130°C. Note also, that the leading edge 
of the precipit in l ine for α-arachin in the imbibed seed (2 to 6) 
extended closer to the anode than the corresponding 1ines from 
the dry heated samples (7 to 11). This si ight change in mobil i ty 
implies a probable change in shape and/or conformation of this 
protein molecule, that exposes masked negatively charged 
functional groups. 

Further immunochemical analyses of the effects of wet and 
dry heat on "isolated" protei ns from peanuts have been described 
(9). In this study, isolated α-arachin was heated in solution 
and in the dry state from 80°C to 195°C for one hour. The 
immunoel ectrophoretic analysis of the dry-heated samples is shown 
in Figure 11. Up to 130° (sample 4), essentially no precipit in 
variation from that of the control was observed. However, the 
minor antigenic protein or the so-called α-arachin contaminant 
(arrow) was inactivated at higher temperatures. At 155°C (sample 
6) the precipit in l ine of α-arachin appeared diffused with a 
s l ight anodic sh i f t . Analysis after heating at 175°C showed a 
wide indist inct 1ine that formed a double arc (arrow in sample 
7) , and a l l antigenic act iv i ty was destroyed at 195°C. 

American Chemical 
Society Library 

1155 16th St N. W. 
Washington, 0. C. 20030 
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T I M E AT 5 6 ° C (mm.) 

Figure 9. The decline of liver (O) and hone (Φ) alkaline phosphatase activity 
with time of incubation at 56°C resolved into two linear components of different 
stabilities. (Reproduced, with permission, from Ref. 25. Copyright 1979, Royal 

Society of Chemistry.) 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 149 

Figure 10. Immunoelectrophoretograms of peanut proteins. Key: A, arconara-
chin; B, α-arachin; C, at~conarachin; 1, control; 2-6, proteins extracted from seeds 
imbibed 16 h; and 7-11, proteins extracted from seeds not imbibed. The members 
of each series (2,3,4,5,6, and 7,8,9,10,11) were heated to 110, 120, 130, 145, and 
155°C, respectively. (Reproduced from Ref. 8. Copyright 1972, American Chem-

ical Society.) 
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Figure 11. Immunoelectrophoresis of proteins in the α-arachin fraction after dry 
heating. Key: 1, control; 2-8, samples heated at 110, 120, 130, 145, 155, 175, 
and 195°C, respectively. (Reproduced from Ref. 9. Copyright, American Chemical 

Society.) 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 151 

Analyses by antibody-in-gel electrophoresis (semi-quantita
tion) of samples containing equal protein concentrations heated 
in solution are shown in Figure 12. Part A shows the relative 
changes in electrophoretic migration of the precipit in complexes. 
At 80°C, a si ight increase in migration of the conical peaks were 
observed for both α-arachin (a) and the so-called arachin 
contaminant (ac). However, at 90°C the reverse was observed for 
α-arachin and the contaminant was completely inactivated; only a 
trace of act iv i ty was observed at 100°C and no reaction occurred 
at 110°C. The increase in migration could be due to either an 
increase in charge of the antigens or a reduction of active 
determinant groups on the antigens. On the other hand, reduction 
in migration reflects decreased overall molecular charge or 
possibly the exposure of additional antigenic s i tes . Double d i f 
fusion of the same samples in part Β showed similar results . The 
reaction of partial fusion after heating at 100°C (well 4 in B) 
suggested major molecular disorganization without complete 
destruction of determinant groups. Note al so the si ight spur 
(dashed arrow) which formed between the control and the sample 
heated at 80°C (wells 1 and 2 in B) indicating a reaction of 
partial identity . 

For most globular proteins, partial or complete loss of ant i 
genic specif ic i ty is generally due to modifications of sequential 
and/or conformational determinants. A sequential determinant is 
maintained by a dist inct amino acid sequence in random coi l form, 
whereas conformational specif ic i ty depends on disulfide bonds 
and/or side chain polar groups that maintain the steric structure 
of the antigen (27). A study of heat denaturation of ovalbumin 
and serum albumin in solution showed that even i f the secondary 
structure of the native antigen was modified, some determinant 
groups reacted weakly with the native antibody (28). However, 
the reactions of native antigen with i t s denatured antibody were 
stronger than that of the denatured antigen. Hence, the 
antigenic behavior of denatured protein depends on i t s specific 
structure and generally cannot be described. The lack of 
cross-reaction or any reaction changing from the "normal" 
precipi t in reaction must be due to modification(s) of the antigen 
molecule (27). 

Changes in Absorption Spectra. Smal1 changes occur in the 
ul traviolet spectra of protein in response to small temperature 
changes in the predenaturation range. These changes are charac
t e r i s t i c mainly for the perturbation of tyrosine and tryptophan 
residues in aqueous solution. Nicola and Leach (29) showed with 
model compounds and proteins the possible types of contributions 
to the thermal difference spectra. In proteins, the environment 
of tyrosine and tryptophan residues within the molecule can be 
distinguished by their thermal difference spectra. Residues on 
the protein surface produce a unique and recognizable difference 
spectrum. On the other hand, residues in the protein inter ior 
make a small contribution to the thermal difference spectrum of a 
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152 F O O D P R O T E I N D E T E R I O R A T I O N 

Figure 12. Antibody-in-gel (A) and double diffusion (B) analyses of samples 
heated in solution for 1 h (cont = control). 

In A, the odd- and even-numbered wells contain 30 and 60 μ§ of protein, respectively; 2% 
immune serum against the α-arachin fraction was mixed in the agar. In B, all antigen wells on 
the left contained 300 μg of protein, those on the right, 600 ng. The antibody wells (7) were 
filled three and six times, respectively, with the same immune serum. (Reproduced from kef. 9. 

Copyright 1974, American Chemical Society.) 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 153 

protein. This study pointed out the uniqueness of water in the 
heating difference spectrum of tyrosine and tryptophan. With 
increasing temperature, a red shift was observed in the absorp
tion curve, which was attributed to preferential disruption of 
hydrogen bonds where tyrosine or tryptophan act as proton 
acceptors. 

Changes in infrared absorption and c i rcular dichroic spectra 
of peanut globulin that were induced by heat were reported (13). 
Infrared analysis of isolated α-arachin heated dry at several"" 
temperatures are shown in Figure 13. Absorbancies assigned to 
amide I , I I , and V bands occurred at 1645 to 1655 cm-1, about 
1530 cm-1, and at approximately 710 cm-1, respectively (Figure 
13-1, I I ) . According to standard analyses on model systems 
(30,31), conformation of α-arachin in each sample was pr incipal ly 
from pleated sheet and unordered structures. Apparently, 
conformational changes sufficient to affect the spectral 
locations of amide I , I I , and V were not thermally induced in 
α - a r a ch in . Examination of the amide IV and VI bands (Figure 
13-1II) showed a gradual shift from amide VI to amide IV as 
α-arach in was heated. The significance of the change from 
carbonyl out-plane bending to in-plane bending relative to 
conformational modification was not investigated further. 
Circular dichroic spectra of solubil ized native and heated 
samples in this study indicated that native α-arachin was 
composed of 14.6% α - h e l i c a l , 27.0% pleated sheet, and 58.4% 
unordered structures. Computations from ultraviolet c ircular 
dichroic spectra of native and heated α-arachin are shown in 
Table I . These data indicate that changes of conformational 

Table I . Contents of α - h e l i c a l , pleated sheet and unordered 
structures in conformations of heated and unheated 
arachin. (13) 

Conformational modes (%) 
Treatment Pleated 

α-Hel ica l sheet Unordered 

Unheated (control ) 14.6 17.0 58.4 
Heated (150°C) 9.6 29.4 61.0 
Heated (170°C) 5.0 22.8 72.2 
Heated (190°C) 4.3 19.7 76.0 

modes were thermally induced in α-arachin. Heat treatments 
lessened the contents of α-hel ical structures, and increased 
pleated sheet structures. The amount of unordered structures 
increased during the heat treatment. Since the antigenicity of 
α-arachin also decreased as the contents of a-hel ica l structures 
decreased and pleated sheet structural modes increased, the 
results from c ircular dichroism suggest that antigenic deter
minant groups in native α-arachin reside in these conformational 
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FREQUENCY (CM 

Figure 13. IR absorbancies of α-arachin after dry heating. Amide I, //, and V 
bands are shown in Parts I and II. An expanded scale of amide bands IV and VI 
is shown in Part III D. A is native α-arachin, and B, C, and D are α-arachin heated 
at 150, 170, and 190°C, respectively. (Reproduced, with permission, from Ref. 13, 

Copyright 1975, Munksgaard International Publishers, Ltd.) 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 155 

modes. Furthermore, heat treatments induced interchanges among 
the modes of secondary structures in α -a rach in , resulting in 
altered α -he l i c a l and pieated sheet structures, with concomitant 
changes and losses in antigenic react iv i ty . 

Anti-Nutrit ional Effects Of Heat 

Inactivation and destruction of essential amino acids. The 
ultimate index in measuring amino acid ava i l ab i l i t y to any organ
ism is d i ge s t ib i l i t y . The decrease in biological ava i l ab i l i ty of 
amino acids is usually caused by their binding to compounds which 
cannot be disrupted by digestive enzymes. Excessive heat 
treatment is known to impair d iges t ib i l i t y of proteins by causing 
them to undergo many complex reactions. Lysine, for example 
undergoes destruction and is also rendered unavailable by 
Maillard reactions (32). Cystine, arginine, tryptophan, h i s t i -
dine and serine are either part ia l ly destroyed or inactivated as 
a result of excessive heating (33). A recent study showed that 
microwave cooking produced a greater loss of amino acids in peas 
than did conventional cooking (Table II ; 34). Microwave 

Table I I . Effect of cooking on amino acid content of Colossus 
Peas!/. (34) 

Concentration, q/100q dry wt 
Amino Cooked 
acid Raw Conventional Microwave 

Lysine 1.82 1.72(5.5) 1.68(7.7) 
Histidine 0.86 0.80(7.0) 0.75(12.8) 
Arginine 1.41 1.35(4.2) 1.28(9.2) 
Asparagine 2.94 1.76(6.1) 1.67(9.2) 
Gl utamine 4.46 4.20(5.8) 4.05(9.2) 
Threonine 1.04 0.98(5.8) 0.94(9.6) 
Serine 1.41 1.35(4.2) 1.28(9.2) 
Pro!ine 1.09 1.05(3.7) 1.01(7.3) 
Glycine 0.93 0.89(4.2) 0.83(10.7) 
Alanine 1.09 1.04(4.6) 1.00(8.2) 
Cystine 0.11 0.10(9.1) 0.09(18.2) 
Val i ne 1.31 1.26(3.8) 1.20(8.4) 
Metionine 0.23 0.22(4.3) 0.20(13.0) 
Isoleucine 1.16 1.09(6.0) 1.07(7.8) 
Leucine 2.13 1.01(5.6) 1.98(7.0) 

0.68(8.1) Tyrosine 0.74 0.70(5.4) 
1.98(7.0) 
0.68(8.1) 

Phenylalanine 1.53 1.47(3.9) 1.40(8.5) 

1/Values in parenthesis are percent losses. 

processing was especially destructive to h is t id ine , glycine, 
cystine and methionine. This finding suggested that microwave 
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156 F O O D P R O T E I N D E T E R I O R A T I O N 

energy may be promoting chemical alterations in the side chains 
on these particular amino acids. 

Formation of isopeptides and related reactions. During heat 
treatment, cross-1inkages can form in proteins that reduce their 
digestabi l i ty (35,36). One of the most l i k e l y mechanisms of this 
heat damage seems to be the fondation of isopeptide bonds or 
reaction of the ε-amino group of lysine with either the carboxyl 
group of aspartic or glutamic acid (37), or amide group of 
glutamine or asparagine (38). Other cross-1inkages may result 
from the degradation of cystine. Dehydroalanine may condense 
with cysteine to form lanthionine, or with the ε-amino group of 
lysine to form lysinoalanine (39). The lysine-isopeptides are 
acid lab i le and have been determined as residues after enzymatic 
digestion of the peptide linkages (40). 

The fate of lysine-containing isopeptides in the rat 's diges
t ive tract has been studied (35). The feces and undigested i l ea l 
contents from rats fed on diets containing chicken muscle, 
unheated or heated for 8 or 27 h at 121°, and a nitrogen-free 
d iet , were analysed, to determine the d iges t ib i l i t y values for 
dietary protein and lysine components. These values, and the net 
protein ra t io , (NPR), net digestible protein ratio (NDPR), and 
f1oro-dinitrobenzene-reactive- (FDNB-) or available-lysine 
content, of the chicken muscle are presented in Table I I I . With 

Table I I I . Protein quality and d iges t ib i l i t y values for unheated 
and heated chicken muscle fed to rats . (35) 

NPR NDPR FDNB-reactive CIDl/ CFDl/ 
Treatment lysine!/ Ν Ν 

Unheated (control) 5-5 6-2 93 0·88 0·98 
Heated : 8 h at 121°C 3-5 4-9 70 0.88 0-94 

(0-64)V (0-79) (0-81) (0-81) (0-96) 
27 h at 121°C 1-9 3-3 63 0-57 0-80) 

(0-35) (0-53) (0-68) (0-65) (0-82) 

1/Measured as mg/g protein. 
^./Coefficient of i lea l digest ibi l i t y . 
2/Coefficient of fecal d i ge s t ib i l i t y . 
4/Values in parentheses represent ratios of heated to unheated 

samples. 

heated samples, the d iges t ib i l i t y of the protein was decreased, 
as were NPR-, NDPR- and FDNB-reactive lysine values. NPR 
decreased to a much greater extent than either FDNB-reactive 
lysine values or i l ea l nitrogen d i ge s t ib i l i t y . According to the 
NDPR results , the growth-promoting value of the heated protein 
that was digested and absorbed by the rats was greatly reduced. 
Ileal nitrogen d igest ib i l i tes of heated samples were lower than 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 157 

those of fecal d i g e s t i b i l i t i e s . Feces from rats given chicken 
muscle heated for 27 h at 121°C contained 37.0 mg FDNB-reactive 
lysine/g fecal protein. This corresponded to about half the 
value for unheated chicken muscle (63 mg/g protein). Other data 
showed that lysine-isopeptide d iges t ib i l i t i e s in both the i l ea l 
and the feces were higher than that of corresponding nitrogen 
d i ge s t i b i l i t y . It was postulated that some of the isopeptides 
were destroyed either by the bacteria or by the additional 
enzymes detected in the i lea l and fecal samples containing the 
heated samples. These data suggested that cross-linkages are 
formed in proteins during severe heat treatment which reduce the 
rate of protein digestion, possibly by preventing enzyme penetra
t i on , or by masking the sites of enzymatic attack. However, the 
lysine-isopeptides appeared to be at least as digestible as the 
rest of the protein molecule. 

A possible chemical change during the heating of proteins in 
the presence of water is hydrolytic cleavage of peptide chains. 
Experiments with bovine plasma albumin (38) as a model system, 
showed that the number of free amino groups, based on d in i t ro -
phenol measurements, increased about 0.05% (dry weight) after 
heating the sample for 7 h at 115°C and 145°C. 

It has also been reported that when heat-damaged protein is 
fed to rats, an accumulation of "unavailable small peptides" 
occurs in the intestine of the animal s (41). This may be due to 
the hindrance of amino acid absorption across the mucosal barr ier . 
Experiments on the influence of unavailable peptides isolated 
from an enzyme digest of heat-damaged cod f i l l e t on the uptake of 
leucine from rat small intestine were reported (Table IV; 42). 

Table IV. Uptake of leucine and glucose and production of 
lactate alone everted sacs of rat small intestine and 
in the presence of "unavailable peptides" isolated 
from enzymatic digests of heat-damaged cod fi11 et . 
(42) 

Peptides absent Peptides present 

Uptake of leucine (ug/ml): 
Determined microbiologically 21*7 8*0 
Determined by radioactive counts 24·3 12·7 

Loss of glucose from mucosal 
f lu id (pg/ml) 348 354 

Lactate concentration in serosal 
f lu id (pg/ml) 269 251 

Serosalimucosal leucine 2.0 1.3 
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Absorption of leucine from intestinal sacs was expressed in terms 
of the value for final serosal concentrât i on : f i nal mucosal concen
trat ion of leucine. This value is an indication of the ab i l i t y 
of the gut wall to concentrate leucine against a concentration 
gradient. In the absence of unavailable peptides the value for 
serosal:mucoscal uptake for leucine was 2.0. The i n i t i a l con
centration for glucose in the mucosal and serosal f luids was 2000 
yg/ml. After incubation for 30 min, 348 yg/ml had disappeared 
from the mucosal f lu id while an increase of 269 yg/ml of lactate 
was noted in the serosal f l u i d . The value for serosal:mucosal 
leucine decreased signif icantly from 2.0 to 1.3 in the presence 
of unavailable peptide. Basal on radioactive counts, the amount 
of leucine lost from the mucosal f lu id in the absence of unavail
able peptides was 24.7 yg/ml. In the presence of unavailable 
peptides the corresponding value was 12.7 yg/ml. Clearly, the 
presence of the unavailable peptide had a marked effect on the 
uptake of the leucine. These peptides had no effect on the 
uptake of glucose or i ts metabolism to lactate. The reduction in 
leucine uptake is not easily explained. Perhaps the unavailable 
peptides bind adjacent to sites for amino acid absorption or they 
interfere, upon accumulation, with the normal function of mucosal 
ce l l s (43). 

Toxicological implications in heated protein. Poor perform
ance of animals given heat-damaged foods could be due in part to 
Mail lard compounds of free amino acids and sugars that have ant i -
nutrit ional or even toxic characteristics (44). However, this 
might not be typical of heated proteins because the Maillard reac
tion products of free amino acids and proteins behave differently 
in the digestive t ract . For example, the fructose-1ysine complex 
was excreted in the urine of rats, whereas fructose-lysine bound 
to protein remained primarily in the intestinal tract (45). 
Protein heated in a lka l i ne solution has been shown to induce 
lesions in kidneys when fed to experimental rats (46). Such 
histopathological changes, however, are not necessarily due to 
the presence of a "toxic" substance in the d ie t . Calcif icat ion 
in the kidneys of rats, for example, which was provoked by 
feeding ammonia heated yeast was dramatically reduced by a 
moderate excess of methionine in the diet (49). Consequently, 
induction of some type of nutritional imbalance must al ways be 
taken into consideration when evaluating heat processed foods. 

Cereal s and legumes are known to contain toxic factors which 
are both growth depressants and lethal (47-49). Some of these 
factors are heat- labi le . In South American countries, Phased us 
vulgaris is the most consumed leguminous seed in human diets 
(50). Feeding tests of this raw bean flour and i t s different 
fractions with rats k i l l ed them between the third and 23rd day of 
the experiment. A l l materials, except the water-insol uble sol ids 
and the globulins, k i l l ed a l l of the rats by the 10th day of the 
d ie ts . For the water-insoluble sol ids and the globulins, the 
lethal periods were between 10 and 14 and 12 and 23 days, 
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7. N E U C E R E A N D C H E R R Y Heat Denaturation of Proteins 159 

respectively. Similar tox ic i ty has been reported for the black 
bean and the navy bean (51,52). 

Other experiments showed that there was a correlation 
between protein so lub i l i t y , trypsin inhibitor ac t iv i ty , and 
hemagglutination act iv i ty after water-soaked beans were heated at 
97°C (50; Figure 14). The data showed that heating water-soaked 
beans in boil ing water for 5 and 10 min inactivated the trypsin 
inhibi tor and the hemagglutinin, respectively. And at the end of 
15 min, less than 25% of the total protein remained in solution. 
Feeding studies showed that the optimum protei η efficiency ratio 
occurred for samples held 10 min in boil ing water at 97°C. These 
data suggest that the toxic substances in the bean are either 
destroyed or react with some other cel l materials that inactivate 
them during mild heat treatment. 

HEAT T R E A T M E N T (min AT 97%) 

Figure 14. Effect of heating water-soaked beans (Thaseolus vulgaris) on protein 
extractability and on trypsin inhibitor and phytohemagglutinin activities. Key: • , 
activity curve for trypsin inhibitors; X, hemagglutinin; and · , protein solubility 
curve. (Reproduced from Ref. 50. Copyright 1980, American Chemical Society.) 
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Conclusions 

Heat-induced denaturation of protein in foods are presumably 
limited by the number of polypeptides and the ava i l ab i l i t y of 
their side-chain functional groups. The diversity of ions and 
macromolecules (such as simple and complex l ip ids and carbohy
drates) present in foods, however, al 1 ows for any number of 
unique reactions that can be triggered by heat. Analytical tests 
are made on a comparative basis to establish deviations from a 
normal standard prof i l e . The most important parameters to evalu
ate in predicting conformational changes include: solubi1ity 
characterist ics, enzymic deactivation, electrophoretic migration, 
antigen react iv i ty , ultraviol et absorption, chromatographic pro
perties, amino acid destruction, and reactions with other 
macromolecules. The effects of heat, both beneficial and adverse, 
range from flavor enhancement to severe l imitat ion of essential 
amino acid u t i l i z a t i o n . Both in v i t ro and in vivo analyses show 
wide variations in biological values of proteins after heating at 
different level s of moisture. Although the chemical mechanisms 
of heat damage are not fu l l y understood, evidence shows that 
enzyme-resistant linkages form during heat treatments. The new 
bonds referred to as "isopeptide" linkages reportedly involve 
primarily Σ-amino groups of lysine reacting with carboxyl groups 
of glutamic and aspartic acids and with amide groups of glutamine 
and asparagine. Carbohydrates are al so involved in these 
reactions. Fission of disulfide bonds occurs during heating, 
causing the depolymerization of polypeptide subunits that lead to 
other complex reactions. 
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8 
Heat-Stir Denaturation of Cottonseed Proteins: 
Texturization and Gelation 
JOHN P. CHERRY 1 and LEAH C. BERARDI 
United States Department of Agriculture, Southern Regional Research Center, 
Agricultural Research Service, New Orleans, LA 70179 

The developments of glandless, or gossypol-free, cotton (1, 
2, 3,) and the l iquid cyclone process (LCP) (4, 5) to mechani
cal ly extract gossypol-containing glands make it possible to 
produce edible vegetable protein products such as f lours, concen
trates and isolates from cottonseeds (6-11). An enriched bread 
containing toasted glandless kernels is presently marketed in 
selected areas of the United States under the trade name of 
"Proteina" (12). 

Spinning and thermoplastic extrusion processes were applied 
to further expand the potential u t i l i za t ion of cottonseed as tex-
turized protein products (13-22). Berardi and Cherry (23) 
developed a simple heat-stir procedure to produce texturized pro
ducts and self-sustaining gels from glandless cottonseed protein 
isolates. Water suspensions of classical and storage protein 
isolates at pH's of 4.5 to 9.0, were heated to 90°C with 
stirring. Texturized products having the mouthfeel and chewiness 
of cooked meat were formed. 

Although methods are available for texturizing vegetable pro
teins, there is limited information on the changes that proteins 
undergo when they are converted to texturized or gelled products 
(22, 24, 25). During the spinning and thermoplastic extrusion 
processes, moistened vegetable proteins are fed into an extruder, 
mixed and heated. Data suggest that during these processes, the 
polypeptides in the proteins hydrate, gradually unravel, become 
stretched by the shearing action of the rotating screw flites and 
form new cross-linkages which result in fibrous structures. The 
heated plasticized mass is forced through a die at the extruder 
discharge to form expanded texturized strands of protein with 
meat-like characteristics. 

Rhee et aj_. (24) showed that texturized fibers formed from 
raw ingredients at acid pHs had stronger physical properties, 
rougher surfaces and smaller diameters than those made at 
alkaline pH. Proteolytic enzyme modified proteins containing 
mainly low molecular weight polypeptides could not maintain 
textural integrity upon hydration and retort heat treatment. 

1Current address: United States Department of Agriculture, Eastern Regional Research 
Center, Philadelphia, PA 19118. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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164 F O O D P R O T E I N D E T E R I O R A T I O N 

High NaCl concentrations interfered with, while CaCl2 enhanced, 
the texturization processes. An understanding of the mechanisms 
involved in the changes of protein produced consistencies (or 
relative viscosit ies) during the formation of textured or gel led 
products at varying protein concentrations, temperatures and pHs 
is important in advancing the formulation and processing of 
aqueous food systems. 

This chapter examines the consistency changes, i . e . , thixo-
tropism, gelation and texturizat ion, of various aqueous suspen
sions of cottonseed protein products during the heat-stir process 
(23) under varying conditions of concentration, temperature and 
pH. The C. W. Brabender Visco-Anrylo-Graph, developed, as one of 
i t s functions, to continuously measure the consistency or 
relative textural changes of starch pastes during cooking and 
cooling (21, 26, 27) was extended to studies of similar changes 
with cottonseed protein products in aqueous suspensions. 

Experimental Procedures 

Preparation of basic protein materials* The protein 
products tested or evaluated included LCP, glandless and a i r -
c lass i f ied hexane-defatted cottonseed f lours , concentrates and 
isolates. Glandless cottonseeds from the varieties Acala, 
Gregg-25-V and Watson GL-16-A were flaked, hexane-defatted and 
desolventized under laboratory conditions that included no heat 
treatments. Watson GL-16-B and Watson GL-16-C flours were 
prepared by commercial p i lot plant operations which included heat 
in the desolventization step. The Watson GL-16-C flour was 
heated further to reduce i t s bacterial count and moisture content 
(28) . 

The Acala flour was further processed by a i r -c lass i f ica t ion 
into five fractions with a Pi l lsbury Laboratory Model No. 1 Unit 
(29) . The f i r s t and second separations, which contained the 
smallest sized part ic les , were combined and labeled as the fines 
fract ion. Separations three and four were combined as the coarse 
fract ion, and f ive , consisting mainly of debris, was discarded. 

Two glandless cottonseed concentrates were prepared as 
follows: 1) double extraction of the Acala flour with water (H2O, 
H20-extracted concentrate), and 2) extraction f i r s t with 0.008 M 
CaCl2» and then with water (CaCl2> H20-extracted concentrate). 
The resulting concentrates were dried by lyophi l iza t ion . The 
classical isolate (CI) (30) containing both nonstorage proteins 
(NSP) and storage proteins (SP) was precipitated at pH 5.0 from a 
0.034 Ν NaOH extraction (pH 10.5) of Acala f lour , washed at pH 
5.0 and spray-dried at pH 7.0. The NSP- and SP-isolates were 
prepared by the selective precipitation procedure (11). In sum
mary, the pH of the 0.034 Ν NaOH extract (pH 10.5) was lowered to 
6.8 to precipitate SP which was then water-washed and spray-dried 
at pH 6.8. The remaining whey was then adjusted to pH 4.0 to 
precipitate NSP, which was then water-washed at pH 4.8 and 
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8. C H E R R Y A N D BERARDi Cottonseed Proteins 165 

spray-dried at pH 5.1. A l l of the dry protein products were 
ground to flour consistencies in an Alpine 160 Ζ Kolloplex pin 
m i l l . 

Proximate compositions of the cottonseed protein products 
are presented in Table I . 

Analysis methods. Proximate and amino acid compositions of 
cottonseed protein products were determined with established 
procedures (31, 32, 33). Meat loaf products containing 0 to 50% 
textured CI and SP-isolate were prepared by a basic recipe as 
outlined by Berardi and Cherry (23). A 10-member taste-panel 
compared cooked meat-loaf products with and without textured 
cottonseed proteins on a scale of 1 to 4; the al1-meat product 
was a rb i t ra r i l y assigned a value of 4.0 (23). 

Chemical modifications and additives. The LCP-flour in 
water was chemically modified by succinylation and acetyl ation 
according to the method of Beuchat et aU (34). The anhydrides 
were added to the protein suspensions in equivalent amounts 
varying from 2.5% to 80% of the protein weight in the f lour . 

At 1% by weight concentration, CaS04, soybean flour and 
concentrate, soluble starch, Toruway -49, -42 and -30 (yeast 
proteins), sodium alginate, wheat gluten, casein, cysteine-HCl, 
raffinose, sucrose, glucose, gossypol, NSP and crysta l l ine 
eellulose were added alone or in various combinations to selected 
cottonseed protein suspensions prior to the texturization 
studies. Other tests included the addition of 0.3% NaCl. 

Slow heat-st ir treatment. The C. W. Brabender Visco-Amylo-
Graph was used to study consistency (or relative viscosity) 
changes of thixotropism, gelation and texturization that occur 
during slow heat-stir (45 min to raise the temperature from 25°C 
to 92.5°C) processing of aqueous cottonseed protein suspensions 
(4% to 30% by weight of cottonseed products). The viscograph has 
a rotating sample cup that contains s t i r r ing pins surrounded by 
heating elements. The cup is sealed with a l i d that contains a 
second set of pins surrounded with cooling elements. Both sets 
of pins are sensitive to changes in the consistency of the 
aqueous protein suspension in the cup which are graphically 
recorded for easy conversion to centipoise (cps) units. The 
mechanical thermoregulator, operating in conjunction with the 
heating and cooling system, permits the sample to be heated and 
cooled through a programmed temperature-time cycle, and sample 
consistency is recorded continuously. From the chart, the peak 
or highest consistency (relative viscosity) during the heating 
cycle, the apparent viscosity at any temperature during the 
heating or cooling cycle, the viscosity s tab i l i t y of the hot 
sample and the degree of setback on cooling can be determined. 

The cup, containing 460 g of aqueous protein suspension and 
rotating at a rate of 70 rpm, was 1) maintained for 3 min at 25°C 
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8. C H E R R Y A N D BERARDi Cottonseed Proteins 167 

to establish equilibrium, 2) heated for 45 min to 92.5°C, 3) held 
for 10 min at 92.5°C, and 4) cooled for 45 min to 25°C. The 
viscograph was programmed to heat and cool at a temperature 
change rate of 1.5°C per min. 

Rapid heat-stir treatment. The rapid heat-stir method 
simply involved 1) placing a 100 g protein suspension in a 400 ml 
beaker that was set in a s i l icone o i l bath on a magnetic s t i r r e r -
heater and, 2) raising the temperature of the s t i r r ing suspension 
from 25°C to 95°C in 18-20 min (23). The final product was 
cooled to room temperature and examined for texturized or gelled 
properties. 

Consistency Changes During Slow Heat-Stir Processing 

Varietal effects. The viscograph consistency patterns of 
18% Acala, Gregg-25-V and Watson GL-16-A laboratory prepared 
flour suspensions (at natural pHs of approximately 6.3) are pre
sented in Figure 1. At approximately 72-79°C, or 31-36 min of 
heating, the consistencies of a l l three suspensions increased 
sharply. A l i t t l e more heat was required to in i t i a t e the con
sistency increase of the Watson G1-16-A flour suspension than the 
other two samples. Microscopic examination of the three 
suspensions showed that at the time of the consistency increases, 
the protein bodies agglomerated and remained this way throughout 
the remaining test periods. During the 10 min hold period at 
92.5°C, the consistencies of the three suspensions remained 
unchanged, then as cooling progressed to 25°C, they slowly 
increased. Although a l l suspensions had increased relative v i s 
cosit ies after al1 of the viscograph treatments, they remained 
pourable. 

Lengthening the hold period at 92.5°C, from 10 min to 20 
min, caused s l ight ly higher increases in consistencies during the 
cooling period. The relative viscosity increases during cooling 
are most l ike ly due to the occurrence of small amounts of molecu
lar interactions (hydrophobic, hydrophilic, Van der Waal s, etc.) 
between proteins and nonprotein constituents that are induced as 
a result of heat denaturation/renaturation (22, 35). 

The small differences in consistencies among suspensions of 
the three flours were obtained repeatedly and thus may be variety-
related. These data suggest that the consistency patterns may be 
used to identify varietal sources of cottonseed flours that have 
been defatted and desolventized by similar processes; they may 
also be used to distinguish cottonseed products from those of 
other oilseeds. 

Concentration effects. At different concentrations of 20%, 
18%, and 15%, the i n i t i a l rises in consistencies of Gregg-25-V 
flour suspensions occurred at 72°C, 79°C and 81°C, respectively 
(Figure 2). The 10% suspension had a very small rise in 
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consistency at 85°C. These data showed that the higher the con
centration of flour in the suspension, the lower the temperature 
required for an i n i t i a l rise in consistency. The higher 
concentration suspensions, with more flour constituents to react, 
had greater consistencies at the completion of the experiments 
supporting the idea that molecular interactions are occurring 
(37); at higher concentrations, more reactions occur between 
constituents. None of these suspensions exhibited gell ing or 
texturing properties. Similar observations were made with the 
Acala and Watson GL-16-A f lours. 

pH effects. Figure 3 i l lustrates the type of changes that 
occur in the consistency patterns of Acala flour suspensions at 
pH's 3.5, 6.3 (natural pH of the suspension), 8.5 and 9.5. The 
pH 6.3 suspension's consistency exhibited the typical changes 
described for the 18% suspension of Gregg-25-V flour in Figure 2. 
Throughout the treatment, the pH 3.5 suspension rose only s l ight ly 
between 70°C and 90°C, remaining below 950 cps throughout the 
experiment. The pH 8.5 and 9.5 suspensions displayed thixotropic 
properties between 30°C and 70°C. After decreases to con
sistencies similar to those of the low pH samples at 70°C, the 
consistencies of these suspensions increased s imi lar ly to high 
values found at 92.5°C, remained relat ively constant during the 
holding period, and then increased further during the cooling 
period. However, no gell ing or texturing properties were noted 
in these experiments. Under conditions of heat and alkaline pH, 
the protein bodies ruptured releasing the SP to interact with 
each other, NSP and nonprotein components. The degree of protein 
body rupture and the amount of protein and nonprotein component 
solubi l izat ion may account for the final higher consistency 
values by the pH 8.5 suspension than those at pH 9.5 (30) at the 
end of the cooling period. 

Processing effects. The consistency patterns of differently 
processed f lours, Watson GL-16-A, -B, and -C are shown in Figure 
4. The consistency patterns of Watson GL-16-B and -C flour 
suspensions which were processed under commercial conditions that 
included heat treatment(s) never attained the high level of con
sistency of the laboratory-prepared Watson GL-16-A f lour. More 
heat was required to produce the i n i t i a l consistency rises of the 
-B and -C flour suspensions. Evidently, heat processing of 
cottonseed flours affects their ab i l i t y in aqueous suspension to 
become more viscous during the viscograph procedure. None of 
these flour suspensions, however, attained gelled or texturized 
properties. 

Ai r -c lass i f i ed product changes. The 18% suspension of the 
a i r -c lass i f ied fine (or protein concentrate) fraction was 
converted by the viscograph treatment to a dist inct dual-phase 
system of l iquid and beads of agglomerated protein bodies. This 
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8. C H E R R Y A N D BERARDi Cottonseed Proteins 173 

occurred during the rise in consistency at approximately 85°C 
which was followed by a decrease at 92.5°C and no further changes 
during the holding and cooling stages (Figure 5). The protein 
beads ranged in size from just v is ib le to about 3.0 mm in diameter 
and suggested that the membranes of protein bodies had become 
resistant to rupture. During the holding and cooling stages, the 
protein bodies only rolled across the revolving vertical rods in 
the cup and thus exerted no measurable additional contribution to 
consistency. 

The 18% suspension of the a i r -c lass i f ied coarse fraction 
which was low in proteins and high in ce l l wall fragments and car
bohydrates (Table I) reached high consistencies of 2700-2900 cps 
during the holding and cooling periods (Figure 5). The final sus
pension had smooth, pudding-like and self-sustaining properties. 
Increasing the concentration of the a i r -c lass i f ied coarse frac
t ion in the suspension improved the self-sustaining properties of 
the pudding-like product. Evidently, many charged groups are 
associated with the membrane and ce l l wall fragments, SP and NSP 
which form intermolecular interactions during the heating period 
and develop a par t ia l ly gelled system during cooling. 
Catsimpoolas and Meyer (36) noted this occurrence with soybean 
proteins and described the process in terms of a progel state, 
i . e . , a f lu id state characterized by high viscosity . 

Adjusting the pH of the a i r -c lass i f ied concentrate or fine 
fraction suspension to 3 improved i ts ab i l i t y to become more 
viscous between 75°C and 92.5°C than that at pH 6.3 (Figure 6). 
This increase continued throughout the holding period, gradually 
decreased during cooling to 70°C, then remained relat ively 
unchanged to 25°C. During the cooling period, the pH 3 sus
pension did not separate into two phases unti l the temperature 
dropped to below 70°C. The two phase system of the pH 6.3 
suspension formed shortly after the rapid rise in consistency at 
approximately 90°C. At pH 8.5, the suspension demonstrated the 
same consistency increase at 47°C as noted for the Acala flour 
suspensions at pH 8.5 and 9.5 (Figure 3). The rest of the con
sistency pattern of this product was similar to that of the pH 
6.3 suspension except that values remained approximately two 
times higher during the holding and cooling periods. 

At pH 3.0, the suspension of the a i r -c lass i f ied coarse 
fraction exhibited a consistency pattern that was high (3800 cps) 
during the i n i t i a l holding period and then dropped to between 950 
cps and 1900 cps during the heating, holding and cooling periods 
(Figure 7). The pH 8.5 suspension also dropped from 3300 cps to 
950 cps between 25°C and 70°C, but increased rapidly to approxi
mately 3300 cps at 92.5°C. This high consistency remained unti l 
the end of the cooling period. The pH 6.3 suspension stayed 
below 950 cps between 25°C and 70°C, then increased s imi lar ly to 
that of the pH 8.5 suspension to 2850 cps at 92.5°C and remained 
at this consistency throughout the experiment. Evidently, the 
mechanical forces of the viscograph were able to overcome the gel 
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8. CHERRY AND BERARDI Cottonseed Proteins 111 

forming properties of the pH 6.3 and 8.5 suspensions between 25°C 
and 70°C. The suspensions formed final products that had pudding
l ike properties. 

Concentrate changes. The consistency patterns of the water-
extracted concentrate and 0.008 M CaCl2» H2O double extracted 
concentrate changed s imilar ly during the viscograph treatment; 
i . e . , i n i t i a l thixotropic properties and then an increase in con
sistency during the heating, hoiding and cooling periods (Figure 
8). The only difference was that the double water (H2O-H2O)-
extracted concentrate had higher consistencies (500 to 1000 cps) 
than the CaCl2-H2Û-concentrate during the holding and cooling 
periods. The CaCl2 evidently hindered protein-protein interac
tions and prevented the formation of a highly viscous, pudding
l i ke product similar to that of the H20-H20-concentrate. This is 
contrary to observations noted in spinning and extrusion 
processes where CaCl2 decreased the bulk density, but increased 
the strengths of the texturized proteins (24). 

Isolate changes. The consistency patterns of 20% CI 
suspensions at pH s 5.5, 7.0 and 8.5 are presented in Figure 9. 
The pH 5.5 suspension demonstrated l i t t l e change in consistency 
during the heating, holding and cooling periods. This was not 
unexpected si nee at pH 5.5, cottonseed NSP and SP have low 
so lub i l i t i e s . Adjusting the pH to 7.0 increased NSP so lubi l i ty 
and caused a rapid rise in consistency to occur, due to the SP, 
as the temperature was increased to 83°C. The consistency of 
this suspension declined during the cooling period and produced a 
thickened, but pourable, f inal product. The pH 8.5 suspension, 
which contains solubil ized NSP and SP, was thixotropic between 
25°C and 77°C, then showed a great increase in viscosity from 
less than 950 cps to 4700 cps at 92.5°C. The suspension became 
highly thixotropic during the holding period dropping in 
consistency to approximately 1900 cps, but then increased 
signif icantly during the cooling period. The final product was 
thick , but pourable. 

Reducing the amount of CI in the pH 8.5 suspension to 18% 
lowered the degree of rise at 83°C to approximately 950 cps 
(Figure 10). The suspension's consistency decreased s l ight ly 
during the hold period and then remained relat ively unchanged 
during the cooling period. The pH 7.0 18% suspension increased 
to 3800 cps at 92.5°C, dropped to 2850 cps during the hold period, 
and remained at this level during the cooling period. These 
values were higher than those of the 20% suspension. The pH 5.5 
18% suspension showed no changes during the study. 

Suspensions containing 18% NSP-isolate, adjusted to pH's 5.8 
and 8.5 showed no consistency changes during the heating, holding 
and cooling treatments (Figure 11). The pH 5.5 suspension's 
consistency did not change during the heating and holding 
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CHERRY AND BERARDi Cottonseed Proteins 

4750r 

Hold<—Heating p e r i o d — > H o l d < — Cooling period 

T E M P E R A T U R E (°C) 

Figure 9. Viscograph consistency patterns of 20% suspensions of classical protein 
isolate (CI) at various pH values. 
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Figure 10. Viscograph consistency patterns of 18% suspensions of CI at various 
pH values. 
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Figure 11. Viscograph consistency patterns of 18% suspensions of nonstorage 
protein (NSP) isolate at various pH values. 
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8. CHERRY AND BERARDi Cottonseed Proteins 181 

periods, but did increase gradually to 950 cps during the cooling 
period to form a s l ight ly thickened but pourable product. 

Figure 12 shows the consistency patterns of 12% SP-isolate 
suspensions at various pH values. At pH's 4.5 and 7.0, no 
consistency changes were noted thoughout the experiment; the 
isoelectr ic pH of SP is 6.8 and i t s so lubi l i ty remains low at pH 
4.5. The pH 6.0 and 8.0 suspensions showed small consistency 
increases during the heating period at about 90-92.5°C. 
Suspensions at pH's 5.0, 5.5 and 8.5, however, were converted to 
textured protein products when the temperature reached 85-90°C. 
It is unclear why texturization of SP occurred at pH's 5.0 and 
5.5 where these globulins are highly insoluble. Apparently, 
certain structural changes do occur in these globulins at these 
pHs that enable them to undergo the interactions necessary for 
textur izat ion. This texturization could be done with suspensions 
containing as low as 7% SP-isolate in a pH 5.5 suspension (Figure 
13). At pH 8.5, textured products were obtained with 12% or 
higher SP-isolate suspensions (Figure 14). The textured products 
formed at pH's 5.5 and 8.5 1ooked l ike and had the mouthfeel and 
chewiness of cooked meat (Figure 15). Addition of a beef 
bouilIon cube to the suspension followed by texturization yielded 
products that tasted l ike cooked hamburger. 

Microscopic examination of an SP-isolate suspension during 
the heating stage up to texturization showed the following 
sequence of changes. The i n i t i a l suspension contained small 
spheres of spray-dried SP. At 45°C, these sphere-like particles 
began to expand indicating that they were becoming hydrated. 
This increased hydration continued unti l the temperature of the 
suspension reached 72°C. The hydrated spheres then became glassy
l i k e , undergoing a melt stage, then immediately converted to 
f iber - l ike particles that were in parai l e i alignment. The f iber-
1 ike particles were probably disrupted polypeptides of the 
globulin proteins. This was fol lowed by the production of a mass 
of entwined fibers which suggested intermolecular interactions 
similar to those that occur during spinning and thermoplastic 
extrusion processes were also occurring in the heat-stir process 
(24). 

Kinsella (25) reported that texturization during the 
extrusion process involved hydration of globular protei ns in 
protein bodies which was fol lowed by unravelling and stretching 
of the proteins by the shearing action of the rotating screw-
f l i t e r . The proteins became aligned in sheaths. While passing 
through the extruder die, the protei ns compressed further, 
laminated longitudinally and denatured. Changes occurring while 
the protei ns emerged from the die resulted in production of a i r 
space vacuoles within the laminated extrudate and rapid thermo
setting of the stretched protein f ibers. Similar molecular 
changes and interactions could be occurring during the slow 
heat-st ir process without the compression step used in extrusion 
processes. 
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Figure 12. Viscograph consistency patterns of 12% suspensions of storage protein 
(SP) isolate at various pH values. 
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Figure 13. Viscograph consistency patterns of 6» 7, and 14% suspensions of SP-
isolate at pH 5.5. 
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Figure 14. Viscograph consistency patterns of 10, 11, and 12% suspensions of 
SP-isolate at pH 8.5. 

Figure 15. Texturized cottonseed SP. 
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184 FOOD PROTEIN DETERIORATION 

Addition of 1% or more of NSP-isolate to a 12% SP-isolate 
suspension at pH 5·5 hindered the texturing process (Figure 16). 
Non-storage proteins or any number of non-protein constituents in 
these products could be interferring with the texturization 
mechanism of the SP-isolate. 

Figure 17 shows a comparison of the consistency changes 
during slow heat-stir treatment of 18% suspensions of SP-isolate 
without and with added 1% NSP-isolate to those occurring in 
suspensions of the HgO-HzO-concentrate and the a i r -c lass i f ied 
fine concentrate at pH 5.5. The H2Q-H2Û-concentrate was 
relat ively free of NSP. It contained mainly protein bodies with 
SP and any carbohydrate moit iés not extracted with water. The 
a i r -c lass i f ied fraction contained maninly NSP, protein bodies 
with their SP contents and carbohydrates, and yielded a 
dual-phase system of a l iquid and beads of agglomerated protein 
bodies upon treatment. However, the H2Û-H2Û-concentrate 
increased in consistency during the cooling period. The f inal 
pudding-like consistency may have been due to structural changes 
in SP content and especially in the fibrous and pectinaceous 
components under conditions of the slow heat-stir treatment. On 
the other hand, the changes in the la t ter ' s consistency may be 
the result of the slow heating rate that permitted some protei η 
denaturation before heat-setting of protei ns into the fibrous 
networks of the final product. 

Consistency Changes During Rapid Heat-Stir Processing 

Twenty percent SP-isolate and 16% CI suspensions at various 
pHs of 3.0 to 10.0 were subjected to a rapid heat-st ir (20 min to 
raise the temperature of a s t i r r ing protein suspension from 25°C 
to 95-98°C) to determine their texturabi l i ty by a method other 
than that used with the C. W. Brabender Visco-Amylo-Graph (see 
Experimental Procedures). Table II compares the results of these 
experiments. Texturization of SP-isolate by the viscograph 
method only occurred in suspensions at pH's 5.0, 5.5 and 8.5. 
The rapid heat-stir method produced texturized products in a l l 
suspensions at pH's 5.0 to 9.0, and gelled products at pH's 3.0, 
4.0 and 10.0. Gels made at pH's 3 and 10 were dark colored and 
translucent. At pH 4.0, they were l ight cream-colored and opaque. 
The gels were self-sustaining, i . e . , they maintained their shape 
at room temperatures. No gelled products were produced with the 
slow heat-stir process. The rapid heat-st ir method converted pH 
3.0, 4.0 and 10.0 suspensions of CI to gelled products. Like the 
suspensions of the slow heat-stir process, those at the other pH 
values became only s l ight ly thickened pourable suspensions. 
Addition of 0.3% NaCl to the CI suspensions caused those at pHs 
between 4.0 and 9.0 to texturize during the rapid heat-stir 
process. Possibly, the salt reduced the so lubi l i ty of NSP or 
another component(s) and thus reduced interference with the 
texturization properties of SP. Figure 18 shows the textural 
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Figure 16. Viscograph consistency patterns of 18% suspensions of SP-isolate at 
pH 5.5 after addition of various percentages of NSP-isolate. 
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Figure 17. Viscograph consistency patterns of 18% suspensions of SP-isolate at 
pH 5.5 with and without 1% NSP-isolate, air classified concentrate (fine fraction), 
and HtO-HtO extracted concentrate. Key: A, SP-isolate; B, HsO-HtO extracted 

concentrate; C, air classified fine fraction; and D, SP-isolate with 1% NSP. 
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Figure 18. Texture changes during rapid heating of a 20% SP-isolate suspension 
at pH 5.5. (Reproduced from Ref. 23.) 
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8. CHERRY AND BERARDi Cottonseed Proteins 189 

changes that occur during the rapid heat-stir processing of 20% 
SP-isolate at pH 5.5. Texturization of SP-isolate or CI gave 
products demonstrating 160% to 250% increases in weight. 

None of the cottonseed flour suspensions, with and without 
0.3% NaCl and at various pHs, textured or gelled during the rapid 
heat-st ir method as was the case with the viscograph process. 
Suspensions of flour containing 0.3% NaCl heated f i r s t to 60°C 
for 30 min, cooled and then rapid-heat-stirred, formed weakly 
texturized products; i . e . , the texturized structures could be 
disrupted in running water. A pH 5.5 suspension of H2O-H2O-
concentrate with 0.3% NaCl formed a similar texturized product. 
This was also noted with a pH 10.5 extract of NSP and SP from 
cottonseed flour that had been adjusted to neutral pH and 
lyophi l ized. A l l of these textured samples had less firm 
structures than the textured SP-isolate and CI (with added NaCl) 
prepared by the rapid heat-stir method. In al1 cases, 
suspensions had to contain 7% or more protein to form any type of 
texturized product. 

Various additives and protein modifications were examined to 
determine their effects on the texturing and gel l ing properties 
of SP-isolate and CI by the rapid heat-stir process. Of the addi
tives l i s ted in Experimental Procedures, soluble starch at a 1% 
level enhanced texturization and gel lat ion. Addition of 1% 
crystal l ine eellulose increased the y ie ld of textured protein, 
probably because of an increase in water uptake. Raffinose (1%) 
inhibited texturizat ion. The other compounds did not affect the 
texturization process. Succinylation and acetylation of the 
proteins in LCP-flour improved their ab i l i t y to texturize, but 
the products were disrupted in running water. 

The texturized protein products can be dehydrated for pro-
1onged she l f - l i fe and then rehydrated as needed by let t ing them 
stand for 30 min in warm water. Table III presents the composi
tion of dehydrated and rehydrated texturized SP-isolate. Also 
presented is the composition of dehydrated and rehydrated 
texturized SP-isolate plus added 7% cottonseed o i l . The 
rehydrated products without and with o i l showed percentages of 
weight increases of 168 and 102, respectively. 

Meat loaves with various percentages of textured SP-isolate 
and CI, and 0.3% NaCl that were prepared at different pHs are 
shown in Figures 19 and 20. Similar products with and without 
added o i l are shown in Figure 21. Incorporation of texturized 
protein into meat loaves increased their protein content and 
decreased l i p i d , crude fiber and ash content (Table IV). 
Essential ami no acid content of the cooked meat loaves was 
improved by the addition of texturized protei ns (Table V). 

Taste panelists reported no significant differences in 
i n i t i a l f lavor, general f lavor, aftertaste, chewiness, color , 
texture and moisture of the 90% meat-10% texturized SP-isolate-
meat loaf and the standard reference al1-meat loaf (Table VI) . 
The 20% texturized SP-isolate-meat loaf was similar to the a l l -
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8. CHERRY AND BERARDi Cottonseed Proteins 191 

Figure 19. Meat loaves containing varying amounts of texturized SP-isolate and 
CI. (Reproduced from Ref. 23.) 

Figure 20. Gelled products (20% SP, pH 3; 16% CI, pH 3) and meat loaves 
containing 20% texturized SP-isolate and 16% texturized CI plus 0.3% NaCl. 
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192 FOOD PROTEIN DETERIORATION 

Figure 21. Meat loaves containing 30% texturized SP-isolate and CI, with and 
without cottonseed oil. 
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meat loaf in aftertaste, color, texture and moisture. None of 
the meat loaves containing texturized SP-isolate had aroma, 
juic iness , and overal1 quality as good as the reference loaf. 
Meat loaves containing 30% texturized SP-isolate and added o i l , 
with or without added f lavor, scored higher on general flavor 
characteristics than the 30% SP-isolate-meat loaf (Table VII) . 

Meat loaves prepared with 30% texturized CI plus o i l , or o i l 
and added flavoring, were scored higher in i n i t i a l f lavor, j u i c i 
ness and moisture than the 30% texturized CI-meat loaves without 
the o i l and f lavor. However, quality attributes of these pro
ducts were not as good as those of the all-meat loaf (Table 
VIII ) . 

In general, meat loaves formulated with heavy beef and added 
beef flavor and l i p i d to replace those properties lost due to the 
substitution of meat with the bland, fat-free, texturized SP-iso
late and CI should become more acceptable with higher levels of 
texturized cottonseed proteins. 

Conclusions 

Increasing the temperature of a constantly s t i r r ing aqueous 
suspension of cottonseed SP-isolate from 25°C to 95-98°C in 20 
min (rapid heat-stir method), or to 92.5°C in 45 min (slow heat-
s t i r method) produced texturized products with mouth-feel and 
chewiness similar to cooked chopped meat. The texturized 
products were comparable to those formed by the spinning and ther
moplastic extrusion processes. The cottonseed CI , which contains 
both NSP and SP, requires suspension in a 0.3% NaCl solution 
before i t texturizes. Formation of the textured products was 
pH-related, occurring mainly when the suspensions were between 
pH's 5.0 and 9.0. At the other pH values, suspensions form 
heat-stable, self-sustaining, gelat in- l ike products or thickened 
pourable suspensions. The suspensions should contain 7% or more 
protein isolate to obtain quality textured products or gels. 
Texturization of SP-isolate and CI provides products demonstrating 
160% and 250% weight increases, respectively. Addition of 1% 
soluble starch produces similar results as 0.3% NaCl, in that i t 
enhances the texturabi l i ty of the protein isolates. Cottonseed 
flour undergoes texturization in the presence of 0.3% NaCl by the 
rapid heat-stir method after i t s protei ns have been preheat-
treated at 60°C for 30 min and cooled. The texturization is 
improved after the f lour 's protei ns have been modified by 
succinic or acetic anhydride. Although the degree of texturing 
of these treated flours was not similar to the optimum textur-
ab i l i t y of the SP-isolate and CI , the l ikelihood exists for 
improving their functionality by further protein modification(s). 
The texturized proteins can be dehydrated to provide stable 
storage products and rehydrated to their original form when 
needed to formulate fabricated meat-like foods and feeds. 
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9 
The Maillard Reaction and Its Prevention 

ROBERT E. FEENEY and JOHN R. WHITAKER 
University of California, Department of Food Science and Technology, Davis, CA 95616 

Of al l the deteriorative reactions occurring in foods, the 
Maillard reaction may well prove to be one of the two or three 
that has received, and will continue to receive, the most study. 
Interactions of sugars to produce insoluble substances have been 
known for many years. The name of the reaction comes from the 
first discernment of the chemical nature of the reaction by 
Maillard in 1912 (1). He described the production of dark colored 
compounds when solutions of sugars and amino acids were heated. 
He then extended these studies to various sugars and different 
amino acids and found that the reaction required a reducing group 
in the sugar and an amino group of the amino acid, and that dif
ferent sugars and different amino acids reacted at very different 
rates (2, 3). Only later was it shown that proteins also reacted 
(4), and another one and one-half decades passed before the free 
amino groups of the proteins were found to be the main reacting 
groups in proteins (5). 

The Maillard reaction is, of course, a series of reactions, 
and the actual brown products are the result of different pro
cesses, depending on the conditions. However, the key to the 
whole process is the initial reaction, which is a carbonyl-amine 
reaction. Carbonyl-amine reactions are very common in biological 
systems and, in fact, are a key process in a large number of 
systems. A food chemist, therefore, cannot claim that all of the 
subject is unique to food chemistry. Many articles and reviews 
have been written on the subject in the past few decades. At the 
present time there is a published symposium of an extensive meet
ing held in Uddevalla, Sweden (6). For this reason, if for no 
other, this present chapter can no more than skim the surfaces of 
al l the subjects that are currently being discussed. There is 
also a matter of the relevant studies of the authors. These have 
mainly concerned the carbonyl-amine reaction itself, certain of 
its products on chemical treatments, and chemical modifications to 
prevent the reaction (7-13). 

0097-6156/8 2/0206-0201 $08.75/0 
© 1982 American Chemical Society 
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202 FOOD PROTEIN DETERIORATION 

The burgeoning interest i n the area of the carbonyl-amine 
reaction and certain of i t s subsequent reactions has prompted us 
to prepare this chapter with particular emphasis on the i n i t i a l 
carbonyl-amine reaction and a few of the subsequent reactions. 

General Steps of the Maillard Reaction 

Hodge (14) presented what i s probably the f i r s t review that 
tied together the chemical steps i n the Maillard reaction. He 
attempted to devise reaction schemes as follows: 

1) T h e i n i t i a l s t a g e — 
a) Sugar and amine condensation. 
b) Amadori rearrangement. 

2) T h e intermediate s t a g e — 
c) Sugar dehydration. 
d) Sugar fragmentation. 
e ) Amino acid degradation. 

3) T h e f i n a l s t a g e — 
f) Aldol condensation. 
g) Aldehyde-amine polymerization with formation of 

heterocyclic nitrogen compounds. 
Reynolds (15) suggested the following simpler c l a s s i f i c a t i o n : 

1) A reversible formation of glycosylamine. 
2) T h e rearrangement of the glycosylamine to ketosamine, 

1-amino-l-deoxyketose (Amadori rearrangement), or to the 
aldosamine, 2-amino-2-deoxyaldose (Heyns rearrangement). 

3) Formation of a diketosamine or a diamino sugar. 
4) Degradation of the amino sugar, usually started by the 

loss of one or more molecules of water to form amino or 
carbonyl intermediates. 

5) Reaction of amino groups from the intermediates formed 
i n Step 4 and the subsequent polymerization of these 
products to brown pigments and other substances. 

Amino Groups, Carbonyl Groups, and the Carbonyl-Amine Reaction 

The carbonyl-amine reaction depends primarily on the proper
ties of the carbonyl group and the amino group, which fortunately 
have received extensive study due to their general importance i n 
chemistry (16-20). 

Properties of amino groups. Amines have several properties 
that are responsible for their extensive r e a c t i v i t i e s . Paramount 
i s their a b i l i t y to act as nucleophiles by possessing a lone pair 
of electrons on the nitrogen atom. Another i s their action as 
bases by accepting protons from a variety of acids, including 
water. Saturated a l i p h a t i c amines of widely different structures 
have pK values i n aqueous solutions generally between 9 and 10. 
Aromatic amines, less commonly found i n b i o l o g i c a l systems, are 
much weaker bases with pK values around 5. 
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9. FEENEY AND WHiTAKER The Maillard Reaction and Its Prevention 203 

The r e l a t i v e r e a c t i v i t y of amines i s primarily a factor of 
the pK values, the s t e r i c effects of substitution, and the pres
ence or absence of a proton on the nitrogen, as found i n te r t i a r y 
amines. For example, the well known Hinsberg method i s based on 
the i n a b i l i t y of a tert i a r y amine to form a stable derivative on 
reaction with an acid chloride (20). 

Properties of carbonyl groups. The properties of the car
bonyl group are primarily those of the carbon-oxygen double bond, 
which i s both strong and reactive. It has a higher bond energy 
than that of two carbon-oxygen single bonds (197 kcal/mol vs two 
times 85.5 kcal/mol). This i s the opposite of that for the car
bon-carbon double bond, which i s weaker than two carbon-carbon 
single bonds (145.8 kcal/mol vs two times 82.6 kcal/mol). The 
difference i n electronegativity between carbon and oxygen i s the 
primary cause of the r e a c t i v i t y of the carbonyl bond, and this 
gives a s i g n i f i c a n t contribution to the dipolar resonance form, 
oxygen being negative and carbon being positive. Additions to the 
carbon-oxygen double bond constitute the more important reaction 
of carbonyl groups. The reaction may stop as soon as groups have 
been added, or subsequent reactions may take place. They can 
usually be c l a s s i f i e d into two types. In Type A the i n i t i a l 
adduct loses water and the net result of the reaction i s the re
placement of C=0 by C=Y (Equation 1). 

r» -H 2 O f 
C-B - > A-C-B (1) 
OH 

In the second type, Type B, there i s a rapid reaction i n which the 
hydroxyl group of the tetrahedral intermediate i s replaced by 
another group, given as Z. The Ζ i s very often another YH moiety, 
that i s , the same as i n Equation 1 (Equation 2). 

YH YH 
i Ζ I 

Type B: A-C-B + YH • A-C-B — • A-C-B (2) 
i! 2 I ! 0 OH Ζ 

The strong polar character of the carbon-oxygen double bond de
termines the orientation of the asymmetric additions; negative 
species add at the carbon and positive ones add at the oxygen. 

Additions to the carbon-oxygen double bond are usually sub
ject to both acid and base c a t a l y s i s . Catalysis by base can occur 
by converting YH^ to the more powerful nucleophile YH by s p e c i f i c 
base c a t a l y s i s . Since other bases may also catalyze a reaction by 
removing a proton from YH as i t reacts, the reaction can also be 

Type A: A-C-B + YH 
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204 FOOD PROTEIN DETERIORATION 

general base catalyzed. The reaction may be acid catalyzed by 
protonation of the oxygen atom of the carbonyl compound, making 
i t s carbon a much stronger electrophile. Both s p e c i f i c acid 
catalysis and general acid catalysis may occur. 

The r e a c t i v i t y of the addition reaction i s greatly affected 
by substituents. Rates are decreased i f A or Β i s an electron-
donating group, and increased i f they are electron-withdrawing 
groups (see Equation 1 ) . Steric factors may also be important. 

The carbonyl-amine reaction. Schiff (21) discovered that the 
condensation of primary amines with aldehydes and ketones gives 
imines. Many studies have since shown that numerous substances 
with amino groups condense with carbonyl compounds, according to 
Equations 1 and 2. Strongly basic amines react as i n Equation 1 
(Type A) according to Equation 3. 

MR Λ N-R 
I - H2° « 

A-C-B + R-NH v==^ A-C-B v=^==^ A-C-B (3) 
li 2 I 
0 OH 

Polymerizations may occur with a l i p h a t i c aldehydes that 
possess a hydrogen atom on the carbon adjacent to the carbonyl 
group. Weak bases such as amide and urea can undergo a Type Β 
reaction (as i n Equation 2) according to Equation 4, forming 
aIkylidine diamines or gemdiamines. 

NHR „„„ NHR 
I ^ 2 , I 

A-C-B + R-NH £ =- A-C-B τ ~~ A-C-B + H 20 (4) 
0 OH NHR 

Plots of the rates of the carbonyl-amine reaction usually give 
bell-shaped curves (Figure 1 ) . This i s because the general fac
tors affecting the carbonyl-adduct reaction apply, as well as the 
effects of protonation and deprotonation of the amino groups. 
These effects are discussed by Jencks (19) and are summarized 
b r i e f l y by Feeney et a l . (20). At neutral pH, the loss of water 
from the tetrahedral intermediate i s rate determining. At lower 
pH the rate of acid-catalyzed dehydration decreases and the free 
amine becomes protonated, resulting i n the equilibrium concentra
tion of the addition compound decreasing. At pH values well below 
the pK of the amine, these two effects offset each other and the 
calculated rate becomes independent of pH. At the low pH the 
attack of free amine on the carbonyl group becomes rate deter
mining . A change i n the rate determining step usually occurs 
between pH 2 and pH 5 for a l i p h a t i c amines. The attack and loss 
of water i s fast, and the attack and loss of free amine i s rate 
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9. FEENEY AND WHiTAKER The Maillard Reaction and Its Prevention 205 

2.0 μ 

pH 

Figure 1. Effect of pH on the pseudo first-order rate constant for the reaction of 
5 X 10* M acetone with 0.0167 M total hydroxy lamine, showing the change in 
rate-determining step with changing pH. Key: * * % rate of attack of free hydroxyl-
amine on acetone; , rate under conditions in which acid-catalyzed dehydration 
is rate determining; and —, calculated, from the steady state. (Reproduced, with 

permission, from Ref. 19. Copyright 1969, McGraw-Hill Book Company.) 
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206 FOOD PROTEIN DETERIORATION 

determining below this pH, while above this pH the opposite oc
curs. At high pH the attack and loss of free amine i s fast and 
the attack and loss of water or hydroxide ion i s rate determining. 

Schiff bases are generally considered to be the important 
product of carbonyl-amine reactions. Although the chemical prop
erties of Schiff bases are similar to those of the carbonyl group, 
the pK of the imino group i s around 7, and therefore i t i s pro-
tonatei to a much larger extent at neutral pH, and the carbon atom 
is more e l e c t r o p h i l i c . One of the frequently overlooked proper
ties of Schiff bases i s that they react readily with amines by 
attack on the protonated imine. Transimination i s the name 
usually given to the conversion of one imine into another (Equa
tion 5) . 

Aldol condensations are important reactions of carbonyl com
pounds . These reactions are catalyzed by amines, apparently due 
to the formation of an intermediate imine or Schiff base, probably 
an important reaction for the Maillard sequence. Aldol conden
sations are also very important i n various b i o l o g i c a l processes, 
such as enzyme reactions and biosynthetic processes. 

General Reactions of Carbonyls with Amino Acids and Proteins 

Although formaldehyde i s the simplest of a l l aldehydes and 
might be a good model for carbonyl-amine reactions, i t has unique 
properties and r e a c t i v i t i e s which set i t off from most other car
bonyl compounds. There i s an immense amount of l i t e r a t u r e on i t s 
reaction with amino acids and proteins (22) and on i t s general 
chemistry (23), and i t i s an extensively used reagent of protein 
chemistry. In addition, some of the fragments reported i n the 
Maillard reaction may have many of the properties of formaldehyde. 
Schiff (21, 24) suggested that the methylene derivative was formed 
(Equation 6), but i t i s now more generally accepted that i t pro
ceeds to the dihydroxymethyl derivative, a reaction that i s the 
basis for the formerly much-used formol t i t r a t i o n of amino groups 

R-NH 
H 

^ R-N-C-N-
H 

(5) 

(2 5 ) . 
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9. FEENEY AND WHITAKER The Maillard Reaction and Its Prevention 207 

R-NH + H-C-OH Ν N R-N-C-OH + Ho0 H H R-N=C + H_0 2 ι \ , 2 \ 2 

OH Η Η Η 
(6) 

CH20 

R-N-CH20H 

CH20H 

The long-time uses of formaldehyde in the pharmaceutical and 
tanning industries (20) prompted many studies on the reactions of 
formaldehyde with a variety of protein side chain groups. It i s 
now accepted that formaldehyde reacts with groups containing an 
active hydrogen atom with the formation of the hydroxymethyl com
pound, which i s usually reactive and may condense with another 
nucleophilic s i t e to give a methylene bridge (23). This condensa
tion may take place interraolecularly or intramolecularly i n the 
individual amino acid side chains themselves, e.g., the c y c l i c 
compound from asparagine. Tome and Naulet (26) have recently re
ported on the addition and condensation reactions of formaldehyde 
with polyfunctional amino acids i n neutral or mildly acidic solu
tions using -^C NMR. In addition to the amino group, many of the 
other side chains, such as guanidyl, hydroxyl, indole, and imidaz
ole groups, react with different rates and different equilibrium 
constants. In the case of asparagine, threonine, h i s t i d i n e , and 
tryptophan, the NH2-hydroxymethyl condenses with the basic group 
of the side chain to give a c y c l i c compound. With cysteine the 
S-hydroxyraethyl condenses with the alpha amino group. The follow
ing are the kinds of products that have been reported as a result 
of long and extensive treatment of proteins with formaldehyde : 

The reduction of Schiff bases, or the hydroxymethyl adducts 
with formaldehyde, has become a popular work horse of chemistry 
and biochemistry. The process, termed reductive alkylation, was 
f i r s t used by Fischer (27) as a special interaction between 
certain enzymes and their substrates or coenzymes, such as p y r i -
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208 FOOD PROTEIN DETERIORATION 

doxal 5'-phosphate. Means and Feeney (7), using different sized 
substituents, introduced the method for reductive alkylation of 
proteins as a general procedure for chemical modification. 
Probably the most important modification has been the introduction 
of the small methyl group, usually as a dimethyl derivative of the 
epsilon amino groups of lysine. The key to the successful modifi
cation with formaldehyde was the prior addition of the reducing 
agent (then sodium borohydride) to the protein, and then the 
addition of the formaldehyde, thereby preventing any side reac
tions with the very reactive formaldehyde (8). With formaldehyde, 
the reaction i s rapid, giving ε-Ν-Ν-dimethyl lysine residues as 
the p r i n c i p a l products (Equation 7). 

RNH„ 

R 

+ RfCHO 

RNHCĤ R* 
IK 

RNH2CH2Rf 

R'CHOv 

RN=CHRf 

© 
RN=CHR' 
I 
CH. 
I 2 

R* 

(7) 

JSL RN(CH 2R f) 2 

Because of the r e l a t i v e l y small changes i n bas i c i t y and the r e l a 
t i v e l y small space occupied by the methyl groups, ε-Ν-Ν-dimethyl 
lysine residues appear to give minimal changes i n the properties 
of proteins. With other aldehydes and ketones, i t i s much more 
d i f f i c u l t to put i n a second substituent; at low levels of modi
f i c a t i o n , i t may be entirely monosubstitution that occurs. For a 
general review, see Means (28). 

The methylation procedure has received considerable impetus 
because of the simplicity of labeling. Double labeling can be 
done by the use of a t r i t i a t e d reducing agent and C formaldç^ 
hyde. Many applications are now being made by labeling with C 
formaldehyde for NMR experiments (29). 

The more conventionally used reducing agents have been 
sodium borohydride and sodium cyanoborohydride, but more recently 
amine boranes have been suggested as having certain superior 
qu a l i t i e s (12). Dimethylamine borane (12) proved quite s a t i s 
factory, and pyridine borane may have p a r t i c u l a r l y superior q u a l i 
ties (30). 

The alkylated derivatives of lysine produced by reductive 
alkylation survive acid hydrolysis in most cases and can be con
veniently determined on amino acid analyzers. The high s t a b i l i t y , 
however, of the alkylated derivatives has not previously allowed 
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9. FEENEY AND WHiTAKER The Maillard Reaction and Its Prevention 209 

them to be useful as reversibly modified products, but recently 
Geoghegan et a l . (11) described a reversible form of reductive 
alkylation. Amino groups are modified to a 2-hydroxyalkyl form by 
mono-alkylation and restored to their o r i g i n a l form by treatment 
of the proteins with low concentrations of periodate (Equation 8; 
i i ) · 

(a) (P)-NH2 + 0HCCH20H • (?)-N=CHCH20H —> 

gly c o l -
aldehyde 

® ^ ( C H 2 C H 2 O H ) 2 

t e r t i a r y amine-
i r r e v e r s i b l e modification 

(b) (P)-NH2 + H3CCOCH2OH • ®-N=C (CH^CR^OH • 

acetol p. 

(P>NHCH(CH3)CH2OH ^ ( ? > N H 2 

The procedure works well for many proteins, but some proteins are 
easil y inactivated by periodate (31) and the method would there
fore not be useful with such proteins. 

Chemistry of the Maillard Reaction 

The Maillard reaction i s far from being understood today. 
The f i r s t step, the carbonyl-amine reaction, i s comparatively 
simple when compared to many of the subsequent reactions, and yet 
there i s s t i l l no good, acceptable, satisfactory procedure for 
controlling this f i r s t step in foods and b i o l o g i c a l materials. 
The rearrangements immediately following the carbonyl-amine reac
tion have been studied extensively, and considerable information 
i s available, but this i s the point of departure from more con
ventional chemistry into a wide variety of types of reactions and 
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210 FOOD PROTEIN DETERIORATION 

products. These i n turn are involved i n numerous reactions i n 
volving chain s p l i t t i n g s , oxidations, dehydrations, aldol con
densations, and f i n a l l y , polymerizations and formation of pig
ments. 

The i n i t i a l steps - formation of the N-substituted glycosyl-
amines. The f i r s t step i s the carbonyl-amine reaction between 
the carbonyl group, sugar, and the amino group of an amine, an 
amino acid, peptide, or protein, to produce an N-substituted 
glycosylamine i n equilibrium with a Schiff base. The reaction 
has a broader pH optimum than for simple carbonyl amine reactions 
(Figure 1) because the presence of other substances permits acid 
or base catalysis, or the interactions supply their own c a t a l y s i s . 
The o v e r a l l Maillard reaction increases approximately l i n e a r l y 
with increasing a l k a l i n i t y from pH 3 up to as high as 8, and per
haps higher (32). Such data, however, also include a multitude of 
reactions from which i t i s d i f f i c u l t to separate individual 
e f f e c t s . 

Although pentoses are generally considered to be more reac
tive than hexoses, and monosaccharides more reactive than d i -
saccharides (33), these data again are usually taken from the 
overall Maillard reaction and are not based on the i n i t i a l forma
tion of glycosylamines. Glucose exists nearly 100% in the alpha 
and beta pyranose forms, with only a trace i n the carbonyl form, 
and yet i t i s one of the most reactive sugars. Fructose shares 
with most other ketones the r e l a t i v e l y low rate of reaction as 
compared to aldehydes, and yet i t i s considered one of the most 
reactive sugars i n the overall Maillard reaction. The r e l a t i v e 
r e a c t i v i t i e s of glucose, fructose, and lactose are also reflected 
i n the coupling of these sugars to the lysine groups of casein on 
reduction with cyanoborohydride (Figure 2 ) . 

Amadori and Heyns rearrangements. The next step i n the 
Maillard sequence i s not commonly encountered i n carbonyl-amine 
reactions but during the l a s t decade has been found i n several 
important b i o l o g i c a l reactions. This i s either the Amadori or 
Heyns rearrangement. The aldosamines are converted to a 1-1 
deoxyketose (in the case of glucose, to 1-amino-1-deoxyfructose) 
(Equation 9), while the ketosamines are transformed to 2-amino-
2-deoxyaldoses (in the case of fructose, to 2-amino-2-deoxyglucose 
(Equation 10). 
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Figure 2. 77ze raie ο/ coupling glucose (Ο), fructose (A), and lactose (Q), ίο i/ie 
(.-amino group of lysyl residues of casein in the presence of cyanoborohydride at 
37°C in 0.2 M potassium phosphate buffer, pH 9.0. Losses in lysine were deter
mined by amino acid analysis. (Reproduced from Ref. 9. Copyright 1979, American 
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212 FOOD PROTEIN DETERIORATION 

(10) 

The Amadori r e a c t i o n and Amadori compounds have been e x t e n 
s i v e l y s t u d i e d , but the Heyns r e a c t i o n and p r o d u c t s have not r e 
c e i v e d much a t t e n t i o n . I n f a c t , p r o d u c t s from some Heyns r e 
arrangements may sometimes be c a l l e d Amadori p r o d u c t s . Amadori 
f i r s t demonstrated the c o n d e n s a t i o n of g l u c o s e w i t h an a r o m a t i c 
amine to y i e l d d i f f e r e n t isomers, but i t remained f o r Kuhn and 
Weygand (34) to show t h a t an i s o m e r i z a t i o n had o c c u r r e d from the 
a l d o s y i a m i n e s t r u c t u r e to a s u b s t i t u t e d deoxyketose s t r u c t u r e . I n 
the Amadori rearrangement ( E q u a t i o n 11; 35) a c r i t i c a l s t e p f o r 
ketosamine f o r m a t i o n i s the i n i t i a l f o r m a t i o n of p r o t o n a t e d S c h i f f 
base w i t h subsequent p r o t o t r o p i c s h i f t s . 

m 
HC=NHR 

A^ Hi-C-OH 
I 
ι 
§ 
ι Imonium i o n 

( t r a n s i t i o n s t a t e ) 

H-C-NHR 

HOC-i ^ 

i 

Eneaminol 
+ HA 

HC-NH-R 
HA 
-HA 

— C 

p. 
HC-NH-R 

HC-OH ι 
ι 
I 

-C-

H»C-NHR 
2I 
c=o 

HC-NHR 

(11) 

α C^OH 

Once formed, a ketosamine can r e a c t w i t h another m o l e c u l e o f an 
al d o s e . Such a product can undergo another Amadori rearrangement 
to g i v e d i k e t o s a m i n e . One such compound, a d i f r u c t o s e g l y c i n e , 
has been c r y s t a l l i z e d . W h i l e a l d o s y l a m i n e s a r e u n s t a b l e com
pounds, some Amadori compounds can be r e a d i l y c r y s t a l l i z e d , p r e f 
e r e n t i a l l y as the 6-anomer of the D-pyranose form (35). 

Amadori compounds a r e o b v i o u s l y a t a key j u n c t u r e i n the 
M a i l l a r d r e a c t i o n sequence. They have t h e r e f o r e been s t u d i e d ex-
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tensively. Comprehensive older reviews are by Hodge (36) and 
Gottschalk (35). 

These i n i t i a l reactions, both the i n i t i a l carbonyl-amine re
actions and the formation of Amadori and Heyns products, are s t i l l 
the subject of intensive research and are probably more complex 
than o r i g i n a l l y visualized. One of the d i f f i c u l t i e s has been the 
di s t i n c t i o n between glycosylamines and Amadori products, and this 
has recently been studied by Funcke et a l . (37) by mass spec
trometry of the t r i m e t h y l s i l y l derivatives. Hayashi and Namiki 
(38), studying the reaction of glucose with t-butylamine, have 
postulated the formation of reactive 2-carbon sugar fragments at a 
stage even prior to an Amadori rearrangement, and the subsequent 
reaction of these with the amine, followed by an Amadori re
arrangement to form glyoxal-dialkylamine (Figure 3). They have 
further suggested that a free r a d i c a l may be formed by the reduc
tion of N,N ?-dialkylpyrazinium, possibly formed by the condensa
tion of two carbon enaminol followed by oxidation (39). 

Later processes i n the Maillard sequence of reactions. As 
newer techniques are used to study the myriad of chemical reac
tions and products occurring i n the lat e r stages of the Maillard 
reaction, researchers should find more and more products, equi
librium forms, and different pathways. Suggested pathways include 
those l i s t e d by Hodge (14), such as sugar dehydration, sugar 
fragmentation, amino acid degradation, aldol condensation, and 
many types of polymerization i n the formation of numerous hetero
c y c l i c nitrogen compounds. One example i s the breakdown of the 
Amadori compound, di-D-fructose-glycine, to a variety of compounds 
(Figure 4). 

Among the numerous products that are produced near the end of 
the Maillard sequence are low molecular weight substances, which 
i n many cases have color and taste, as well as s u f f i c i e n t v o l a t i l 
i t y for odor, and the higher molecular weight ones which give the 
dark brown color to the products. Included i n these are numerous 
polymers and heterocyclics. For some of the reactions leading to 
them, and for a description of their properties and, in a few 
cases, structures, current reviews should be consulted (6). A few 
w i l l be mentioned under the next section. 

Deleterious and Beneficial Aspects 

Effects on flavor i n foods. The products of Maillard reac
tions are so generally distributed i n food products that the 
elimination of the reaction i n foods would cause widespread and 
general unacceptability of many food products. This i s because 
the Maillard reactions are c r i t i c a l for the acceptance of many 
processed foods as well as many home-cooked foods. Amadori com
pounds have been reported to be the key intermediates whose 
thermal breakdown gives many of the particular flavors and aromas 
of browned food products (40, 41). No exact c l a s s i f i c a t i o n s are 
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H CH 2 —COOH 

H-rC Ν 
Ή ^ Η 
c=o 
i 

HOCH 
I 

HCOH 
1 

HCOH 
I 
CH 2OH 

- C H L 

I 
HOCH -

I 
HCOH 

I 
HCOH 

I 
CH,OH 

H C -

C H . 
O.I " 

— Ν — 

COOH 

C H 2 

. O H 

HO—C 
I 

H C O H 
I 

H C O H 
I 

HOC 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 

CR.OH H 2 C -

CH 
1 , 

:N -HC 
I 

COH 
II 
CH 
I 

HCOH 
I 

HCOH 
I 

CH 2OH 

-COOH 

CH 2 

I 
HOC » 

HOCH 
I I 

HCOH 
I 

HCOH 
I 

H X 

3H 

Di-D-fructose-glycine 
(diketo and salt form) 

HO 

Η,ΟΗ 

1, 2-Enolic amine 
(eneaminol) 

CHO 
I 

CO 

HCOH 

HCOH 
I 

CH^OH 

Keto form 

+ H,0 

Pyranose form 
(1,5) 

3-Deoxyglucosulose 
(3-deoxy-D- eryMro-he xos-2-ulose) 

CHO 
I 

COH 
II 
CH _ j 

~ HCOH 
I 

HCOH 
I 

CH 2 OH 

2,3-Enol form 

HOK^C 

-HjO 

CHO 

5- (Hydroxy methyl) -
2-furaldehyde 

-Η,Ο 

CHO 
I 

C = 0 
I 

CH 
II : 
CH 
I 

HCOH 
I 

CHaOH 

HOCH j 

HCOH Ο 
hÎoh 

I 
H 2 C — 

d-Fructose-glycine 
(salt form) 

Η,ΟΗ 

3,4-Dideoxy-d-glycero-
hexosuios-ci s -3-ene 
(pyranose form 1,5) 

Figure 4. Reaction mechanism of the degradation of di-D-fructose-glycine to 
5-(hydroxymethyl)-2-furaldehyde and d-fructose-glycine. (Reproduced, with per
mission, from Ref. 35. Copyright 1972, Elsevier/North-Holland Biomedical Press.) 
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p o s s i b l e of the many compounds w i t h d i s t i n c t aromas, but a p a r t i a l 
one i s t h e i r s e p a r a t i o n i n t o n i t r o g e n - h e t e r o c y c l i c compounds w i t h 
r e s p o n s i b i l i t y f o r n u t t y , c o r n y , and bread aroma f l a v o r s , and 
o x y g e n - h e t e r o c y e l i c compounds w i t h r e s p o n s i b i l i t y f o r caramel 
aroma ( F i g u r e 5 ) . Some Amadori p r o d u c t s have been added to foods 
to g i v e c h a r a c t e r i s t i c f l a v o r s , such as the one d e r i v e d from 
6-deoxy-D-galactose and L - p r o l i n e i n o r d e r t o i n c r e a s e the b u t t e r y 
f l a v o r of margarine (42). 

A n t i o x i d a n t e f f e c t s . M a i l l a r d p r o d u c t s a r e c o n s i d e r e d bene
f i c i a l f o r t h e i r a n t i o x i d a n t p r o p e r t i e s . These a r e t h o r o u g h l y 
d i s c u s s e d elsewhere ( 6 ) . 

E f f e c t s on p h y s i c a l p r o p e r t i e s . S u g a r - p r o t e i n i n t e r a c t i o n s 
i n foods and i n model systems have l o n g been known to r e s u l t i n 
changes i n p h y s i c a l p r o p e r t i e s such as lowered s o l u b i l i t i e s and 
l o s s e s i n f u n c t i o n a l c a p a c i t i e s . M e r e l y r e c a l l i n g the many y e a r s 
of the n a t u r a l f e r m e n t a t i o n of egg w h i t e p r i o r to i t s d r y i n g shows 
how an i n d u s t r y was once based on an a r t r a t h e r than s c i e n c e . 
Without the p r i o r removal of the sugars ( m a i n l y g l u c o s e ) by f e r 
m e n t a t i o n , the d r i e d egg w h i t e q u i c k l y l o s t i t s f u n c t i o n a l c a p a c i 
t i e s f o r b a k i n g and candy making (43). The M a i l l a r d r e a c t i o n 
between egg-white p r o t e i n s and g l u c o s e can cause many changes i n 
p h y s i c a l p r o p e r t i e s (44, 45). 

Changes i n egg w h i t e may o c c u r even on i n c u b a t i o n of s h e l l 
eggs or s e p a r a t e d egg w h i t e f o r t h r e e or f o u r days or s t o r a g e a t 
5°C f o r two weeks. The r a p i d i t y of the r e a c t i o n s i s a p p a r e n t l y 
due to the r e l a t i v e l y h i g h pH ( a p p r o x i m a t e l y 9.5) t h a t an i n 
f e r t i l e egg and a s e p a r a t e d w h i t e w i l l q u i c k l y assume due to 
l o s s e s of C0 ?. W i t h i n f o u r days of i n c u b a t i o n of b i r d eggs a t 
37°C, the g e l e l e c t r o p h o r e t i c p a t t e r n s of egg-white p r o t e i n s 
changed s i g n i f i c a n t l y (46) ( F i g u r e 6 ) . The o v o t r a n s f e r r i n , a 
p r o t e i n c o n t a i n i n g l a r g e numbers of l y s y l ε-amino groups, showed 
e x t e n s i v e h e t e r o g e n e i t y . S i n c e g e l e l e c t r o p h o r e t i c p a t t e r n s have 
been e x t e n s i v e l y used to d e t e c t g e n e t i c d i f f e r e n c e s among b i r d s 
and to e s t a b l i s h taxonomic l i n e s (47), and s i n c e b i r d eggs may be 
c o l l e c t e d a t w i d e l y d i f f e r e n t g e o g r a p h i c a l areas and t r a n s p o r t e d 
elsewhere f o r a n a l y s e s , these r a p i d g l u c o s e - p r o t e i n d e t e r i o r a t i o n s 
can p o s s i b l y cause c o n f u s i o n and m i s i n t e r p r e t a t i o n s . Of c o u r s e , 
the same concern a p p l i e s to work w i t h many o t h e r m a t e r i a l s t h a t 
have r e a c t i v e amino groups. 

N u t r i t i o n a l a s p e c t s . A l t h o u g h e x p e r t s may d i s a g r e e as to 
when the n u t r i t i o n a l and h e a l t h a s p e c t s of M a i l l a r d p r o d u c t s began 
to r e c e i v e e x t e n s i v e a t t e n t i o n , t h e r e a r e many who say t h a t t h i s 
d i d not occur u n t i l d u r i n g , and perhaps even a f t e r , World War I I . 
F i r s t p u b l i c a t i o n s began to appear on the n u t r i t i o n a l v a l u e , 
p a r t i c u l a r l y r e l a t e d to l y s i n e , and then l a t e r on t o x i c and muta
g e n i c compounds p o s s i b l y a r i s i n g from the M a i l l a r d r e a c t i o n . Lea 
and Hannan (48, 49) showed t h a t when c a s e i n i s t r e a t e d w i t h g l u -
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OH 

CH3 

0 

CH3 

/OH 

CH3 

Maltol 
[caramel] 

Methylcyclopentenolone 
[caramel] 

4-Hydroxy-2.5-dimethyl-3(2H)-furanone 
[caramel] 

R . R 

JL 
N " ^ C H 3 

R=H, Me, or Et 
Alkyl pyrazines 
[roasted, nutty] 

R £ - - C H , 

R = H or Me 
2-Acetopyrazmes 

[popcomy] 

Ο II 
'C — C R , 

CH-2-aceto-^2-piperideme 
[fresh bread, cracker] 

1-Pyrroline 
[corny] 

1 
V N Ο I 

C H , 
II 

-c- C H 3 

A/-Acetonylpyrrole 
[bready] 

α Ν I 
C H 3 

Ο 
I! 

- C — C H , 
A/-Acetonylpyrroline 

[bready] 

Figure 5. A licyclic and o-heterocyclic caramel-aroma compounds and ^-hetero
cyclic nutty-, corny-, and bready-aroma compounds from the Maillard reaction. 
(Reproduced, with permission, from Ref. 40. Copyright 1972, American Association 

of Cereal Chemists, Inc.) 
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8 FOOD PROTEIN DETERIORATION 

Figure 6. Starch-gel electrophoretic patterns of incubated fertile eggs. Egg whites 
were all from white Leghorn hens and all contained globulin At. Eggs were incu
bated at 37°C for 6 d or stored at 2°C for 6 d (controls). Letters identify the hen. 

(Reproduced, with permission, from Ref. 46.)  P
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cose, most of the l y s y l r e s i d u e s were m o d i f i e d , but o n l y a s m a l l 
percentage of o t h e r amino a c i d s r e a c t e d . I t would s t i l l appear 
t h a t l y s i n e i s i n v o l v e d i n the main d e t e r i o r a t i v e r e a c t i o n a f f e c t 
i n g the n u t r i t i o n a l q u a l i t y , whereas r e a c t i o n s i n v o l v i n g o t h e r 
amino a c i d s , such as a r g i n i n e , h i s t i d i n e , t y r o s i n e and methionine, 
become impor t a n t w i t h more e x t e n s i v e d e t e r i o r a t i o n s . 

One of the d i f f i c u l t i e s i n d e t e r m i n i n g the l o s s e s i n the 
n u t r i t i o n a l a v a i l a b i l i t y of l y s i n e has been the l a c k of s u i t a b l e 
c h e m i c a l o r p h y s i c a l methods f o r t h i s d e t e r m i n a t i o n (50). The 
n u t r i t i o n a l v a l u e of l y s i n e i s lowered d u r i n g the e a r l y stages of 
the M a i l l a r d r e a c t i o n , but on amino a c i d a n a l y s i s a f t e r a c i d 
h y d r o l y s i s the l y s i n e i s found to be u n a f f e c t e d , b e i n g l i b e r a t e d 
d u r i n g the h y d r o l y t i c procedure. T h i s has r e s u l t e d i n many work
e r s a t t e m p t i n g to develop c h e m i c a l methods not r e q u i r i n g a c i d 
h y d r o l y s i s , such as the r e a c t i o n of l y s i n e r e s i d u e s w i t h f l u o r o -
d i n i t r o b e n z e n e (50, 51). H u r r e l l and Carpenter (52) have found 
some d i s c r e p a n c i e s w i t h l o n g e r h e a t i n g of e x p e r i m e n t a l samples and 
would r a t h e r term the r e s u l t s of the c h e m i c a l t e s t s as " r e a c t i v e 
l y s i n e c o n t e n t " . The problem i s s t i l l u n s o l v e d , a l t h o u g h more 
r e f i n e d methods c o n t i n u e to appear (53). I n a d d i t i o n to l o s s e s i n 
s p e c i f i c amino a c i d s , p a r t i c u l a r l y l y s i n e , t h e r e a r e r e p o r t s o f 
decreased a v a i l a b i l i t y of o t h e r amino a c i d s , perhaps as a r e s u l t 
of lower d i g e s t i b i l i t y of the p r o t e i n s . 

P o s s i b l e t o x i c i t i e s o r m u t a g e n i c i t i e s . D u r i n g the l a s t de
cade t h e r e have been numerous s t u d i e s on the t o x i c i t i e s and p o s s i 
b l e m u t a g e n i c i t i e s of M a i l l a r d p r o d u c t s . Nagao e t a l . (54), u s i n g 
the Ames assay, r e p o r t e d s t r o n g mutagenic a c t i v i t y w i t h smoke con
densates o f v a r i o u s heated p r o t e i n s . Shibamoto e t a l . (55») have 
r e p o r t e d on the f o r m a t i o n of substances t h a t are mutagenic i n the 
Ames t e s t by t r e a t i n g m a l t o l and ammonia i n sodium h y d r o x i d e 
s o l u t i o n f o r 5 h r a t 100°C. Other r e p o r t s have i n d i c a t e d muta
g e n i c a c t i v i t i e s of a v a r i e t y of browning p r o d u c t s i n the Ames 
t e s t (56-59). A l t h o u g h these f i n d i n g s i n no way prove t h a t these 
substances would be c a r c i n o g e n i c i n humans even a t l e v e l s much 
h i g h e r than found i n foods, i t does i n d i c a t e the g e n e r a l impor
tance of the s u b j e c t and the need f o r f u r t h e r s t u d i e s . The l a r g e 
number of compounds t h a t have been i d e n t i f i e d as b e i n g produced by 
the M a i l l a r d r e a c t i o n i s p r o b a b l y o n l y a s m a l l f r a c t i o n of the 
many t h a t a r e a c t u a l l y formed, so the need f o r study i s o b v i o u s . 

U n f o r t u n a t e l y , e x t r a p o l a t i o n of some of these r e s u l t s to 
human usage a t t h i s time i s v e r y d i f f i c u l t o r i m p o s s i b l e . F u r 
thermore, removal of a l l M a i l l a r d p r o d u c t s from the human d i e t 
would n e c e s s i t a t e c u l t u r a l changes and p o s s i b l y r e s u l t i n b l a n d 
and b o r i n g d i e t s . On the o p p o s i t e s i d e of the f e n c e , P i n t a u r o 
e t a l . (60) have r e p o r t e d t h a t e x t r a c t s of M a i l l a r d browned egg 
albumin d i d not show any mutagenic e f f e c t s i n the S a l m o n e l l a -
mammalian microsome p l a t e assay. 

I n h i b i t o r y e f f e c t s of M a i l l a r d p r o d u c t s on n u t r i t i o n a l u t i 
l i z a t i o n of p r o t e i n have been noted by f e e d i n g M a i l l a r d browned 
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220 FOOD PROTEIN DETERIORATION 

egg albumin to rats over a period of 1 to 12 months (61). After a 
few months the rats fed the browned diet exhibited a lag i n weight 
gain r e l a t i v e to a control group (Figure 7), and there were 
changes i n the composition of blood serum as well as enlargement 
of some organs. It was concluded that the poor n u t r i t i o n a l qual
i t y of the browned protein i s not r e s t r i c t e d to the loss of amino 
acids and that inhibitory substances might have been formed during 
the browning process. 

An indication of a number of compounds formed during the 
Maillard reaction i s seen i n Table I, where some of the fructose-
containing Amadori compounds are l i s t e d , a l i s t i n g which i s only 
the t i p of the iceberg of Maillard products. 

Amadori and Other Possible Maillard Products Formed i n B i o l o g i c a l 
Systems Other Than Foods 

Although Schiff bases have been known for a number of decades 
to occur i n b i o l o g i c a l processes (20), deteriorative products such 
as Amadori compounds were not usually considered important u n t i l 
perhaps two decades ago. Since then at least three systems i n 
which Amadori compounds, and perhaps others, are important have 
been reported. Amadori products have been reported i n hemoglobin 
(63-66), erythrocyte membrane protein (67), lens c r y s t a l l i n e 
(68, 69), and collagen (70), as well as i n some other proteins 
( H ) . 

Hemoglobin A ^ . Probably the f i r s t well documented covalent 
attachment of a sugar-like compound to an important protein i n a 
b i o l o g i c a l system was the report by Holmquist and Schroeder (65) 
that there was a heretofore unrecognized N-terminal blocking group 
involving a Schiff base i n hemoglobin A ^ . This created general 
interest because this form of hemoglobin was f i r s t thought to be a 
genetic variant i n humans. Ide n t i f i c a t i o n of the group in protein 
as a glucose derivative and a possible Amadori product soon 
followed (63, 66). E a r l i e r , Rahbar (72) had reported an abnormal 
hemoglobin i n red c e l l s of diabetics. Dixon (64) characterized 
the reaction of glucose with v a l y l h i s t i d i n e (the amino terminal 
residues of the beta chain of hemoglobin A) and showed that this 
product was i d e n t i c a l to that obtained by Holmquist and Schroeder 
(65). It was Dixon (64) who suggested that the levels of hemo
globin A usually observed (that i s , 3 to 6%) could be due purely 
to nonenzymatic glucosylation ( i . e . , there would be no trans-
l a t i o n a l enzymatic modification i n the biosynthetic process). 
High levels of hemoglobin A i n the blood of diabetics could 
therefore be due to the higher l e v e l of glucose i n diabetics 1 

blood serum. Higgins and Bunn (73) have calculated rate constants 
for the i n i t i a l formation of the aldimine (fe = 0.3 X 10" 3 

mMT^hr*1; fe_ ι = 0.33 hr~l) and for the Amadori rearrangement to 
the ketoamine (fe£ = 0.0055 hr~^). An estimate of the amounts of 
pre-hemoglobin A j c (the aldimine) i n normal red blood c e l l s was 
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60 120 180 240 300 360 
TIME (days) 

Figure 7. Growth curve for rats on brown and control diets. Key: brown, mate, 
A; brown, female, · ; control, male, Δ; and control, female, O. (Average of five 
or six rats in each group; the weight gains shown here are for the rats which were 
fed for 12 months). (Reproduced from Ref. 61. Copyright 1980, American Chem

ical Society.)  P
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0.5% f o r the t o t a l hemoglobin, or a p p r o x i m a t e l y 10% of the t o t a l 
hemoglobin A ^ ( a l d i m i n e and ketoamine). 

Lens c r y s t a i l i n s . Lens c r y s t a l l i n e of the eyes a r e l o n g -
l i v e d p r o t e i n s , c o m p r i s i n g more than 90% of the dry weight of l e n s 
f i b e r c e l l s (74). Many changes occur i n the l e n s p r o t e i n s d u r i n g 
the l i f e t i m e of an i n d i v i d u a l , and s i n c e l e n s p r o t e i n s are " l i f e 
time p r o t e i n s " , many types of slow p r o c e s s e s t h a t would o r d i n a r i l y 
not be of much s i g n i f i c a n c e i n p r o t e i n s w i t h a l i f e of l e s s than a 
month, can accumulate to cause e x t e n s i v e e f f e c t s . F o r t y p e r c e n t 
of the p r o t e i n i s r e p o r t e d to be i n s o l u b l e i n the normal l e n s e s of 
80 to 90 year o l d i n d i v i d u a l s . I n c a t a r a c t s , i n s o l u b l e p r o t e i n 
i n c r e a s e s . H i g h m o l e c u l a r weight aggregates are found among the 
c r y s t a l l i n e i n o l d e r eyes. C r o s s - l i n k s a r e formed; pigments 
d e v e l o p , and o t h e r d e t e r i o r a t i v e r e a c t i o n s such as r a c e m i z a t i o n s 
and f o r m a t i o n of f l u o r e s c e n t p r o d u c t s o c c u r . A r e c e n t r e p o r t 
s t a t e s t h a t the i n c u b a t i o n of l e n s p r o t e i n s w i t h r e d u c i n g sugars 
l e a d s to the f o r m a t i o n of f l u o r e s c e n t y e l l o w pigments and c r o s s 
l i n k s s i m i l a r to those r e p o r t e d i n human l e n s e s from i n d i v i d u a l s 
w i t h c a t a r a c t s (75). They a l s o c i t e work showing t h a t Amadori 
p r o d u c t s were found i n l e n s c r y s t a l l i n e and t h a t they accumulated 
i n a g i n g l e n s e s (76). They conclude t h a t i n d i a b e t e s the M a i l l a r d 
r e a c t i o n may a c c e l e r a t e a g i n g i n c e r t a i n t i s s u e s and c o n t r i b u t e to 
the e a r l i e r onset of c a t a r a c t s and even a t h e r o s c l e r o s i s (75). We 
are l e f t w i t h the p o s s i b i l i t y t h a t the M a i l l a r d r e a c t i o n , i n a t 
l e a s t i t s e a r l i e r s t a g e s , such as the f o r m a t i o n of Amadori pr o d 
u c t s , may prove to be oue of the more im p o r t a n t d e t e r i o r a t i v e 
r e a c t i o n s i n l i v i n g systems. U n f o r t u n a t e l y , methods f o r the study 
of d e t e r i o r a t e d p r o t e i n s i n g e n e r a l are not w e l l developed ( 7 7 ) . 

Model systems. Amadori compounds have r e c e n t l y been r e p o r t e d 
from treatments of hemoglobin w i t h a t h r e e - c a r b o n hydroxyaldehyde, 
g l y c e r a l d e h y d e (78) o r the two-carbon hydroxyaldehyde, g l y c o l a l d e -
hyde ( 7 9 ) . The Amadori p r o d u c t s a p p a r e n t l y can cause c r o s s -
l i n k i n g between m o l e c u l e s , r e s u l t i n g i n the f o r m a t i o n of polymers. 
The f i n d i n g s of such polymers suggest t h a t s i m i l a r p r o d u c t s may be 
formed n a t u r a l l y i n b i o l o g i c a l systems as i n the case of hemo
g l o b i n A j c . I n comparing the f a c i l i t y of the Amadori r e a r r a n g e 
ment w i t h g l y c o l a l d e h y d e , one can see the v a l u e of adding the 
r e d u c i n g agent f i r s t i n r e v e r s i b l e r e d u c t i v e a l k y l a t i o n w i t h 
g l y c o l a l d e h y d e (11) (see E q u a t i o n 8 ) . 

Suggested e v o l u t i o n a r y s i g n i f i c a n c e . Bunn and Higgs (80) 
have r e c e n t l y proposed an e v o l u t i o n a r y s i g n i f i c a n c e to the 
M a i l l a r d r e a c t i o n . From s t u d i e s showing t h a t g l u c o s e was the 
l e a s t r e a c t i v e of a s e r i e s of aldohexoses i n the f o r m a t i o n of 
S c h i f f base l i n k a g e s w i t h hemoglobin, they suggested t h a t the 
emergence of g l u c o s e as the p r i m a r y m e t a b o l i c f u e l may be due i n 
p a r t to the r e l a t i v e l y h i g h s t a b i l i t y of i t s r i n g s t r u c t u r e . T h i s 
would a l l o w h i g h c o n c e n t r a t i o n s of g l u c o s e and p r o t e i n s to e x i s t 
t o g e t h e r w i t h the l e a s t i n t e r a c t i o n s . 
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P o s s i b l e Methods to C o n t r o l or Pre v e n t M a i l l a r d R e a c t i o n s 

A l o n g l i s t of procedures have been suggested f o r c o n t r o l o r 
p r e v e n t i o n of the M a i l l a r d r e a c t i o n . Among those which have 
r e c e i v e d p a r t i c u l a r a t t e n t i o n a r e the f o l l o w i n g : 

1) Removal of the o f f e n d i n g c a r b o h y d r a t e s by d i a l y s i s o r by 
enzymatic a c t i o n ( 8 1 ) . 

2) A d d i t i o n of c h e m i c a l substances to b l o c k the c a r b o n y l 
group on the s u g a r s , such as s u l f i t e (20) . 

3) A d d i t i o n of a ch e m i c a l ' s u b s t a n c e t o compete w i t h the 
amino groups of the p r o d u c t and to form c o v a l e n t p r o d 
u c t s w i t h the c a r b o n y l s of the sugar ( 8 2 ) , such as 
c y s t e i n e to form the t h i a z o l i d i n e . 

4) The b l o c k i n g of amino groups, u s u a l l y by c o v a l e n t modi
f i c a t i o n s such as a c y l a t i o n (83, 84) o r m e t h y l a t i o n 
( 8 5 ) , and by c o m p a r t m e n t a l i z a t i o n (such as by s e p a r a t i n g 
the c a r b o n y l compounds and the n i t r o g e n compounds w i t h 
s t a r c h ) (86). 

5) Lowering the water a c t i v i t y to produce a v e r y dry p r o 
t e i n . 

6) Lowering the pH (43). 
7) Changing the r e c i p e . 

A l l of these methods may pr e s e n t problems, and the b e s t t h a t can 
be s a i d a t t h i s time i s t h a t one o r more of them, e i t h e r a l o n e o r 
i n c o m b i n a t i o n , has been used t o c o n t r o l , or to decrease the 
speed o f , the f o r m a t i o n of M a i l l a r d p r o d u c t s i n foods. 

Sometimes a mi s u n d e r s t a n d i n g of the mechanisms can cause the 
use of a l e s s d e s i r a b l e method f o r c o n t r o l l i n g or r e t a r d i n g the 
M a i l l a r d r e a c t i o n . An example of t h i s was the method developed to 
r e t a r d the f o r m a t i o n of the r e p u l s i v e odors and f l a v o r s t h a t 
developed i n whole d r i e d eggs which were manufactured d u r i n g the 
time of World War I I and consumed by many hundreds of thousands of 
nauseated members of the armed f o r c e s i n the South P a c i f i c t h e 
a t e r . The r e a c t i o n s were f i r s t c o n s i d e r e d to be due to a 
M a i l l a r d - t y p e r e a c t i o n between the amino groups of p h o s p h o l i p i d s 
and c a r b o n y l compounds formed on o x i d a t i o n of egg l i p i d s . Meas
ur e s were t h e r e f o r e i n s t i t u t e d to i n h i b i t the o x i d a t i o n s and to 
r e t a r d the r e a c t i o n s by a c i d i f i c a t i o n . However, i t was n e a r l y 
e i g h t y e a r s l a t e r b e f o r e i t was d i s c o v e r e d t h a t i t was a c t u a l l y 
the g l u c o s e i n the egg r e a c t i n g w i t h the amino groups of the 
p h o s p h o l i p i d s (81, 87). 

C o n c l u s i o n s 

The M a i l l a r d r e a c t i o n i s one of the most i m p o r t a n t and 
w i d e l y o c c u r r i n g r e a c t i o n s i n foods. Much i s known about i t s 
c h e m i s t r y , but i t i s so complex t h a t o n l y a f r a c t i o n of the t o t a l 
r e a c t i o n i s understood. The pri m a r y r e a c t i o n i s the c a r b o n y l -
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amine addition, between sugars and amines (usually the ε-amino 
groups of the side chain of lysines i n proteins). This i s 
followed by rearrangments, scissions, hydrolyses, and more car
bonyl-amine reactions, as well as numerous other reactions. The 
products are both b e n e f i c i a l and deleterious to the acceptability 
of foods. The Amadori compounds, one of the e a r l i e r products, 
have also been reported to occur in other important b i o l o g i c a l 
systems, such as hemoglobin A ^ and i n aging lens proteins from 
the eye. 

As i s necessary for the prevention of a l l deteriorative 
chemical reactions, d e f i n i t i v e knowledge of the successive steps 
and bifurcations i n the sequences of the Maillard reaction i s 
necessary for i t s control and prevention. Because of the com
p l e x i t i e s of the chemistry involved, the necessary information can 
be supplied only by the continued applications of newer tech
niques, such as the current ones of high performance l i q u i d 
chromatography and nuclear magnetic resonance spectroscopy. 
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10 
Lysinoalanine Formation in Soybean Proteins: 
Kinetics and Mechanisms 

MENDEL FRIEDMAN 
United States Department of Agriculture, Western Regional Research Center, 
Agricultural Research Service, Berkeley, CA 94710 

Commercial and home processing of foods employ heat, sun
light, ultraviolet radiation, acids, a lka l i , and combinations of 
these. The purpose of such treatments is to make food edible 
(cooking, broiling), to alter texture and flavor, to permit 
storage, to destroy toxins, to prepare protein concentrates, to 
pasteurize milk, k i l l bacteria, etc. On the other hand, such 
treatments cause undesirable changes. These include formation of 
cross-linked amino acids such as lysinoalanine (LAL). LAL has 
been indentified in hydrolysates of alkali-treated and heat
-treated proteins (1, 2). 

Feeding alkali-treated soy proteins to rats induces changes 
in kidney cells characterized by enlargement of the nucleus and 
cytoplasm, increased nucleoprotein content, and disturbances of 
DNA synthesis and mitosis (3,4). The lesions affect epithelial 
cells of the straight portion (pars recta) of the proximal renal 
tubules. Foods containing the crosslinked amino acid lysino
alanine and D-amino acids are widely consumed (5,6). 

These observations cause concern about the nutritional 
quality and safety of alkali-treated foods. Chemical changes 
that govern formation of unnatural amino acids during alkali 
treatment of proteins need to be studied and explained. The 
nutritional and toxicological importance of these changes need 
to be defined. Appropriate strategies to minimize or prevent 
these reactions need to be developed. 

Previous papers covered the fol lowing aspects of protein-
alkali reactions: 1) elimination reactions of disulfide bonds 
in amino acids, peptides, and proteins {]_); 2) alkali-induced 
amino acid crosslinking (8); 3) inhibitory effects of certain 
amino acids and inorganic anions on lysinoalanine formation 
(9-11); 4) prevention of lysinoalanine formation by protein 
acylation (10, 11); 5) transformation of lysine to lysinoalanine, 
and of cysteine to lanthionine residues in proteins and polyamino 
acids (12); 6) effects of lysine modification on chemical, nutri
tional , and functional properties of proteins (13); 7) a lkal i -
induced racemization of casein, lactalbumin, soy protein, and 
wheat gluten (14); 8) inverse relationship between lysinoalanine 
and D-amino acid content of casein and in vitro digestibility 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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232 FOOD PROTEIN DETERIORATION 

by trypsin and chymotrypsin (6); 9) chemical, nutr i t iona l , and 
toxicological consequences oT alkali-induced racemization of 
proteins (15); 10) alkali-induced formation of dehydroalanine 
residues in casein and acetylated casein (16); 11) biological 
u t i l i z a t ion of D-isomers of nine essential amino acids by mice 
(17); and 12) kinetics of racemization of amino acid residues in 
casein (18). 

This Chapter reports and discusses conditions that favor or 
prevent lysinoalanine formation in soy protein and the consequent 
mechanistic implications. Related results for other proteins are 
compared. Although important research in this area is being done 
in other laboratories, no attempt is made to c r i t i c a l l y examine 
the l i terature of this subject (1-137), but rather to interpret 
the factors found to govern lysinoalanine formation in soy pro
te in . The findings have theoretical interest, but also have 
profound practical implications for nutrit ion and food safety. 
Hopefully, they w i l l be useful to food processors and consumers 
who wish to minimize the formation of unnatural, deleterious 
compounds, during commercial and home food processing. 

Factors Affecting Lysinoalanine Formation 

pH. Alka l i treatments and amino acid analyses were carried 
out as previously described (6, 10, 11). The effect of pH on 
the amino acid composition of soy protein subjected to 0.1N NaOH 
for 3 hours at 75°C is given in Table I in terms of mole per cent 
of amino acids accounted for . The mole per cent or ratio methods 
are more consistent measures of amino acid composition of proc
essed, commercial, or modified proteins because they avoid errors 
due to moisture content (acylated proteins are highly hygro
scopic) , protein content (the commercial wheat gluten, soy 
protein, and lactalbumin contain carbohydrates, l i p i d s , e t c . ) , 
molecular weight changes, and errors occurring during amino acid 
analysis. 

Table II records the same information in terms of weight per 
cent or grams of amino acid per 100 grams of protein. The data in 
both tables show similar trends in alkali-induced destruction of 
labi le amino acids. 

The fol lowing amino acids are degraded, destroyed, or modi
fied during the alkaline treatment of soy protein: threonine, 
serine, cystine, lys ine, and arginine. Thus, treating 1% (w/v) 
soy protein in 0.1N NaOH at 75°C decreases the threonine content 
from 4.23 to 2.92%. The corresponding values for serine are 6.41 
and 3.97%; for cystine, 0.47 and 0.14%; for lys ine, 5.55 and 4.33%; 
and for arginine, 5.84 and 4.33%, respectively (Table I ) . The 
treatment also induces the formation of lysinoalanine, which 
begins to appear at pH 9.0 and continuously increases with pH up 
to pH 12.5 and then decreases at pH 13.9 (Tables I and I I ) . 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 235 

Evidently, lysinoalanine is destroyed as well as formed 
during alkaline treatment. To obtain evidence for this hypothe
s i s , the hydrolytic s t ab i l i t y of pure lysinoalanine under acidic 
and basic conditions was examined. The results summarized in 
Tables III and IV show that 1) commercial lysinoalanine has about 
2% lysine; 2) lysinoalanine appears stable to acid hydrolysis 
conditions, although the small decrease in lysinoalanine and 
accompanying increase in lysine may be outside of experimental 
error; 3) hydrolysis in 1 _N NaOH destroys a large fraction of 
lysinoalanine, as i t does leucine (added as an internal standard). 
(Note that the lysinoalanine/1eucine ratio is essentially 
unchanged during both acid and base hydrolysis); and 4) about 
10% of lysinoalanine is destroyed during co-hydrolysis with soy 
flakes or starch in acid and 32 to 52% in base. 

Time. Data in Table V show that heating a 1% (w/v) solution 
of soy protein in 0.1 H NaOH at 75°C for various time periods 
induces a progressive increase in lysinoalanine formation which 
levels off after about three hours and then starts to decrease. 

These results and those mentioned above on the pH-dependence 
of lysinoalanine formation indicate that for each protein, condi-
tions may exist where the rate of lysinoalanine formation may be as 
fast as i t s rate of destruction. Although lysinoalanine could, in 
pr inc ip le , regenerate lysine by a base-catalyzed nucleophilic d is
placement, examination of the last-column in Table I shows that 
combined values of lysinoalanine an/ lysine do not add up to the 
original lysine content of untreated soy protein, suggesting that 
lysinoalanine may act as a precursor for other compounds in addi
t ion to lys ine. 

Temperature. Exposure of a 1% (w/v) solution of soy protein 
in 0.1 Ν NaOH (pH 12.5) for three hours at temperatures ranging 
from 25°C to 85°C reveals a progressive degradation of the 
following lab i le amino acids: threonine, serine, lysine, and 
arginine (Table VI) . Serine and threonine destruction starts 
at about 45°C and lysine and arginine at about 25°C. Thus, the 
value of threonine decreases from 3.40 mole % for the untreated 
soy protein to 1.84 mole % for the sample treated at 85°C. The 
corresponding values for serine are 6.41 and 2.73 mole %; for 
lys ine, 5.55 and 3.24 mole %; and for arginine, 5.84 and 3.15 
mole %; respectively. The treatment also induces the progressive 
disappearance of cystine (not shown) and the appearance of lys ino-
alanine residues. These start to appear at 25°C (0.29 mole %) 
and continuously increase up to 2.24 mole % at 85°C. Although 
imidazole NH group of hist idine could, in pr inc ip le , also combine 
with dehydroalanine to form histidinoalanine (8), the data in 
Table VI show that hist idine appears not to have been affected 
by the treatment. 
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236 FOOD PROTEIN DETERIORATION 

Table I I I . Stabi l i ty of free lysinoalanine to acid and 
base hydrolysis.* 

6 N HC11 1 Ν NaOH2 

Time 
(hrs) 

LAL LYS LAL/LEU LAL LYS LAL/LEU SER 

0 4.69 0.09 1.124 4.22 0.0 1.124 0.0 

4 4.36 0.11 1.107 2.90 0.13 1.123 0.0 

8 4.39 0.13 1.171 — — — — 

24 4.60 0.17 1.081 3.01 0.20 1.122 0.11 

48 4.40 0.23 1.113 - — — 
. . . 

72 4.57 0.29 1.073 2.11 0.29 1.039 0.0 

Conditions: 4.69 umoles LAL and 5.27 umoles LEU; 10 ml 6N HC1 ; 
110°C; 24 hours. 

24.22 ymoles LAL and 4.74 pmoles LEU; 10 ml IN NaOH; 110°C; 
24 hours. 

Table IV. Stabi l i ty of added lysinoalanine to acid and 
base hydrolysis.1 

Sol vent 

% Recovery lysinoalanine 
in the presence of: 

Soy flakes Starch 

6N HC1 90.8 87.7 

IN NaOH 68.2 47.6 

^Conditions : 5.08 uM lysinoalanine 
5 mg soy flakes or starch in 10 ml 
6 N HC1 or 1 Ν NaOH were hydrolyzed 
in evacuated, sealed tubes for 24 
hours at 110°C. 
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10. F R I E D M A N Lysinoalanine Formation in Soybean Proteins 237 

Table V. Effect of time of treatment on LAL content of 
alkal i - treated soy prote in . 1 

Time 
(min) 

Lysinoalanine Time 
(min) Weight % Mole % 

10 0.76 0.46 

20 0.96 0.63 

40 1.64 1.01 

60 1.94 1.10 

120 3.14 1.75 

180 4.04 2.39 

300 4.24 2.98 

480 3.66 2.05 

^Conditions: average of two 
experiments; 0.5 g protein 
in 50 ml 0.1 Ν NaOH; 75° . 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 2 3 9 

Although conditions described for the formation of lysino
alanine are more severe than generally used in food processing, 
the results of this temperature study and those cited ear l ier 
s tr ik ingly demonstrate that significant amounts of lysinoalanine 
appears to be formed in soy protein under relative mild conditions 
of pH, time, and temperature. Consequently, preventative measures 
against lysinoalanine formation may be jus t i f ied even i f proteins 
are subjected to mild alkaline conditions during food processing. 

Concentration. Data in Table VII show that the concentration 
of soy protein in the range 0.5 to 5.0% (w/v) does not appear to 
signficantly affect the extent of lysinoalanine formation. This 
observation and the previous finding (10) that the extent of 
lysinoalanine formation in wheat gluten in 1 IN NaOH at 65°C also 
does not appear to vary s ignif icantly in 1% or 10% gluten suspen
sions suggests that this may be a general phenomenon. However, 
protein concentration does seem to influence the extent of lys ino
alanine formation at lower pH (5), where ε-ΝΗ2 addition to 
dehydroalanine may be rate-control l ing. 

Table VII . Effect of concentration on lysinoalanine content of 
a lkal i - treated soy protein (Promine-D).1 

Protein Lysinoalanine 
(%) Wt. % Mole % 

0.5 2.98 1.59 

2.0 2.71 1.43 

5.0 2.72 1.31 

Condi t ions : 0.1 Ν NaOH; 
65°C, 3 hours. 
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240 FOOD PROTEIN DETERIORATION 

The observed absence of a concentration effect can probably 
be explained as follows. Since elimination reactions of serine, 
threonine, and cystine to form dehydroalanine side chains are 
second-order reactions that depend on the concentration of both 
hydroxide ion and susceptible amino acid side chains, the extent 
of cross!inking should be a function of hydroxide ion concentra
t ion . This is indeed the case (19). However, because the reac
t ion of the ε-amino group of lysine with a vinyl-type compound 
such as dehydroalanine is also a second-order reaction (20-22), 
i t would have been expected that an increase of protein concen
trat ion should lead to a corresponding increase in the rate of 
formation of lysinoalanine. Since this apparently does not 
occur, the major factor control l ing formation of lysinoalanine, 
once the rate-determining dehydroalanine precursors are formed, 
may be the location of required partners for crosslink formation. 
Only dehydroalanine and lysine residues situated on the same or 
closely adjacent protein chains are favorably placed to form 
crossl inks. Once the convenient sites are used up, additional 
lysinoalanine or other c r o s s l i n k s form less readily. Each protein, 
therefore, may have a l imited fraction of potential sites for 
"productive" formation of crosslinked residues. The number of 
such sites may vary and is presumably dictated by the protein's 
s ize , composition, conformation, chain mobil ity, and ster ic 
factors. 

Carbohydrates. The ε-amino group of lysine reacts under 
the influence of heat with the potential carbonyl groups of sugars 
such as glucose to form Schiff 's bases that are further trans
formed to incompletely characterized Maillard browning products 
(23). If such reactions were to occur in strongly alkaline media, 
they would be expected to reduce the formation of lysinoalanine 
because the blocked lysine amino groups would be unable to combine 
with dehydroalanine. To test this hypothesis, the influence of 
several reducing and nonreducing sugars on the extent of lysino
alanine formation was evaluated. 

Exposure of a 1% (w/v) solution of soy protein to 0.1 Ν NaOH 
for 1 hour at 45 or 75°C in the absence and presence of 0.5 to 
2.0% (w/v) glucose did not affect the amount of lysinoalanine 
produced (Tables VII I , IX; Figures 1, 2). Glucose, however, did 
produce two noticeable effects: 1) a sharp decrease in the argi-
nine content which varied direct ly with the amount of glucose 
present; and 2) the formation of a new compound, X, (Figure 2; 
Tables VIII , IX) eluting just before lysinoalanine. 

The concentration of the unknown compound X increased sharply 
when the temperature was raised to 75°C ranging from 0.645 mole % 
in the presence of 0.5% glucose to 1.87 mole % with 2% glucose. 
The arginine content dropped from 5.84 mole % for untreated soy 
protein to 0.805% for soy protein treated with base in the presence 
of 2% glucose (Table IX). 
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242 FOOD PROTEIN DETERIORATION 

•0,5q PROMINE/SOCC O.JN 

•NO SUGAR 
• 75*C, FOR 1 HR. 

J5 25 35 45 55 65 75 35 

TJME (Minutes) 

Figure 1. Amino acid analysis of alkali-treated soy protein. Note that lysinoalanine 
(LAL) peak and unknown peak appear before lysine (LYS). Conditions: 0.5 g 

Promine/50 cm3 0,1 Ν NaOH; no sugar; and 75°C for 1 h. 

•0,6jr PRO M/NE 
• 100 mg GLUCOSE/50 ce O.J Ν 
• 75°C. for 1 nr. MaOH 
• NEWPEAK BEFORE LAL 

tS 25 35 45 55 65 75 S& 95 
TIME (Minutes) 

Figure 2. Amino acid analysis of alkali-treated soy protein in the presence of 
glucose. Note the new peak before lysinoalanine (LAL). Conditions: 0.5 g Promine; 

100 mg glucose/50 cm3 0.1 Ν NaOH; and 75°C for 1 h. 
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244 F O O D PROTEIN DETERIORATION 

Because the lysine content of the soy protein treated in the 
presence of glucose was not systematically altered (Table X), 
these results suggest that glucose does not appear to modify 
lysine to derivative(s) stable to protein acid hydrolysis condi-
t ions . Nevertheless, glucose, under alkaline conditions, 
seems to modify arginine i rreversibly to derivatives stable to 
acid hydrolysis. 

To assess the generality of these reactions, the effect of 
xylose on lysine, lysinoalanine, and arginine content of soy 
protein was evaluated. Table X shows that the effect of xylose 
is s imilar to that of glucose, i . e . lysinoalanine did not change 
whereas about 85% of the arginine residues disappeared. In addi
t ion , a new ninhydrin-positive compound ( X 3 ) was formed eluting 
just prior to lysinoalanine. 

Metal sa l t s . Several metal ions can interact with basic 
groups of amino acid residues including the guanidino group of 
arginine, the imidazole group of h is t id ine , and the ε-amino group 
of lysine (24). Complexation with lysine may minimize or prevent 
lysinoalanine formation i f the complex is stable in a l k a l i . To 
test this hypothesis, the influence of several metal salts on 

Table X. Effect of xylose on lysine, lysinoalanine, and 
arginine content of alkal i - treated soy protein. Values 

l i s ted are mole %.* 

Ami no Acid Elution time 
(min) 

Untreated 
control 

NaOH only 
(No xylose) 

NaOH plus 
xylose 

Lysine 69.24 5.55 4.07 3.81 

Lysinoalanine 60.42 0.00 1.24 1.13 

Arginine 88.23 5.84 4.52 0.83 

x i 13.29 0.00 0.58 0.34 

*2 46.01 0.00 0.50 0.37 

X3 60.17 0.00 0.00 1.44 

x 4 67.18 0.00 0.92 1.37 

Condit ions: 0.5 g protein plus 200 mg xylose; 50 cc 0.1 H NaOH; 
1 hour; 75°C 

Note: X3 peak apparently due to presence of xylose. 
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10. F R I E D M A N Lysinoalanine Formation in Soybean Proteins 245 

the amino acid composition of alkal i-treated soy protein was 
examined. Table XI shows that, within experimental error, only 
C11SO4 and possibly FeCl2 caused a significant decrease in lys ino
alanine content. The complete amino acid profiles also revealed 
that h is t id ine , arginine, and lysine were not s ignif icantly 
affected by the presence of any of the l i s ted sa l ts . 

Dimethyl sulfoxide. Dimethyl sulfoxide (DMSO) and other 
dipolar aprotic solvents strongly affect the reactivity of 
ionizable reactive sites in proteins. Several effects contribute 
to this result . In part icular , such solvents, because of d i f fer 
ences in d ie lec t r ic constant and hydrogen bonding properties, 
influence ionization equ i l ib r i a , hydrogen-bonding and hydrophobic 
interactions, and the nucleophilic strengths of protein functional 
groups. The s t ab i l i t i e s of ground and transit ion states are 
therefore modified as are the chemical react ivi t ies of protein 
functional groups, protein conformations, and, for instance, 
enzyme react iv i t ies (13, 25-27). 

Friedman (25) measured reaction rates of amino groups in 
structural ly different amino acids, peptides, and proteins with 
conjugated vinyl compounds in a medium consisting of borate buffer 
and DMSO and compared them with analogous rates in an aqueous 
buffer. 

Table XI . Effect of metal salts on lysinoalanine 
content of alkal i-treated soy prote in 1 

Metal salt Lysinoalanine 
treatment Weight % Mole % 

Untreated control 0.00 0.00 

Alka l i only 1.94; 1.57 2 1.10; 1.24 

MgS04 · 7H20 1.69 0.958 

ZnS04 · 7 H 2 ° 1.59; 1.60 0.930; 0.899 

CaCl 2 · 2H20 1.88; 1.94 1.08; 1.13 

FeCl2 · 4H20 1.26; 1.39 0.888; 0.901 

FeS04 · 7H20 1.54; 1.82 1.00; 1.05 

CUSO4 · 5H20 0.00; 0.457 0.00; 0.270 

Condit ions : 0.5 g soy protein plus 0.5 millimoles 
metal salt in 50 ml 0.1N NaOH; 75°C; 1 hour. 

^Results from two separate experiments. 
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246 FOOD PROTEIN DETERIORATION 

The results were described by the following equation: 

k 2 (buffer - DMSO, 50:50 v/v) 
log = R = 0.855 pK2 - 6.505 

k 2 (buffer) 

In the mixed solvent, the rate increase (R), which ranged from 1.4 
for tetraglycine to 209 for ε-aminocaproic acid, varied direct iy 
with the pKa value of the amino group. This rate increase can be 
rationalized as follows. Water strongly solvates an amino acid 
anion of structure NHoCH(R)C00~ as i l lus t ra ted in Formula I . In 
this case, solvation decreases the electron density of nitrogen 
and, consequently, decreases the nucleophil icity of the amino 
group. Water can also hydrogen bond to the amino groups as shown 
in Formula I I . This solvation process increases the electron 
density on nitrogen and therefore increases the nucleophil icity 
of the amino group. Evidently, because water can act as both a 
hydrogen donor and acceptor, i t s effect results from a balance 
of these opposing actions. Because DMSO acts only as an acceptor, 
only the hydrogen-bonding interactions shown in Formula III and IV 
are possible in this medium. These interactions strengthen 
both the basicity and nucleophil ic ity of the amino group. In 
addition, by hydrogen-bonding interactions with protonated amino 
groups shown in Formulas V-VI , DMSO can lower the basicity of 
amino groups as measured by pK. 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 247 

Friedman (25) also examined the reaction of acry loni t r i le 
with amino groups in three proteins. The rate enhancement factor 
in the mixed solvent ranged from 20 for bovine serum albumin to 
60 for polylysine. Although such rate studies suggest that pro
teins can be chemically modified more rapidly in mixed aqueous-
nonaqueous media than in di lute aqueous solvents, i t is d i f f i cu l t 
to ascertain how much the rate enhancement by DMSO is due to the 
described direct influences of the nonaqueous compound on electro
stat ic and hydrogen-bonding environments of protein amino groups 
and how much to effects on protein conformation. 

Since the nucleophilic addition of the ε-ΝΗ2 group of lysine 
to the double bond of dehydroalanine is mechanistically analogous 
to the addition of NH2 groups to the double bond of acrylonitr i l e , 
DMSO should profoundly influence the extent of LAL formation i f 
the reaction with the double bond is the rate-determining step. 
Limited studies summarized in Table XII show that the extent of 
lysinoalanine formation in a pH 10 buffer is essentially the 
same as in a solvent medium consisting of 50 : 50 (v/v) pH 10 
buffer : DMSO. This result implies that the rate-determining 
step is probably the ^-elimination reaction of serine or cystine 
to form dehydroalanine rather than the subsequent addition of 
the amino group to the former. However, the situation in DMSO 
may be complicated since the data in Table XII also show that the 
amount of lysinoalanine produced in 0.1N NaOH is nearly twice 
that in a medium consisting of 50:50 (ν/ν) 0.1N NaOH : DMSO. 
This result suggests that the negative dipole of DMSO probably 
suppresses dehydroalanine formation by destabil izing the incipent 
negative carbanion by charge repulsion. 

Table XI I . Effect of dimethyl sulfoxide on 
lysinoalanine content of alkal i-treated 

soy prote in . 1 

Solvent Lysinoalanine 
Wt. % Mole t 

pH 10 buffer 0.53 + 0.04 0.30 + 0.0 

pH 10 : DMSO 
(50 : 50) 

0.70 + 0.20 0.44 + 0.06 

0.1 Ν NaOH 1.57 + 0.07 1.24 + 0.01 

0.1 Ν NaOH : DMSO 
(50 : 50) 

0.89 + 0.02 0.58 + 0.01 

Condit ions : 0.5 g protein in 50 cc solvent; 
1 hour; 75°C. Values are averages from two 
separate e x p e ^ ^ C h e m | c a | 

Society Library 
1155 16th St. II. W. 

Washington, O. C. 2003Î 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
0



248 FOOD PROTEIN DETERIORATION 

Mechanism of Lysinoalanine Formation 

A postulated mechanism of lysinoalanine formation (Figures 3-
5) is a two-step process at least. F i r s t , hydroxide ion-catalyzed 
elimination reactions of serine, threonine, and cystine (and to 
a lesser extent probably also cysteine) give rise to a dehydro
alanine intermediate. Since such elimination reactions are 
second-order reactions that depend direct ly on the concentration 
of both hydroxide ion and susceptible amino acid, the extent of 
lysinoalanine formation should vary direct ly with hydroxide ion 
concentration. This is indeed the case within certain pH ranges. 
The dehydroalanine residue, which contains a conjugated carbon-
carbon double bond, then reacts with the ε-amino group of lysine 
in a second, second-order step, to form a lysinoalanine crossl ink. 
This step is governed not only by the number of available amino 
groups but also by the location of the amino group and dehydro
alanine potential partners in the protein chain. When convenient 
sites have reacted, additional lysinoalanine (or other) crosslinks 
form less readily or not at a l l . Each protein, therefore, may 
have a l imited fraction of potential sites for forming cross!inked 
residues. The number of such sites is presumably dictated by the 
protein's s ize , composition, conformation, chain mobil i ty, ster ic 
factors, extent of ionization of reactive amino (or other) nucleo-
ph i l i c centers, etc. 

O H 

ο 

θ . P - C - C - N H - P 

1/ 

Η Ο 

DISULFIDE 

11 

P_L&NH-P DEHYDROALANINE s θ 

C H , CH ι *J"2 
: - P-NH-C-C-P 

: s : ' * ι 
CH, : ? : THIOL (ANION) 

. θ ι n 
_ H O 

P - N H - C - C - P 
' J ! P - N H - C - C - P 

I II 
Η Ο 

P E R S U L F I D E 

Figure 3. Postulated mechanism for base-catalyzed transformation of a protein-
disulfide bond to two dehydroalanine side chains, a sulfide ion, and sulfur. 
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ι 
CH 2 

: s : 
ι 

: s 
CH 2 

I 2 

> « N H - c \ c -
ν π 

ο 

P - C - C - N H - P 
11 

Η 

P_C - Ç JNH-P D E H Y D R O A L A N I N E 

O H-* C H I 

2 [is:]0 su LFUR 

SULFIDE 

Ç H 2 

p . N H - C - C - P 
II 
Ο 

Η Ο 

θ Η θ ^ > D E H Y D R O A L A N I N E 

DISULFIDE 

Figure 4. Postulated mechanism for base-catalyzed formation of one dehydro
alanine side chain and one persulfide anion from a protein-disulfide bond. The 

per sulfide can decompose to a thiol anion (cysteine) and elemental sulfur. 
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250 FOOD PROTEIN DETERIORATION 

Ο Η υ Η 
CH 2 -C -P 
1 » 
γ NH-C-P 

1 H* 

1. RACEMIZATION 

2. ̂ -ELIMINATION 

CH 2 -C-P 
v Y N H - C - P 

Ο CARBANION INTERMEDIATE 
If 

CH2=C-P 
r w N H - C - P 

DEHYDROPROTEIN 

it 
± C - H 2 N - P 3. CROSSLINK 

H FORMATION 
P—CH2—C-P 

t 
N H - C - P 

Ο I1 
4.HYDROLYSIS 

CH 2-{CH 2U-CH-COOH 

NH-CH 2-CH-COOH 

P= PROTEIN nh 2 LYSINOALANINE 
SIDE CHAIN φ 

Υ = ΟΗ, OR, SH» SR. S(R)2. 

S SR. N(R)3, ΟΡΟ3Η, «te 

Figure 5. Transformation of a reactive protein side chain to a lysinoalanine side 
chain via elimination and cross-link formation. Note that the intermediate carbanion 
has lost the original asymmetry of the reactive amino acid side chain. The carbanion 
can combine with a proton to regenerate the original amino acid side chain, which 

is now racemic, or undergo an elimination reaction to form dehydroalanine. 
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10. F R I E D M A N Lysinoalanine Formation in Soybean Proteins 251 

These considerations suggest that a cascade of reactions 
occurs leading to lysinoalanine residues. Thus, dehydroalanine 
formation is governed not only by the absolute concentration of 
serine and cystine residues but by their relative suscept ibi l i t ies 
to base-catalyzed eliminations. On the other hand, reaction 
of the ε-amino groups with dehydroalanine to form lysinoalanine 
depends not only on the cited ster ic and conformational factors 
but also on the pH of the medium, which governs the concentration 
of reactive nonprotonated amine. Since the pK of the ε-ami no 
groups of lysine residues is near 10 for most proteins, complete 
ionization of al 1 amino groups does not occur unti 1 pH 12. At 
pH 9, only about 10% of the amino groups are ionized, and thus 
available for reaction (al l of the amino groups can eventually 
react, however, since additional amino groups are formed by 
ionization of the protonated ammonium ions as the nonprotonated 
amino groups are used up). 

To gain insight into the reactivity of the double bond of 
dehydroalanine, the factors that influence the reaction rates 
of SH and NH£ groups in amino acids, peptides, proteins, and 
related compounds with dehydroalanine and dehydroalanine methyl 
ester were investigated (12, 21, 22). Kinetic studies revealed 
that the double bond of dehydroalanine readily combines with the 
sulhydryl group of cysteine and other thiols to form lanthionine 
and related compounds. Related studies showed that the amino 
group of ε -Ν-ace t y l -L - l y s ine interacts and combines at a slower 
rate with dehydroalanine than do sulfhydryl groups (Table XIII ) . 
Since comparison of relative react iv i t ies of ionized nucleophiles 
such as R-S" and R-NH2 with the double bond of dehydroalanine are 
val id only in terms of pH-independent rate constants associated 
with the ionized forms and not with observed pH-dependent rate 
constants, second-order anion rate constants(k/\- anion) in Table 
Xlllwere calculated from the observed rate constants k£ by means 
of equation 1 (20, 28, 29), where Κ is the dissociation constant 
of the protonated amino group. 

k A - = k 2 

(H+)" 
1 + • 

(K) 
(1) 

Results (20, 28) showed that the second order anion ( in
herent) rate constants (k/\-) are essentially invariant over the 
pH range studied, and demonstrate that equation 1 agreed with 
experimental observations. 

To calculate predicted rate ratios of two functional groups 
as a function of hydrogen ion concentration, as was done for the 
rate ratio for reaction of the sulfhydryl group in cysteine and 
the ε-amino group of α -Ν-ace t y l -L - l y s i ne with dehydroalanine 
methyl ester (Tables XIII and XIV), the equation 2 version of 
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252 FOOD PROTEIN DETERIORATION 

Table XII I . Reaction rates of Ν-α-acetyl-L-lysine and 
mercaptoamino acids with N-acetyl dehyroalanine 

and i t s methyl ester (9, 20, 22). 

Dehydroalanine 
Reactant form pH pK 

obs 

( M - l min-1) 

kA- (anion) 
(calculated) 
(M-l min- 1) 

Ν-α-acetyl-L-
lysine 

Ester 9.5 10.53 0.71 11.6 

Cysteine Ester 8.5 8.15 . . . 358.7 

DL-Penicillamine Ester 8.0 7.90 5.08 9.1 

Thiosal icy l ic 
acid 

Ester 6.4 7.79 1.76 45.7 

Cysteine Acid 8.5 8.15 0.0217 0.0314 

DL-Penici1 lamine Acid 8.5 7.90 0.0006 0.0008 

Table XIV. Calculated second-order rate constants for reaction 
of N-acetyldehydroalanine methyl ester with the e-NHg 

group of Ν-α-acetyl-L-lysine and the SH group of 
cysteine at various pH's (9, 20, 22). 

Rate Ratio: 
pH α -Ν-ace t y l -L - l y s ine L-cysteine SH Cysteine 

ε-ΝΗ2 Lysine 

7.0 5.14 χ ΙΟ" 3 25.62 5000 

8.0 6.48 χ 10-2 148.84 2300 

9.0 0.763 314.4 410 

10.0 2.58 344.6 133 

11.0 8.66 357.2 43 

12.0 11.22 358.6 34 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 253 

equation 1 may be used. In th i s , k2,k^-, and Κ are associated 
with one functional group (e.g. sulfhydryl) , and kA, k i - , 
and K' with the second (e.g. amino): 

Thus, provided the cited approximations hold for both functional 
groups, al1 that is necessary to calculate the ratio of second-
order rate constants at any hydrogen-ion concentration is to 
determine the k? values for the two functional groups at one 
hydrogen-ion concentration, calculate the k/\- values by means of 
equation 1 and then use equation 2 to calculate the rate ratio 
at any other hydrogen-ion concentration. 

The results in Table XIV show that the rate ratio R-S'/R-NHo 
is strongly pH-dependent ranging from 34 at pH 12.0 to 5000 at 
pH 7.0. These results suggest that i t is possible to chose 
conditions to maximize or minimize relative react ivit ies of 
sulfhydryl and amino groups with dehydroalanine. 

These results and those of a previous study (12) on reactions 
of amino and sulfhydryl groups in proteins with added dehydro
alanine show that lysinoalanine and lanthionine residues can be 
introduced into proteins under conditions that avoid strong 
alkaline treatment and that dehydroalanine is an intermediate 
in forming lysinoalanine and lanthionine crosslinks under the 
influence of a l k a l i . The last conclusion is reinforced by a 
recent study (16) in which we demonstrated that alkal i-treated 
casein and acetylated casein contain significant amounts of 
dehydroalanine residues. 

These findings and the reported observations that acylation 
prevents or minimizes lysinoalanine formation but not racemization 
(15, 18) suggest that i t should be possible to differentiate 
chemical, metabolic, nut r i t iona l , and toxicological effects of 
dehydroalanine, lysinoalanine, and racemization. 

Inhibiting Lysinoalanine Formation 

Added nucleophiles. Since sulfhydryl groups react more 
rapidly than ε-amino groups with dehydroalanine, addition of 
thiols such as cysteine or reduced glutathione should trap the 
residues of dehydroalanine as S-alkyl derivatives and/or eliminate 
potential precursors for dehydroalanine as described below. These 
competitive reactions should minimize lysinoalanine formation. 
This is indeed the case (Tables XV, XVI). Inhibition of lysino
alanine formation by added thiols or other nucleophiles such as 
su l f i te ions can occur by at least three dist inct mechanisms. 

(2) 
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254 FOOD PROTEIN DETERIORATION 

Table XV. Effect of th io ls on lysinoalanine 
content of alkal i -treated soy prote in . 1 

Additive 
(1 mmole) 

Lysinoalanine 
Weight % Mole % 

None 1.67; 1.58 1.08; 1.09 

2-Aminoethanethiol 0.73 0.58 

L-Cysteine 0.56 0.36 

N-Acetyl-L-Cysteine 0.55 0.38 

Reduced Glutathione 0.59 0.38 

DL-Penici1 lamine 0.97 0.60 

Condi t ions : 1% protein in 0.1 Ν NaOH; 65°C; 3 hours. 

F i r s t , by direct competition the added nucleophile can trap 
dehydroalanine residues derived from protein amino acid side 
chains as mentioned ear l ier (equations 3, 4) . Second, the added 
nucleophile can cleave protein disulf ide bonds (equations 5, 6) 
and thus generate free sulfhydryl groups, which may, in turn, 
combine with dehydroalanine residues as i l lus t ra ted in equation 7 
(secondary competition). Third, by cleaving disulfide bonds the 
added nucleophile can diminish a potential source for dehydro
alanine, inasmuch as cystine residues would be expected to undergo 
Β-e l iminat ion reactions more readily than negatively charged 
cysteine (P-S~) or sulfo-cysteine (P-S-SO3) protein side chains 
(suppression of dehydroalanine formation mechanism). 

It may be possible to distinguish among these mechanisms. 
With radioactive-labeled cysteine as the added nucleophile, for 
example, di rect competition w i l l give rise to labeled lanthionine, 
secondary competition to unlabeled lanthionine, while the suppres
sion mechanism, to the extent i t is successful, to no lanthionine. 
More than one of the cited pathways can, of course, operate simul-
taneously (£8 ) . 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 255 

Table XVI. Lysine (LYS), lysinoalanine (LAL), and 
lanthionine (LAN) content (pmoles/g) 

of alkal i-treated proteins 1 * 2 (8). 

Protein & Treatment LYS LAL LAN LAL χ mo 
LAL + LYS 

Casein: untreated 482.7 0.0 0.0 
pH 11.6 294.7 145.2 0.0 33 
pH 11.6 + Na2S03 373.0 65.7 0.0 15 

Lysozyme: untreated 397.3 0.0 0.0 
pH 11.6 222.2 135.2 0.0 38 
pH 11.6 + Na 2S0 3 317.2 35.6 0.0 10 

Soybean trypsin 
inhib i tor : untreated 319.3 0.0 0.0 
pH 11.6 129.3 235.1 0.0 35 
pH 11.6 + Na 2S0 3 239.0 36.8 0.0 13 

Wool : untreated 222.5 0.0 0.0 
pH 11.6 139.0 58.7 119.5 30 
pH 11.6 + Na 2S0 3 176.9 19.1 0.0 10 

a l k a l i treatments were carried out as follows: to 100 mg of 
wool fibers was added 50 ml of pH 11.6 borate buffer and, where 
appropriate, 1.26 g (0.01M) Na2S03. The flasks were placed in a 
60°C water bath for 3 hours. The soluble proteins were treated 
s imi lar ly , except that they were also dialyzed and lyophi l ized. 

2The data show that 1) the amount of LAL formed under similar 
conditions varied greatly among the four proteins tested; and 
2) the presence of Na2SÛ3 results in a decrease in LAL content. 
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256 FOOD PROTEIN DETERIORATION 

Direct Competition: 

R-S" + CH2=C(NHC0P)-P + H + ^ Z T R-S-CH2-CH(NHCOP)-P (3) 

SO5- + CH2=C(NHC0P)-P + H +^=^O 3S-CH 2-CH(NHC0P)-P (4) 

Suppression and F i r s t Step of Indirect Competition: 

2R-S- + P-S-S-P^ZT. 2P-S- + R-S-R-R n i U . _ . . . . (5) 
R = th io l side chain 

S0§~ + P-S-S-P ^=rP-S" + P-S-SO5 ρ = protein side (6) 
chain 

Indirect Competition; 
P-S" + CH2=C(NHCOP)-P + Η+^Ζ=Ξ P-S-CH2-CH2(NHC0P)-P (7) 

Acylation of protein ε-NH? groups. Since lysinoalanine 
formation from lysine requires participation of an ε-amino group, 
protection of the amino groups by acylation (acetylation, suc-
c iny lat ion, etc.) should minimize or prevent lysinoalanine forma
tion under alkaline conditions i f the protective group survives 
the treatment. This expection was, indeed, realized (11, 18). 
Results ir. Table XVII demonstrate that acylations of soy protein, 
casein, or wheat gluten prevented or minimized lysinoalanine 
formation. 

Preliminary findings summarized in Table XVIII show that the 
protein efficiency ratios (PER's) in rats of acetylated and unmo
dified soybean proteins did not d i f fer s ignif icant ly . In con
trast , succinylated soybean proteins did not support the growth 
of rats (30). 
Labeled Lysinoalanine and Total Number of Crosslinks 

Friedman and Boyd (31) reported on the synthesis of a 
deuterium-labeled phenylalanine derivative by adding i t s amino 
group to the double bond of a vinyl compound. This result is of 
mechanistic interest because the method should be applicable 
for synthesizing deuterium and tr i t ium labeled lysinoalanine, 
ornithinoalanine, and lanthionine, as follows: 

H00CCH(NHC0CH3)(CH2)3CH2NH2 + CH2=C(NHC0CH3)C00CH3 

g-N-acetyllysine | N-Acety1dehydroalanine methyl ester 

1. X2/Et3N; 2. Hydrolysis 

H00CCH(NH2)(CH2)3CH2NH-CH2CX(NH2)C00H 

X = D or Τ Deuterium or tr i t ium labeled lysinoalanine 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 257 

TABLE XVII· Effect of acetylation on lysinoalanine content 
of a lkal i - treated protein (1£, j U , 15). 

Protein Lysinoalanine (mole %) 

Soy protein + a l k a l i 1 1.46 

Acetylated soy protein + a l k a l i 1 0.412 

Casein + a l k a l i 2 2.35 

Acetylated casein + a l k a l i 2 0.00 

Wheat gluten + a l k a l i 3 0.654 

Acetylated wheat gluten + a l k a l i 3 0.00 

1% protein in 0.1 Ν NaOH; 75°C; 3 hours. 
1% protein in 0.1 H NaOH; 65°C; 3 hours. 
1% protein in 1 Ν NaOH; 65°C; 1 hour. 

The deuterium and tr i t ium labeling method results in intro
ducing one label for each crosslink formed, and could, in pr in
c ip l e , also be used to determine the total number of crosslinks 
formed during alkali-treatment of a protein and to characterize 
α-amino acid-crosslinked amino acids. The total number of 
crosslinks includes not only those derived from reaction of 
dehydroalanine side chains with free protein functional groups 
such as ε-amino groups of lys ine, imidazole groups of h is t id ine , 
and sulfhydryl groups of cysteine side chains as discussed in 
detail elsewhere (8J, but also those formed by adding 
α-amino groups to dehydroalanine. These α-amino groups are 
present in N-terminal amino acids and can arise also from peptide 
bond cleavage that may occur during the alkaline treatment. 

This approach should also make i t possible to synthesize 
double-labeled lysinoalanine for biological studies in which the 
lysine part is labeled with C 1 4 and the alanine part with tr i t ium 
or deuterium. 
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10. F R I E D M A N Lysinoalanine Formation in Soybean Proteins 259 

Mathematical Analysis of Kinetics of Lysinoalanine Formation 

As mentioned ear l i e r , lysinoalanine is formed by a multi-step 
process involving i n i t i a l l y the generation of dehydroalanine res i 
dues from serine, cystine, and cysteine side chains followed by 
addition of ε-amino groups of lysine to the reactive double bond 
of dehydroalanine. Since the ionization of the protonated amino 
ε-amino groups to the reactive ionized form is governed by their 
pK values and since the rate of dehydroalanine formation from 
cystine precursors is more rapid than from serine residues ( Π ) , 
kinetic studies are needed to define the rate-controll ing step 
during lysinoalanine formation in structural ly different proteins. 

The following mathematical analysis should be useful for 
interpreting the react ivity of amino acid side chains in proteins 
to form lysinoalanine. The analysis w i l l hopefully stimulate 
studies designed to assess the appl icabi l i ty of the derived 
equations to a variety of proteins and glycoproteins. (For re la
ted analyses of reaction kinetics of lysine amino groups with 
vinyl compounds which may also be applicable to some aspects of 
the present case, see 213, 29) 

Definitions 

Pr-CH(NH-CO-Or)-CH2-Y 

Pr = protein side chain 

Y = OH; S-S-Pr; SH; etc. 

serine; cystine; cysteine at t = zero time 

R-NH2 (unprotonate lysine) + R-NH^ (protonated lysine) 

+ lysinoalanine 

R-NH* (protonated lysine) ; A = R-NH2 (unprotonated 
or ionized lysine) 

Pr-C=CH0 = dehydroalanine ι 2 

NH-CO-Pr 

lysinoalanine 

ko 
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260 FOOD PROTEIN DETERIORATION 

Ignore k_ 2, then: 

dV/dt = k2(T)(0H~) + k_,(AV) - ^ (AMV) 

(AV)/(A)(V) 

^(AMV) 

v 

total 

A T 

V k -1 
k_1(AV) 

KAV o r 

= CONSTANT = T. (Τ) + (V) + (AV) 

= (AH+) + (A) + (AV) 

(A)(H+) (A) (AV) 

AV 

AV 

Κ 

A T 
0, then: 

A = ! 
(1 + H+/K) 

CASE I . Pseudo-first-order 

Ignore (AV), i . e . (AV) not s ignif icant : 

Equations (9) and (10) into (8) gives the following key 
differentia l equation: 

(8) 

(9) 

(10) 

(11) 

A(l + H +/K); Therefore, when (12) 

(A) (H+) 
(AH) 

dV/dt = k 2(TQ)(0H") - k2(V)(0H") - k2(AV)(0H") + k^(AV) 

ignore n - » 
- ^(Α)(ν) { U ) 

Assume (OH") is constant and in excess (pseudo-first-order): 

(OH") = Kw / H + , where = (H+)(0H") / H20 

dV/dt = k 2 T Q K w / H + - - k2(0H") + j^k^x/ (1 + H+/K)J (V) 

a(constant) b(constant) 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 261 

dV/dt = a - bV = +abe~bt; Integrate: 

V/ t% = a( -e" b t + 1/b) = DEHYDROALANINE concentration 
at time t 

dAV/dt = ^ (Α) (ν) = |^k1AT / (1 + H + /K)j V ( t ) 

Integrate: 

(AV) t = k ^ a / O + H+/K) (l/b)(t) + be" b t 

Since (AV)Q = 0, therefore: 

0 = c I 0 + b | - χ; χ = be 

(AV) t = c { ( l/b)(t ) + b e " " ) - be 

= LYSINOALANINE concentration at time t 

(dAV/dt) t = c { l /b - b 2 e " b t } 

(dAV/dt) 0 » INITIAL RATE = c | l / b - b 2 J, 

Make plots at different pH values and calculate k, (two equations 
with two unknowns) = rate of lysinoalanine formation. 
Then calculate k 2 = rate for dehydroalanine formation. 

CASE I I . Do not ignore (AV), i . e. (AV) is s ignif icant : 

(AV) = KA V(A)(V) in equation (13) gives equation (14): 

dV/dt = k2TQ(0H") - k2V(0H") - k 2KA y(A)(V)(0H") 

+ k e l K A V (A ) (V ) - ^ (Α ) (ν) (14) 
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262 FOOD PROTEIN DETERIORATION 

(v) 

dV/dt = k 2T o(0H") - k2(0H") (V) 

" à L b " χ " 
c 

A T k ^ K ^ - k 2K A V(0H") - ^ ( Α τ ) 

1 + (H+/K) + KA V(V) x 

e χ 
cx 

dV/dt = a + bx + — (15) 
d + ex 

Equation (15) is too complicated to integrate. Might be solved 
by numerical approximations. 

CASE I I I . Steady-state assumption for DEHYDROALANINE 
formation and disappearance 

A. Ignore (AV), i . e . (AV) not s ignif icant : 

0 = dV/dt = k2TQ(0H~) - k 2 V s s (0H") - ^ ( Α ) ν $ $ , where 

V = the steady-state concentration of dehydroalanine, 
which implies that i t reacts as fast as i t is formed. 
Therefore, 

γ _ k 2 W H + > ( ] 6 ) . A - A j
 + 07) 

s s ^(A) + k 2 ( y H + ) ' ( 1 + H / K ) 

A-ÇlJÎ 1 = CONSTANT (18) 
ss k A 

1 T + ^(Ky/H*) 
(1 + H /K) L 

dAV/dt = k^AHV) = | ^ Α γ / ( 1 + H+/K) [ · ( V s s ) ; or 

(AV) = Ct form; C depends on (H+) 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 263 

B. Do not tgnore (AV), i . e. (AV) is s ignif icant : 

0 = K 2 T o ( K W / H + ) ' K 2 V s s ( K W / H + ) " k
2 ( A V ) ( K W / H + ) ( 1 9 ) 

+ k_-,(AV) - ^ (Α ) ν 5 5 

V . k 2 T 0 (K M /H + ) - k 2 ( A V ) ( V H + ) + k.^AV) ( 2 o ) 

S S k^A) + k ^ / H * ) 

but, 

KAV 
_ J A V J _ ( 2 1 ) 

(A ) ( V ) 

(AV) = A T - A ( l + H + / K ) ( 2 2 ) 

With equations ( 2 0 ) , ( 2 1 ) , and ( 2 2 ) can eliminate ( A ) , (AV) and 
obtain equation for V $ S in terms of constants. 

Equation ( 2 1 ) into ( 2 0 ) : 

v = k 2 T 0 ( K W / H + ) - k 2 K A V V S S ( V H + ) + k., K A V ( A ) V S S ( 2 3 ) 

S S k ^ A ) + k 2 ( K W / H + ) 

Equation ( 2 1 ) into ( 2 2 ) : 

K A V ( A ) V S S = A T - A ( l + H + / K ) ( 2 4 ) 

( A ) - Î Ï - η ™ 
K AV V s s + C d + H /Κ)] 

Equation ( 2 5 ) into (23): k ν y t 
, -I AV SS Τ 

= k 2 T 0 ( V H ) - k 2 K A V V S S ( K W / H ) ^ K A V V S S + ( 1 + H + / K ) 

SS _ _ _ 

k ? ( K W / H + ) + U 
K AV V s s + t 1 + H ' K > 

It may be possible to find a solution for V $ $ in the form of 
a quadratic equation. 
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264 FOOD PROTEIN DETERIORATION 

Alternate approach 

A = Ay /[(I + H+/K) + κ ( Α ν ) ( ν 5 5 ^ 

dV/dt = k2(T)(0H") - ^ ( A H V ) + k_.,(AV) 
very small, ignore 

At steady state: 

dV/dt = [k 2 K w / H +](T); (T) = T 0 - (V s s ) - (AV) 

(Vss> = T o " <AV> " T o " K A V ( A ) ( A V ) 

dV/dt = 0 = [k 2 K w / H +](T o - V s s - AV) 

= k2ToKy I H + - kgV^Ky / H + - k 2(AV)Kw / H + 

= k 2 T Q K w / H + - kgV^Ky / H + - k 2(A)(V)Kw / H + 

- k 2 T o K W / H + " k 2 V s s K W / H + 

- k2AV[(Ay / 1 + H+/K + K A V V s s ) ] - (V S S K H /H + ) 
Multiplying by H + /k 2 K w gives: 

0 " T o " Vss - KAVATVss / + H + ' K > + KAVVss ] 
Multiplying by (1 + H+/K + K A V V S S ) gives: 

0 = T 0 ( l + H+/K + K A V V s s ) - V s | l + H+/K + K A V V S S ) - K^AyV^ 

2 
AV'ss 

" T o + T o H + / K + K AV T o V s s - V s s H + ' K " K AV V s s " K A V A T V s s 

- T O + T O H + / K + [ K A V T o - K A yAy - 1 - H + / K ] V S S -

= T o ( l + H + / K ) + [ K a v ( T q - Ay) - (1 + H + / K ) ] V S S - K f t y V 

The last quadratic equation can be written as: 

K A y ( V s s ) 2
 + J{1 + H + /K) + K A V A T - K A V T o J V S S - (1 + H + / K ) VT= 0 

r 1 s ' t 

2 
r ( V $ S ) = s ( V S S ) - t = 0; Solving the quadratic equation: 

-s t y/~s^ - 4rt steady-state 
(V ) = - , = DEHYDROALANINE 

2r concentration 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 265 

LYSINOALANINE concentration (AV): 

dAV/dt = ^ ( Α ) ( ν 5 5 ) - k ^ A V ) 

Equation (21) into (22): 

KA V(A)V 

Define: 

a 

dAV/dt 

(AV) 

ss A,. - A(l + H+/K) 
A T 

KAVVss + (1 + H+/K)" 

k^(A)(V g s ) ; b' = k_-| gives the following form: 

a 1 - b'(AV) with solution: 

Substituting for a 1 and b ' : 
_ k l ( A ) ( V s s ) 

(AV), 

= K A V ( A ) ( V e e ) | l " e SS' 

[ l - e-*-!'*] 

[ l - β - " - Γ ι ] LYSINOALANINE 
concentration at 
time t . 

We are challenged to establish whether the derived mathematical 
relationships can be used to describe kinetic pathways for 
dehydroalanine and lysinoalanine formation in proteins and 
related model compounds. 

Sample calculations (numbers are from Table 1): 
A = Ay - AH+ - AV; At pH 12.5, AH+ (protonated lysine) 

is small and can be neglected. 
ν - (AV) _ (AV) 1.86 
*AV (AJ(V) " (Α γ - AV)(To-T-AV) " (5.55-1.86)(6.88-4.11-1.86) 

= 0.554 

Vss = T o 
total 

CYS + SER 

AV 

actual actual 
CYS + SER lysinoalanine 

= 6.88 - 4.11 - 1.86 = 0.91 mole % 
These calculations do not depend on the above derivations. 
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266 FOOD PROTEIN DETERIORATION 

Chemical Basis for Biological Action of Lysinoalanine 

Although the mechanism of the observed ce l lu lar action of 
lysinoalanine is s t i l l not well understood (3» £» 15), several 
largely speculative points, based on the chemical properties of 
dehydroalanine and lysinoalanine, could include one or more of 
the following events. F i r s t , dehydroalanine may react with 
essential sulfhydryl and amino groups of proteins and nucleic 
acids in_ vivo. Such reactions have been postulated for peptide 
ant ibiot ics that contain dehydroalanine and methyldehydroalanine 
(32) . Second, lysinoalanine may exert i t s pharmacological effect 
on kidneys by undergoing a reverse Michael reaction in s i tu to 
reform dehydroalanine as the reactive alkylating agent. Lysino-
alanine in effect may act as a carr ier of dehydroalanine or s imilar 
alkylating agent to kidney target s i tes . Third, transit ion metal 
ions also show strong af f in i ty for sulfhydryl and amino groups 
(33) . Therefore, they may compete with dehydroalanine for such 
biological nucleophiles, thus minimizing or preventing the forma
tion of lanthionine and lysinoalanine. These poss ib i l i t i e s and 
the possible role of lysinoalanine in metal binding j_n vivo 
deserve careful study. Fourth, lysinoalanine may compete with 
lysine or other amino acid(s) during protein biosynthesis, i . e . , 
i t may act as a competitive inhibi tor of protein biosynthesis. 
F i f t h , lysinoalanine may competitively inhibi t lysine catabolism 
by reacting with α -ke tog lu t a r a t e to prevent the analogous trans
formation of lysine to saccharopine, a key intermediate of lysine 
metabolism (34). Sixth, the secondary amino group of lys ino
alanine may interact with n i t r i t es both in v i t ro and in vivo to 
form a toxic N-nitroso derivative. Seventh, lysinoalanine may 
act as a local i r r i t an t or allergen of kidney t issue. F ina l l y , 
lysinoalanine may exert i t s effect by inhibi t ing or affecting 
normal reabsorption of amino acids by kidney tubules. 

The possible interaction of lysinoalanine in vivo with metal 
ions deserves special comment. Since lysinoalanine contains three 
amino and two carboxyl groups and structural ly resembles ethylene-
diamine tetraacetic acid (EDTA), i t could, in pr inc ip le , act as 
a metal-chelating agent. In fact, the long residence time of 
lysinoalanine in the kidney (35), may be related to possible 
chelating action of lysinoalanine to metal ions of kidney metallo-
thioneins. This hypothesis raises several important questions 
which include: 1) Can lysinoalanine toxic i ty be prevented by 
giving equivalent (stoichiometric) amounts of lys ine, h is t id ine , 
arginine, or cysteine? 2) Does lysinoalanine in fact bind 
particular metal ions jm vi tro and j_n vivo? 3) Does co
administration of lysinoalanine with metaTs affect tox ic i ty? 
4) Does lysinoalanine compete with physiologically active pro
teins for essential metal ions? 5) Does lysinoalanine bind to 
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10. FRIEDMAN Lysinoalanine Formation in Soybean Proteins 267 

hemoglobin, metallothioneines or other specific metalloproteins 
in v i tro and i_n vivo? 6) Does administering lysinoalanine have 
any observable (transient) effect on excretion of either metal 
ions, amino acids, or proteins in urine? 

F ina l l y , alkali-treatment of proteins also catalyzes concur
rent racemization of optical ly active amino acids. Factors that 
favor racemization have been examined in detail elsewhere (6, 14̂ , 
15, 18). These include high pH-temperature, time of exposure to 
aTkaTT, and the inductive or steric properties of the various 
amino acid side chains. The presence of D-amino acid residues 
along a partially-racemized protein chain decreases i t s d igest i 
b i l i t y and nutrit ional quality and introduces specific tox ic i ty 
of D-serine and possibly other D-isomers. The evidence suggests 
that D-amino acid residues may reinforce the toxic action of 
lysinoalanine at the ce l lu lar l eve l . Additional studies are 
needed to define the abi1ity of various D-amino acids to poten
t ia te the biological action of lysinoalanine. 

In summary, understanding chemical events governing protein-
a lka l i reactions provides insight into events occurring during 
food processing and can be decisive for producing better and 
safer foods. This area of food science, with many unsolved prob
lems , affords a fascinating interplay among chemistry, nutr i t ion , 
and toxicology. The results discussed in this essay and in the 
evergrowing worldwide 1 iterature (36-137) attest to the importance 
of these studies to human welfare. 

Conclusions 

Factors favoring lysinoalanine formation in soybean proteins 
include high pH, time and temperature of exposure; protein concen
trat ion had no effect. Those factors minimizing lysinoalanine 
formation include additives such as N-acetyl-L-cysteine, sodium 
sul f i te and acylation of basic ε-ΝΗ£ groups to neutral amides. 
Alka l i treatment of soy protein in the presence of carbohydrates 
such as glucose and xylose did not influence the extent of lysino
alanine production but induced a drastic decrease in arginine 
content. These and related observations of effects of diemthyl 
sulfoxide (DMSO) and metal ions on lysinoalanine formation can 
be rationalized by a two-step mechanism in which generation of 
dehydroalanine residues from serine and cysteine is followed by 
nucleophilic addition of ε-ΝΗ2 groups to the electrophil ie double 
bond of dehydroalanine residues. Based on steady-state assump
tions about the rate of dehydroalanine formation, mathematical 
relationships were derived that relate pH of the medium and pK 
of ε-ΝΗβ* groups to kinetics of lysinoalanine production. Under
standing conditions and mechanisms that govern lysinoalanine 
formation should help in designing food processes that minimize 
both loss of essential amino acids and formation of unnatural 
derivatives such as dehydroalanine and lysinoalanine. 
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11 
Chemical Modification of Food Proteins 

TRIVENI P. SHUKLA 
Krause Milling Company, Milwaukee, WI 53215 

During the past decade, a number of non-conventional proteins 
have been identified as human food ingredients, e .g. , s ingle-cel l 
proteins, f i sh , leaf, and cereal concentrates, and soybeans, 
cottonseeds, and rapeseeds. Successful u t i l i za t ion of these new 
proteinaceous materials depends on their d iges t i b i l i t y , nutri t ive 
value, and overall functional and organoleptic properties as 
related to processed food formulations. Many of them, although 
to varying degrees, f a i l to meet one or more such u t i l i za t ion 
criteria. 

Although the science, much less the art and technology, of 
chemical modification of food proteins is in i t s infancy, there 
exists a potential for the use of existing fundamental knowledge 
on protein derivatization - modification, replacement, and remov
al of amino acid residues, and prote in- l ip id , protein-carbohy
drate, and protein-ligand interactions for commercially viable 
food products and process research. Such research programs may 
lead to the development of modified food-grade proteins of 
improved functionality, nutri t ive value, and organoleptic quality 
and of reduced propensity to deterioration by physicochemical 
agents. This chapter is a review of 1) theory and known mecha
nisms of modification, 2) applied and basic research on chemical 
modification of food proteins, 3) interaction of modified 
proteins with other food ingredients and 4) legal , regulatory, 
public health, and consumer acceptance implications of modified 
food protein products. In general, future research must address 
three major objectives: 1) selecting a structure-function 
specific modification scheme; 2) developing a process and product 
control strategy from commercial standpoints; and 3) testing the 
efficacy and safety of the product for human consumption. 

Chemistry of Food Protein Modification 

Food protein structure. The knowledge of food protein struc
ture, i t s capacity for covalent and non-covalent interactions, 
and structure-function relationships in the native state must be 

0097-6156/82/0206-0275$07.75/0 
© 1982 American Chemical Society 
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276 FOOD PROTEIN DETERIORATION 

known before the selection of a modifying reagent and the predic
tion of the properties of the modified protein can be made. Table 
I contains a l i s t of details a food protei η should be investigated 
for before any attempt of chemical modification is made. 

Table I . Proteins: Structure and Reactivity. 
PRIMARY STRUCTURE 

Amino Acid Composition 
Amino Acid Sequence 
Overal1 Hydrophobicity 

MICROENVIRONMENT 
Isoelectric Point 
Charge Distribution 
Solvation 
Hydrogen Bonding 
Steric Factors 

MOTILITY OF PROTEIN STRUCTURE 
pH Dependence 
Ionic Strength Dependence 
Dielectr ic Constant 

PROTEIN CONFORMATION 
Alpha-Helix 
Pleated Beta-Sheets 
Random Coils 

Proteins are composed of one or more linear copolymers of 
alpha-L-amino acids. Most food proteins are often heterogeneous 
and consist of two or more polypeptide chains crosslinked by the 
disulfide (-S-S-) bridge of cystine. The polypeptide chains are 
folded or coiled into a highly specific conformation. To de
scribe a food protein for the purpose of chemical react ivi ty , the 
fol lowing must be known: 1) the number, length, and amino acid 
composition of polypeptide chains; 2) the 1inear arrangement (or 
sequence) of their amino acids; and 3) the number and the 
position of crosslinkages between chains. In other words, the 
primary structure of a target protein for chemical derivatization 
should be determined, a p r i o r i . Furthermore, the protein in 
question should be examined for phosphate crosslinkages and other 
unusual bonds; e .g. , ester bonds of collagen. To complicate the 
issue further, food proteins may exist in conjunction with nucleic 
acids, carbohydrates, and l i p i d s . These details must be worked 
out fu l ly in order to understand proteins as reagents and modi
fied proteins as functional food ingredients. 

Once the primary structure is known, the chemical reactivity 
of a protein can be more accurately defined in terms of molecular 
weight, end groups, residues per unit , sulfhydryls per unit , d i 
sulfides per unit , average methyl s per segment, large non-polar 
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11. SHUKLA Chemical Modification of Food Proteins 277 

side chains per unit , average methyls per non-polar side chain, 
maximum positive side chain charge, maximum negative side chain 
charge, and number and distr ibution of various electron-rich 
(nucleophilic) amino acid residues per unit . The preceding de
t a i l s more or less f ix the configuration of a protei η in a gi ven 
environment (solvents plus other solutes) which in turn determines 
i t s ionization behavior, the number of "exposed" and "buried" 
groups in i t , i t s overall topology, and the moti l i ty of i t s struc
ture (21, 36). None of the food proteins subjected to chemical 
modification heretofore are well defined. Some that have been 
defined to some degree (47), unfortunately, have not been 
included in recent studies. 

The l i terature in molecular biology and biochemistry contains 
in-depth accounts of chemical modifications of well-defined 
proteins (10, 32, 36, 44, 48), and this information has been use
ful to the fundamental protein chemist. On the contrary, the 
food protein chemist has yet to define a target protein before 
successfully subjecting i t to covalent chemical modifications to 
effect a predictable change in i ts primary structure. The result
ant modified protein should exhibit equally predictable changes 
in i ts structure and i ts behavior in solution, etc. Even i f a 
process of chemical modification was perfected, the product there
from should be tested from the viewpoint of in vivo proteolysis, 
biological value, nutrit ive value, and tox ic i t y . Furthermore, 
the economics of production and u t i l i za t ion of modified food 
proteins is probably the most important consideration for judging 
the state of the art of the chemical modification of food 
proteins. 

Tables II and III present data on side chain hydro-
phobicities (2J, non-polar side chains (NPS), polarity ratios 
(P), and net charge for a number of proteins (47). The physical 
properties of proteins correlate with the type and density of non-
polar side chain amino acids. In other words, hydrophobic bonds 
by and large determine the qlobular structure of proteins (3)· 
The polarity rat io , Ρ = V e/M , which is an indicator of hydro
phobicity, therefore, relates well with the molecular structures 
of globular proteins. ve and v i stand for the external (polar) 
and internal (apolar) shell volumes of a protein molecule in water 
and are calculated as the sum of the volume of polar (arginine, 
h is t id ine , lysine, aspartic acid, glutamic acid, tyrosine, serine, 
and threonine) and apolar (tryptophan, isoleucine, tyrosine, 
phenylalanine, proline, leucine, and valine) ami no acids. Table 
IV i l lustrates the amino acid composition of economical and 
readily available proteins that have been subjected to chemical 
modification. Research programs directed to developing data
bases on parameters NPS, P, and net charge of Table III and 
hydrophobicity (transfer free energy) of Table II for various 
unconventional food proteins should be defined and undertaken. 
The data so obtained w i l l be very useful for predicting the 
functional properties of proteins. Given the understanding of 
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278 FOOD PROTEIN DETERIORATION 

Table I I . Ami no acid side chain hydrophobicities (transfer free 
energies, HA/> and residue vol urnes). (2J 

Amino Acid (Kcal/Residue) 
Volume 

(Ao3) 

Tryptophan 3.00 135.4 
Isoleucine 2.95 102.0 
Tyrosine 2.85 116.2 
Phenylalanine 2.65 113.9 
Proline 2.60 73.6 
Leucine 2.40 102.0 
Valine 1.70 85.1 
Lysine 1.50 105.1 
Methionine 1.30 97.7 
Half Cystine 1.00 68.3 
Alanine 0.75 52.6 
Arginine 0.75 109.1 
Threonine 0.45 72.2 
Glycine - 36.3 
Serine - 54.9 
Histidine - 91.9 
Aspartate - 68.4 
Glutamate - 84.7 
Amide - 4.0 

I/Hrf - F t - -RT In !|t0H 
SH20 

Table I I I . Hydrophobicity and polarity parameters for various 
food proteins. (2, 47) 

Protein NPS Ρ = v e / v i Charges 

Edestin (hemp) 0.30 1.41 0.23 
Avidin (hen egg) 0.30 1.41 0.25 
Alpha-Lipovitel in (hen egg) 0.34 1.09 0.23 
Ovalbumin (hen egg) 0.34 0.92 0.24 
Alpha-Lactalbumin 0.34 1.11 0.38 
Alpha-Casein 0.38 1.27 0.24 
Beta-Lactoglobulius 0.37 0.96 0.28 
Zein (Maize) = : ° * 0 3 

the chemical basis for the expression of a physical property, i t 
would be easier to define the type and degree of chemical 
modification. 

The introduction of new side chain residues in a native 
protein by way of chemical modification may interfere with other 
interactions, e .g. , formation of disulf ide, hydrophobic and 
hydrogen bonds, and thus affect i t s non-covalent interactions. 
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11. SHUKLA Chemical Modification of Food Proteins 279 

Table IV. Summary of the amino acid composition of food protein 
targeted for chemical modification. 

Yeast Soybean 
Hen's Baker's Protein Protein 7S Fish 
Egg 
(49) 

Yeast 
(52) 

Isolate 
(50) 

Globulin 
(51) 

Protein 
(26) 

Alanine 5.6 6.1 7.2 1.8 5.0 
Arginine 6.4 5.9 4.7 7.1 6.3 
Aspartic Acid 9.1 11.4 12.7 10.3 10.1 
Half Cystine 2.4 1.1 1.3 - 0.8 
Glutamic Acid 12.4 11.5 12.4 15.3 16.9 
Glycine 3.2 4.5 5.0 1.4 3.0 
Histidine 2.6 2.8 0.9 1.7 2.0 
Isoleucine 6.0 5.6 4.0 3.7 4.8 
Leucine 8.7 8.9 9.4 5.9 4.2 
Lysine 6.7 9.3 9.8 4.8 10.6 
Methionine 3.1 1.9 1.5 0.2 2.6 
Phenylalanine 5.6 5.6 3.9 5.1 3.6 
Proline 4.0 4.3 3.4 3.3 3.4 
Serine 7.2 5.0 6.3 3.2 3.9 
Threonine 4.8 5.0 5.0 1.4 4.7 
Tryptophan 1.7 1.7 0.5 - 1.4 
Tyrosine 3.8 4.5 3.4 3.2 3.8 
Valine 7.0 5.8 5.6 3.1 4.8 

This necessitates quantitative evaluation of the non-covalent 
interaction of a given protein (Table V). The experimental work 
on the enzyme-susceptibility, toxicology, and nutrit ive value of 
chemically modified protein would be better interpreted with a 
fu l l e r knowledge of non-covalent interactions and consequent 
moti l i ty and topology of the protein molecule. At the present 
time, neither the native proteins nor their chemically modified 
counterparts are well understood. 

Residue modification. The four types of electron-rich 
centers in a protein molecule are 1) the nitrogen nucleophiles or 
amino group of lysine, the imidazole group of histidine and the 
guanidine group of arginine, 2) the oxygen nucleophiles or 
hydroxyl groups of serine and threonine, the carboxyl groups of 
glutamate and aspartic acid, and the phenolic hydroxyl of 
tyrosine, 3) the sulfur nucleophiles or thiol group of cystine 
and the thioether group of methionine, and 4) the carbon nucleo
philes or phenolic ring of tyrosine and the indole ring of 
tryptophan. Approximately 12 out of 20 ami no acids that make up 
the backbone of proteins contain electron-rich, potentially 
nucleophilic centers. Since their react ivit ies are different and 
subject to variation depending on the intra- and extra-molecular 
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280 FOOD PROTEIN DETERIORATION 

Table V. Role of covalent and non-covalent interactions in 
protein functionality. 

Interaction Origin 
Strength 

Role (Kcal/Mole) 

Attraction 
Distance 

(A) 
Non-Covalent: 

van der 
Waal s 

Induced 
Dipole 

Packing Density 
Stabi l izat ion, 
Protein Interior 

1-3 5 

H-Bond Attraction 
(Partial 
Charges) 

Protein-Protein 
Complex, Protein -
Lipid Complex, 
Protein Structure 

3-5 3 

Electro
static 

Attraction 
or 

Repulsi on 

Structure Stab i l i ty 
pH Sensit ivity -
Sensit ivity to Ions 
and Ionic Strength 

1-10 20 

Hydrophobic 
Bonds 

Non-polar 
Side Chains 

Solubi l i ty Surfac-
tancy, Protein-Li pid 
Complex 

1-3 5 

Covalent: 
Disulfide 
Bonds 

(-S-S-) Structure, Mechani
cal Property, Solu
t ion Property 

Weak 3 

Others Nucleo-
philes 

Change in Net 
Charge and Physical 
Properties 

100 3 

environment, their reaction with electrophi 1ic reagents is non
specific (15, 32, 42). The selective modification of proteins, 
therefore, depends more on luck than sound judgment (32). 
However, the number of reactive nucleophiles can be narrowed some
what by proper selection of pH. Also, since the order of 
nucleophil icity i s : sulfur > nitrogen > oxygen > carbon, the 
knowledge of amino acid composition can better define the reac
tion conditions. For discussions of nucleophil ic ity , reference 
should be made to Jencks (60). Table VI is a summary of possible 
reactions with various functional groups of proteins. 

The conjugate acid of the basic groups such as ammonia, 
guanidine, and imidazole that bind metal ions or the positive end 
of dipolar groups (carbonyl) constitute the electron-deficient 
ami no acid residues of proteins. Although not very reactive, the 
amino acid side chains which are protonated near or above their 
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11. SHUKLA Chemical Modification of Food Proteins 281 

Table VI. Summary of the chemical reactivity of proteins with 
various reagents. (15, 32) 

Electrophi l ic Reagents: 
Acid Anhydrides -

Acetic , Succinic, Citraconic 

Miscellaneous Aryl Transfer Reagents: 
Carbon Disulf ide, Cyanate, 
O-Methyl Isourea, Imidic Ester, 
Sulfonyl Hal ides 

Arylating Reagents: 
Fluorodinitrobenzene (FDNB) 
Tri nitrobenzene Sulfonic Acid (TNBS) 
Cyanuric Fluoride 

Alkylating Reagents: 
Alpha-Halo Acids 
Activated Benzene Halide 
Sulfamryl Halide 

Addition to Double Bond: 
N-Alkylanaleimide 
Acrylonitr i le 

Electrophi l ic Substitution: 
Tetranitromethane 
Di azonium-H-Tetrazol e (DHT) 
Iodine 

Condensation with Carbonyls 

Oxidizing Agents: 
Hydrogen Peroxide 
N-Bromosuccinamide 
Photochemical 

Reducing Agents : 
Disulfide Reduction 

^ Carboxyl Reduction 

pK a behave as electrophiles. Such electron-deficient centers in 
proteins may be susceptible to reduction. The reduction of 
disulfide bonds in proteins can be easily effected by either 
e lectrolyt ic or chemical methods. A good reagent used to reduce 
carboxyl groups is lithium aluminum hydride. The carboxyl groups 
can also be reduced by diborane. 

Amino acids with bulky hydrocarbon side chains, although 
neutral with respect to electrons, play crucial roles in protein 
folding, protein s tab i l iza t ion , and ligand-binding. Those of 
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282 FOOD PROTEIN DETERIORATION 

high hydrophobicity and a polarity ratio greater than unity are 
largely responsible for dictating physical boundaries ( loci) for 
1igand binding. The reactions of neutral side chains are limited 
to those with free-radicals, carbenes, and nitrenes. 

With only minor exceptions, the published work on chemical 
modification of food proteins deals mainly with acetyl ation and 
succinylation reactions (Table VII ) . Although the general 
chemistry of these reactions has been previously described in the 
context of food protein modification (15, 31), the general 
findings and their implications have not been examined 
c r i t i c a l l y . 

Acylation of Food Proteins 

Acylation reactions are known to follow the carbonyl-
addition pathway (Figure 1). While amino- and tyrosyl-groups are 
easy to acylate, hist idine and cystine residues are only rarely 
observed to undergo acylation. The serine and threonine hydroxyls 
are rather weak nucleophiles and, therefore, are usually never 
acylated in aqueous medium. Acylation reactions, in general, are 
greatly influenced by pH. There is an inverse relationship 
between the rates of acylation and their pK except in rather high 
pH environments. Acylation of alpha and epsilon-amino groups in 
proteins with e lectrophi l ic reagents depends on three parameters: 
1) relat ive concentration of the nucleophile which is dependent 
on pH and pK a , 2) relat ive act iv i ty of the amino group, and 3) 
ster ic factors. Stark (42) offers an excellent treatment of 
1inear free energy relationships of reactions with reagents as 
follows: 1) preserve the positive charge, 2) change the positive 
to negative charge, and 3) abolish net charge on the modified 
proteins. 

Acetic and succinic anhydrides are the most commonly used 
reagents because they are simple to use. Acetic anhydride is 
re lat ively selective for ami no groups, acylates low pKa groups at 
low pH, and renders the cationic groups neutral. Succinic 
anhydride, on the other hand, is more selective than acetic an
hydride for ami no groups. The net negative charge of the protein 
increases upon succinylation causing changes in the electrostatic 
environment and conformation of the protein molecule. The end 
products tend to dissociate, are more soluble, possess higher 
in t r ins ic viscosity, and are more heat stable (10, 15, 42). The 
target protein may influence the reactivity of i t s own functional 
groups and also that of the electrophil ic reagent (10) as shown 
in Table VIII . However, the scientist can make constructive 
judgments as to the overal1 reactivity and the reaction mechanism 
only when the protein structure and i t s behavior in aqueous 
systems are known. 
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11. SHUKLA Chemical Modification of Food Proteins 283 

Table VII . L i s t of chemical modification work on food proteins* 

Protein 
Modification 

Reaction 
Changes in Physical 

and Chemical Properties Reference 
~ m — Albumin, 

γ-Globulin 

Casein, 
ρ-Casein 

Myosin 

Fish 
Protein 

Soybean 

Succinylation 
Acetyl ation 

Succinylation, 
Acetyl ation, 
Succinylation, 
Acylation with 
acid anhydrides 

Succinylation 

Acetyl ation 

Succinylation 

Ionization behavior 

Acetyl ation 

Citraconylation 

Succinylation 

Oxidation Reduc
t ion (sulfite) 

Alka l i (pH 10.0) 

Calcium Binding 

Inefficient trypt ic 
hydrolysis 
Lack of aggregation, 
increased so lub i l i t y , 
lack of sensi t iv i ty to 
calcium ions 

Increased so lubi l i ty 

Lower isoelectr ic 
point - Inefficient 
trypt ic hydrolysis 
Lower isoelectr ic 
point - Solubi l i ty 
at pH 4.0, improved 
foaming capacity, im
proved emulsion act iv i ty 
but decreased s t ab i l i t y , 
improved heat s tab i l i t y 

(34) 

(14,28) 

(40) 

(Z>2£) 

(24,26) 

( l , i l ) 

(1) 

Decreased water-binding 
increased so lub i l i t y , 
decreased gel-strength, 
increased net charge, 
ease of separation, 
so lub i l i t y at pH 4.5 
Lower isoelectr ic point, (17,38) 
increased emulsifying 
act iv i ty and s t ab i l i t y , 
increased foaming capacity 
Reduced viscosity, (38) 
resistance to aggregation,"~[31,38) 
Reduced viscosity in 
aqueous solutions, and in 
creased viscosity in salt 
solution 
Increased d ispers ib i l i ty 
and so lub i l i t y , low vis
cosity and sensit iv i ty to 
calcium ions, and res ist
ance to aggregation, in 
creased e las t ic i ty 
Lower isoelectr ic point 
change in so lubi l i ty 
profi le 

(38) 

(46) 
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284 FOOD PROTEIN DETERIORATION 

Table VII (continued). 
Modification Changes in Physical 

Protein Reaction and Chemical Properties Reference 
Cottonseed Acetyl ation Improve water-holding, (8) 

oi l -holding, emulsifying 
and foam capacities 

Succinylation Improved water so lub i l i t y , (8,9J 
improved heat s t ab i l i t y , 
decreased bulk density, and 
improved o i l holding, emul
sion capacity, gel-strength, 
water hydration, water reten
tion and viscosity 

Leaf Succinylation 

Calcium Binding 

Yeast Succinylation 

Peanut Succinylati on 

Rapeseed Reductive alky
lat ion (HCHO, 
Sodium borohy
dride 

Egg White Glutarination 
(3,3-dimethyl-
glutaric anhy
dride) 

Wheat Acylation 

Calcium binding 
Oxidation-
reduction (dough 
improvement) 

Increased bulk density, (18) 
so lubi l i ty and viscos
i t y , improved flavor 
Enhanced emulsifying 
act iv i ty lower isoelec
t r i c point (46) 

Reduced emulsion sta- (41) 
b i l i t y , increased 
viscosity , change in 
so lub i l i t y , inefficient 
pancreatic and peptic 
hydrolysis 

Enhanced so lubi l i ty at (59) 
low pH, increased water-
absorption and viscosity, 
dissociation into subunits, 
swel1ing 

Loss of gelation (20) 

Change in net charge, (19) 
improved heat s tab i l i t y 

Increased so lubi l i ty 23) 
and viscosity , 
dissociation into sub-
units 
Lower isoelectr ic point, (46) 
increase/decrease in 
dough-strength 
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SHUKLA Chemical Modification of Food Proteins 285 

@-NH2 + C-R—-(P)-NH-C-R+ HX 

(AMINO) 

(TYPOSYL) 

0 1 0 
* · ! 7 • I-H! 0 . 

R-C^~~—:NHo ^ \R~C-~NH2\^\R-CÎ;NH\^R-C+X 
\ I I ι I I) \ 

X ! λ ] X' J NH 

C-CH5 0 
® - NH2 + ο' ftL>Z^ (p}NH-C-CH3+CH3COO+H* 

C-CH2 

PrNH2+0 
PH >7.0 

C'CHp 
(P)-C0NH — CH2 

I 
~00CH2C-CH2 

Figure 1. Acylation of protein amino groups with acetic and succinic anhydride. 
(Reproduced, with permission, from Ref. 36. Copyright 1971, Holden-Day, Inc.) 
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286 FOOD PROTEIN DETERIORATION 

Table VIII . Effects of protein environment on functional groups 
and the electrophil ic reagents. (10) 

PROTEIN EFFECTS ON: 
Functional Groups Electrophiles 

Steric protection 

Η-bond: pKa versus act iv i ty 

Fie ld effect of charged 
groups: plu versus act iv i ty 
Polarity of local environment, 
repressed ionization due to 
hydrophobic regions 
Reversible covalent inter
action (hemithioacetals 
decrease nucleophilicity) 
Charge-transfer interactions 
(pi electrons) 

Selective absorption of 
reagent prior to reaction 
Electrostatic interaction 
with charged groups 
Partial steric protection 
by the protei η matrix 
Polarity of the local 
environment 

Other functional groups in 
the v ic in i ty 

Conformational restr ict ion 
against permissible reaction 
mechanism 

Beta-casein. Native beta-casein is characterized by a dis
ordered conformation dictated by the presence of highly charged 
negative regions (serine phosphate) separated by hydrophobic 
regions (14, 28, 53). Its primary structure is known (53). A 
complete sequence of beta-casein A is shown in Figure 2. Given 
the net negative charge of 11 per mole, the regions of pronounced 
hydrophobicity, and a random coi l conformation because of uniform 
distr ibution of proline, beta-casein serves as a good ampholyte 
(surfactant) both for foams and emulsions. However, emulsion 
s t ab i l i t y and so lubi l i ty in aqueous medium are strongly affected 
by changes in pH and calcium ion concentration. 

Acetyl , succinyl, butyryl , and higher series acyl deriva-
tives of beta-casein acquire f a i r l y predictable properties (Table 
IX). Succinylated beta-casein is completely soluble below pH 5.0 
(Figure 3) and not precipitated by calcium ions (the net gain of 
negative charge is far more than what can be counteracted by 
calcium binding by five phosphate and six imidizole groups). The 
two publications reviewed herein (14,28) and others (55-57) 
describe the research aimed at studying the aggregation and the 
calcium ion sensit ivi ty behavior of beta-casein. However, since 
the knowledge of casein's primary structure and ionization 
behavior is available, i t may serve as a model food protein for 
chemical modification and final assessment of the functional and 
nutrit ional properties of i t s derivatives. As a natural 
extension of such research, the hydrophobicity, polarity rat io 
and NPS values for beta-casein (the type of data in Tables II and 
III) and i t s acyl derivatives should be calculated and related to 
functional properties. Acylation of beta-casein with acid 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
1
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10 20 
H.Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val -Pro-Gly-Glu- l le - Va l -G lu-Ser-Leu-Ser-Ser - S e r - G l u -

Ρ Ρ Ρ Ρ 
+>yt -caseins C7 3 0 40 

— Il Glu-Ser - Ile -Thr -Arg - l le - Asn -Lyjl- Lys- Ile - Glu-Lys-Phe-GIn- Ser-fcluHGlul-GIn-GIn-Gtn-
(absent in variant C) P Lys Lys (variant C) 

(variant E) 
50 60 

Thr- Glu-Asp-Glu-Leu-GIn-Asp -Lys-Ile - His-Pro-Phe-Ala-GIn-Thr-GIn-Ser -Leu-Val - T y r -

70 80 
Pro-Phe-Pro-Gly-Pro- I le -|Pro r Asn-Ser- Leu-Pro-Gin-Asn-Me - Pro-Pro-Leu-Thr-G In-Thr-

(variants C, A 1 , and B) His 
90 100 

Pro - Val -Val - V a l - P r o - Pro -Phe -Leu-Gln-Pro-Glu -Val - Met-Gly-Va l -Ser- Lys - V a l - L y s - G l u -

• »»73-caseins (R-, TS-B) 
110 120 

A l a - Met -Ala - Pro - LysriBTj - L y s - G l u - Met-Pro - Phe -Pro - Lys -Ty r-Pro-Val -Gln-Pro - Phe -Thr -
Gin (variant A 3 ) 

I * -7 i -caseins (S-, TS-A* ) 
130 140 

G lu -|Serf- G In -Ser - Leu -Thr- Leu -Thr - Asp-Val - G lu - Asn -Leu -His - Leu-Pro -Pro - Leu -Leu -Leu -
Arg (variant B) 

150 160 
Gin- Ser-Trp-Met-His -G ln -Pro-H i s -G ln -Pro - Leu -Pro -Pro -Thr -Va l - Met-Phe-Pro - P r o - G In -

170 180 
Ser-Val—Leu-Ser- Leu-Ser - G In -Ser - Lys - Val -Leu -Pro -Va I - Pro - GI υ - Lys - A la - Val - Pro -Tyr -

190 200 
Pro-Gin-Arg-Asp-Met-Pro -lie - G ln -A la -Phe -Leu -Leu -Tyr -G ln -G ln -P ro -Va l - Leu -G ly -P ro -

209 
Val - Arg - G ly-Pro-Phe-Pro-I le - Ile -Val.OH 

Figure 2. The primary structure of β-casein A. (Reproduced, with permission, 
from Ref. 89. Copyright 1976, American Dairy Science Association.) 

rs 

Figure 3. The pH-solubility profile of β-casein and its acylated derivatives (1.5% 
in 0.25 M CaClt at 30°C). Key: A, control β-casein; B, acylated β-casein; C, 

valerylated β-casein; and D, butyrated β-casein (2%). 
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288 FOOD PROTEIN DETERIORATION 

Table IX. Properties of beta-casein and i ts acyl-derivatives. 
(14, 28) 

Property 
Beta-

Casein 
Acetyl-Beta-

Casein 

Succinyl 
Beta-

Casein 

Higher Series 
of Acetylated 
Beta-Casein 

Charge 11/mole 22/mole 33/mole 22/mole 

PI 4.90 Below 4.9 Below 4.9 Below 4.9 

Number of 
Lysyl-groups 11 - -
Binding to 
OEAE column 

Strong Stronger Strongest Strongest 

Electro
phoretic 
mobility 

Normal Hi gher Hi ghest Hi gher 

Solubi l i ty - - High -
Ca++ 
Sensit ivity 

High Less None Less 

anhydrides of varying hydrophobicity influences i ts so lubi l i ty 
predictably (Figure 3). 

Soybean protein* Soy protein isolates by definition contain 
no less than 90% (dry weight basis) protein. The storage globu
l ins constitute approximately 90% of the total protein, and the 
balance is made up of various biological ly active proteins 
(trypsin inhibi tor , 9%; hemagglutinins, 6%; and various enzymes 
including lipoxygenase). In the storage globulin category, the 
major constituents are 7S beta-conglycinin (27%), the US 
glycinin dimer (34%), 15S glycinin tetramer (6%), and a small 
molecular weight 2S alpha-conglycinin (18%). 

The 7S beta-glycinin is an antiparallel beta-structure with 
disordered regions in the molecule. On the basis of low deuteri-
urn exchange data, i t is postulated that 7S beta-conglycinin is a 
rather compact molecule despite the presence of non-helical 
regions (51). Most of the tyrosine residues are buried, and the 
tryptophan residues are exposed. It has only 2 cystines per mole 
indicating that disulfide bonds are minimal. It is composed of 
nine polypeptide sub-units, is self-associating, and is charac
terized by an int r ins ic viscosity of 0.063 dl/g (a value close to 
that of most other globulins). 

Three publications (1_, _4, 17) reviewed in this section deal 
with acetyl at ion (1_, 17), succinylation (17), and citraconylation 
(4) of soy protein. Various other chemical modifications directed 
at improvement of soy protein properties for non-food industrial 
applications were reviewed by Meyer and Williams (38) and Kinsel la 
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11. SHUKLA Chemical Modification of Food Proteins 289 

and Shetty (31). A l l investigators cited above used soy protein 
isolate whose amino acid composition is similar to that of 7S 
beta-conglycinin (Table IV) except that the citraconylation study 
included two additional proteins isolated from the isolates - 7S 
beta-conglycinin and lipoxygenase. The acetylated soy protein 
does not exhibit substantial improvement in functional properties 
( i . e . , a decrease in water binding act iv i ty , some increased solu
b i l i t y in the pH range 4.5 - 7.0, and decreased gel strength). 
On the other hand, succinylation of soy protein improves i ts 
emulsifying act iv i ty (30%), emulsion s t ab i l i t y (21%), emulsifying 
capacity (300%), foaming capacity (20%), and foaming s tab i l i t y 
(50%). Upon succinylation, soy protein gains an additional net 
negative charge and, therefore, the short range attractive forces 
diminish and the repulsive forces predominate. Also, the suc
cinyl ated soy protein attains an isoelectr ic pH (4.0) lower than 
that of the native molecule (5.4). Consequently, the derivative 
protein remains soluble in a broader pH range, and i ts overal1 
hydration and emulsification characteristics improve. 

Brinegar and Kinsella (4_) found that citraconylation of soy 
proteins is a reversible process. They suggested a possible use 
of this reversible reaction in ion-exchange chromatography for 
separating the 7S beta-conglycinin fract ion. Citraconylation is 
expected to magnify the net charge differences between the native 
and citraconylated soy proteins. The pH-solubil ity profi le of 
the derivatized-soy protein does shift to a range of 3.5-5.0 from 
4 .0-6.0. 

Since soy protein isolate is a heterogeneous mixture of 
proteins, the fu l l nature and consequence of acylation reactions 
is hard to assess. However, succinylation, in part icular, does 
seem to improve i t s hydration and surfactancy properties in acid 
pH food formulations. 

Other vegetable proteins. A few rather preliminary studies 
on acetylation and succinylation of cottonseed flour (8, 9), 
selective reduction alkylation of 12S rapeseed glycoprotein (20), 
and succinylation of protein isolates from alfalfa leaves (18j~ 
were made in the last five years. In the case of cottonseed 
f lour , a l l hydration and surfactancy properties improve either 
upon acetyl ation or succinylation in relation to the control 
f lour . However, whereas acetylation yields a product of much 
improved surface ac t iv i ty , succinylation yields products that are 
more pH and heat tolerant. These observations are explainable in 
terms of differences in net charge on the two derivatives. The 
changes in the physicochemical properties of the alfalfa leaf 
protein concentrate upon succinylation manifest as alterations in 
color, so lub i l i t y , and emulsifying and foaming properties. 
Acetylated leaf protein was not found to be as soluble as i t s 
succinyl counterpart, and the so lubi l i ty of the latter correlated 
positively with i ts emulsifying and foaming capacities. G i l l and 
Tung (20) used the formaldehyde and sodium borohydride treatment 
(16, 36j for modifying 12S rapeseed glycoprotein which has a 
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290 FOOD PROTEIN DETERIORATION 

strong tendency to self-associate and gel at pH values higher 
than 4.0, even at concentrations as low as 1.0%. The gelation 
can be further augmented by thermal treatment. The authors did 
not find the involvement of epsilon-amino groups of lysine in 
this reaction. They hypothesized that i t is possible that the 
crosslinking reactions involve carbohydrate as well as amino acid 
functional groups. 

Other animal proteins* Myosin from the breast muscle of 
chickens upon succinylation became exceedingly water soluble, 
lost i ts calcium activated ATPase act iv i ty and ab i l i t y to combine 
with F-act in, and folded into a less helical conformation while 
retaining i ts molecular weight and shape (40). About 90% of the 
epsilon-amino and 50% of the sulfhydryl groups were determined to 
have participated in the reaction. The chemically modified 
myosin did gain net negative charge and showed exceptional 
thermal s t ab i l i t y . 

Egg white proteins are very valuable for food product formu
lat ion because they form stable foams, have unique heat 
denaturation properties and binding power, and high nutritional 
value. However, when subjected to pasteurization temperatures, 
their functional properties are part ia l ly destroyed. Chemical 
modification with 3,3-dimethylglutaric anhydride results in a 
derivative with excellent heat s tab i l i t y and only minor impair
ment of the so lubi l i ty and surfactancy properties (19). The 
glutarinated egg white protein exhibits increased net negative 
charge, particularly i t s lypozyme fract ion. Egg white proteins 
have been subjected to a variety of chemical modifications, e .g . , 
condensation with formaldehyde (62), emu 1 s i f icat ion with synthetic 
detergents (62), alkylation and reduction (64), and reaction with 
acid anhydrides, ethyl acetimidate hydrochloride, iodine and 
potassium cyanate (65, 66). In the glutarination reaction, the 
epsilon-amino groups react faster than the sulfhydryls (steric 
protection). The iron-binding capacity of glutarinated egg white 
protein is s ignif icantly decreased because of the loss of free 
epsilon-amino acid residues needed for binding. 

Fish protein concentrate (7) and fish myofibril lar protein 
(24) have also been succinylated. The succinylated fish protein 
concentrate exhibits enhanced emulsifying properties at high pHs, 
forms a strong cheese-like curd upon quiescent ac id i f ica t ion , and 
is resistant to pancreatin-digestion. Its isoelectr ic point 
shifts to an acidic pH of 4.0 as opposed to 5.0 for the native 
concentrate. Its pH-solubil ity profi le shifts to the acidic 
side. There is a dramatic change in the functional property of 
f ish rTjyofibrillar protein upon succinylation (24); e .g. , rapid 
rehydration, heat s t ab i l i t y , good dispersion in the pH range 6.0-
8.5, high emulsion capacity, and bland odor and taste occur. The 
degree of change in functional property is known to depend on the 
amount of succinylation. 
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11. SHUKLA Chemical Modification of Food Proteins 291 

Single-cell protein. Succinylation of yeast protein isolates 
after cel l-disrupt!on improves the recovery of protein from the 
biomass while preventing nucleic acid entrapment in the protein 
isolate (41). The succinylated protein can be precipitated at 
i t s isoelectr ic point (pH = 4.2). Succinylation improves extract-
ab i l i t y and thermal s tab i l i t y and decreases proteolysis. 

Various workers have reported pH-solubil ity profiles of 
succinyl derivatives of proteins (_7, Γ7, 18). Figure 4 shows the 
pH profiles of f i sh , leaf, and soy proteins. It is d i f f i cu l t to 
explain why three proteins of different origins acquire more or 
less similar so lubi l i ty properties upon succinylation. The under
standing of the structure and topology of the native proteins may 
help explain this phenomenon. 

Reductive Alkylation 

Modification of epsilon-amino acid groups of proteins by 
dimethylation with formaldehyde and reduction, or by ethylation 
with acetaldehyde and reduction (15, 16, 61), leaves no traces of 
formaldehyde and the native protein does not suffer from changes 
in net charge and physical properties dictated by electrostatic 
interactions. The modification scheme is particularly suitable 
for preventing the Mail lard browning reaction because the free 
epsilon-amino groups of lysine needed for the browning reaction 
are converted to dimethyl-lysino-groups. The dimethyl-lysino-
proteins do occur in nature, suggesting potential safety in prac
t i c ing the art of reductive alkylation modification of food 
proteins. Ethylation might be more acceptable on an esthetic 
basis because ethyl alcohol is the by-product of the modification 
reaction. However, the fact that epsi1on-ethylaminolysines do 
not occur in nature raises concerns as to the safety of the 
finished product. 

The reductive alkylation procedure (16) is specific for the 
epsilon-amino group of lys ine. The i n i t i a l imine products are 
very rapidly reduced to alkyl-compounds by sodium borohydride as 
shown in Figure 5. However, the need for extensive testing with 
respect to nutritional adequacy and physiological effects of 
alkylated and reduced food proteins must be addressed prior to 
the development of commercial processes. 

Covalent Binding of Ami no Acids 

Casein (54) and soybean proteins (45) have been modified by 
covalent attachment of various L-amino acids and methionine and 
tryptophan, respectively. Casein was selected as a model food 
protein for deliberate modification of i t s hydrophobic and hydro-
ph i l i c groups and subsequent examination of changes in i ts 
physical and nutritional properties and d iges t ib i l i t y . On the 
other hand, soy protein was selected as a candidate for incorpor
ation of methionine and tryptophan by covalent attachment. Just 
as in the synthesis of peptides in homogeneous solution or as in 
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Figure 4. The solubilities of the succinyl derivatives of leaf (1), soybean (2), and 
fish proteins (3) (7, 17, 18). 

2 + R'CHO τ > RN = CHR > 

RNH-, 

βΡ'ΓΉΟ LH1 
RNHCH2# <—_> RN+ = CHR1 >RN(CH2Rl)2 

Î1H + f2 

RN¥H2CH2Ri R 

Figure 5. Reductive alkylation of amino groups with carbonyl compounds (15, 
36j. (Reproduced, with permission, from Ref. 61. Copyright 1977, AVI Pub

lishing Company.) 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
1



11. SHUKLA Chemical Modification of Food Proteins 293 

sol id state peptide synthesis (67-70), the amino groups (nucleo
philes) of a candidate protein are reacted with an activated 
carboxyl of the amino acid to be attached. The resultant bond is 
either a peptide (for alpha-ami no nucleophile) or an isopeptide 
(epsilon-amino nucleophile). 

The N-hydroxy-succi namide esters of tert-butoxycarbonyl-L-
amino acids (boc), both hydrophobic (glycine, alanine, methionine, 
N-acetyl-methionine) and hydrophilie (asparagine, asparatic acid), 
have been found to be quite effective in covalent attachment to 
casein (54). The chemistry employed in this case yields peptidyl-
proteins only with non poly-peptidy1-derivatives. The boc-groups 
were removed by anhydrous tr if luoroacetic acid. The urethane 
type boc-group offers complete protection against racemization. 
Since casein lacks an ordered tert iary structure or conforma
tional complexity, changes in physical properties are neither 
expected nor observed. Although the so lubi l i ty and viscosity 
properties of casein did not change appreciably, in vitro enzyme 
digestion of modified casein decreased as the size of the 
attached amino acid increased. 

Methionine and tryptophan can be covalently linked to soy 
protein by carbodiimide condensation reaction up to as high as 
5.9% and 10.7%, respectively. The reaction involves activation 
of protein carboxyls by 1-ethyl-3-(3-dimethyl-amino propyl) car
bodiimide (EDC) and condensation thereof with the amino acid of 
choice. Factors such as protein concentration, EDC concentra
t i on , activation time, and reaction time were found to determine 
the degree of covalent binding. This offers a way to control the 
for t i f i ca t ion of proteins of low nutrit ive value by covalent 
attachment of essential ami no acids. Although there may be 
potential health hazards, the excess carbodiimide and the 
corresponding urea can be easily removed by working with di lute 
acids or water. 

Non-Covalent Interactions 

Chemical modification of food proteins can also be accom-
plished by the manipulation of their non-covalent interactions 
with themselves, carbohydrates, and l ip ids in formulated foods 
(72, 73). For instance, 1ipid-protein interactions (74-76) have 
been described to originate from electrostatic attraction, salt 
bridging (divalent metals, i . e . , calcium), and cooperative 
effects of salt-bridging and electrostatic attractions. In addi
t ion to electrostatic forces and salt bridges, other protein-
protein interactions such as hydrogen bonding, disulfide bonds, 
and van der Waal s interactions can play a significant role in 
s tabi l iz ing metal complexes. On the other hand, the glycopro
teins are covalently bonded protein and carbohydrate complexes 
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294 FOOD PROTEIN DETERIORATION 

(22, 77, 78). The Amadori-rearrangement mechanism of the food 
products is a good example of the involvement of covalent bonds 
(77) between proteins and carbohydrates. 

If the protein, carbohydrate, and l i p i d constituents in a 
food system were structurally defined and their environment (pH, 
solutes, solvents) were accurately known, an assessment of the 
contribution of various interaction forces could be made (79-81). 
It is possible to safely predict the functional property of the 
protein under investigation once the type and the magnitude of 
such interactions are known. The determination of the secondary 
structures of a protein molecule from the knowledge of amino acid 
sequence (79) along with the methods of indirect evaluation of the 
conformation (80), surface area, and hydrophobicity relationships 
(81) are the techniques ut i l i zed for the prediction of the 
physical properties. 

It must be emphasized that a l l physical properties of matter 
are a reflection of molecular structure, e .g. , a protein of known 
amino acid sequence would give net charge and therefore a defin
able standard chemical potential and so lub i l i ty in an environment 
of known temperature and ionic strength. This knowledge permits 
estimation of both so lubi l i ty and thermal s t ab i l i t y . Likewise, a 
good assessment of the surface active properties of a protein can 
be determined from the knowledge of i t s hydrophobicity, ab i l i t y 
to hydrogen-bond and ionic , e lectrostat ic , and ion-dipole interac
t ions. Furthermore, while emulsifying capacity depends on the 
shape, charge, hydrophobicity, hydration of polar groups, and 
neutrality of dipoles, the emulsion s tab i l i t y depends on the 
magnitude of these interactions (88). Once a food protein is 
defined, i t s non-covalent interactions can be manipulated both in 
kind and degree in formulated foods containing carbohydrates and 
l i p id s . 

It is an easier task, both economically and technically, to 
change the environment of food proteins to induce changes in 
their physical properties than to change the proteins for a given 
environment. The molecular basis for the functionality of pro
teins resides in the structure, interactions, and their ab i l i t y 
to interact with other food ingredients. This is true for any 
protein, modified or unmodified. In accordance with this 
concept, the i n i t i a l studies on proteins in coscervate systems 
(86, 87) should be followed up. This author strongly believes 
that an iη-depth understanding of the non-covalent interactions 
of proteins in food systems can be of great help in formulating 
safe food products. 

Protein Salts 

As amphoteric molecules, proteins can bind both anions and 
cations. Binding with small ions in particular is very important 
in several foods. If the anions of the protei η molecule can 
selectively bind metal ions, i t attains a net negative charge, 
îtç nH increases, and i ts isoelectr ic point shifts to an even 
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11. SHUKLA Chemical Modification of Food Proteins 295 

more acidic pH i f the binding occurs preferentially around the 
isoelectr ic point. The converse is true for cation binding. 

Some ions, e.g. , t r ichloracet ic acid, form soluble sa l ts , 
and some combine to form coordination complexes with proteins. 
The metal complexes and salts of proteins do exhibit different 
properties in formulated foods. A recent study compares calcium 
and sodium binding ab i l i t y of soy protein, gluten protein, leaf 
protein concentrate, and blood serum albumin (46). The combined 
ab i l i t y of various fractions of soy and leaf protein for calcium 
binding is approximately 55.0 and 50.0 mg/g, respectively, 
although their so lub i l i t i es at pH 11.0 are 85% and 15%, respec
t i ve l y . The gluten and blood proteins bind only 25.0 and 10.0 
mg/g of calcium under similar conditions, but blood protein 
isolate is far more soluble at pH 11.0 (92%) than gluten protein 
(45%). 

Ion binding by proteins can be either a non-specific (pH and 
ligand concentration dependent) or a specific (defined 
stoichiometry) phenomenon which, in general, is a case of multi
ple equilibrium wherein the small molecules bind to an aggregat
ing or dissociating protein system in which the monomer co-exists 
with the polymer and either can bind to the small molecule (82). 

Other ligands such as chlorogenic acid (33), caffeic acid 
and isochlorogenic acid (83), flavor compounds (84) and tannins 
(85) are known to bind to proteins. The forces for binding may 
be ionic (36), covalent (53), and/or hydrophobic (84, 85). The 
precise knowledge of ligand-protein interactions in terms of 
spec i f ic i ty , equ i l ibr i a , and reaction conditions can be employed 
to create more functional and stable food systems. For instance, 
removal of chlorogenic acid improves the biological value and 
protein efficiency ratio of leaf protei η concentrate (33). The 
binding and release of flavor components to proteins improves 
food acceptability (84), and removal of tannins and lignins from 
vegetable and cereal proteins renders them biological ly more 
available. Food protein systems should be designed wherein 
desired interactions are promoted in place of those that are 
undesired. Although production of protei η salts of different 
bulk and solution properties is well understood (82), knowledge 
of ligand-protein interactions due to hydrophobic forces is poor. 
It is l i ke l y , however, that ligand-protein interactions result 
from non-covalent interactions, including metal-binding, and 
constitute chemistry that is not understood. 

Nutrit ive Value and Toxicity of Chemical by Chemically Modified 
Food Proteins 

An obvious barrier against the use of chemically modified 
food proteins is biological in nature. The modified protein 
products must have acceptable f lavor, improved nutrit ive value, 
and undetectable tox ic i t y . Most food proteins that are modified 
may contain other functional groups either as an integral part of 
their structure or as impurities. The concomitant modification 
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296 FOOD PROTEIN DETERIORATION 

of such groups may increase the concentration of toxic substances. 
These concerns have not been suff iciently answered by prior 
research and, of necessity, require extensive evaluation and 
experimentation. 

The results from a few studies (11, 26, 34, 71) impact 
rather negatively on the protein modification technology. For 
example, determinations of protein efficiency ratio and toxico-
logical t r i a l s (1) suggest that acetylated and succinylated 
casein and whey proteins cannot be regarded as suitable ingredi
ents for acid foods despite demonstratable improvement in their 
so lubi l i ty and heat s tab i l i ty around pH 4.0. Groninger and 
Mi l l e r (26) investigated acetylated and succinylated rnyofibrillar 
fish protein with respect to 1) ami no acid composition, 2) pro
tein efficiency rat io , 3) rates of enzyme digestion, and 4) the 
u t i l i z a t ion of 1 4C-1abelled derivatives by rats, and reported a 
reduction in protein efficiency rat io , only partial u t i l i z a t ion 
of protein-bound acetyl-lysine, and metabolic unavailabil ity of 
both 1 4 C-labe l led succinyl- and acetyl-lysine. They concluded 
that acetyl- and succinyl-derivatives are only part ia l ly u t i l i zed 
and that the level of u t i l i za t ion depends on the type of acyl-
group. Yet another succinylated protein, casein, has been 
reported to resist tryptic (but not chymotryptic) hydrolysis 
(34). Even the chymotrypsin act ivi ty is inhibited by N-tosyl-
lysine methyl ester. Neither carboxypeptidase A nor Β release 
N-succinyllysine from t-butoxy-carbonyl-N-succi nyl lysi ne. 
Obviously the succinyllysyl bonds are not hydrolyzed by gastric 
and pancreatic proteases. 

Conclusions 

A few potential edible proteins have been covalently deriva-
tized by acylation and reductive alkylat ion. The modified 
proteins have been found to exhibit different hydration and sur
factancy properties. However, without the detailed knowledge of 
the primary structure of the proteins under investigation, the 
control of derivatization reactions and the physical properties 
of the product are s t i l1 a matter of considerable speculation. 
Although some evidence as to the change in net charge, conforma
t ion , molecular weight, polydispersity, and the propensity to 
associate and/or dissociate has been found, there has been very 
1 i t t l e work done on the actual food formulations based on 
covalently modified food proteins. 

A number of modified food proteins including acylated-casein 
and myofibril lar f ish protein have been found to be resistant to 
complete digestion by the pancreatic enzymes. The major process 
c r i t e r i a such as toxic i ty of reagents, cost of manufacturing, and 
purification have not been identif ied. Considerations, such as 
tox ic i ty of the product and i ts in vivo digestion products, 
physiological and pharmacological compatibility, flavor and odor, 
and overal1 aesthetics and consumer acceptance, have not received 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
1



11. SHUKLA Chemical Modification of Food Proteins 297 

due research inputs. The questions regarding regulatory clear
ance and test method development, although raised a few years 
ago, have not been answered. 

Although the benefit of fundamental knowledge for preparing 
functional proteins are known, addition of ami no acids to a 
deficient protein, blocking free amino groups, and thereby 
preventing undesirable chemical reactions in processed foods such 
as formation of lysinoalanine and lanthionine, is questionable at 
this time on account of tox ic i t y , cost, and demonstratable 
reduction in nutrit ive value. 

The nature and extent of non-covalent interactions of food 
protein can be quantified on the basis of primary structure, and 
solution, and surface behavior. This particular concept deserves 
careful study. The precise knowledge of both non-covalent and 
covalent interactions between major food components (starch, pro
te in , and l ip ids ) along with the knowledge of the chemistry of 
protein salts and protein surfactant complexes, can fac i l i t a te 
food formulation. This concept needs more rigorous definit ion at 
the molecular level in terms of interactions between major and 
mi nor food components of a formulated food system. The anticipa
ted research should include study of food proteins in coscervate 
systems. 

The covalently modified food proteins may have special s igni
ficance i f they are to be identified as highly functional at low 
level s of incorporation. This wi l l overcome any objections to 
their food use on the grounds of lower nutrit ive value, tox ic i t y , 
and cost. 
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12 
Protein Structure and Functional Properties: 
Emulsification and Flavor Binding Effects 

JOHN E. KINSELLA 
Cornell University, Institute of Food Science, Ithaca, NY 14853 

Proteins are the pr incipal structural and functional compo
nents of many food systems; e.g., meat, cheese, gelatin, egg white 
and many cereal products. In addition, proteins are being used 
increasingly to fabricate and facilitate the engineering of new 
foods such as protein beverages and extruded foods. These and 
other applications depend upon the physicochemical properties of 
protein ingredients, col lec t ively referred to as the functional 
properties. Proteins per se as dry powders, have very l imited 
appeal to potential users or consumers. To facilitate their use 
in foods and their conversion to desirable ingredients they must 
possess appropriate functional properties following interactions 
with other food components; e.g. , water, carbohydrates or l i p i d s , 
during processing. Functional properties of proteins are those 
physicochemical properties of proteins which affect their behavior 
in food systems during preparation, processing, storage, and con
sumption, and contribute to the quality and organoleptic a t t r ibu
tes of food systems (1). Generally, nut r i t ional properties are 
not included in this category. Several typical classes of func
tional properties are shown in Table I . 

There are numerous examples of functional properties i n t ra
di t ional foods; e.g. , v iscoelas t ic i ty of wheat gluten, texture, 
succulence and color of myofibri l lar proteins in meats, curd for
mation of caseins, and whippability of egg white proteins. 

Different food applications require different characteristics; 
e .g. , in beverages, proteins should be soluble; i n comminuted 
meats, they should have emulsion s t ab i l i z ing and gel l ing proper
ties ; and in whipped toppings they must s tab i l ize the foam. The 
type of functional properties required in a protein or a protein 
mix varies with the particular food system in question. Thus, i n 
meat systems, water binding, so lub i l i t y , emulsifying ac t iv i ty , 
adhesiveness, swelling, viscosity and gelation are typical proper
ties of proteins that determine their usefulness and impact on the 
f ina l quality. These c r i t e r i a are c r i t i c a l , and as the number of 
processed and fabricated foods increase, greater reliance w i l l be 
placed on the consistent performance of ingredients in specific 
food formulations. 

0097-6156/82/0206-0301 $07.50/0 
© 1982 American Chemical Society 
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Table I. T y p i c a l f u n c t i o n a l p r o p e r t i e s performed by p r o t e i n s i n 
food systems. 

F u n c t i o n a l 
P r o p e r t y Mode o f A c t i o n Food System 

Example 

S o l u b i l i t y 
Water a b s o r p t i o n 

and b i n d i n g 
V i s c o s i t y 
G e l a t i o n 

Cohesion-adhesion 

E l a s t i c i t y 

E m u l s i f i c a t i o n 

F a t a b s o r p t i o n 

F l a v o r - b i n d i n g 

Foaming 

P r o t e i n s o l v a t i o n 
Hydrogen-bonding o f w a t e r , 

Entrapment o f water 
T h i c k e n i n g , Water b i n d i n g 
P r o t e i n m a t r i x f o r m a t i o n 

and s e t t i n g 
P r o t e i n a c t s as adhes i v e 

m a t e r i a l 

Hydrophobic bonding i n 
g l u t e n , D i s u l f i d e l i n k s 
i n g e l s 

F ormation and s t a b i l i z a 
t i o n o f f a t emulsions 

B i n d i n g o f f r e e f a t 

A d s o r p t i o n , entrapment, 
r e l e a s e 

Form s t a b l e f i l m s t o en
t r a p gas 

Beverages 
Meats, Sausages, 

Breads, Cakes 
Soups, G r a v i e s 
Meats, Curds, 

Cheese 
Meats, Sausages, 

Baked goods, 
P a s t a p r o d u c t s 

Meats, Bakery 

Sausages, Bologna, 
Soup, Cakes 

Meats, Sausages, 
Donuts 

S i m u l a t e d meats, 
Bakery, e t c . 

Whipped t o p p i n g s , 
C h i f f o n d e s s e r t s , 
A n g e l cakes 

Though the importance o f f u n c t i o n a l p r o p e r t i e s have been r e c 
o g n i z e d by commodity s p e c i a l i s t s f o r many y e a r s , the widespread 
awareness of t h e i r importance to food s c i e n c e and technology i s 
r e l a t i v e l y r e c e n t . T h i s has been a c c e l e r a t e d by the i n c r e a s e d 
emphasis on food p r o c e s s i n g , m a n u f a c t u r i n g , and f o r m u l a t i o n . The 
u n i v e r s a l attempts t o u t i l i z e l e s s e x p e n s i v e s o u r c e s o f p r o t e i n s 
to f a b r i c a t e new food a n a l o g s , t o s i m u l a t e t r a d i t i o n a l f o o d s , to 
extend t r a d i t i o n a l f o o d s , and to develop new f u n c t i o n a l i n g r e d i 
e n t s have a c c e n t u a t e d the need f o r i n f o r m a t i o n on f u n c t i o n a l 
p r o p e r t i e s of p r o t e i n s . 

F a c t o r s A f f e c t i n g F u n c t i o n a l P r o p e r t i e s 

S e v e r a l f a c t o r s and p r o c e s s i n g s t e p s a f f e c t the f u n c t i o n a l 
p r o p e r t i e s of p r o t e i n s . Thus, the p r o t e i n source can a f f e c t 
f u n c t i o n a l i t y . I n the case o f meat the age of the a n i m a l , which 
i s r e l a t e d to the q u a n t i t y o f c o n n e c t i v e t i s s u e , can markedly 
a f f e c t the f u n c t i o n a l p r o p e r t i e s . The p r o g r e s s i v e m o d i f i c a t i o n 
of the c o l l a g e n m o l e c u l e s v i a c r o s s l i n k i n g i n c r e a s e s the toughness 
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12. KINSELLA Emulsification and Flavor Binding 303 

of meat. In the case of egg white there i s a progressive thin
ning of the egg white with storage time. The glutenin content 
varies immensely with the different v a r i e t i e s of wheat, and this 
affects the functional properties of flours prepared from these 
cereals. 

Both i n t r i n s i c and applied factors influence the ob
served functional properties of proteins. The inherent molecular 
properties of the protein per se (size, shape, conformation, 
whether native or denatured), the methods and conditions of i s o 
l a t i o n (refining, drying, storage), the degree of p u r i f i c a t i o n , 
(processing alterations) and modification by physical (heat), 
chemical (derivatization, hydrolysis) or enzymatic processes, a l l 
influence performance i n food systems. The methods employed i n 
determining a particular functional property, the composition of 
the assay system (model or food), the protein concentration, the 
pH, temperature, ion concentration and composition, oxidation/re
duction potential, the type of equipment/machinery used (geometry, 
configuration), energy input, temperature controls of the system 
and the method of measurement can a l l affect the observed prop
e r t y (1-6). Thus, multiple interactions are involved, and for 
the derivation of useful data a l l experimental variables should 
be defined and controlled. Failure to do so renders the data 
redundant for most researchers and v i t i a t e s v a l i d comparisons of 
data from different laboratories. 

The l i t e r a t u r e i s replete with papers on the functional prop
erties of proteins prepared by differ e n t methods as measured by a 
variety of methods under d i f f e r i n g conditions ( 6 ) . The tendency 
has been for each investigator to devise methods and/or condi
tions to suit a parti c u l a r situation with limited concern for the 
v a l i d i t y , comparative value, or experimental design to f a c i l i t a t e 
elucidation of the basis of the physical property being studied. 
Thus, much of the data i n the l i t e r a t u r e are of very limited 
value and d e f i n i t e l y cannot be used i n the systematic tabulation 
of physical properties i n a standardized format. This situation 
r e f l e c t s and i s further complicated by the heterogeneous mixture 
of proteins being studied; the very complex series of interac
tions which govern expression of a particular functional property 
(and which are not amenable to easy measurement); the multiple 
interacting factors which impact on the aggregate effect and the 
lack of appropriate measuring devices which can accurately quan
t i f y the resultant of these interactions as a function of i n 
herent properties, interactions per se and environmental factors. 

Because of the complexity of food systems, the heterogeneity 
of the proteins and the variety of functions required i n the d i f 
ferent food systems for which they are used, i t has been d i f f i 
cult to standardize tests for measuring functional properties 
(1,6). It i s impossible to generalize concerning the available 
information and d i f f i c u l t to extrapolate data from one system to 
predict the behavior of that p a r t i c u l a r protein i n other systems. 

Measurements, i n order to have more general a p p l i c a b i l i t y , 
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must be based upon the fundamental properties of the system. In 
order to predict the behavior of proteins i t i s necessary to de
termine their basic composition and physicochemical properties 
under specified conditions. However, to date, there are few 
methods that can be v a l i d l y or universally used to predict the 
behavior of proteins i n food systems. In measuring the functional 
properties of proteins, i d e a l l y , equilibrium conditions should 
be attained so that thermodynamic c r i t e r i a are met and so that 
the particular measurement r e f l e c t s the physical properties of 
the protein i n question. For many functional properties a number 
of operational definitions have been used to define those par
t i c u l a r properties. Each has i t s advantages and disadvantages, 
and, of course because thermodynamic c r i t e r i a are rarely attained, 
thermodynamic analysis cannot e a s i l y be applied (7). 

Evaluation of a parti c u l a r property or application i n food 
systems usually includes tests i n model systems; i . e . , systems 
that mimic the food system i n a limited way and that are selected 
to highlight the performance of that particular function. 
Ultimately, of course, a l l functional attributes should be 
evaluated i n food systems ( 6 ) . 

The method of extraction and refi n i n g can have a marked 
effect on the functional properties of isolated proteins. This 
depends upon the solvent used, the degree of heating, the pres
ence or absence of a l k a l i , pH, ions, mode of precipitation and 
drying, and conditions of storage (1-8). Temperature markedly 
affects functional properties ; e.g., high temperatures which i n 
duce denaturation may impair functional properties. Time-temper
ature relationships used i n drying markedly affect the functional 
properties ; e.g., spray versus drum drying affects the whipping 
properties of egg white (9) . The exposure of proteins to d i f f e r 
ent ions during preparation can affect functional properties (10). 
Moisture levels and storage temperature can affect interactions 
during storage and thereby impact on functional properties. The 
presence of reactive components such as unsaturated fatty acids 
and reducing sugars can result i n chemical interactions and 
thereby markedly affect the functional properties of proteins. 

To f a c i l i t a t e the development of proteins with particular 
functional properties i t i s f i r s t necessary to define which phys
icochemical properties are most important. To achieve this i t i s 
very necessary to develop good techniques for measuring func
tio n a l properties and devising methods which elucidate r e l a t i o n 
ships between structure and function. Limited advances have been 
made i n this area though interest has increased. Obviously, i n 
approaching this challenge one should select a well characterized 
protein and use i t i n a model system wherein functional proteins 
are the major active reagents ; e.g., protein-based foams, meat 
systems, cheese curds, etc. When such relationships are under
stood i t may be feasible to modify inexpensive proteins and im
part the necessary functional properties. For this the struc
tural features of the protein, molecular properties, and 
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12. KINSELLA Emulsification and Flavor Binding 305 

interactions required for particular functions need to be under
stood. 

Protein Structure and Functional Relationships 

The structure and chemical properties of food components de
termine their behavior and ultimately the acceptability of many 
foods. One challenge to the modern food s c i e n t i s t i s to define 
the chemical and/or physical attributes that are responsible for 
these desirable properties and apply this knowledge toward the 
development of functional ingredients and the fabrication of new 
foods. 

The amino acid composition, the sequence of amino acids, the 
degree of modification of the nascent polypeptides during synthe
s i s , the manner i n which secondary and te r t i a r y folding occurs 
and possible associations between polypeptides a l l affect the 
f i n a l structure and physical properties of different food pro
teins. These structures i n turn vary i n their response to en
vironmental factors (temperature, pH, ion i c strength), which also 
affect functional properties (Table I I ) . 

Table I I . Structure of polypeptides and interactions that 
influence functional properties of food proteins. 

Amino acid composition (major groups) 
Amino acid sequence (segments/polypeptides) 
Secondary/tertiary conformation (compact/coil) 
Surface charge, hydrophobicity, p o l a r i t y 
Size, shape (topography) 
Quaternary structures 
Secondary interactions ( i n t r a - and inter-peptide) 

Hydrogen bonding, ioni c , Van der Waals, hydrophobic 
and e l e c t r o s t a t i c interactions. 

Disulfide/sulfhydryl content 
Environmental conditions (pH, 0/R status, s a l t s , temperature) 

Amino Acids. The r e l a t i v e amounts of different amino acids 
and their disposition i n the polypeptide chain affect functional 
properties. Because hydrophobic effects are important forces de
termining the physical behavior of proteins the content and d i s 
position of apolar amino acids (leucine, valine, isoleucine, a l a 
nine, proline, phenylalanine, tryptophan, tyrosine and methionine) 
s i g n i f i c a n t l y affect the structure and function of proteins 
(11-13). The shape of protein molecules r e f l e c t the i n t e r n a l i z a 
tion of the maximum number of apolar amino acids, and the subu
nit s of many oligomeric proteins associate v i a hydrophobic i n t e r 
actions (14). The content of apolar amino acids (which range 
from 25-35% for most proteins) affect conformation, hydration, 
s o l u b i l i t y , denaturation and gelation properties. Shimada and 
Matushita (15) showed that proteins ; e.g., soybean, bovine serum 
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306 F O O D P R O T E I N D E T E R I O R A T I O N 

a l b u m i n , conalbumin, c o n t a i n i n g from 26-31% a p o l a r amino a c i d s 
formed g e l s upon h e a t i n g , whereas p r o t e i n s w i t h >31%, c o a g u l a t e d . 
Kato and Nakai (16) showed a c l o s e r e l a t i o n s h i p between the hy
d r o p h o b i c i t y o f p r o t e i n s and t h e i r e m u l s i f y i n g p r o p e r t i e s . 

The presence of charged amino a c i d s enhances e l e c t r o s t a t i c 
i n t e r a c t i o n s which a r e s i g n i f i c a n t i n s t a b i l i z i n g g l o b u l a r p r o 
t e i n s and i n water b i n d i n g ; e.g., a s p a r t i c and g l u t a m i c a c i d b i n d 
6-7 m o l e c u l e s water per charged r e s i d u e ( 1 7 ) . T h i s i s i m p o r t a n t 
f o r many f u n c t i o n a l p r o p e r t i e s ( h y d r a t i o n , s o l u b i l i t y , g e l a t i o n , 
s u r f a c t a n c y ) . P o l a r amino groups are c h e m i c a l l y r e a c t i v e and en
gage i n hydrogen-bonding, which i n f l u e n c e s c o n f o r m a t i o n of a-
h e l i x and 3-sheet s t r u c t u r e s . These may be m o d i f i e d ; e.g., a c 
y l a t e d , to mani p u l a t e the p h y s i c a l p r o p e r t i e s o f food p r o t e i n s 
(18)· The h y d r o p h i l i c amino a c i d s on the s u r f a c e of g l o b u l a r 
p r o t e i n s i m p a r t m o l e c u l a r f l e x i b i l i t y ( 1 9 ) . Hence, p r o t e i n s 
w i t h a l a r g e p r o p o r t i o n o f h y d r o p h i l i c r e s i d u e s may be good 
f u n c t i o n a l p r o t e i n s ; e.g., egg w h i t e p r o t e i n s . 

C y s t e i n e and c y s t i n e s i g n i f i c a n t l y a f f e c t s t r u c t u r e and f u n c 
t i o n of p r o t e i n s . S u l f h y d r y l groups may be o x i d i z e d t o form d i 
s u l f i d e bonds ( i n t r a - and i n t e r m o l e c u l a r ) , t h i o l s and d i s u l f i d e s 
can undergo i n t e r c h a n g e r e a c t i o n s which markedly a f f e c t s t r u c t u r e 
and f u n c t i o n ; e.g., g l u t e n f o r m a t i o n ( 2 0 ) . R e d u c t i o n of d i s u l 
f i d e bonds can s i g n i f i c a n t l y a f f e c t m o l e c u l a r p r o p e r t i e s such as 
the u n f o l d i n g o f g l u t e n i n artel enhance the d i g e s t i b i l i t y o f soy 
11S. D i s u l f i d e c r o s s l i n k s a r e i m p o r t a n t i n s t a b i l i z i n g the 
t e r t i a r y s t r u c t u r e o f p r o t e i n s . The f o r m a t i o n o f the B - l a c t o -
globulin/κ-casein d i s u l f i d e l i n k e d complexes and improves b a k i n g 
p r o p e r t i e s o f m i l k powders ( 2 1 ) . 

G e n e r a l l y , except i n cases where a p a r t i c u l a r type of amino 
a c i d predominates, knowledge o f amino a c i d c o m p o s i t i o n i s of 
l i m i t e d v a l u e i n p r e d i c t i n g t e r t i a r y s t r u c t u r e or p h y s i c a l p r o p e r 
t i e s o f p r o t e i n s ; e.g., α-lactalbumin and lysozyme have v e r y s i m i 
l a r amino a c i d c o m p o s i t i o n but d i f f e r markedly i n p r o p e r t i e s ; the 
mere replacement of glutamine w i t h v a l i n e changes the conforma
t i o n and p r o p e r t i e s o f hemoglobin, and c a s e i n v a r i a n t s w i t h minor 
d i f f e r e n c e s i n amino a c i d s show s m a l l d i f f e r e n c e s i n heat s t a 
b i l i t y . 

P r o t e i n S t r u c t u r e . The p a r t i c u l a r sequence of amino a c i d s 
i n a p r o t e i n determines i t s s t r u c t u r e , c o n f o r m a t i o n and p r o p e r 
t i e s . Knowledge of p r o t e i n s t r u c t u r e and the s t a b i l i t y of d i f f e r 
ent c o n f o r m a t i o n s i s p e r t i n e n t t o u n d e r s t a n d i n g f u n c t i o n a l prop
e r t i e s of food p r o t e i n s (Table I I ) . The s t r u c t u r e of p r o t e i n i s 
c a t e g o r i z e d as secondary, t e r t i a r y , and q u a t e r n a r y , a c c o r d i n g t o 
the s p a t i a l arrangement of the p o l y p e p t i d e c h a i n s . I n an aqueous 
environment p r i m a r y p o l y p e p t i d e s tend to c o i l i n a c h a r a c t e r i s t i c 
f a s h i o n to form l o c a l i z e d secondary s t r u c t u r e s ; i . e . , α - h e l i x o r 
B - p l e a t e d s h e e t . The d r i v i n g f o r c e f o r t h i s f o l d i n g i s hydro
p h o b i c i n o r i g i n due to the f a v o r a b l e change i n f r e e energy of 
s o l v e n t upon f o l d i n g of the p o l y p e p t i d e (11-13). The secondary 
s t r u c t u r e s are s t a b i l i z e d by hydrogen bonding. 
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12. KINSELLA Emulsification and Flavor Binding 307 

The t e r t i a r y structure refers to the preferred three-dimen
sional arrangement of the folded polypeptide chains. In a ty p i c a l 
t e r t i a r y structure the polypeptides are t i g h t l y folded to give a 
compact molecule i n which most of the polar groups of the amino 
acids are located on the outer surface and are hydrated. Most of 
the apolar groups are internal i n the hydrophobic region from 
which water i s e s s e n t i a l l y excluded (a few Η-bonded water mole
cules may remain). The proline residues are located at the 
bends or folds i n the polypeptide chain where isoleucine, serine 
and charged amino acid residues (α-helix disrupting molecules) 
also tend to be located. These fol d regions lack h e l i c a l struc
ture tending to be random (11, 12). The gross conformation; i . e . , 
t e r t i a r y structure of most globular proteins tend to be similar 
i n general organization. The degree of folding and r e l a t i v e pro
portion of α-helix, 3-sheet or random c o i l varies immensely among 
proteins. Some proteins are loosely folded and the t e r t i a r y 
structure i s s t a b i l i z e d by d i s u l f i d e bonds, others are compactly 
folded with many S-S bonds (lysozyme, g l y c i n i n ) . Cytochrome C 
has no α-helix and many residues are i n the extended 3-conforma-
tion. The polypeptides i n fibrous proteins (collagen, myosin, 
fibrinogen) are mostly α-helix, myoglobin has mostly 70% α-helix; 
however other globular proteins serum albumin, lysozyme, ribonu-
clease, are made up of folded polypeptides with extensive regions 
of unordered structure and proteins l i k e caseins, e l a s t i n which 
possess very l i t t l e order i n manner of polypeptide folding. The 
compactness and extent of interpeptide interactions or bonding 
markedly affect the functional properties of proteins (22). 

Both entropie and enthalpic factors contribute to the f o l d 
ing of proteins, but i t i s generally f e l t that the dominant 
driving force i s the negative entropy effect caused by the ex
posure of polypeptides to the aqueous solvent phase (10, 11). 
This results i n the unfavorable structuring of the water i n the 
immediate v i c i n i t y of the hydrophobic peptide moieties. Conse
quently, folding of hydrophobic regions out of the water into the 
protein i n t e r i o r increases the entropy of the previously struc
tured water. Though the enthalpy of this process i s usually 
s l i g h t l y positive and therefore unfavorable, the large positive 
entropy greatly favors folding. Hydrophobic interactions are 
nonspecific because they result from solvent properties rather 
than attractive bonding between s p e c i f i c groups. Once apolar 
groups are forced within a c r i t i c a l distance, Van der Waals 
forces, e l e c t r o s t a t i c interactions, and other interactions may 
contribute to s t a b i l i z a t i o n of structure (11, 13, 23). Peturba-
tion of entropie relationships can a l t e r functional properties 
of proteins (10). 

Many polypeptides with molecular weights exceeding 50,000 
daltons tend to associate and form quaternary structures. From 
the amino acid composition of known proteins, i t has been ob
served that proteins containing more than 28 mole percent of 
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308 FOOD PROTEIN DETERIORATION 

p a r t i c u l a r amino a c i d s ( v a l i n e , p r o l i n e , l e u c i n e , i s o l e u c i n e and 
p h e n y l a l a n i n e ) tend to s e l f - a s s o c i a t e (14). Thus, the α and β 
ch a i n s o f hemoglobin a s s o c i a t e , whereas myoglobin, which has l e s s 
than 28% a p o l a r amino a c i d s , does not s e l f - a s s o c i a t e . An e x p l a n 
a t i o n f o r t h i s phenomenon i s t h a t below a c r i t i c a l f r a c t i o n o f 
hydrophobic r e s i d u e s i t i s p o s s i b l e to bury a l l o f these com
p l e t e l y w i t h i n the m o l e c u l e . When t h i s f r a c t i o n i s exceeded the 
f o l d i n g o f molecule cannot accomodate these i n t e r n a l l y and some 
are exposed on the s u r f a c e . When enough such r e s i d u e s appear on 
the s u r f a c e hydrophobic patches w i l l be c r e a t e d , and these can 
o n l y be p r o t e c t e d o r removed from the p o l a r medium by s e l f - a s s o 
c i a t i o n . I n many i n s t a n c e s f o r c e s o t h e r than hydrophobic i n t e r 
a c t i o n s are i n v o l v e d i n m a i n t a i n i n g m u l t i - s u b u n i t s t r u c t u r e s . 
S e v e r a l major food p r o t e i n s show q u a t e r n a r y s t r u c t u r e . C a s e i n s 
a s s o c i a t e s t r o n g l y v i a hydrophobic f o r c e s ; the a c i d i c and b a s i c 
s u b u n i t s of soy U S and the component p o l y p e p t i d e s of g l u t e n i n 
are d i s u l f i d e l i n k e d , and the s u b u n i t s o f myosin a s s o c i a t e v i a 
hydrophobic and e l e c t r o s t a t i c i n t e r a c t i o n s . These s t r u c t u r e s 
markedly a f f e c t the f u n c t i o n a l p r o p e r t i e s o f these p r o t e i n s . 

The food s c i e n t i s t i s fa c e d w i t h the s i t u a t i o n w h e r e i n the 
p r o t e i n s w i t h which he i s w o r k i n g possess the t e r t i a r y and q u a t e r 
nary s t r u c t u r e s and c o n f o r m a t i o n t h a t presumably have e v o l v e d to 
perform s p e c i f i c b i o l o g i c a l f u n c t i o n s and were not n e c e s s a r i l y 
d esigned f o r p a r t i c u l a r food a p p l i c a t i o n s . I n most i n s t a n c e s the 
p h y s i c a l p r o p e r t i e s of p a r t i c u l a r food p r o t e i n s have d i c t a t e d the 
manner i n which they are used or consumed. Thus, the p e c u l i a r 
n a t u r e o f m i l k p r o t e i n s which under a p p r o p r i a t e c o n d i t i o n s form 
curds l e d to the development of cheese. I n the case of soy p r o 
t e i n s , t h e i r a b i l i t y t o c o a g u l a t e i n the presence of c a l c i u m and 
h e a t i n g to form t o f u f a c i l i t a t e d t h e i r p r e s e r v a t i o n , improved 
t h e i r d i g e s t i b i l i t y and q u a l i t y a t t r i b u t e s . The p a r t i c u l a r com
p o s i t i o n , s t r u c t u r e and c o n f o r m a t i o n o f egg w h i t e p r o t e i n made i t 
the premier w h i p p i n g p r o t e i n and l e d to the e v o l u t i o n o f foam-
based foods and bakery p r o d u c t s . The f i b r o u s s t r u c t u r e of the 
a c t i n and myosin i n meats i s r e s p o n s i b l e f o r the t e x t u r e of 
muscle f o o d s , and the p r o d u c t i o n o f leavened breads r e f l e c t the 
unique v i s c o e l a s t i c p r o p e r t i e s o f wheat g l u t e n . The consumer has 
been c o n d i t i o n e d to these f o o d s , hence much e f f o r t w i l l be r e 
q u i r e d i n t r y i n g to s i m u l a t e these p r o p e r t i e s u s i n g o t h e r p r o 
t e i n i n g r e d i e n t s . I n o r d e r to ma n i p u l a t e these p r o t e i n s and/or 
s i m u l a t e them w i t h o t h e r f u n c t i o n a l p r o t e i n s , i t i s im p o r t a n t to 
understand t h e i r s t r u c t u r e and p h y s i c a l p r o p e r t i e s and to e l u c i 
date the r e l a t i o n s h i p between s t r u c t u r e and s p e c i f i c f u n c t i o n a l 
p r o p e r t i e s . 

Non-Covalent F o r c e s S t a b i l i z i n g P r o t e i n S t r u c t u r e . Because 
f u n c t i o n a l p r o p e r t i e s are r e l a t e d to s t r u c t u r e and s i n c e changes 
i n s t r u c t u r e o f food p r o t e i n s f r e q u e n t l y are i m p o r t a n t i n a spe
c i f i c f u n c t i o n ( s u r f a c e d e n a t u r a t i o n o f egg w h i t e d u r i n g w h i p p i n g 
or the u n r a v e l i n g o f g l u t e n p r o t e i n s d u r i n g dough development), 
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12. KINSELLA Emulsification and Flavor Binding 309 

i t i s important to consider the forces responsible for the native 
structure of proteins and factors which eff e c t these i n rel a t i o n 
to their function i n the native or denatured state. 

The forces involved i n s t a b i l i z i n g the te r t i a r y structure of 
proteins may include hydrogen bonding, Van der Walls forces, d i -
pole and el e c t r o s t a t i c interactions, and hydrophobic associations. 
Covalent d i s u l f i d e bonds are important i n several proteins. The 
nature and importance of these interactions are described i n 
Chapter 13_ of this volume (10). The s t a b i l i t y of the quaternary 
structure of proteins i s governed by the same general classes of 
s t a b i l i z i n g interactions, p a r t i c u l a r l y hydrophobic interactions, 
ion crossbridging (Ca-casein) and di s u l f i d e crosslinking; e.g., 
acidic and basic subunits of 11S proteins and glutenin subunits. 
Manipulation of these forces to al t e r the physical properties of 
these proteins provides an approach for improving functional 
properties of some food proteins. 

Surface Properties/Emulsifying A c t i v i t y . Surface a c t i v i t y 
closely r e f l e c t s the structural features of proteins and these 
affect the usefulness of proteins i n emulsions. In protein-based 
emulsions the protein functions by forming an i n t e r f a c i a l f i l m . 
The physical properties of this f i l m matrix and i t s surface 
characteristics determine i t s capacity to form and s t a b i l i z e emul
sions . Several researchers have studied the f i l m forming proper
ties of proteins, the properties of protein films and tr i e d to 
correlate these with emulsifying properties (22, 24-28)· During 
the formation of an emulsion under ideal conditions, the soluble 
protein diffuses to and concentrates at the oil-water interface 
once the i n t e r f a c i a l e l e c t r o s t a t i c barrier i s overcome. The pro
tein, depending upon i t s structural s t a b i l i t y (compactness, f l e x 
i b i l i t y , charge, d i s u l f i d e bonds, hydrophobicity) tends to unfold 
to establish a new thermodynamic equilibrium. The hydrophobic 
segments or loops orient i n the apolar o i l phase while the polar 
and charged segments tend to occupy the aqueous phase. The forma
tion of an i n t e r f a c i a l f i l m occurs i n sequential stages, a l l of 
which are influenced by the molecular properties of the protein. 
The i n i t i a l d i f f u s i o n of native molecules to the interface i s 
concentration dependent and varies with the protein (24). The 
newly arrived molecule must penetrate the interface and unfold. 
The rate and extent of these events i s protein dependent and i s 
affected by the surface pressure and compressibility of the pro-
t e i n f i l m already formed (25). F i n a l l y , rearrangement of ad
sorbed surface denatured protein molecules occurs to attain the 
lowest free energy state. 

S o l u b i l i t y of protein i s an important prerequisite for f i l m 
formation because rapid migration to and adsorption at the i n t e r 
face i s c r i t i c a l . This i s p a r t i c u l a r l y relevant i n f l u i d emul
sions. Different proteins require different times to equilibrate 
and form a fi l m . These events are rapid for loose, f l e x i b l e pro
teins l i k e β-casein, intermediate for globulins (BSA) and slow 
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310 FOOD PROTEIN DETERIORATION 

f o r p r o t e i n s w i t h a r i g i d t e r t i a r y s t r u c t u r e l i k e lysozyme o r soy 
I I S (24) · Graham and P h i l l i p s (24) r e l a t e d the p h y s i c a l p r o p e r 
t i e s o f p r o t e i n f i l m s made w i t h d i f f e r e n t p r o t e i n s to e m u l s i o n 
f o r m a t i o n and s t a b i l i t y . They observed t h a t d i f f e r e n t p r o t e i n s 
behave d i f f e r e n t l y a t i n t e r f a c e s ; e.g., a t low c o n c e n t r a t i o n s , 
3 - c a s e i n spreads out a t the i n t e r f a c e . As the s u r f a c e concen
t r a t i o n p r o g r e s s i v e l y i n c r e a s e s l o o p i n g of the a p o l a r r e g i o n s 
i n t o the o i l phase o c c u r s . Subsequent compression o f these l o o p s 
o c c u r s to y i e l d a condensed f i l m . F u r t h e r i n c r e a s e s i n p r o t e i n 
c o n c e n t r a t i o n does not i n c r e a s e f i l m p r e s s u r e o r reduce s u r f a c e 
t e n s i o n though the t h i c k n e s s i n c r e a s e s due t o a d s o r p t i o n of m u l t i 
l a y e r s . 

Lysozyme m o l e c u l e s do not u n f o l d as r e a d i l y as 3 - c a s e i n and 
take l o n g e r to form a f i l m . The f i l m i s composed of l a y e r s of 
m i n i m a l l y u n f o l d e d m o l e c u l e s . Bovine serum albumin behaves i n 
an i n t e r m e d i a t e f a s h i o n ; i . e . , i t u n f o l d s to a l i m i t e d e x t e n t 
presumably because the d i s u l f i d e bonds p r e v e n t complete l o s s o f 
i t s t e r t i a r y s t r u c t u r e . Because i t p o s s e s s e s a s i g n i f i c a n t num
ber o f hydrophobic domains bovine serum albumin i s q u i t e s u r f a c e 
a c t i v e . I t r e a d i l y l o c a t e s a t an i n t e r f a c e and u n f o l d s to p e r m i t 
p o l a r and a p o l a r segments to p r o t r u d e i n t o the aqueous and l i p i d 
phases r e s p e c t i v e l y w h i l e the b u l k o f the m o l e c u l e o c c u p i e s the 
i n t e r f a c e . A d j a c e n t m o l e c u l e s may a s s o c i a t e v i a hydrophobic and 
e l e c t r o s t a t i c i n t e r a c t i o n s t o form a c o h e s i v e f i l m . . I n model 
systems the i n t e r f a c i a l c o n c e n t r a t i o n of p r o t e i n and the t h i c k 
ness of the i n t e r f a c i a l f i l m are a f f e c t e d by the type and concen
t r a t i o n o f p r o t e i n i n s o l u t i o n (22, 2 4 ) . Bovine serum albumin i s 
more e f f e c t i v e i n s t a b i l i z i n g e m u l sions than 3 - c a s e i n o r lysozyme. 
I t forms a s t r o n g e r f i l m a t lower p r o t e i n l e v e l s , r e f l e c t i n g a 
g r e a t e r number of i n t e r m o l e c u l a r i n t e r a c t i o n s . 

I n the case of food e m u lsions the r a t e o f i n t e r f a c i a l f i l m 
f o r m a t i o n and the type and p r o p e r t i e s o f the f i l m formed are 
g r e a t l y a f f e c t e d by the mechanics of e m u l s i o n f o r m a t i o n ; i . e . , 
s h e a r i n g , m i x i n g , d e n a t u r a t i o n , o x i d a t i o n , and t h i s , perhaps, has 
more impact on e m u l s i o n f o r m a t i o n than the p r o p e r t i e s of the p r o 
t e i n per se (j4, 29). However, i t i s i m p o r t a n t to r e c o g n i z e t h a t 
the p h y s i c a l and r h e o l o g i c a l p r o p e r t i e s of the f i l m , once formed, 
i s c r i t i c a l i n g o v e r n i n g e m u l s i o n s t a b i l i t y . G l o b u l a r p r o t e i n s 
w i t h s u f f i c i e n t f l e x i b l e domains can r a p i d l y form f i l m s and de
p r e s s i n t e r f a c i a l t e n s i o n . Furthermore, they r e t a i n r e s i d u a l 
t e r t i a r y s t r u c t u r e which f a c i l i t a t e s e x t e n s i v e m o l e c u l a r i n t e r 
a c t i o n s ( e l e c t r o s t a t i c , h y d r o p h o b i c , d i s u l f i d e , Van der Waals 
f o r c e s ) . These c o n t r i b u t e to the r h e o l o g i c a l p r o p e r t i e s (shear 
r e s i s t a n c e , v i s c o e l a s t i c i t y , d i l a t a t i o n a l modulus, i n c o m p r e s s i -
b i l i t y ) o f the f i l m w hich enhance f i l m s t a b i l i t y . However, t h e i r 
i n d i v i d u a l c o n t r i b u t i o n s to e m u l s i o n s t a b i l i t y remains u n c l e a r . 

G e n e r a l l y the s t a b i l i t y of p r o t e i n based emulsions a r e 
i n f l u e n c e d by the p r o p e r t i e s of the i n t e r f a c i a l f i l m m a t e r i a l s 
and the v i s c o s i t y o f the c o n t i n u o u s phase (Table I I I ) . 
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12. KINSELLA Emulsification and Flavor Binding 311 

Table I I I . Factors affecting formation and s t a b i l i t y of protein-
based emulsions. 

PROTEIN 
In t r i n s i c physical properties of the protein: size, shape, 
compactness, surface charge, hydrophobicity, s o l u b i l i t y , 
f l e x i b i l i t y , d i s u l f i d e / t h i o l groups 

PROPERTIES OF ADSORBED PROTEIN FILM 
Thickness; rheological properties (viscosity, cohesiveness, 
e l a s t i c i t y ) ; net charge and d i s t r i b u t i o n ; degree of hydra
tion (hydrophilic, polar, charged groups) 

ENVIRONMENTAL FACTORS 
pH, ions, temperature 

PROCESSING PARAMETERS 
Shear forces, temperature, o i l composition, droplet s i z e , 
v i s c o s i t y 

CONTINUOUS PHASE 
Viscosity 

In a packed emulsion the polyhedral o i l droplets are sepa
rated by an aqueous lamellar layer. The v i s c o s i t y of this layer 
determines the rate at which adjacent globules can approach each 
other. E l e c t r o s t a t i c and s t e r i c factors retard the approach and 
coalescence of fat droplets. The in t e g r i t y of the protein f i l m 
and i t s s t a b i l i t y to shock (thermal, agitation, aging) i s gov
erned by i t s physical and rheological properties (thickness, 
v i s c o s i t y , f l e x i b i l i t y and cohesiveness). Thinning of the f i l m 
results i n weak segments that may upon shock, rupture and coa
lesce. Hence, the restorative nature of the protein f i l m i t s 
e l a s t i c i t y , d i l a t a t i o n a l modulus, shear v i s c o s i t y determines i t s 
i n t r i n s i c s t a b i l i t y (24-30). 

Coalescence of o i l droplets resulting from the breakdown of 
the aqueous lamella i s a major factor i n emulsion i n s t a b i l i t y . 
Graham and Ph i l i p s (24) concluded that the disjo i n i n g pressure 
s t a b i l i z i n g the lamella i s mostly affected by e l e c t r o s t a t i c and 
st e r i c factors contributed by the proteins i n the fil m . Thus, 
while capillary suction, Van der Waals forces, and gravity tend 
to cause thinning of the aqueous lamella these are counteracted 
by e l e c t r o s t a t i c and s t e r i c factors contributed by the surface 
layers of the adjacent protein films. Thus, the surface charge, 
the size, nature of the degree of hydration of exposed groups a l l 
impair the approach and coalescence of adjacent films. For the 
formation of a stable emulsion the i n t e r f a c i a l protein f i l m 
should be as thick as possible with good cohesive and rheological 
properties, be well hydrated, contain exposed polar and charged 
groups, and possess a net negative charge (24, 26). 

Current Research; Experimental Procedures 

Much current research i s concerned with the determination of 
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312 FOOD PROTEIN DETERIORATION 

the e m u l s i f y i n g p r o p e r t i e s o f food p r o t e i n s . A wide d i v e r s i t y o f 
model systems and d i f f e r e n t c o n d i t i o n s have been used to d e t e r 
mine e m u l s i f i c a t i o n p r o p e r t i e s of numerous p r o t e i n s , but u s e f u l 
comparisons of methods and r e s u l t s a r e d i f f i c u l t (1, 4_, 6̂ , 31). 
E m u l s i f y i n g a c t i v i t y r e f l e c t s the a b i l i t y of the p r o t e i n to a i d 
emul s i o n f o r m a t i o n and to s t a b i l i z e the newly c r e a t e d e m u l s i o n . 
E m u l s i f y i n g a c t i v i t y can be e a s i l y measured by making an emu l s i o n 
and d e t e r m i n i n g the p a r t i c l e s i z e d i s t r i b u t i o n o f the d i s p e r s e d 
phase by microscopy o r s p e c t r o t u r b i d i t y . I n each procedure the 
average diameter o f the d i s p e r s e d phase i s determined, and from 
these d a t a the i n t e r f a c i a l a r e a can be c a l c u l a t e d . The s p e c t r o 
t u r b i d i t y method i s s i m p l e , r a p i d and t h e o r e t i c a l l y sound and 
p r o v i d e s i n f o r m a t i o n about the average diameter and p a r t i c l e s i z e 
d i s t r i b u t i o n . The method i s a p p l i c a b l e to emulsions w i t h average 
p a r t i c l e s i z e ; i . e . diameters between 0.2-8 μ (26, 32, 33). The 
o p t i c a l d e n s i t y o f d i l u t e d emulsions i s d i r e c t l y r e l a t e d t o the 
i n t e r f a c i a l a r e a ; i . e . , the s u r f a c e a r e a of a l l the d r o p l e t s , f o r 
coarse emulsions (See Tab l e I ? ) ( 3 4 ) . 

S e v e r a l types of b l e n d e r s and homogenizers and many s i z e s 
and shapes of c o n t a i n e r s have been used i n e m u l s i o n p r e p a r a t i o n 
(4, 2 9 ) . These i n s t r u m e n t s v a r y i n t h e i r a b i l i t y to form an 
em u l s i o n ; i . e . , the p a r t i c l e s i z e d i s t r i b u t i o n o f the o i l drop
l e t s v a r y and f r e q u e n t l y i n g r e d i e n t f a c t o r s a f f e c t i n g e m u l s i f y i n g 
a c t i v i t y are o v e r r i d d e n by the c h a r a c t e r i s t i c s o f the equipment 
used. The Janke-Kunkel homogenizer has c o n s i s t e n t l y proved to be 
the b e s t f o r p r o d u c i n g model emulsions i n our l a b o r a t o r y (29). 
U s i n g model systems and the procedures d e s c r i b e d by Pearce and 
K i n s e l l a (34) and Waniska, e t a l . (29) some of the s t r u c t u r a l 
f a c t o r s and i n t e r a c t i o n s a f f e c t i n g e m u l s i o n f o r m a t i o n and s t a 
b i l i t y are b e i n g s t u d i e d . 

E l e c t r o s t a t i c E f f e c t s . The importance of e l e c t r o s t a t i c i n 
t e r a c t i o n s on the f o r m a t i o n and s t a b i l i z a t i o n o f p r o t e i n - b a s e d 
emulsions i s r e f l e c t e d by the e f f e c t s of charge a l t e r a t i o n v i a 
p r o t e i n m o d i f i c a t i o n , pH v a r i a t i o n , and i o n c o n c e n t r a t i o n on 
emul s i o n f o r m a t i o n and s t a b i l i t y (24, 27, 28, 29, 31, 5 2 ) . 

Table IV. E m u l s i f y i n g a c t i v i t y o f s u c c i n y l a t e d y e a s t proteins.. 

M o d i f i c a t i o n E m u l s i f y i n g 
pH 6.5 

2 -1 
A c t i v i t y (M .g ) 

pH 8 

Y e a s t p r o t e i n (unmodified) 8 59 
Yeast p r o t e i n (24% s u c c i n y l a t e d ) n o 204 
Yeast p r o t e i n (62% s u c c i n y l a t e d ) 262 332 
Yeast p r o t e i n (88% s u c c i n y l a t e d ) 322 341 

From Pearce and K i n s e l l a (34). 
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12. KINSELLA Emulsification and Flavor Binding 313 

Succinylation of r e l a t i v e l y insoluble proteins markedly im
proves the emulsifying capacity of plant proteins (35). Yeast 
protein i n which an increasing number of lysine residues were 
succinylated showed a progressive increase i n emulsion a c t i v i t y 
(Table IV). This i s attributed to enhanced s o l u b i l i t y and ex
panded molecular structure which enhanced emulsion formation. 
However, e l e c t r o s t a t i c repulsion between the negatively charged, 
emulsified droplets enhanced s t a b i l i t y . 

Waniska, e_t a l . (29) studied the effects of pH and struc
tural modification on the emulsifying properties of proteins i n 
cluding bovine serum albumin which possesses excellent emulsify
ing a c t i v i t y (EA). The EÂ of bovine serum albumin (BSA) was two 
to threefold better than other food proteins (Table V) r e f l e c t i n g 
the favorable molecular characteristics of BSA; i . e . , molecular 
size, a b i l i t y to unfold to a limited extent and allow polypep
tides to reorient at the interface, surface hydrophobicity, d i 
sulfide linkages which maintained s u f f i c i e n t t e r t i a r y structure 
and a balance of charged groups (24, 25)· 

Table V. The relationship between the pH and re l a t i v e emsusify-
ing capacities of various proteins. 

pH of Absorbance (550 nm) of diluted emulsion 
solu Oval 3- soy soy 
tion BSA R-BSA S-BSA bumin casein S-Lg isolate l i s 
3 0.20 0.15 0.01 0.18 - 0.26 0.02 0.20 
4 0.60 0.53 0.03 0.25 0.01 0.25 0.01 0.38 
5 0.70 0.56 0.60 0.34 0.10 0.21 - 0.42 
6 0.73 0.51 1.20 0.31 0.30 0.21 0.07 0.47 
7 0.77 0.48 1.40 0.32 0.30 0.22 0.08 0.45 
8 0.80 0.47 1.23 0.33 0.35 0.26 0.08 0.43 
9 0.82 0.42 1.24 - _ - 0.10 0.24 
10 0.68 0.30 1.20 - - - 0.22 

The emulsifying capacity was determined by turbidimetry (29, 34); 
BSA - bovine serum albumin; R-BSA - a l l d i s u l f i d e s reduced; 
S-BSA - succinylated BSA; 3 - L g - B-lactoglobulin and US = soy 
glycinin. 

Between pH 3 and 4 there was a si g n i f i c a n t increase i n emul
s i f y i n g a c t i v i t y of BSA. At pH 4 BSA undergoes an acid induced 
molecular expansion, presumably caused by e l e c t r o s t a t i c repulsion, 
which results i n disruption of some hydrophobic interactions (36). 
This f a c i l i t a t e d emulsion formation. The EA of BSA progressively 
increased between pH 4 and 9 indicating that as net charge i n 
creased the a b i l i t y to form a f i l m was enhanced. At pH 9.0 BSA 
undergoes an alkaline expansion (36) which may involve some d i 
sulfide cleavage and disruption of hydrophobic attractions (37). 
The EA of BSA abruptly decreased at ρH 9.0 r e f l e c t i n g the altered 
t e r t i a r y structure as d i s u l f i d e bonds were broken. These data 
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314 FOOD PROTEIN DETERIORATION 

r e f l e c t the importance of a c e r t a i n degree of s t r u c t u r a l s t a b i l i t y 
( t e r t i a r y s t r u c t u r e ) f o r optimum e m u l s i o n f o r m a t i o n . Above pH 9, 
EA de c r e a s e d ; t h i s may r e f l e c t the a l k a l i induced h y d r o l y s i s of 
some d i s u l f i d e bonds and p o s s i b l y some c r o s s l i n k i n g f o l l o w i n g 
^ - e l i m i n a t i o n r e a c t i o n s . 

The importance of t e r t i a r y and secondary s t r u c t u r e i s r e 
v e a l e d by the almost complete e l i m i n a t i o n o f EA f o l l o w i n g t r e a t 
ment of BSA w i t h urea (8M). T h i s o b s e r v a t i o n i s c o n s i s t e n t w i t h 
the s u g g e s t i o n t h a t w h i l e denatured BSA may occupy the i n t e r f a c e 
the l a c k o f o r d e r e d s t r u c t u r e p r e v e n t s the f o r m a t i o n o f a c o h e s i v e 
c o n t i n u o u s f i l m . T h i s was c o r r o b o r a t e d by the EA of BSA i n which 
a l l the 17 d i s u l f i d e bonds were reduced by d i t h i o t h r e i t o l (0.01M). 
There was a s i g n i f i c a n t r e d u c t i o n i n EA, e s p e c i a l l y above pH 5.0. 
Thus, the t e r t i a r y c o n f o r m a t i o n s t a b i l i z e d by d i s u l f i d e bonds a re 
a p p a r e n t l y i m p o r t a n t i n the f o r m a t i o n of a s t a b l e c o h e s i v e mem
brane around the o i l d r o p l e t s . The reduced BSA was more s e n s i t i v e 
to pH i n d i c a t i n g g r e a t e r s e n s i t i v i t y t o e l e c t r o s t a t i c r e p u l s i o n s . 

S u c c i n y l a t i o n , which s i g n i f i c a n t l y i n c r e a s e d the net n e g a t i v e 
charge and causes m o l e c u l a r e x p a n s i o n markedly improved the EA o f 
BSA between pH 5 and 10. The maximum was observed a t pH 6 and 
su b s e q u e n t l y d e c r e a s e d , p o s s i b l y because the net n e g a t i v i t y be
came e x c e s s i v e and i m p a i r e d f o r m a t i o n of a c o h e s i v e f i l m . P r e 
sumably s u c c i n y l a t i o n f a c i l i t a t e d m o l e c u l a r u n f o l d i n g a t the i n 
t e r f a c e , enhanced e l e c t r o s t a t i c r e p u l s i o n between e m u l s i f i e d 
d r o p l e t s and the charged groups, b e i n g h i g h l y h y d r a t e d , may have 
i n c r e a s e d the v i s c o s i t y of the l a m e l l a r phase thereby r e t a r d i n g 
c o a l e s c e n c e . 

M e t h y l a t i o n of the ε-amino groups o f l y s i n e which u n l i k e 
s u c c i n y l a t i o n d i d not i n t r o d u c e a n e g a t i v e charge, but reduced 
the net p o s i t i v e charge below ρH 8.5, d i d not s i g n i f i c a n t l y a l t e r 
EA of BSA. These o b s e r v a t i o n s i n d i c a t e t h a t i n d i v i d u a l e f f e c t s ; 
i . e . , n et charge, are m o d i f i e d by m o l e c u l a r s t r u c t u r e and f l e x i 
b i l i t y , and optimum f u n c t i o n a l i t y i s o b t a i n e d o n l y when these a r e 
a t an optimum b a l a n c e . 

Ions a t r e l a t i v e l y low c o n c e n t r a t i o n s (0.1 - 0.3 M) i n f l u 
ence e l e c t r o s t a t i c e f f e c t s i n e m u l s i o n s . Thus, the o i l / w a t e r 
i n t e r f a c e p o ssesses a c o n c e n t r a t i o n of charges which tend to r e 
p e l a p p r o a c h i n g charged p r o t e i n s . T h i s r e s u l t s i n a reduced r a t e 
of p r o t e i n a d s o r p t i o n , and u n f o l d i n g , thus i n h i b i t i n g the forma
t i o n o f an i n t e r f a c i a l f i l m ( 2 5 ) . At a p a r t i c u l a r pH, the net 
charge on the p r o t e i n may r e s u l t i n e x c e s s i v e i n t e r m o l e c u l a r r e 
p u l s i o n and i m p a i r the i n t e r m o l e c u l a r a s s o c i a t i o n s n e c e s s a r y f o r 
the f o r m a t i o n o f a c o h e s i v e f i l m . S a l t s a t low c o n c e n t r a t i o n s 
f u n c t i o n by c o u n t e r a c t i n g such e l e c t r o s t a t i c e f f e c t s v i a c o u n t e r -
i o n b i n d i n g , thereby p e r m i t t i n g a d s o r p t i o n and f i l m f o r m a t i o n . 
Furthermore, t h i s weakens coulombic i n t e r a c t i o n s , e s p e c i a l l y i n 
aqueous s o l u t i o n s which i n t u r n p e r m i t s more e x t e n s i v e hydropho
b i c i n t e r a c t i o n s between p r o t e i n s a t the i n t e r f a c e . Waniska e t 
a l . (29) observed t h a t both c h l o r i d e and s u l f a t e a n i o n s a t con
c e n t r a t i o n s of zero to 0.1 M markedly enhanced the e m u l s i f y i n g 
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12. KINSELLA Emulsification and Flavor Binding 315 

a c t i v i t y of BSA. Chloride enhanced EA s l i g h t l y up to 0.6 M, but 
the 'salting i n ' e f f e c t of sodium chloride reduced the rate of ab
sorption at the interface at s a l t concentrations above 0.6 M. 
Sulfate, a water structure promoting s a l t ('salting out 1) favored 
the transfer of BSA to the interface at maximum rates at concen
trations from 0.1 to 1M. Thus, ions i n addition to influencing 
coulombic interactions, may also affect conformational s t a b i l i t y 
of proteins, especially at higher concentrations v i a the chaotrop
i c effects (10). 

Proteins with diff e r e n t molecular sizes and structures 
showed markedly different EA under i d e n t i c a l conditions. Soy 11S 
protein and arachin are oligomeric proteins, around 330,000 d a l -
tons, with over 40 d i s u l f i d e crosslinks and very l i t t l e (~12%) 
h e l i c a l structure. These are s t r u c t u r a l l y very stable proteins 
yet U S had a much greater EA compared to arachin. This obser
vation i s being further explored. 3-Casein i s a highly amphi-
pathic molecule that i s surface active and rapidly forms films 
:nd f a c i l i t a t e s emulsification, but because films of β-casein are 
weak, emulsion s t a b i l i t y i s poor. Ovalbumin i s reasonably hydro
phobic, but tends to denature e a s i l y and coagulate resulting i n 
weak i n t e r f a c i a l films. 

Hydrophilic Effects. The hydrophilic character of glycopro
teins may improve their surface a c t i v i t y . Conceivably the carbo
hydrate moieties because of their hydration provide s t e r i c sta
b i l i z a t i o n i n emulsions. To study the effect of hydrophilic 
groups we covalently acylated d i f f e r e n t carbohydrate groups to 
3-lactoglobulin which contains 16 free amino groups and 25 car
boxyl groups available for modification. 3-Lactoglobulin has a 
low i n t r i n s i c v i s c o s i t y (0.034 dl/g) r e f l e c t i n g i t s globular na
ture (38). I t has an average hydrophobicity of 1060 compared to 
1000 and 980 for BSA and ovalbumin, respectively (39). 3-Lacto
globulin i s reasonably surface active; i . e . surface tension = 60, 
i n t e r f a c i a l tension 11.0 and emulsifying a c t i v i t y index 151; 
bovine serum albumin has corresponding values of 58, 10.3 and 
166, respectively (16). 

Activated c y c l i c carbonate derivatives of maltose and 3-
cyclodextrin were linked to 3-lactoglobulin v i a the free amino 
groups on the protein (R-NH-CO-maltose). Glucosamine was at
tached to 3-lactoglobulin following carbodiimide activation of 
the free carboxyl groups (R-CO-NH-glucose)· The number of groups 
attached to the 3-lactoglobulin was varied by manipulating re
action conditions (27). 

From studies of the molecular properties (viscosity, c i r c u 
l a r dichroism, fluorescence and UV difference spectroscopy) 
glycosylation of 3-lactoglobulin with maltose caused greater hy
dration, molecular expansion and elongation as the number of car
bohydrate residues added was increased. Fluorescence and UV 
spectra together with rates of proteolysis indicated a more open 
te r t i a r y structure and some disordering of the molecule ; i . e . , 
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316 FOOD PROTEIN DETERIORATION 

reduced amount of α h e l i x . As more maltose groups were added the 
s u r f a c e h y d r o p h o b i c i t y was decreased and net n e g a t i v e charge was 
i n c r e a s e d . M o d i f i c a t i o n w i t h glucosamine caused l i t t l e c o n f o r 
m a t i o n a l changes except a t h i g h l e v e l s of m o d i f i c a t i o n ; i . e . , 
when 22 r e s i d u e s were g l y c o s y l a t e d some l o s s of secondary s t r u c 
t u r e became e v i d e n t ( 2 7 ) . 

Some s u r f a c e a c t i v e p r o p e r t i e s of the g l y c o s y l a t e d 3 - l a c t o 
g l o b u l i n were s t u d i e d t o determine i f g l y c o s y l a t i o n a f f e c t e d 
t h e s e . Because g l y c o s y l a t i o n , e s p e c i a l l y w i t h m a l t o s e , caused a 
more expanded s t r u c t u r e the g a i n i n f r e e energy d u r i n g p r o t e i n 
a d s o r p t i o n s h o u l d be lower and the r a t e o f a d s o r p t i o n a t an o i l 
water i n t e r f a c e s h o u l d be l e s s . However, g l y c o s y l a t i o n may a l s o 
f a c i l i t a t e u n f o l d i n g and r e o r i e n t a t i o n a t the i n t e r f a c e and a l t e r 
s u r f a c e a r e a o c c u p i e d by each m o l e c u l e . I n i t i a l l y the p r o p e r t i e s 
of f i l m s of 3 - l a c t o g l o b u l i n and m o d i f i e d 3 - l a c t o g l o b u l i n were 
s t u d i e d . 

The s o l u b l e g l o b u l a r 3 - l a c t o g l o b u l i n (Lg) adsorbed r a p i d l y 
and p a r t l y u n f o l d e d to form a f a i r l y t i g h t l y packed condensed 
f i l m . Maximum s u r f a c e p r e s s u r e o f 3-Lg was observed a t pH 5 . 0 
s l i g h t l y below the i s o e l e c t r i c p o i n t ( 5 . 25 ) of 3-Lg. Thus, when 
net charge was c l o s e to zero more p r o t e i n was adsorbed because 
3 - l a c t o g l o b u l i n had a more compact s t r u c t u r e . As pH was i n 
c r e a s e d the e l e c t r o n e g a t i v e charge caused r e p u l s i o n and p r o b a b l y 
fewer p r o t e i n segments o c c u p i e d the i n t e r f a c e . S y s t e m a t i c s t u 
d i e s of f i l m s r e v e a l e d t h a t g l y c o s y l a t i o n o f 3 - l a c t o l o b u l i n w i t h 
m a l t o s e , glucosamine or c y c l o d e x t r i n reduced the r a t e s of ad
s o r p t i o n and rearrangement a t the i n t e r f a c e . T h i s was a t t r i b u t e d 
to lower f r e e energy g a i n , the i n c r e a s e d v i s c o s i t y , the s t e r i c 
h i n d r a n c e by c a r b o h y d r a t e s , the s t a b i l i z i n g e f f e c t of the c a r 
bohydrate moiety a g a i n s t u n f o l d i n g , a l t e r a t i o n of n e t charge, 
and reduced s u r f a c e h y d r o p h o b i c i t y of the m o d i f i e d 3 - l a c t o g l o b u 
l i n (27)· Though g l y c o s y l a t i o n r e s u l t e d i n a r e d u c t i o n of 
e l e c t r o s t a t i c r e p u l s i o n the c a r b o h y d r a t e s a p p a r e n t l y r e s t r i c t e d 
c l o s e m o l e c u l a r p a c k i n g i n the i n t e r f a c i a l f i l m , i n h i b i t e d un
f o l d i n g of the hydrophobic r e g i o n s to the a p o l a r phase and 
s i g n i f i c a n t l y i n c r e a s e d the amount of work r e q u i r e d f o r each 
molecule t o p e n e t r a t e the i n t e r f a c e . 

The g e n e r a l c o n c l u s i o n of these s t u d i e s were t h a t w h i l e 
g l y c o s y l a t i o n enhanced the h y d r o p h i l i c c h a r a c t e r of 3-Lg i t con
c u r r e n t l y decreased the number of i o n i z a b l e groups and perhaps 
more i m p o r t a n t l y , i t r e s t r i c t e d the e x p r e s s i o n of the hydro
phobic p r o p e r t i e s a t the i n t e r f a c e thereby r e d u c i n g the s u r f a c e 
a c t i v i t y of 3 - l a c t o g l o b u l i n as i n d i c a t e d by p r o p e r t i e s of i n t e r -
f a c i a l f i l m s . 

Because the h y d r o p h i l i c g l y c o s y 1 - s u b s t i t u e n t s would be ex
pected to enhance e m u l s i o n f o r m a t i o n and s t a b i l i t y v i a h y d r a t i o n 
and s t e r i c e f f e c t s , the e m u l s i f y i n g p r o p e r t i e s o f g l y c o s y l a t e d 
3 - l a c t o g l o b u l i n were examined (Table V I ) . 
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12. KINSELLA Emulsification and Flavor Binding 317 

Table VI. Effects of glycosylation of 3-lactoglobulin on 
emulsifying properties at different pH values. 

Emulsion A c t i v i t y S t a b i l i t y 
(OD 1:103 Dilutions) O i l Separation (%) 

pH pH 

Protein 
Preparation 

5 6.5 7.5 5 6.5 7.5 
3L 0.20 0.23 0.26 9.0 13.0 11.6 
Β 0.24 0.30 0.40 7.5 8.2 6.1 
C 0.23 0.29 0.31 6.8 11.5 13.0 
D 0.21 0.26 0.26 8.0 11.4 10.8 
Ε 0.25 0.21 0.34 9.5 12.8 8.5 
F 0.26 0.32 0.29 12.3 7.9 9.8 
G 0.12 0.10 0.23 9.9 10.0 9.8 

Emulsions were prepared with 0.5% protein and measured as re
ported by Waniska et_ a l . (29). 
Legend: 3-Lactoglobulin (3Lg) with amino or carboxyl groups 

modified with JB 7 maltosyl; £ U maltosyl; I) 3 3-cyclodextrin; 
_E 6 glucosamine ; JF 16 glucosamine and G_ 12 glucosamineoctaosyl 
residues, respectively. 

Is o e l e c t r i c points 3Lg 5.2; Β = 4.8; C = 4.3; D = 4.3; G = 5.5. 

Glycosylation of 3-lactoglobulin improved emulsion formation 
and s t a b i l i t y . This was i n contrast to i t s general effects on 
the properties of i n t e r f a c i a l films. However, the energy input 
i n emulsion preparation may have overcome some of the energy 
barriers encountered i n the f i l m studies where equilibrium condi
tions prevailed. Overall the data are consistent with the sug
gestion that the increased hydrophilic nature of the protein en
hances emulsion properties by s t a b i l i z i n g the aqueous interface 
through enhanced hydration and perhaps s t e r i c hindrance prevent
ing coalescence of the o i l droplets· However, derivatization 
altered e l e c t r o s t a t i c and hydrophobic interactions within and 
between the polypeptides and these may have impeded attainment 
of maximum emulsifying properties. 

Emulsifying a c t i v i t y increased with increased pH indicating 
that as the net electronegativity increased e l e c t r o s t a t i c repul
sion f a c i l i t a t e d formation and s t a b i l i z a t i o n of a greater number 
of o i l droplets. The number and size of hydrophilic groups i n 
troduced affected both EA and emulsion s t a b i l i t y . The attachment 
of, seven maltose groups into 3-lactoglobulin was superior to 11 
groups i n improving emulsifying properties. Conceivably the 
lower number of maltose groups provided less s t e r i c hindrance to 
ionic and hydrophobic interactions between the polypeptides i n 
the interface. The 3-cyclodextrin had l i t t l e impact on emulsi
fying properties. The emulsifying properties of 3-lactoglobulin, 
modified with glucosamine residues, were generally improved. 
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318 FOOD PROTEIN DETERIORATION 

Near the i s o e l e c t r i c range of the derivatized protein, emulsion 
formation was good. Proteins have a low net charge i n this pH 
range and maximum hydrophobic interactions are possible (40). 
Therefore, i t i s possible that small glucose derivatives (even 
when 16 carboxyl groups were derivatized) did not completely 
impede hydrophobic interactions at this pH. Derivatization with 
a large amino sugar, i . e . , glycosamineoctaose, impaired emulsion 
formation, but s t a b i l i t y of the emulsion was good. 

These data indicate the importance of net charge, hydrophil
i c interactions and s t e r i c effects i n emulsion formation and 
emulsion s t a b i l i z a t i o n and confirm the positive effects of hydro
p h i l i c groups. However, large, bulky hydrophilic residues may 
interfere with hydrophobic interactions causing excessive s t e r i c 
hindrance and actually reduce emulsifying properties. 

Hydrophobic Effects. The i o n i c , hydrophilic and hydrophobic 
characteristics of protein affect their surface a c t i v i t y and 
functional properties. In an emulsion one 1 side' of the protein 
film, i . e . , that exposed to the o i l phase, should be preponder
antly hydrophobic. The hydrophobicity influences adsorption and 
orientation of protein at the interface (22). The side of the 
f i l m that i s exposed to the continuous aqueous phase has most of 
the polar and charged groups exposed. Hydrophobic interactions 
s t a b i l i z e the conformation of proteins i n the native state i n 
solution. At an interface the normal thermodynamic equilibrium 
i s disturbed. The apolar segments of the polypeptides tend to 
unfold, reorient and occupy the less polar o i l phase. This phe
nomenon depends upon the amphipathic attributes of the protein, 
a property required for surface a c t i v i t y . 

The hydrophobicity of proteins i s related to their contents 
of apolar amino acids. The r e l a t i v e hydrophobicities of these; 
i . e . , trp, i l e u , tyr, phe, pro, leu, v a l , l y s , meth, cys/2, a l a , 
arg are 3.00, 2.95, 2.85, 2.65, 2.60, 2.40, 1.7, 1.5, 1.3, 1.0, 
0.75, 0.75 Kcal/residue respectively (13). The average hydropho
b i c i t y (HQ) representing the t o t a l hydrophobicity divided by the 
t o t a l number of residues was calculated for several proteins by 
Bigelow (39). Proteins have HQ values ranging from 1000-12000 
cal/residue (Table VII). While general relationships are appar
ent, i t should be remembered that the disposition of the apolar 
residues (sequence and whether located i n t e r n a l l y , on the surface, 
or on f l e x i b l e segments) affect physical properties more than the 
average hydrophobic amino acid content. 

L e s l i e (41) related the strong NMR signals of the apolar 
residues i n soy proteins to the emulsifying properties and Kato 
and Nakai (16) reported good correlations between molecular 
hydrophobicity and surfactant properties. They successfully 
quantified effective hydrophobicity; i . e . , true surface hydro
phobicity, using cii>-parinaric acid, an excellent fluorescent 
probe for measuring hydrophobicity of food proteins. Proteins 
were reacted with c i s - p a r i n a r i c acid. The conjugates were 
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12. KINSELLA Emulsification and Flavor Binding 319 

excited at 325 nm and fluorescence intensity measured at 420 nm. 
The i n i t i a l slope (S 0) obtained by pl o t t i n g fluorescence against 
protein concentration indicates surface hydrophobicity. The 
energy transfer e f f i c i e n c y of conjugates at zero protein concen
tration (T ) also r e f l e c t hydrophobicity. These two values were 
highly correlated and corresponded to data obtained using hydro
phobic chromatography (42). 

Table VII. The average hydrophobicity of some food proteins. 

MW 10 3 HQ NPS Ρ Charge 

Tropomyosin - 870 0.20 1.94 0.47 
Ovomucoid 27 920 0.25 1.50 0.30 
Collagen (soluble calf) 80 960 0.19 0.89 0.16 
Lysozyme 15 970 0.26 1.18 0.16 
Myosin 500 1020 0.28 1.43 0.35 
Actin 57 1050 0.31 1.15 0.27 
Gliadin 120 1080 - - -Conalbumin 87 1080 0.31 1.30 0.32 
Myoglobin 17 1090 0.32 1.12 0.34 
Ovalbumin 46 1110 0.34 0.92 0.24 
BSA 65 1120 0.32 1.22 0.33 
α-Lactalbumin 16 1150 0.34 1.11 0.28 
α-Casein - 1200 0.38 1.27 0.24 
3-Lactoglobulin 17 1230 0.37 0.96 0.28 
Zein 50 1310 - - -
MW = mol. weight; HQ = t o t a l hydrophobicity divided by t o t a l 
number of residues; NPS « sum of Trp, l i e , Tyr, Phe, Pro, Leu, 
and Val residues as a fract i o n of t o t a l residues ; Ρ = po l a r i t y 
r a t i o roughly a l l polar side chains/all nonpolar side chains and 
charge i s sum of Asp, Glu, His, Lys, Arg as fract i o n of t o t a l 
amino acids. From Bigelow (39). 

Bovine serum albumin, κ-casein and 3-lactoglobulin showed 
high S Q values (Table VIII) r e f l e c t i n g the binding of c i s - p a r i -
naric acid to their hydrophobic regions. The surface hydropho
b i c i t y showed strong correlations with surface tension, i n t e r -
f a c i a l tension and emulsifying a c t i v i t y of these proteins. 

This was further demonstrated by studies indicating that the 
progressive thermal denaturation of lysozyme increased surface 
hydrophobicity and the EA was concurrently enhanced (3)· These 
data indicate that hydrophobic interactions are important, par
t i c u l a r l y for the intermolecular interactions and associations 
which enhance the cohesiveness within the protein films surround
ing fat droplets i n emulsions. 

The above sections demonstrate some relationships between 
the molecular properties of food proteins and their emulsion 
properties. However, much research i s needed to determine the 
optimum quantitative relationships between individual molecular 
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320 FOOD PROTEIN DETERIORATION 

p r o p e r t i e s ( c h a r g e , h y d r o p h o b i c i t y and h y d r o p h i l i c i t y ) , e n v i r o n 
mental parameters, and p a r t i c u l a r types of food e m ulsions. 

Table V I I I . R e l a t i v e H y d r o p h o b i c i t y ( f l u o r e s c e n c e i n t e n s i t y , S 0) 
S u r f a c e T e n s i o n , I n t e r f a c i a l Tension and E m u l s i f y i n g 
A c t i v i t y Index Values of V a r i o u s P r o t e i n s . 

E m u l s i f y i n g 
S u r f a c e I n t e r f a c i a l A c t i v i t y 
T ension Tension Index 

S 0 (Dynes/cm) (Dynes/cm) (m 2g 1) 

Bovine serum 
albumin 1400 57.9 10.3 166 

k-Casein 1300 54.1 9.5 185 
3 - l a c t o g l o b u l i n 750 59.8 11.0 151 
T r y p s i n 90 64.1 12.0 93 
Ovalbumin 60 61.1 11.6 57 
Conalbumin 70 63.7 12.1 105 
Lysozyme 100 64.0 11.2 55 

From Kato and N a k a i (16) 

P r o t e i n L i g a n d I n t e r a c t i o n s - F l a v o r B i n d i n g 

P r o t e i n s b e i n g s u r f a c e a c t i v e can b i n d l i p i d s , f a t t y a c i d s , 
a ldehydes, ketones, t a n n i n s , c h l o r o g e n i c a c i d , e t c . , and a d v e r s e 
l y a f f e c t f u n c t i o n a l and n u t r i t i o n a l p r o p e r t i e s (43,44). The 
b i n d i n g o f low amounts of s u r f a c e a c t i v e compounds and l i p i d s t o 
food p r o t e i n s may a l t e r t h e i r s t a b i l i t y and thermal p r o p e r t i e s . 
Thus, the b i n d i n g o f l a u r i c a c i d to egg w h i t e p r o t e i n s enhances 
t h e i r thermal s t a b i l i t y (45) and low m o l e c u l a r w e i g ht a l c o h o l s o r 
c a r b o n y l s a t low c o n c e n t r a t i o n s s t a b i l i z e bovine serum albumin 
(46). 

The b i n d i n g o f f l a v o r s to food components, e s p e c i a l l y p r o 
t e i n s i s o f p a r t i c u l a r importance, and i t i s a problem t h a t has 
been d r a m a t i z e d as food t e c h n o l o g i s t s have t r i e d to f a b r i c a t e 
analogs and new foods from n o v e l p r o t e i n s (47). More fundamental 
i n f o r m a t i o n c o n c e r n i n g the n a t u r e of f l a v o r - p r o t e i n i n t e r a c t i o n i s 
needed to h e l p s o l v e problems o f o f f - f l a v o r b i n d i n g , to a i d the 
development of more s u c c e s s f u l f l a v o r i n g procedures and under
s t a n d the mechanism and thermodynamics o f f l a v o r r e l e a s e when 
food i s chewed. 

Because the p e r c e i v e d f l a v o r i s i m p o r t a n t i n d e t e r m i n i n g 
food a c c e p t a b i l i t y , the phenomenon of f l a v o r b i n d i n g and r e l e a s e 
i s e x tremely s i g n i f i c a n t . The o f f - f l a v o r s t h a t become a s s o c i a t e d 
w i t h p r o t e i n s l i m i t s t h e i r a p p l i c a t i o n . This i s e x e m p l i f i e d by 
many soy p r o t e i n p r e p a r a t i o n s w hich, though p o s s e s s i n g good 
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12. KINSELLA Emulsification and Flavor Binding 321 

functional properties, have limited use because of the impact of 
bound of f - f l a v o r s (48). To develop effective methods for the re
moval of off-f l a v o r s we have been studying flavor-protein i n t e r 
actions i n simple model systems composed of soy proteins and 
carbonyl compounds and determining binding using equilibrium 
d i a l y s i s (49). 

Binding isotherms indicated a progressive increase i n bind
ing of carbonyls with their concentration. There were four 
binding s i t e s per 100,000 molecular weight soy protein for 2-
heptanone, 2-octanone and 2-nonanone, respectively. The binding 
a f f i n i t i e s increased with chain length of the carbonyls indicat
ing that hydrophobic interactions are involved (Table IX). There 
was a threefold increase i n Keq for each increment of methylene 
group (-CH^) i n the chain length of the carbonyl which corre
sponded to a change i n free energy of -600 ca l o r i e s /C H 2 group. 
Similar results were obtained with bovine serum albumin except 
that i n the case of soy protein and BSA the Keq for nonanone was 
930 and 1800 M~l respectively. This r e f l e c t s the difference i n 
structure of these proteins and the greater surface hydropho
b i c i t y i n BSA which possesses s i x binding sit e s for these car
bonyls (50). 

Table IX. Thermodynamic constants for interactions of carbonyls 
with soy proteins i n model systems. 

Ligand Protein Temp °C η 
Keq 
(M"1) 

AG 
(Kcal/mole) 

2-Heptanone native 25 4 n o -2.781 
2-0ctanone native 25 4 310 -3.395 
2-Nonanone native 25 4 930 -4.045 
5-Nonanone native 25 4 541 -3.725 
1-Nonanal native 25 4 1094 -4.141 
2-Nonanone (succinylated) 25 2 850 -3.992 
2-Nonanone native 25 4 930 -4.045 
2-Nonanone native 5 2 2000 -4.221 
2-Nonanone (heated 90°C) 25 4 1240 -4.215 
2-Nonanone 7S 25 4 930 4.040 
2-Nonanone IIS (0.03M Salt) 25 - - -2-Nonanone IIS (0.5M Salt) 25 8 290 -

These data strongly support hydrophobic binding and the AG 
value for the binding of each C H 2 group, i . e . , -550 and -600 
cal/-CH« group for BSA and soy protein closely approximate the 
-540 cal/mole - C H 2 observed for the transfer of a C H 2 group from 
water to an apolar solvent (51). Further evidence of hydrophobic 
interaction i s obtained by comparing the binding of nonanol, 
2-nonanone and 5-nonanone to soy protein (Table IX). The binding 
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322 FOOD PROTEIN DETERIORATION 

c o n s t a n t Κ decreased as the k e t o group was moved toward the 
middle of the c h a i n ; i . e . , Keq was 1094, 930 and 541 M" 1 f o r 
these t h r e e c a r b o n y l s r e f l e c t i n g the s t e r i c h i n d r a n c e caused by 
the k e t o group, e s p e c i a l l y when l o c a t e d near the c e n t e r of the 
hydrocarbon c h a i n . The b i n d i n g a f f i n i t y of s u c c i n y l a t e d soy p r o 
t e i n f o r 2-nonanone was s l i g h t l y reduced compared t o the n a t i v e 
p r o t e i n , and the number of b i n d i n g s i t e s was reduced t o two r e 
f l e c t i n g major c o n f o r m a t i o n a l changes i n the soy p r o t e i n i n the 
neighborhood of the b i n d i n g s i t e s . Though the two b i n d i n g s i t e s 
have almost the same i n t r i n s i c b i n d i n g c o n s t a n t as the n a t i v e 
soy p r o t e i n , the b i n d i n g c a p a c i t y (moles l i g a n d bound per mole 
p r o t e i n ) of the s u c c i n y l a t e d soy was d e c r e a s e d . T h e r e f o r e , s u c 
c i n y l a t i o n decreased f l a v o r b i n d i n g and improved the f l a v o r o f 
s u c c i n y l a t e d soy p r o t e i n as noted p r e v i o u s l y ( 5 2 ) . 

A t low temperature (5°C) the number of b i n d i n g s i t e s was 
reduced t o two, but these had s i g n i f i c a n t l y g r e a t e r b i n d i n g con
s t a n t s r e f l e c t i n g changes i n the c o n f o r m a t i o n o f soy p r o t e i n a t 
low temperatures. The b i n d i n g c o n s t a n t was s i g n i f i c a n t l y i n 
c r e a s e d (30%) f o l l o w i n g h e a t i n g o f soy (90°C, 1 h r ) , but t h e r e 
were s t i l l f o u r b i n d i n g s i t e s . The enhanced b i n d i n g upon h e a t i n g 
c o r r o b o r a t e s the d a t a o f A r a i ejt a l . (53) and i n d i c a t e s t h a t 
the t h e r m a l p r o c e s s i n g o f soy p r o t e i n may e x a c e r b a t e the problem 
of o f f - f l a v o r b i n d i n g by i n c r e a s i n g the b i n d i n g a f f i n i t y of the 
soy p r o t e i n f o r c a r b o n y l s . 

The e f f e c t s of h e a t i n g o f soy p r o t e i n on l i g a n d b i n d i n g 
seemed i n c o n s i s t e n t w i t h the knowledge t h a t soy U S d i s s o c i a t e s , 
and t h e r e f o r e h e a t i n g s h o u l d i n c r e a s e the number of b i n d i n g s i t e s . 
T h e r e f o r e , we s t u d i e d the b i n d i n g of c a r b o n y l s to U S and 7S, the 
major p r o t e i n components of soybean. S i g n i f i c a n t l y , t h e r e was 
n e g l i g i b l e b i n d i n g of nonanone to the 11S f r a c t i o n , whereas the 
b i n d i n g to 7S was comparable t o t h a t f o r whole soy p r o t e i n . T h i s 
s e l e c t i v e i n t e r a c t i o n o b v i o u s l y r e f l e c t s the d i f f e r e n c e s i n the 
m o l e c u l a r s t r u c t u r e , c o n f o r m a t i o n and s u r f a c e p r o p e r t i e s of these 
two p r o t e i n s . The 7S p r o t e i n (17,500 d a l t o n s ) i s comprised of 
t h r e e s u b u n i t s of d i f f e r e n t s i z e s and amino a c i d c o m p o s i t i o n 
( 5 4 ) . The U S p r o t e i n (320,000 d a l t o n s ) c o n t a i n s s i x a c i d i c and 
s i x b a s i c s u b u n i t s ( 5 5 ) . The s p a t i a l arrangement of the s u b u n i t s 
i n these two p r o t e i n s may be such t h a t the 7S p r o t e i n has h ydro
phobic r e g i o n s which are a c c e s s i b l e f o r l i g a n d b i n d i n g , whereas 
i n the case of U S p r o t e i n such hydrophobic r e g i o n s may be b u r i e d 
i n s i d e the p r o t e i n o r be a t the p o i n t s o f c o n t a c t or a s s o c i a t i o n 
between s u b u n i t s , and hence may not be a c c e s s i b l e to the l i g a n d . 

Because the weak i n t e r a c t i o n between U S and 2-nonanone may 
r e f l e c t i t s unique q u a t e r n a r y s t r u c t u r e , then changes i n t h i s 
s t r u c t u r e may a f f e c t the b i n d i n g a f f i n i t y f o r 2-nonanone. The 
o l i g o m e r i c s t r u c t u r e of soy 11S i s i n f l u e n c e d by i o n i c s t r e n g t h ; 
i . e . , a t 0.5 M i o n i c s t r e n g t h the p r o t e i n has a s e d i m e n t a t i o n 
c o e f f i c i e n t of U S , below 0.1 M i o n i c s t r e n g t h i t d i s s o c i a t e s 
i n t o ' h a l f U S ' u n i t s ( 5 6 ) . A t the i o n i c s t r e n g t h used i n our 
i n i t i a l s t u d y the U S was i n h a l f 11S form and perhaps had a 
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12. KINSELLA Emulsification and Flavor Binding 323 

r e l a t i v e l y high surface charge which impaired binding. At higher 
ionic (0.5 M) strength when the e l e c t r o s t a t i c repulsion i s weak
ened, the intact U S i s formed, and this i s accompanied by a 
marked increase i n nonanone binding. This observation i s s i g 
n i f i c a n t because i f the U S exists i n an environment of low 
ionic strength i n the soybean seed or i f low ionic strength pre
v a i l s during m i l l i n g of the seed, the 11S fraction which i s ^35% 
of soy protein, should possess less o f f - f l a v o r s . 

Because hydrophobic interactions are the predominant forces 
involved i n binding of apolar organic ligands to protein i t may 
be feasible to remove o f f - f l a v o r s by chaotropic agents which 
weaken hydrophobic interactions (57). Thus, we determined the 
effects of increasing urea concentrations on flavor binding 
characteristics of soy protein. There was a progressive decrease 
i n binding a f f i n i t y for nonanone as urea was increased from 0 to 
4.5 M. It i s known that the denaturing action of urea involves a 
hydrophobic mechanism that favors exposure of nonpolar residues 
i n the protein to solvent environment (58). As these conforma
tion a l changes occurred i n the soy proteins the binding a f f i n i t y 
concomitantly decreased. At low concentrations of urea the bind
ing a f f i n i t y of soy for nonanone was decreased s i g n i f i c a n t l y ; 
i . e . , by ̂ 50 and 70% at 1.5 and 3.0 M urea, respectively. This 
observation may have p r a c t i c a l implications. Thus, reversible 
dissociation of soy protein subunits; e.g., using urea or other 
dissociating agent may f a c i l i t a t e the removal of of f - f l a v o r s 
such as carbonyls, because binding i s an equilibrium process. 
Thus, u l t r a f i l t r a t i o n of dilute urea solutions of undenatured 
soy proteins may be useful for the preparation of bland soy pro
t e i n . 

Conclusion 

The functional properties of proteins r e f l e c t the inherent 
molecular properties of the proteins (size, shape, conformation, 
molecular f l e x i b i l i t y , susceptability to denaturation), the man
ner i n which they interact with other food constituents and how 
they interact with the prevailing environmental conditions. Thus 
numerous i n t r i n s i c and ex t r i n s i c factors acting i n concert deter
mine the f i n a l e f f e c t . This situation makes i t extremely chal
lenging to the food s c i e n t i s t to develop standard methods based 
on the physicochemical behavior of protein i n a simple system. 
Because of the complexity of the systems involved, i t i s obvious 
that the conventional empirical methods for comparing the func
t i o n a l properties of proteins w i l l continue to be used. Recog
nizing t h i s , food s c i e n t i s t s should s t r i v e to standardize the 
methods as much as possible so that published data can be v a l i d l y 
used to compare the re l a t i v e functionality of differ e n t protein 
preparations. 

There i s a continuing need for dedicated basic research 
(Table X) directed toward the elucidation of the physicochemical 
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324 FOOD PROTEIN DETERIORATION 

bases of s p e c i f i c f u n c t i o n a l p r o p e r t i e s ; e.g., g e l a t i o n , s u r f a c e 
a c t i v i t y , f i l m f o r m a t i o n . While i t may not be p o s s i b l e t o de
f i n e each f u n c t i o n a l p r o p e r t y i n ma t h e m a t i c a l terms, the knowl
edge gained from fundamental r e s e a r c h w i l l p r o v i d e a c l e a r e r 
u n d e r s t a n d i n g of the p h y s i c a l and c h e m i c a l r e l a t i o n s h i p s i n v o l v e d . 
T h i s i n f o r m a t i o n w i l l enable the food s c i e n t i s t to s e l e c t the 
most a p p r o p r i a t e p r o t e i n f o r a s p e c i f i c f u n c t i o n a l p r o p e r t y o r 
a p p l i c a t i o n and a l s o enable the s c i e n t i s t t o modify the p r o t e i n s 
to o p t i m i z e d e s i r a b l e p h y s i c a l p r o p e r t i e s . 

Table X. Some r e s e a r c h needs i n the a r e a of f u n c t i o n a l 
p r o p e r t i e s . 

S t a n d a r d i z i n g the d e f i n i t i o n of f u n c t i o n a l p r o p e r t i e s 
Development of s t a n d a r d i z e d methods based on p h y s i c a l p r o p e r t i e s 
R e l a t i n g f u n c t i o n a l p r o p e r t i e s t o s t r u c t u r a l f e a t u r e s and 

secondary i n t e r a c t i o n s 
M a n i p u l a t i o n of p r o t e i n s t r u c t u r e by c h e m i c a l o r p h y s i c a l 

a l t e r a t i o n s 
T e s t i n g i n food systems 
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13 
Effects of Ions on Protein Conformation 
and Functionality 

SRINIVASAN DAMODARAN and JOHN E. KINSELLA 
Cornell University, Institute of Food Science, Ithaca, NY 14853 

The unique three-dimensional structure of a protein molecule 
is the resultant of various attractive and repulsive interactions 
of the protein chain within itself and with the surrounding sol
vent. The various types of interactions and forces which con
tribute to the overall stability of the native structure of a 
protein may be broadly categorized as hydrogen bonding, electro
static and hydrophobic interactions. For the protein to assume 
a particular ordered structure, the favorable free energy change 
from the above interactions in the ordered form should be more 
than the unfavorable free energy increase resulting from the con-
figurational entropy of the chain. In other words, the favorable 
change in the free energy for the stability of the folded native 
protein may be expressed as Equation 1: 

ΔGn = ΔGh + ΔGe + ΔGф - TΔSconfiguration 

where ΔGh, ΔGe and ΔGф are the free energy contribution from 
hydrogen bonding, electrostatic and hydrophobic interactions, 
respectively, and ΔS is the configurational entropy of the pro
tein chain and Τ is the temperature. 

For many proteins the net free energy favoring the formation 
and stability of the native structure is only about 10-20 Kcal/ 
mole (1). Hence any perturbation leading to decrease in the free 
energy of stabilization even by few kilocalories would profoundly 
affect the structural stability of the native protein and hence 
its function. Such changes may be brought about by agents like 
heat, organic solvents and chaotropic salts. The major emphasis 
of this chapter will be to discuss the effect of ionic solutes 
on protein conformation and function, and to elucidate the mecha
nisms of these interactions. Before venturing into this it may 
be appropriate to understand the nature and magnitude of some of 
the major forces responsible for the stability of protein struc
ture, viz. hydrogen bonds, electrostatic and hydrophobic inter
actions . 

0097-6156/82/0206-O327$09.00/0 
© 1982 American Chemical Society 
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328 FOOD PROTEIN DETERIORATION 

Major Forces i n Protein Structure S t a b i l i t y 

Hydrogen bonds. The existence and importance of hydrogen 
bonds i n proteins i s well documented. In fact, the α-helical and 
the 3-sheet structures i n proteins are based on the formation of 
hydrogen bonds between the peptide groups. However, there has 
been considerable disagreement about the degree of s t a b i l i z a t i o n 
they provide to the protein structure. The reason for this i s 
the fact that i n aqueous solutions, the solvent i t s e l f can com
pete with both the acceptor and donor groups i n proteins for 
hydrogen bond formation. In other words, i f the formation of 
hydrogen bonds i n aqueous solution i s expressed as Equation 2: 

protein-Η···Η 20 + Η 20··«H-protein 
protein-protein + Η^0··«Η^Ο 

then, i n order to form intrapeptide hydrogen bonds the change i n 
the free energy of the above reaction should favor the forward 
reaction. With N-methylacetamide as a model compound, which i s 
comparable to groups i n proteins, i t has been shown that the 
change in the free energy for the formation of hydrogen bonds 
between N-me thy lace tamide molecules i s +0.75 Kcal/mole (2). But 
the data for h e l i x - c o i l t ransition i n synthetic polypeptides 
shows that the free energy contributed by the hydrogen bonds for 
the s t a b i l i t y of proteins i s only about -0.15 Kcal/mole residue 
(3). One can, therefore, assume that the energy contributed by 
hydrogen bonds to the overall s t a b i l i t y of protein structure i s 
very small. It should be borne i n mind that the hydrogen bond i s 
primarily ionic i n character due to the dipole moment of the pep
tide group. Although the hydrogen bonds give s t a b i l i t y to the a-
h e l i c a l structure, the driving force for the formation of hydro
gen bonds i s the hydrophobic interaction between the sidechain 
groups ( 4 ) . Conversely, any perturbation which causes d e s t a b i l i -
zation of these hydrophobic interactions i n the protein would 
also destabilize the hydrogen bonds i n this v i c i n i t y . 

E l e c t r o s t a t i c interactions. The presence of charged groups 
l i k e glutamic, aspartic, lysine and arginine residues i n proteins 
form the basis of e l e c t r o s t a t i c interactions. But l i t t l e i s known 
about the thermodynamic contribution they provide for the overall 
s t a b i l i t y of the protein structure. Near the i s o e l e c t r i c pH the 
e l e c t r o s t a t i c interaction between the oppositely charged groups 
may be s i g n i f i c a n t and may provide some s t a b i l i z a t i o n energy to 
the protein structure (5). Above or below the i s o e l e c t r i c pH 
range the protein w i l l have a net negative or positive charge and 
hence repulsive interactions w i l l exist within the protein. But 
binding of counter ions may decrease these repulsive forces and 
provide s t a b i l i t y to the protein structure. Since most of the 
charged groups are present on the surface of the protein, the 
charge repulsion or attraction between these groups may be minimal 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



13. D A M O D A R A N A N D KINSELLA Ion Effects on Proteins 329 

because of the high d i e l e c t r i c constant of the surrounding s o l 
vent. But the magnitude of such interactions may become s i g n i f i 
cant i f these charges are p a r t i a l l y or completely buried inside 
the protein where the d i e l e c t r i c constant i s lower. In such 
cases, each of the buried charges w i l l destabilize the native 
protein structure to the order of 20 Kcal/mole (6). In the pres
ence of an oppositely charged residue i n the i n t e r i o r of the pro
tein, a s a l t bridge may be formed which w i l l provide considerable 
energy for s t a b i l i z i n g protein structure. 

Hydrophobic interactions. It i s recognized that the major 
force responsible for the s t a b i l i t y of protein structure i s the 
hydrophobic interaction between the nonpolar sidechains i n pro
teins . The driving force for such interactions arise not from 
the inherent attraction of nonpolar sidechains for each other, 
but i n the energetically unfavorable eff e c t they have on the 
structure of the water molecules around them. The basis for this 
fundamental concept i s the thermodynamic data concerning the 
transfer of various nonpolar compounds from apolar solvents to 
water (7-10)· When a hydrocarbon i s transferred from a nonpolar 
solvent to water, the changes i n volume and enthalpy are negative 
and there i s a very large negative excess entropy change over the 
entropy of ideal mixing. This leads to a large positive change 
i n free energy and hence, low s o l u b i l i t y (11). These abnormal 
changes are considered to be the result of an ordering of water 
molecules around the hydrocarbon chain forming clathrate or cage
l i k e structures. The above mentioned non-ideal thermodynamic 
behavior of hydrocarbon solutions i s due to the formation of 
these clathrate structures and to the orientational s p e c i f i c i t y 
of the water molecules i n these clathrate structures compared to 
that i n the free bulk water i n the absence of nonpolar solutes 
(12). The requirements on the orientational s p e c i f i c i t y of water 
molecules for the formation of clathrate-like structures around 
hydrocarbons i s more s p e c i f i c (Figure 1; 12). Figure 1A repre
sents the water pair geometry i n ice or idealized bulk water. 
This i s the geometrically possible orientation of two hydrogen 
bonded water molecules which permit the maximum entropy possible. 
The structure shown i n Figure IB represents the water-water 
orientation i n clathrate hydrates. The difference between these 
two orientations i s that i n the second configuration one of the 
water molecules i s rotated through a tetrahedral angle on the 
hydrogen bond. This structure w i l l have a higher energy state 
because of the closeness of the hydrogen atoms and the lone pairs 
of electrons which w i l l enhance the repulsive interaction (12, 
13). This would explain the positive standard free energy change 
observed for the transfer of hydrocarbons into aqueous solution. 
Furthermore, such ordering of the water molecules around the hy
drocarbon would r e s t r i c t their freedom of rotational and transla-
tional motions and thus decrease the entropy of the system (14)· 
Such a state would be highly unstable and would tend to go back 
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330 FOOD PROTEIN DETERIORATION 

Figure 1. Mutual orientation of two water molecules in ice (A) (and liquid water), 
and in clathrate hydrates (B). Dots indicate the direction of lone electron pair 
orbitals, small circles refer to hydrogen atoms and big circles refer to oxygen atoms. 
Configuration Β is obtained from A by rotating one water molecule through a 
tetrahedral angle about the axis of the hydrogen bond, (Reproduced, with permis

sion, from Ref. 12, Copyright 1975, Academic Press Inc. (London) Ltd.) 
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13. DAMODARAN AND KINSELLA Ion Effects on Proteins 331 

to the o r i g i n a l state of higher entropy. To do so i t i s obliga
tory for the system to expel the hydrocarbon from the solution. 
This i s p a r t i a l l y accomplished by forcing two hydrophobic mole
cules together, which allows formation of a single sphere of hy
dration around them with release of some of the water molecules 
to their entropically favorable state (Figure 2). Such grouping 
of hydrophobic molecules i n aqueous solution i s known as hydro
phobic interaction. In other words, i t i s the interaction be
tween the hydrophobic molecules forced by the thermodynamically 
unfavorable structural state of water i n the presence of these 
molecules. Since proteins contain such nonpolar residues, the 
hydrophobic interaction between these residues would result i n 
the formation of hydrophobic regions which would impose a p a r t i c 
ular three dimensional conformation on the protein. 

From the s o l u b i l i t y measurements of amino acids i n water and 
i n ethanol, Nozaki and Tanford (15) calculated the free energy of 
transfer of amino acid residues from water to ethanol. Assuming 
that the transfer from water to ethanol i s comparable to transfer 
of hydrophobic residues i n protein from water environment to a 
nonpolar region i n the protein the data obtained by Nozaki and 
Tanford (15) suggest that on an average the hydrophobic free 
energy contribution for the protein folding and s t a b i l i t y by each 
hydrophobic residue i s about -2 Kcal/mole residue. Since many 
proteins contain about 40 to 60% content of hydrophobic amino 
acid residues, i t may be deduced that the major force responsible 
for the s t a b i l i t y of the protein conformation i s the hydrophobic 
interaction. 

As a corollary, i f the entropy driven hydrophobic free ener
gy i s responsible for the native structure of the protein, then 
i t should be possible to manipulate the structure of the protein 
by decreasing this hydrophobic free energy by changing the s o l 
vent conditions. Such changes can be induced by chaotropic ions. 

Before attempting to study the ion i c effects on hydrophobic 
interaction, and hence on the protein conformation and function, 
i t i s pertinent to understand the effects of ions on the struc
ture of water. The type of interaction between an ion and water 
i n solution i s the strong ion-dipole compared to the weak dipole-
induced dipole interaction i n hydrocarbon solutions. Such ion-
dipole interaction would certainly disrupt the regular tetrahe-
d r a l l y hydrogen bonded structure of water while concomitantly 
imposing a new kind of order around each ion. A detailed d i s 
cussion on the structure of water w i l l not be presented since 
this i s done elsewhere (13, 16). 

The orientation of water molecules around an ion depends on 
the type of ion; i . e . cation or anion. In the hydration s h e l l of 
a cation the hydrogen atoms of water are directed out, whereas 
with the anion they are directed i n (Figure 3)· This qualitative 
difference i n the orientation of the water molecules around ions 
i t s e l f profoundly affects the pol a r i t y of the bulk water (17) and 
in this respect the anions decrease the po l a r i t y of water to a 
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332 F O O D PROTEIN DETERIORATION 

Free water 

Figure 2, Scheme of water structure induced association of hydrocarbons. 

Figure 3. Scheme of orientation of water molecules in the hydration spheres of 
cations and anions. 
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13. DAMODARAN AND KINSELLA Ion Effects on Proteins 333 

greater extent than cations. The degree to which the water 
structure i s affected depends on the size and charge density of 
the anion. In general for anions, the extent of structure break
ing effect on water progressively follows the order F~* < CHLCOO"" < 
S0 4

= < CI" < Br"" < I"" < N03~ < ClO^-SCN"" < Cl CCOO"; this series 
i s known as the lyotropic or chaotropic series (18). 

One of the thermodynamic manifestations of the effect of 
ions on water structure i s the p a r t i a l molar entropy (Table I ) . 
For monovalent ions, a progressive increase i n entropy accom
panies with increasing ionic radius, suggesting that the entropy 
gain may arise primarily from the s t e r i c hindrance to the forma
tion of the water framework. 

Table I. Effects of anions on water structure.* 

Anion S.0(M) a 

1 

S^ hydration 

F~~ -2.3 -31.2 
c i - 13.5 -18.2 
Br~ 19.7 -14.4 
I~ 25.3 -10.1 
SCN" 36.0 - 8.1 

Pa r t i a l molar entropy of aqueous ions; p a r t i a l molar entropy 
of hydration. 

*Taken from Hatefi and Hanstein (18). 

It may also be noted that with decreasing entropy of hydration, 
the p a r t i a l molar entropy of the solution also decreases. This 
shows that the entropy of ionic solutions i s closely related to 
the orientation and to magnitude of water molecules i n the hydro
gen sphere of the ions. Small ions with greater charge density 
on the surface tend to have the least effect on the entropy of 
bulk water, whereas large ions with lower charge density on the 
surface tend to break the hydrogen bonded structure of water. 
Reviews on the effect of ions on the physical properties of water 
were presented by von Hippel and Schleich (16) and Dandliker and 
De Saussure (19). 

It i s reasonable at this point to question what effect the 
chaotropic ions would have on the hydrophobic interactions i n 
proteins. Since the hydrophobic interaction i s intimately re
lated to the structure of water, chaotropic ions should have pro
found effects on the strength of the hydrophobic interaction. As 
explained i n the previous sections, the conformation of a protein 
i n aqueous solution i s mainly induced by the characteristics of 
the solvent such as water. Although the grouping of the nonpolar 
sidechains into a protein's hydrophobic region involves a de
crease i n the conformational entropy, the high gain i n the entro
py of the solvent i n the process overrides the decrease i n the 
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334 FOOD PROTEIN DETERIORATION 

c o n f o r m a t i o n a l e n t r o p y and thus thermodynamically s t a b i l i z e s the 
f o l d e d n a t i v e s t r u c t u r e ( 5 ) . I f the hydrogen bonded s t r u c t u r e of 
water i s a l t e r e d by c h a o t r o p i c i o n s , the d r i v i n g f o r c e f o r the 
hydrophobic i n t e r a c t i o n s w i t h i n and between p r o t e i n m o l e c u l e s 
( a s s o c i a t i o n and p o l y m e r i z a t i o n r e a c t i o n s ) w i l l decrease and 
hence would d e s t a b i l i z e t h e i r s t r u c t u r e s . 

E f f e c t of s a l t s on the s o l u b i l i t y of hydrocarbons and model 
p e p t i d e s . One p o s s i b l e approach to u n d e r s t a n d i n g the e f f e c t o f 
s a l t s on p r o t e i n c o n f o r m a t i o n and f u n c t i o n i s to study the s o l u 
b i l i t y of a p p r o p r i a t e model compounds i n s a l t s o l u t i o n s . The 
c l a s s i c a l study was on the s o l u b i l i t y o f a model p e p t i d e , a c e t y l -
t e t r a g l y c y l e t h y l e s t e r (ATGEE), i n s a l t s o l u t i o n s ( 2 0 ) , T h i s 
study showed t h a t the l o g a r i t h m of the a c t i v i t y c o e f f i c i e n t 
( l o g S0/S) of ATGEE i n s a l t s o l u t i o n s e x h i b i t e d a l i n e a r r e l a 
t i o n s h i p w i t h the s a l t c o n c e n t r a t i o n . That i s E q u a t i o n 3: 

Log S0/S = K SC S 

where S Q i s the s o l u b i l i t y o f ATGEE i n w a t e r , S i s the s o l u b i l i t y 
i n a s a l t s o l u t i o n , C g i s the molar c o n c e n t r a t i o n o f the added 
s a l t and K g i s the s a l t i n g - o u t c o n s t a n t . Here i t s h o u l d be men
t i o n e d t h a t an i n c r e a s e i n the s o l u b i l i t y o f ATGEE i n a s a l t s o l u 
t i o n corresponds t o a decrease i n the a c t i v i t y c o e f f i c i e n t ( S Q / S ) . 
Ions such as I"*, C 1 0 ^ " , SCN~ and C I 3 C C O O " e x h i b i t e d n e g a t i v e K g 

v a l u e s , w h i l e S 0 ^ = , ^PO^" and c i t r a t e had p o s i t i v e K g v a l u e s . 
C h l o r i d e and bromide e x h i b i t e d n e i t h e r s a l t i n g - i n nor s a l t i n g - o u t 
p r o p e r t i e s ; i . e . , t h e i r K g v a l u e s were almost z e r o . 

I n a s i m i l a r approach S c h r i e r and S c h r i e r (21) s t u d i e d the 
s o l u b i l i t i e s of N-methylacetamide and N-methylpropionamide i n 
v a r i o u s s a l t s o l u t i o n s . W h i l e the o r d e r o f e f f e c t i v e n e s s of v a r i 
ous n e u t r a l s a l t s as a c t i v i t y c o e f f i c i e n t a f f e c t o r s were the same 
as t h a t of ATGEE, the l e v e l a t which Κ changes from a p o s i t i v e 
to a n e g a t i v e v a l u e f o r the s a l t s was d i f f e r e n t . Furthermore, 
i n c r e a s e i n the c h a i n l e n g t h o f the amide i n c r e a s e d the s a l t i n g -
out c o e f f i c i e n t i n d i c a t i n g t h a t the e f f e c t o f i o n s on the s o l u 
b i l i t y b e h a v i o r o f these model compounds was m a i n l y on the non-
p o l a r m o i e t i e s i n these model compounds. The s a l t i n g - o u t con
s t a n t f o r N-methylacetamide was 0.099 i n NaCl and -0.023 i n NaSCN. 
The change i n the f r e e energy f o r t r a n s f e r of one mole of N-meth-
y l a c e t a m i d e from water to 1 M s a l t s o l u t i o n can be c a l c u l a t e d 
from the K g v a l u e s by E q u a t i o n 4 ( 2 2 ) : 

AG = 2.3 RTK C 
t r s s 

where C g i s the molar c o n c e n t r a t i o n o f the s a l t , R i s the gas 
con s t a n t and Τ i s the temperature. A t 25°C, the f r e e energy o f 
t r a n s f e r o f N-methylacetamide from water t o 1M NaCl i s u n f a v o r 
a b l e t o the magnitude of about +133 c a l / m o l whereas the t r a n s f e r 
to 1 M NaSCN i s f a v o r a b l e t o the o r d e r o f -30.9 c a l / m o l e . 

The e f f e c t s of n e u t r a l s a l t s on s o l u b i l i t y o f many a p o l a r 
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13. DAMODARAN AND KINSELLA Ion Effects on Proteins 335 

solutes such as amides, benzene, purines and pyrimidines, etc., 
i n aqueous solutions were reported (22, 23). These studies with 
simple compounds reveal that the neutral s a l t s affect both the 
polar and apolar moieties i n these compounds and certain ions 
exhibit positive effects while other ions have negative effects 
on s o l u b i l i t y . In general the salting-out effect of the anions 
and cations follow the order 

S0, = > C l ~ > Br" > NO ~ > CIO," > SCN~ > Cl oCC00" 
4 3 4 3 
+ + + + 2+ 2+ 2+ NH > Κ ,Na > L i > Mg > Ca > Ba 

Since proteins have both polar and apolar groups, more com
parable to the above model compound, the s a l t i n g - i n or s a l t i n g -
out effect of ions on these groups would have profound affect on 
the conformational s t a b i l i t y of proteins. Since the hydrophobic 
interaction between the apolar residues i s the major s t a b i l i z i n g 
force of the native conformation of the protein, the ions which 
salt-out the hydrocarbons should enhance these hydrophobic i n t e r 
actions i n the protein and provide more s t a b i l i z i n g energy. In 
the presence of ions which exhibit s a l t i n g - i n effect on hydro
carbons , the hydrophobic interactions i n the protein would be de
creased and hence destabilize the protein structure. 

The simplest way to study the effects of ions on the confor
mational s t a b i l i t y of proteins i s to follow the change i n α-heli
ca l content of a protein as a function of temperature at d i f f e r 
ent s a l t concentrations. von Hippel and Wong (24) studied the 
effects of CaCl2 on the melting temperature of collagen at ρΗ 
7.0. The melting temperature, Τ , which i s defined as the tem
perature at which the t r a n s i t i o n from h e l i c a l conformation to 
random c o i l i s 50% complete, decreased l i n e a r l y with increase i n 
CaCl2 concentration. In a similar approach von Hippel and Wong 
(25) studied the temperature tra n s i t i o n of ribonuclease as a 
function of s a l t concentration. The plots of T m versus s a l t con
centration for many sal t s exhibited linear relationships. In 
general the relationship between T m and the s a l t concentration 
may be functionally expressed as Equation 5 (16): 

Τ = Τ ° + Κ C m m s s 
where T m° i s the t r a n s i t i o n temperature i n the absence of s a l t , 
C g i s the molar concentration of the s a l t and K s i s the molar 
effectiveness of the s a l t i n perturbing T m. In the study with 
ribonuclease, PO^", S0^ = and C l ~ exhibited positive K g values 
indicating that these ions s t a b i l i z e d the protein. Br and SCN" 
exhibited negative K g values indicating that they destabilized 
the protein structure. The re l a t i v e effectiveness of both anions 
and cations i n perturbing the s t a b i l i t y of ribonuclease followed 
the same chaotropic or lyotropic order observed with model com
pounds. 

One can assume that the observed effects of ions on the 
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336 FOOD PROTEIN DETERIORATION 

s t a b i l i t y o f p r o t e i n s cannot be due to s i m p l e n o n s p e c i f i c i n t e r 
a c t i o n s w i t h t h e i r charged groups. As mentioned i n the p r e v i o u s 
s e c t i o n , the f r e e energy c o n t r i b u t e d by the e l e c t r o s t a t i c i n t e r 
a c t i o n s to the o v e r a l l s t a b i l i t y of p r o t e i n i s v e r y s m a l l and 
hence cannot a c c o u n t f o r the magnitude o f the s a l t e f f e c t 
on p r o t e i n c o n f o r m a t i o n . I n most p r o t e i n s the e l e c t r o s t a t i c i n 
t e r a c t i o n s a r e e s s e n t i a l l y suppressed a t about 0.1 -0.15 M s a l t 
c o n c e n t r a t i o n (26). Hence, the l y o t r o p i c e f f e c t of i o n s on the 
p r o t e i n c o n f o r m a t i o n , which i s observed a t r e l a t i v e l y h i g h e r con
c e n t r a t i o n s , may be due to t h e i r e f f e c t on the hydrophobic i n t e r 
a c t i o n s mediated v i a changes i n the water s t r u c t u r e . 

I f the c o n f o r m a t i o n a l changes i n p r o t e i n i n the presence of 
v a r i o u s i o n s a r e due t o s t a b i l i z a t i o n o r d e s t a b i l i z a t i o n o f the 
hydrophobic r e g i o n s t h a t are mediated v i a changes i n the water 
s t r u c t u r e , then such changes w i l l be r e f l e c t e d i n the b i n d i n g 
a b i l i t y o f hydrophobic l i g a n d s to the p r o t e i n . Damodaran and 
K i n s e l l a (27) s t u d i e d the e f f e c t of anions on the b i n d i n g o f 2-
nonanone to bovine serum albumin. B i n d i n g o f 2-nonanone to bo
v i n e serum albumin e x h i b i t e d p o s i t i v e c o o p e r a t i v i t y which was 
i n t e r p r e t e d as b e i n g due to i n i t i a l b i n d i n g induced conforma-
t i n a l changes i n the p r o t e i n which i n c r e a s e d the b i n d i n g a f f i n i 
t i e s a t the subsequent b i n d i n g s i t e s (27). I n o t h e r words, the 
p o s i t i v e c o o p e r a t i v i t y may be due to s t a b i l i z a t i o n o f the hydro
phobic b i n d i n g s i t e s i n bo v i n e serum albumin upon i n i t i a l b i n d 
i n g . As a c o r o l l a r y , i f the e x h i b i t i o n o f p o s i t i v e c o o p e r a t i v i t y 
i s due to b i n d i n g induced s t a b i l i z a t i o n o f the b i n d i n g s i t e s , 
then i n the presence of s t r u c t u r e s t a b i l i z i n g o r d e s t a b i l i z i n g 
agents the degree of such s t a b i l i z a t i o n s h o u l d be i n c r e a s e d o r 
decreased, r e s p e c t i v e l y . 

The b i n d i n g i s o t h e r m s f o r the i n t e r a c t i o n o f 2-nonanone w i t h 
bovine serum albumin i n the presence of v a r i o u s anions i s shown 
i n F i g u r e 4. I n the presence of Cl " * , Br"", SCN" and C I 3 C C O O " , 

the curves are s i g m o i d a l , whereas i n the presence of F" and S0^ =, 
they are h y p e r b o l i c . When the same d a t a a r e p r e s e n t e d i n the form 
of S c a t c h a r d p l o t s , the b i n d i n g e x h i b i t e d p o s i t i v e c o o p e r a t i v i t y 
i n the presence of a l l a n i o n s except F~ ( F i g u r e 5 ) . The i n i t i a l 
p o s i t i v e s l o p e s a t low m o l a l r a t i o s o f b i n d i n g v a r i e d d i s t i n c t l y 
w i t h the type o f a n i o n . The e f f e c t of an i o n s i n i n c r e a s i n g the 
i n i t i a l p o s i t i v e s l o p e f o l l o w e d the c l a s s i c a l H o f m e i s t e r s e r i e s 
o r c h a o t r o p i c s e r i e s (18) ; i . e . , F" > S O ^ > CI"" > B r " > SCN" > 
C I 3 C C O O " " . These i o n s , i n the same o r d e r , have been known to 
a f f e c t the water s t r u c t u r e (18) as w e l l as s t a b i l i t y o f g l o b u l a r 
p r o t e i n s ( 1 6 ) . A p a r t from changing the s l o p e s of the S c a t c h a r d 
p l o t s , these i o n s a l s o induced a s h i f t i n the p o s i t i o n of the 
maximum i n the S c a t c h a r d p l o t away from the o r d i n a t e . A s h i f t 
away from the o r d i n a t e may r e f l e c t i n c r e a s e d c o o p e r a t i v i t y i n 
b i n d i n g . I n t h i s r e s p e c t , the r e s u l t s show t h a t the b i n d i n g of 
2-nonanone to bovine serum albumin i s h i g h l y c o o p e r a t i v e i n the 
presence of Cl^CCOO" and SCN" i n c o n t r a s t to i t s b e h a v i o r i n the 
presence o f SO,= and F". 
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13. DAMODARAN A N D KINSELLA Ion Effects on Proteins 337 

Figure 4. Binding isotherms for the interaction of 2-nonanone to bovine^ serum 
albumin (BSA) in the presence of various anions at 0.15 M ionic strength, ν is the 
number of moles of 2-nonanone bound per mole of BSA and [L] is the free 2-non

anone concentration. (Reproduced from Ref. 27.) 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



13. DAMODARAN A N D KINSELLA Ion Effects on Proteins 3 3 9 

The above changes i n the binding behavior of 2-nonanone to 
bovine serum albumin i n the presence of various anions may be 
intimately related to changes i n the protein structure. In other 
words, the i n i t i a l positive slopes (Figure 5), which may be con
sidered to be proportional to the net s t a b i l i z a t i o n of the hydro
phobic s i t e s upon ligand binding, are the result of two opposing 
forces; i . e . , the de s t a b i l i z i n g e f f e c t of anions and the s t a b i l 
i z i n g effect of 2-nonanone upon binding. Assuming that the sta
b i l i z a t i o n energy provided by 2-nonanone binding i s constant, the 
increase i n the de s t a b i l i z i n g energy provided by diff e r e n t anions 
would obviously decrease the i n i t i a l positive slope i n the order 
of the lyotropic series. 

If the d e s t a b i l i z a t i o n / s t a b i l i z a t i o n of the protein struc
ture by anions i s v i a changes i n the water structure, then one 
would expect a correlation between the changes i n the binding 
parameters and the p a r t i a l molar entropy of the solutions of var
ious anions. Figure 6 shows the correlation between the free 
energy of interaction, AG , (27), which i s calculated from the 
i n i t i a l positive slopes, t i e H i l l c o e f f i c i e n t (28) which i n d i 
cates the degree of cooperative changes, and the p a r t i a l molar 
entropy of solution. I t i s obvious that as the p a r t i a l molar en
tropy of the solution i s increased (which indicates increased 
disorderliness of the water structure), the hydrophobic side-
chains i n the binding s i t e s would be dissociated mainly by a de
crease i n the hydrophobic interaction between them. In such an 
environment, the binding induced s t a b i l i z a t i o n of the binding 
si t e s w i l l be r e l a t i v e l y unfavorable. This i s reflected by an 
increase i n the free energy change (more positive) with increase 
i n the p a r t i a l molar entropy of the solution. However, the co
operativity of 2-nonanone binding to bovine serum albumin i n 
creases with increase i n the p a r t i a l molar entropy of the solu
tion as revealed from the H i l l c o e f f i c i e n t . In the presence of 
F~ ion which has salting-out effect on hydrocarbons, i t i s possi
ble that the structural state of the binding s i t e s would be com
pact so that the i n i t i a l binding of 2-nonanone would not result 
i n further s t a b i l i z a t i o n of the binding s i t e s . In the presence 
of CI"*, Br"" and SCN" which have positive p a r t i a l molar entropy 
values (Table I; 18), the binding s i t e s may have some degree of 
freedom for further strengthening of these regions upon 2-nona
none binding. This i s reflected i n the cooperativity of binding. 

It may be pointed out that the above binding studies with 
the various ions were done at 0.15 M ioni c strength. The results 
show that even at this ionic strength the anions exhibit lyotro-
pic effects on the hydrophobic forces i n the protein, and such 
effects follow the same Hofmeister series as one would expect at 
much higher s a l t concentrations. This i s further confirmed from 
the s o l u b i l i t y studies of 2-nonanone at 0 to 0.15 M concentration 
of NaCl and NaSCN (Figure 7). Even at this low concentration, 
NaCl tends to salt-out 2-nonanone whereas NaSCN tends to s a l t - i n 
the hydrocarbon. This indicates that even at this low 
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Figure 6. Relationship between partial molar entropy of solutions of various anions 
and the free energy of interaction, aGint (O - O), and the Hill coefficient (• - •). 

(Reproduced from Ref. 27.) 

<" Β Ι 
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Figure 7. Solubility of 2-nonanone in NaSCN (O-O) and NaCl (Π~Π) 
solutions. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



13. DAMODARAN AND KINSELLA Ion Effects on Proteins 341 

c o n c e n t r a t i o n the a n i o n s induce changes i n the water s t r u c t u r e 
and a f f e c t the s o l u b i l i t y o f hydrocarbons i n the o r d e r of 
Hof m e i s t e r s e r i e s . Hence, the e f f e c t observed on the 2-nonanone 
b i n d i n g to bovine serum albumin a t 0.15 M c o n c e n t r a t i o n of v a r i 
ous anions may be a t t r i b u t e d to changes i n the hydrophobic r e 
g i o n s i n the p r o t e i n mediated v i a changes i n water s t r u c t u r e . 

W hile the above s t u d i e s ; i . e . , on the s o l u b i l i t y of model 
compounds, h e l i x ^ J Z i c o i l t r a n s i t i o n s i n p r o t e i n and hydrophobic 
l i g a n d b i n d i n g e x p e r i m e n t s , p r o v i d e a g e n e r a l view of the e f f e c t s 
of s a l t s on p r o t e i n c o n f o r m a t i o n , they f a i l t o p r e d i c t the a c t u a l 
thermodynamics of s a l t - p r o t e i n i n t e r a c t i o n s . I n a p r o t e i n s t r u c 
t u r e which i s s t a b i l i z e d by hy d r o p h o b i c , hydrogen bonding and 
e l e c t r o s t a t i c f o r c e s , the thermodynamics of the s o l u b i l i z a t i o n o f 
nonp o l a r r e s i d u e s from the p r o t e i n 1 s i n t e r i o r i n t o the aqueous 
environment may not be the same as those d e r i v e d from the r e p r e 
s e n t a t i v e model compounds. 

To understand the magnitude o f the e f f e c t s of n e u t r a l s a l t s 
on the hydrophobic f o r c e s i n p r o t e i n s , Damodaran and K i n s e l l a 
(29) used a n o v e l method i n v o l v i n g a p r o t e i n l i g a n d - b i n d i n g 
system. L e t us c o n s i d e r t h i s system as E q u a t i o n 6: 

Ρ + L TĴ PT 
where a c e r t a i n c o n c e n t r a t i o n of the f r e e l i g a n d , [ L ] , i s i n 
e q u i l i b r i u m w i t h the l i g a n d h y d r o p h o b i c a l l y bound to the p r o t e i n , 
Ρ, w i t h an i n t r i n s i c b i n d i n g c o n s t a n t , K. The i n t r i n s i c b i n d i n g 
c o n s t a n t i s a f u n c t i o n of the c o n f o r m a t i o n a l s t a t e o f the b i n d i n g 
s i t e s i n the p r o t e i n . Any change i n the hydrophobic i n t e r a c t i o n s 
w i t h i n the p r o t e i n would a l t e r these b i n d i n g s i t e s and a f f e c t the 
b i n d i n g c o n s t a n t . I n the presence o f i o n s which s t a b i l i z e these 
hydrophobic r e g i o n s , the b i n d i n g e q u i l i b r i u m would f a v o r the 
r i g h t - h a n d s i d e of the above e q u a t i o n w i t h c o n s i d e r a b l e i n c r e a s e 
i n the b i n d i n g c o n s t a n t . I n o t h e r words, a decrease i n the f r e e 
l i g a n d c o n c e n t r a t i o n would occur compared to the system l a c k i n g 
the s t a b i l i z i n g s a l t , o t h e r c o n d i t i o n s b e i n g c o n s t a n t . Converse
l y , i n the presence o f s a l t s which d e s t a b i l i z e the hydrophobic 
r e g i o n s i n the p r o t e i n , the e q u i l i b r i u m would be pushed t o the 
l e f t - h a n d s i d e o f the above e q u a t i o n , w i t h a decrease i n the 
b i n d i n g c o n s t a n t and a concomitant i n c r e a s e i n the f r e e l i g a n d 
c o n c e n t r a t i o n . The im p o r t a n t c r i t e r i a i n t h i s approach i s 
t h a t the f r e e l i g a n d c o n c e n t r a t i o n i n the absence of s a l t s 
s h o u l d be s e l e c t e d i n such a way t h a t i t i s w e l l below the maxi
mum s o l u b i l i t y a t the c o n c e n t r a t i o n s of a l l s a l t s s t u d i e d . By 
m o n i t o r i n g the changes i n the f r e e l i g a n d c o n c e n t r a t i o n (keeping 
the t o t a l l i g a n d c o n c e n t r a t i o n c o n s t a n t ) as a f u n c t i o n of s a l t 
c o n c e n t r a t i o n , i t i s p o s s i b l e to use a hydrophobic l i g a n d bound 
to the p r o t e i n to e l u c i d a t e the e f f e c t o f n e u t r a l s a l t s on the 
hydrophobic i n t e r a c t i o n s w i t h i n the p r o t e i n . 

On t h i s b a s i s , Damodaran and K i n s e l l a (29) s t u d i e d the t h e r 
modynamics of v a r i o u s i o n e f f e c t s on hydrophobic r e g i o n s i n 
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342 FOOD PROTEIN DETERIORATION 

bovine serum albumin u s i n g 2-nonanone as the hydrophobic probe. 
They t r e a t e d the d a t a a c c o r d i n g to E q u a t i o n 7: 

log [ L ] w / [ L ] s = K sC s 

where [L] i s the f r e e l i g a n d c o n c e n t r a t i o n i n water ( b u f f e r ) , 
[ L ] g i s the f r e e l i g a n d c o n c e n t r a t i o n i n s a l t s o l u t i o n s , C g i s 
the s a l t c o n c e n t r a t i o n i n m o l a r i t y and K g i s the s a l t i n g - o u t con
s t a n t . The r a t i o [ L ] w / [ L ] g i s d e f i n e d as the a c t i v i t y c o e f f i 
c i e n t of the f r e e l i g a n d i n s a l t s o l u t i o n s . 

The e f f e c t s of s a l t s on the a c t i v i t y c o e f f i c i e n t of the f r e e 
2-nonanone i n a 2-nonanone-bovine serum albumin b i n d i n g system i s 
shown i n F i g u r e 8. In the presence of both Na2S0^ and N a C l , the 
a c t i v i t y c o e f f i c i e n t of the f r e e l i g a n d i n c r e a s e s w i t h s a l t con
c e n t r a t i o n i n d i c a t i n g t h a t the l i g a n d was s a l t e d - o u t i n t o the 
p r o t e i n phase from s a l t s o l u t i o n . S i n c e the l i g a n d c o n c e n t r a t i o n 
i n these experiments were w e l l below the maximum s o l u b i l i t y a t 
a l l c o n c e n t r a t i o n s of the s a l t s s t u d i e d , the decrease i n the f r e e 
l i g a n d c o n c e n t r a t i o n cannot be a t t r i b u t e d to a s o l u b i l i t y phenom
enon. On the o t h e r hand, the s a l t i n g - o u t n a t u r e of Na2S0^ and 
NaCl on the hydrophobic s i d e c h a i n may s t a b i l i z e the hydrophobic 
b i n d i n g s i t e s and hence may i n c r e a s e the b i n d i n g a f f i n i t y f o r the 
l i g a n d , w i t h c o n c u r r e n t decrease i n the f r e e l i g a n d c o n c e n t r a t i o n . 
I n the presence of NaSCN and Cl^CCOONa, the a c t i v i t y c o e f f i c i e n t 
of the f r e e l i g a n d decreases w i t h s a l t c o n c e n t r a t i o n i n d i c a t i n g 
t h a t some of the l i g a n d i n i t i a l l y bound to albumin was s a l t e d - i n 
to the s a l t s o l u t i o n from the p r o t e i n phase. I t i s known t h a t 
b o th NaSCN and Cl^CCOONa d e s t a b i l i z e p r o t e i n s t r u c t u r e . Such de-
s t a b i l i z a t i o n of the hydrophobic r e g i o n s i n the p r o t e i n would 
decrease the b i n d i n g a f f i n i t y f o r the l i g a n d , r e s u l t i n g i n an 
i n c r e a s e i n the f r e e l i g a n d c o n c e n t r a t i o n . 

From the s a l t i n g - o u t c o n s t a n t , Κ , which i s o b t a i n e d from 
the s l o p e s i n F i g u r e 8, one can c a l c u l a t e the v a r i o u s thermody
namic parameters f o r the t r a n s f e r of one mole of 2-nonanone from 
p r o t e i n phase to 1M s a l t s o l u t i o n . The f r e e energy change, 
A G t r , can be c a l c u l a t e d from the E q u a t i o n 4 (AG = 2.3 R T K g C g ) . 
By s t u d y i n g the changes i n K g v a l u e as a f u n c t i o n of temperature, 
one can o b t a i n the e n t h a l p y change, A H t r , from the s l o p e s of 
p l o t s of K g vs 1/T f o r each s a l t . Assuming t h a t A H t r i s i n d e 
pendent of temperature, the e n t r o p y change, A S t r can be o b t a i n e d 
from E q u a t i o n 8: 

AG = AH - TAS t r t r t r 
The thermodynamic parameters f o r the t r a n s f e r o f 1 mole of 

2-nonanone from p r o t e i n phase to 1M s a l t s o l u t i o n are g i v e n i n 
Table I I . I t may be noted t h a t the A H t r v a l u e s f o r a l l s a l t s 
s t u d i e d are p o s i t i v e and i n c r e a s e i n the o r d e r of the H o f m e i s t e r 
s e r i e s . T h i s suggests t h a t the t r a n s f e r of hydrophobic groups 
from the p r o t e i n phase to s a l t s o l u t i o n i s an energy-consuming 
p r o c e s s and may i n v o l v e b r e a k i n g of c e r t a i n i n t e r a c t i o n s e i t h e r 
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DAMODARAN A N D KINSELLA Ion Effects on Proteins 343 

Figure 8. Effect of neutral salts on the activity coefficient of free 2-nonanone in 
the B SA-2-nonanone binding system. (Reproduced from Ref. 29.) 
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344 FOOD PROTEIN DETERIORATION 

Table II: Thermodynamic parameters for the transfer of 1 mole 
of 2-nonanone from protein (BSA) phase to 1M s a l t 
solutions,* 

Salt T(C) Κ AG ΔΗ AS T(C) 
s t r t r t r 

Na0S0. 5 +0.27 +0.343 
25 +0.27 +0.367 0 -1.23 
40 +0.27 +0.386 

NaCl 5 +0.165 +0.209 
25 +0.120 +0.163 +0.025 -0.46 
40 +0.120 +0.171 

NaSCN 5 0 0 
25 -0.028 -0.038 +0.053 +0.31 
40 -0.083 -0.012 

CloCC00Na 5 -0.070 -0.089 
j 25 -0.100 -0.136 +0.199 +0.855 

40 -0.166 -0.237 
thermodynamic parameters are calculated as described i n the text. 
A l l AG t r and AH t r values are i n Kcal/mole, and AS t r values i n 
entropy units (cal/mole/deg). 

in the protein or i n the solvent. It may also be noted that, 
despite the positive AH t r values i n the case of NaSCN and 
Cl^CCOONa, the AG t r values are negative, indicating that the un
favorable enthalpy change i s more than overcome by greater 
changes i n the entropy of the system. This i s presumably because 
of the breakdown i n the water structure which acts as the driving 
force for the dissociation of the ligand from the protein phase. 
Such an argument i s further supported by the relationship between 
the above thermodynamic changes and the p a r t i a l molar entropy of 
the solutions (Figure 9). The AG t r values become more negative 
as the p a r t i a l molar entropy of the solution i s increased, where
as the AH t r and AS t r values increase with p a r t i a l molar entropy of 
the solution. These observations strongly suggest that the 
mechanism by which ions induce lyotropic effects on protein con
formation and function may be v i a changes i n the water structure 
caused by these ions. 

Ionic effects on protein s o l u b i l i t y . In addition to their 
effects on the conformational transitions i n globular proteins, 
chatropic ions exert s t r i k i n g effects on the s o l u b i l i t y as well 
as association-dissociation e q u i l i b r i a of proteins. These macro
scopic effects which are manifestations of s p e c i f i c protein-pro
tein interactions, may or may not be the result of conformational 
changes discussed i n the previous section. For example, while 
the conformational transitions i n collagen and ribonuclease lead 
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DAMODARAN AND KINSELLA Ion Effects on Proteins 345 

PARTIAL MOLAR ENTROPY 

Figure 9. Relationship between partial molar entropies of salt solutions and the 
thermodynamic parameters for the transfer of one mole of 2-nonanone from protein 

phase to 1 M salt solutions. (Reproduced from Ref, 29.)  P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



346 FOOD PROTEIN DETERIORATION 

to p r e c i p i t a t i o n (25, 30), c r y s t a l l i z a t i o n of myoglobin i n ammo
nium s u l f a t e d i d not produce the same r e s u l t s (31). 

When the s o l u b i l i t y of p r o t e i n s i s s t u d i e d as a f u n c t i o n o f 
s a l t c o n c e n t r a t i o n , two macroscopic e f f e c t s a r e observed. F i r s t , 
the p r o t e i n s o l u b i l i t y i n c r e a s e s a t low s a l t c o n c e n t r a t i o n s 
( s a l t i n g - i n ) and second, a f t e r r e a c h i n g a maximum the s o l u b i l i t y 
b e g i n s t o decrease a g a i n ( s a l t i n g - o u t ) (32). These two e f f e c t s 
on p r o t e i n s o l u b i l i t y i n s a l t s o l u t i o n s i s c o n s i d e r e d to be the 
net r e s u l t of e l e c t r o s t a t i c and hydrophobic i n t e r a c t i o n s (33). 
The s a l t i n g - i n p r o c e s s i s c o n s i d e r e d to be due t o the n o n s p e c i f i c 
i n t e r a c t i o n between the i o n s and the charged groups on the p r o 
t e i n . These i n t e r a c t i o n s r e s u l t i n a n e t decrease i n the a c t i v i 
t y c o e f f i c i e n t of the p r o t e i n and thus i n c r e a s e s the s o l u b i l i t y 
(34, 35)· The s a l t i n g - i n p r o c e s s depends m a i n l y on the i o n i c 
s t r e n g t h and not the type of i o n . Above a p a r t i c u l a r i o n i c 
s t r e n g t h the magnitude o f t h i s e l e c t r o s t a t i c e f f e c t becomes con
s t a n t and the hydrophobic e f f e c t predominates, which r e s u l t s i n 
s a l t i n g - o u t of the p r o t e i n . Based on the above assumptions, 
Melander and Horvath (33) proposed t h a t the s o l u b i l i t y of a 
p r o t e i n i n s a l t s o l u t i o n s may be expressed as E q u a t i o n 9: 

£n(w /w) = 3 + Μ(Ωσ - Λ) 
ο 

where wQ and w are the s o l u b i l i t i e s o f the p r o t e i n i n water and 
s a l t s o l u t i o n s r e s p e c t i v e l y , m i s the molar c o n c e n t r a t i o n of the 
s a l t , Ω i s r e l a t e d to s u r f a c e h y d r o p h o b i c i t y of the p r o t e i n , σ i s 
the m o l a l s u r f a c e t e n s i o n increment of the s a l t s o l u t i o n , A i s 
r e l a t e d to the e l e c t r o s t a t i c i n t e r a c t i o n s i n the p r o t e i n and 3 i s 
a constant» The s a l t i n g - o u t c o n s t a n t Κ i s d e f i n e d as i n 
E q u a t i o n 10 (33): S 

Κ = Qa - Λ. 
s 

I n o t h e r words, the s a l t i n g - o u t c o n s t a n t f o r a s a l t i s the summa
t i o n of the s a l t i n g - o u t c o e f f i c i e n t , Ωσ which i s r e l a t e d to hy
d r o p h o b i c i n t e r a c t i o n s , and the s a l t i n g - i n c o e f f i c i e n t , Λ, which 
i s r e l a t e d to the e l e c t r o s t a t i c i n t e r a c t i o n s i n p r o t e i n s (33). 

The c l a s s i c a l example o f the above phenomena i s the s o l u 
b i l i t y o f carboxyheraoglobin i n ammonium s u l f a t e s o l u t i o n s ( F i g 
ure 10; 35), At low s a l t c o n c e n t r a t i o n s , the s o l u b i l i t y of the 
p r o t e i n i n c r e a s e s due to the e l e c t r o s t a t i c term, Λ. A t h i g h e r 
c o n c e n t r a t i o n s the e l e c t r o s t a t i c term becomes c o n s t a n t , whereas 
the hydrophobic term Ωσ becomes predominant and hence the p r o t e i n 
i s s a l t e d - o u t . 

I f one t a k e s a c u r s o r y g l a n c e a t the above e q u a t i o n , i t may 
be noted t h a t the s a l t i n g - o u t c o e f f i c i e n t , Ωσ, i s p r o p o r t i o n a l to 
the m o l a l s u r f a c e t e n s i o n o f the s a l t s o l u t i o n . For a g i v e n p r o 
t e i n , one may assume t h a t the hydrophobic term, Ω, and the e l e c -
s t a t i c term, Λ , are c o n s t a n t . Hence, a c c o r d i n g to the above 
e q u a t i o n the v a r i a t i o n i n the s o l u b i l i t y a t h i g h e r s a l t concen
t r a t i o n s i s a f u n c t i o n o f the m o l a l s u r f a c e t e n s i o n increment of 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



13. DAMODARAN AND KINSELLA Ion Effects on Proteins 347 

Figure 10. Relationships between logs (solubility) and ionic strength for carboxy-
hemoglobin and ammonium sulfate. (Reproduced, with permission, from Ref. 32.) 

American Chemical 
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348 FOOD PROTEIN DETERIORATION 

the s a l t s o l u t i o n . Melander and Horvath (33) r e p o r t e d t h a t the 
m o l a l s u r f a c e t e n s i o n increment e x h i b i t p o s i t i v e v a l u e s f o r a l l 
the s a l t s s t u d i e d . I n p r a c t i c a l terms t h i s means t h a t the hydro
pho b i c s a l t i n g - o u t c o e f f i c i e n t w i l l always be p o s i t i v e f o r a l l 
the s a l t s and hence the s o l u b i l i t y of a p r o t e i n i n any s a l t s o l u 
t i o n s h o u l d always decrease compared to water. T h i s i s i n 
disagreement w i t h many e x p e r i m e n t a l r e s u l t s on the s o l u b i l i t y of 
hydrocarbons and model p e p t i d e s i n s a l t s o l u t i o n s ( 2 0 , 29). As 
shown e a r l i e r , w h i l e the s a l t i n g - o u t c o n s t a n t of 2-nonanone i n 
NaCl i s p o s i t i v e , i t was n e g a t i v e i n NaSCN ( F i g u r e 7 ) . T h i s i n 
d i c a t e s t h a t the s a l t i n g - o u t e f f e c t cannot be s o l e l y e x p l a i n e d 
i n terms of the s u r f a c e t e n s i o n o f the s a l t s o l u t i o n , as c l a i m e d 
by Melander and Horvath (33). 

R e c e n t l y , P o i l l o n and B e r t l e s (36) s t u d i e d the e f f e c t o f 
v a r i o u s l y o t r o p i c s a l t s on the s o l u b i l i t y o f deoxygenated s i c k l e 
hemoglobin. The d i f f e r e n c e between normal hemoglobin and s i c k l e 
hemoglobin i s t h a t s i c k l e hemoglobin has v a l i n e r e s i d u e a t the 

p o s i t i o n i n s t e a d of glutamate r e s i d u e i n normal hemoglobin. 
The s u b s t i t u t e d v a l i n e a t 3^ p o s i t i o n i n t e r a c t s h y d r o p h o b i c a l l y 
w i t h l e u c i n e and p h e n y l a l a n i n e a t Bgg and 3g^ p o s i t i o n s o f 
another HbS m o l e c u l e . A c h a i n o f such i n t e r a c t i o n s between HbS 
molecules l e a d t o f o r m a t i o n o f polymers. I n o t h e r words, the 
p o l y m e r i z a t i o n of s i c k l e hemoglobin i s s o l e l y due to hydrophobic 
i n t e r a c t i o n s as shown below ( 3 7 ) . 

Hbs = S i c k l e hemoglobin 
l e u = L e u c i n e 
phe = P h e n y l a l a n i n e 

55, 088 = Amino a c i d p o s i t i o n s i n the c h a i n . 

I n such c a s e s , any s a l t which promotes s o l u b i l i t y o f s i c k l e hemo
g l o b i n must do so by d e c r e a s i n g the hydrophobic i n t e r a c t i o n be
tween the s i c k l e hemoglobin m o l e c u l e s . 

The e f f e c t o f v a r i o u s i o n s on the s o l u b i l i t y o f s i c k l e hemo
g l o b i n i s shown i n F i g u r e 11. In the presence o f v a r i o u s sodium 
s a l t s , the s o l u b i l i t y o f s i c k l e hemoglobin i n c r e a s e d w i t h s a l t 
c o n c e n t r a t i o n . Among the anion s s t u d i e d ( F i g u r e 1 1 ) , the s a l t i n g -
i n e f f e c t i v e n e s s f o l l o w e d the H o f m e i s t e r s e r i e s , SCN" > C10^, 
I " > B r " > CI"". S i n c e a p p a r e n t l y no e l e c t r o s t a t i c i n t e r a c t i o n s 
are i n v o l v e d i n the p o l y m e r i z a t i o n o f s i c k l e hemoglobin, the 
s a l t i n g - i n e f f e c t by s a l t s cannot be due to e l e c t r o s t a t i c s h i e l d 
i n g e f f e c t s . Even i f e l e c t r o s t a t i c i n t e r a c t i o n s are i n v o l v e d , a 
s o l u t i o n about 0.15 M i o n i c s t r e n g t h s h o u l d be s u f f i c i e n t t o 
suppress these i n t e r a c t i o n s ( 2 6 ) . The observed s a l t i n g - i n e f f e c t 
even a t c o n c e n t r a t i o n s as h i g h as 1 M i n d i c a t e s t h a t the 
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1 1 I 1 i 

Ο 0.1 0.2 0.3 0.4 0.5 

[SODIUM S A L T ] ( M ) 

Figure 11. Salting-in effects of anions on the solubility of deoxysickle hemoglobin. 
(Reproduced from Ref. 36.) 
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350 FOOD PROTEIN DETERIORATION 

s o l u b i l i z a t i o n o f s i c k l e hemoglobin was due to decreased 
hydrophobic i n t e r a c t i o n s between s i c k l e hemoblobin m o l e c u l e s . 
T h i s i s i n c o m p a t i b l e w i t h the n o t i o n t h a t the i n c r e a s e i n s u r f a c e 
t e n s i o n of the s o l u t i o n s h o u l d always r e s u l t i n s a l t i n g - o u t o f 
the p r o t e i n (33). A l s o , i t i s g e n e r a l l y b e l i e v e d t h a t the e f f e c t 
of i o n s on the hydrophobic i n t e r a c t i o n s o c c u r o n l y a t h i g h e r s a l t 
c o n c e n t r a t i o n s (16)· The d a t a on s i c k l e hemoblobin and our r e 
s u l t s on the s o l u b i l i t y ( F i g u r e 7 ) and b i n d i n g of 2-nonanone to 
bovine serum albumin (27) i n d i c a t e t h a t the l y o t r o p i c e f f e c t o f 
i o n s on hydrophobic i n t e r a c t i o n s can o c c u r a t r e l a t i v e l y low 
c o n c e n t r a t i o n s . 

The argument t h a t the decrease i n e l e c t r o s t a t i c i n t e r a c t i o n s 
a t low s a l t c o n c e n t r a t i o n s i s r e s p o n s i b l e f o r the s a l t i n g - i n 
e f f e c t (34, 35) may be v a l i d f o r s i m p l e g l o b u l a r p r o t e i n s . But, 
complex p r o t e i n systems, l i k e p r o t e i n s h a v i n g m u l t i s u b u n i t s o r 
systems h a v i n g more than one f r a c t i o n , may behave d i f f e r e n t l y a t 
low s a l t c o n c e n t r a t i o n s . For example, as the s a l t c o n c e n t r a t i o n 
i s i n c r e a s e d to about 0.2 M i o n i c s t r e n g t h , the s o l u b i l i t y o f soy 
p r o t e i n d e c r e a s e s , and then i n c r e a s e s a t h i g h e r c o n c e n t r a t i o n s 
( F i g u r e 12; 38, 39). I n t h i s r e s p e c t b o t h NaCl and C a C l 2 e x h i b 
i t e d the same e f f e c t s ( 3 9 ) . S i m i l a r r e s u l t s were o b t a i n e d w i t h 
s o l u b i l i t y of wheat g l u t e n i n v a r i o u s s a l t s o l u t i o n s (40). Thus, 
i f the e l e c t r o s t a t i c e f f e c t a t low s a l t c o n c e n t r a t i o n has s a l t i n g -
i n e f f e c t s , then how does the s o l u b i l i t y o f soy p r o t e i n decrease 
a t low s a l t c o n c e n t r a t i o n . T h i s may be due to complex i n t e r 
a c t i o n s i n v o l v i n g b o t h e l e c t r o s t a t i c and hydrophobic f o r c e s be
tween the s u b u n i t s and d i f f e r e n t p r o t e i n f r a c t i o n s ( g l y c i n i n and 
c o n g l y c i n i n ) i n soy. A l t h o u g h the e l e c t r o s t a t i c s h i e l d i n g o f the 
charged groups by s a l t s may i n c r e a s e p r o t e i n s o l u b i l i t y , the de
cr e a s e i n the e l e c t r o s t a t i c r e p u l s i o n between p r o t e i n s may en
hance the hydrophobic i n t e r a c t i o n between t h e i r n o n p o l a r s u r f a c e s 
and l e a d to f o r m a t i o n of ag g r e g a t e s . T h i s i s f u r t h e r supported 
by the f a c t t h a t the observed s o l u b i l i t y i s minimum a t about 0.Ι
Ο.15 M i o n i c s t r e n g t h ( F i g u r e 1 2 ) , a t which the e l e c t r o s t a t i c 
i n t e r a c t i o n i n p r o t e i n s i s suppressed ( 2 6 ) . The d a t a a l s o sup
p o r t s our c o n t e n t i o n t h a t even a t low c o n c e n t r a t i o n s the i o n s 
have l y o t r o p i c e f f e c t s on the hydrophobic i n t e r a c t i o n s . I f the 
i o n i c s t r e n g t h i s s o l e l y r e s p o n s i b l e f o r the decrease i n the s o l 
u b i l i t y a t low s a l t c o n c e n t r a t i o n s , then the s o l u b i l i t y l e v e l a t 
0.15 M i o n i c s t r e n g t h s h o u l d be the same i r r e s p e c t i v e o f the na
t u r e of the i o n . But the d a t a ( F i g u r e 12) show t h a t the minimum 
s o l u b i l i t y l e v e l a t 0.15 M i o n i c s t r e n g t h v a r i e s w i t h the n a t u r e 
of the a n i o n and the i n c r e a s e i n s o l u b i l i t y a t t h i s i o n i c 
s t r e n g t h a p p a r e n t l y f o l l o w s the l y o t r o p i c s e r i e s ; i . e . , Cl"*= B r " < 
N O 3 < I"". T h i s c l e a r l y i n d i c a t e s t h a t even a t t h i s low concen
t r a t i o n the anio n s e x e r t l y o t r o p i c e f f e c t s on the hydrophobic i n 
t e r a c t i o n s . B ut, the magnitude of t h i s l y o t r o p i c ( s o l u b i l i z i n g ) 
e f f e c t a t t h i s low s a l t c o n c e n t r a t i o n may be s m a l l e r than the 
magnitude o f the f a v o r a b l e h y drophobic i n t e r a c t i o n between mole
c u l e s and hence r e s u l t i n i n s o l u b i l i t y . As the s a l t c o n c e n t r a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



13. D A M O D A R A N A N D K I N S E L L A Ion Effects on Proteins 351 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
3



352 FOOD PROTEIN DETERIORATION 

i s i n c r e a s e d , the magnitude of these hydrophobic i n t e r a c t i o n s may 
be e i t h e r i n c r e a s e d or decreased depending on the l y o t r o p i c na
t u r e of the i o n and thus r e s u l t i n decreased o r i n c r e a s e d s o l u 
b i l i t y , r e s p e c t i v e l y . 

To support the above argument, we s t u d i e d the b i n d i n g of 
8 - a n i l i n o n a p h t h a l e n e - 1 - s u l f o n a t e (ANS) to soy p r o t e i n i n the 
presence of v a r i o u s s a l t s . The r a t i o n a l e i n t h i s method i s t h a t 
when ANS i s h y d r o p h o b i c a l l y bound to soy p r o t e i n , i t s quantum 
y i e l d o f f l u o r e s c e n c e i s i n c r e a s e d . Thus by m o n i t o r i n g the 
f l u o r e s c e n c e of ANS i n a soy protein-ANS system, i t i s p o s s i b l e 
to measure the changes i n the hydrophobic i n t e r a c t i o n as a 
f u n c t i o n o f s a l t c o n c e n t r a t i o n . 

The e f f e c t s of s a l t s on the f l u o r e s c e n c e i n t e n s i t y o f ANS 
bound to soy p r o t e i n i s shown i n F i g u r e 13. The ANS c o n c e n t r a 
t i o n was 1,54 χ 10"^ M and the p r o t e i n c o n c e n t r a t i o n was 0,0027%. 
At t h i s p r o t e i n c o n c e n t r a t i o n no p r e c i p i t a t i o n was observed i n 
s a l t s o l u t i o n s a t the c o n c e n t r a t i o n range r e p o r t e d h e r e . In the 
presence o f a l l the s a l t s s t u d i e d , the f l u o r e s c e n c e i n t e n s i t y o f 
ANS i n c r e a s e d up t o about 0.15 M s a l t c o n c e n t r a t i o n . The i n 
c r e a s e i n the f l u o r e s c e n c e i n t e n s i t y a t t h i s low i o n i c s t r e n g t h 
i s due t o an i n c r e a s e i n the hydrophobic i n t e r a c t i o n between ANS 
and soy p r o t e i n . The f l u o r e s c e n c e i n t e n s i t y undergoes a t r a n s i 
t i o n a t about 0.15 M s a l t c o n c e n t r a t i o n and above 0.15 M the 
f l u o r e s c e n c e i n t e n s i t y e i t h e r i n c r e a s e s or decreases depending 
on the l y o t r o p i c e f f e c t of the i o n on hydrophobic i n t e r a c t i o n s . 
In t h i s r e s p e c t S 0 ^ = and F~ f u r t h e r i n c r e a s e d the f l u o r e s c e n c e , 
i n d i c a t i n g i n c r e a s e d hydrophobic i n t e r a c t i o n between ANS and soy 
p r o t e i n , and Br"", I"* and SCN~ i o n s decrease the f l u o r e s c e n c e 
i n t e n s i t y . These r e s u l t s c l e a r l y demonstrate t h a t the observed 
decrease i n the s o l u b i l i t y o f soy p r o t e i n ( F i g u r e 11) a t low s a l t 
c o n c e n t r a t i o n s i s due to enhancement o f hydrophobic i n t e r a c t i o n s 
between p r o t e i n m o l e c u l e s . I n o t h e r words, the s a l t i n g - i n and 
s a l t i n g - o u t p r o f i l e o f p r o t e i n s by s a l t s a t v a r i o u s c o n c e n t r a 
t i o n s i s the net r e s u l t o f the m a x i m i z a t i o n or m i n i m i z a t i o n o f 
e l e c t r o s t a t i c and hydrophobic forces, a t d i f f e r e n t s a l t concen
t r a t i o n s . I t would a l s o depend on the r a t i o o f n o n p o l a r s u r f a c e 
to charge d e n s i t y on the s u r f a c e of the p r o t e i n . I f the p r o t e i n 
has l a r g e r n o n p o l a r s u r f a c e areas the decrease i n the e l e c t r o 
s t a t i c i n t e r a c t i o n a t low s a l t c o n c e n t r a t i o n s would promote hy
drophob i c a g g r e g a t i o n of such p r o t e i n s r e s u l t i n g i n decreased 
s o l u b i l i t y . At h i g h e r s a l t c o n c e n t r a t i o n s , f u r t h e r decrease or 
i n c r e a s e i n s o l u b i l i t y depends on the l y o t r o p i c n a t u r e of the 
i o n . I n soy p r o t e i n , S 0 ^ = f u r t h e r d e c r e a s e s the s o l u b i l i t y 
whereas o t h e r a n i o n s i n c r e a s e the s o l u b i l i t y i n the o r d e r of 
C I " < B r " < NO3" < I*" ( F i g u r e 12). On the o t h e r hand, i f the 
hydrophobic s u r f a c e a r e a on the p r o t e i n i s l e s s and the charge 
d e n s i t y i s h i g h , the p r o t e i n w i l l be s a l t e d - i n a t lower s a l t 
c o n c e n t r a t i o n s and a t h i g h e r s a l t c o n c e n t r a t i o n s the s o l u b i l i t y 
would f o l l o w the l y o t r o p i c e f f e c t of d i f f e r e n t i o n s . Such com
p l e x i n t e r p l a y of d i f f e r e n t f o r c e s may be the reaso n f o r the 
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•4 .(> -B 1-0 
Salt ( one 

Figure 13. Effect of sodium salts on the binding of 8-anilinonaphthalene-l-sulfo
nate (ANS) to soybean protein in 30 mM tris-HCl buffer, pH 8.0. Protein and ANS 
concentrations were 0.04% and 1.5 χ 10 6 M , respectively. ANS binding was 
monitored as the increase in fluorescence intensity at 485 nm with excitation at 

360 nm. 
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354 FOOD PROTEIN DETERIORATION 

observed d i f f e r e n c e s i n the s o l u b i l i t y b e h a v i o r of v a r i o u s p r o 
t e i n s i n s a l t s o l u t i o n s (36, 38, 40, 41). 

Mechanisms of S a l t E f f e c t on P r o t e i n S t r u c t u r e 

The e f f e c t s of i o n s on p r o t e i n c o n f o r m a t i o n and f u n c t i o n may 
be d i v i d e d i n t o two c a t e g o r i e s : F i r s t , t h e i r e l e c t r o s t a t i c i n 
t e r a c t i o n w i t h the charged groups and p o l a r groups (e.g., amide 
groups) i n p r o t e i n s , and second, t h e i r e f f e c t on hydrophobic 
f o r c e s v i a i n f l u e n c e on the s t r u c t u r e of w a t e r . From the 
f o r e g o i n g arguments the e l e c t r o s t a t i c s h i e l d i n g e f f e c t which 
reaches a maximum a t 0.15 M i o n i c s t r e n g t h may not have g r e a t 
i n f l u e n c e on the c o n f o r m a t i o n a l t r a n s i t i o n s i n p r o t e i n s t h a t a re 
more pronounced a t h i g h s a l t c o n c e n t r a t i o n s . The s a l t may i n 
t e r a c t w i t h the p e p t i d e groups i n p r o t e i n s (42, 4 3 ) . Mandelkern 
e t a l . (44) have suggested t h a t s a l t i n t e r a c t i o n w i t h the p e p t i d e 
groups may a l t e r the p a r t i a l double bond c h a r a c t e r of the p e p t i d e 
bond. T h i s p e r m i t s f r e e r o t a t i o n o f the p e p t i d e backbone which 
might l e a d to c o n f o r m a t i o n a l changes i n p r o t e i n s . A l t h o u g h the 
p o s s i b i l i t y of such i n t e r a c t i o n s between s a l t s and p e p t i d e groups 
e x i s t , i t has been shown t h a t the h y d r a t i o n o f the i o n s g r e a t l y 
p r e v e n t s f o r m a t i o n o f such complexes ( 4 5 ) . Hence i n aqueous 
s o l u t i o n s , c o n c e n t r a t i o n s a t which the i o n s induce c o n f o r m a t i o n a l 
changes i n p r o t e i n s , i t i s u n l i k e l y t h a t the f o r m a t i o n of the 
complex between i o n s and p e p t i d e groups i s the major cause f o r 
the c o n f o r m a t i o n a l changes i n p r o t e i n s . A l t h o u g h i t i s thought 
t h a t such a mechanism e x i s t s ( 4 3 ) , 46, 47) t h e r e a r e no d i r e c t 
e v i d e n c e to s u p p o r t t h i s h y p o t h e s i s . 

The c o n f o r m a t i o n a l changes i n p r o t e i n s i n the presence of 
i o n s may be m a i n l y v i a i o n i c e f f e c t s on water s t r u c t u r e (16, 19). 
As mentioned e a r l i e r , the n a t i v e s t r u c t u r e o f a p r o t e i n i s im
posed by the s t a t e of the water s t r u c t u r e because o f i t s thermo-
d y n a m i c a l l y u n f a v o r a b l e i n t e r a c t i o n w i t h n o n p o l a r s i d e c h a i n s . 
The changes i n the hydrogen bonded s t r u c t u r e o f b u l k water i n the 
presence of s a l t s , due to i o n - d i p o l e i n t e r a c t i o n , would a l t e r the 
degree of h y d r a t i o n as w e l l as the o r i e n t a t i o n of the water 
m o l e c u l e s around the n o n p o l a r s i d e c h a i n s . I n t h i s r e s p e c t , the 
i o n s which enhance the hydrogen bonded s t r u c t u r e of the b u l k 
water ( e . g . , F", S0^ =) presumably have the tendency to i n c r e a s e 
the degree of h y d r a t i o n of the n o n p o l a r groups i n p r o t e i n s . The 
i o n s w h ich i n c r e a s e the e n t r o p y of the b u l k water ( e . g . , B r " , I"", 
C10^~, SCN") tend to decrease the h y d r a t i o n o f the hydrophobic 
s i d e c h a i n s . As mentioned e a r l i e r , the d r i v i n g f o r c e f o r the 
hydrophobic i n t e r a c t i o n s between the n o n p o l a r m o l e c u l e s i s the 
e n t r o p i c a l l y u n f a v o r a b l e water-water o r i e n t a t i o n i n the h y d r a 
t i o n sphere of the hydrocarbon ( F i g u r e I B ) . Such r e l a t i v e 
o r i e n t a t i o n of the water m o l e c u l e s around the hydrocarbon e x e r t s 
an i n t e r f a c i a l t e n s i o n of about 51 ergs/cm^ of water-hydrocarbon 
c o n t a c t a rea (48). I n o t h e r words, s e p a r a t i o n of 1 cm^ a r e a of 
water-hydrocarbon i n t e r f a c e to form 1 cm^ of water-water and 
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13. DAMODARAN A N D KINSELLA Ion Effects on Proteins 355 

1 cmz of hydrocarbon-hydrocarbon interfaces w i l l be favored by 
about -102 ergs. It i s this free energy which i s responsible for 
the formation of hydrophobic regions i n proteins. The ions which 
s t a b i l i z e or destabilize these hydrophobic regions may do so by 
increasing or decreasing the i n t e r f a c i a l tension, respectively. 
If we assign an i n t e r f a c i a l tension of 51 ergs/cm for the water-
water orientation i n the hydration s h e l l as shown i n Figure IB, 
(13), the ions which increase the i n t e r f a c i a l tension above 51 
ergs/cm^ may do so by al t e r i n g the water-water geometry i n the 
hydration s h e l l i n such a way that the repulsion between the 
lone pair of electrons and the protons i s increased. Conversely, 
the ions which decrease the i n t e r f a c i a l tension below 51 ergs/cm^ 
may do so by changing the water-water geometry such that the 
repulsive interactions between the lone pair of electrons and 
the hydrogen atoms are decreased. However, such changes i n the 
water-water orientation i n the hydration s h e l l of hydrocarbon by 
ions i s only through the changes i n the bulk water structure, 
which can be defined i n terms of the p a r t i a l molar entropy. One 
can experimentally determine the decrease i n the i n t e r f a c i a l 
tension between water and hydrocarbon i n the presence of various 
ions. From these estimations and assuming that 51 ergs/cm 
corresponds to water-water orientation as shown i n Figure IB (12, 
13), i t may be possible to calculate the r e l a t i v e water-water 
orientation around the hydrocarbon with a statistical-mechanical 
approach for various i n t e r f a c i a l tensions i n the presence of 
different ions. This would provide an understanding of the 
relationships between the p a r t i a l molar entropy, i n t e r f a c i a l 
tension and the hydrophobic ef f e c t and the influence of these 
effects on protein conformation and function. 

Conclusion 

The primary effect of ions on protein structure at low con
centration i s their e l e c t r o s t a t i c interaction with the counter 
charges on the protein. Such charge neutralization may induce 
dissociation of the subunits i n oligomeric proteins which are 
held together by el e c t r o s t a t i c interactions. At s u f f i c i e n t l y 
higher concentrations the ions either weaken or strengthen the 
hydrophobic interactions i n proteins, depending on the nature of 
the ion. Such effects on hydrophobic interactions are mediated 
v i a changes i n the water structure i n the presence of ions. How
ever, some of the evidences suggest that even at low concentra
tions (0.15 M) anions affect hydrophobic interactions. The 
effectiveness of various anions i n d e s t a b i l i z i n g hydrophobic i n 
teractions follow the Hofmeister series. The changes i n electro
s t a t i c and hydrophobic forces i n proteins by ions induce confor
mational changes i n proteins and hence affect their functional 
behavior. Systematic investigation of such effects may provide 
better understanding of the factors affecting the functional 
properties of proteins i n food systems. 
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14 
Effect of Disulfide Bond Modification on the 
Structure and Activities of Enzyme Inhibitors 

MENDEL FRIEDMAN, OK-KOO K. GROSJEAN, and JAMES C. ZAHNLEY 
United States Department of Agriculture, Western Regional Research Center, 
Agricultural Research Service, Berkeley, CA 94710 

Enzyme (trypsin, chymotrypsin, α-amylase, carboxypeptidase, 
etc.) inhibitors appear in many agricultural products (1-4) such 
as legumes (4), corn (5), wheat (6), and potatoes (7,8). 

Soybeans and other legumes containing active trypsin inhibi
tors depress growth in rats compared to analogous feeding of 
inhibitor-free soybeans. Growth inhibition and its accompanying 
pancreatic hypertrophy are presumably partly due to the anti-
tryptic activity of the inhibitor(s) (4, 9-13). 

Since naturally occurring protease inhibitors such as 
trypsin and chymotrypsin inhibitors are proteins that require 
their own structural integrity in order to inactivate proteolytic 
enzymes by complex formation (14-19), any alteration of the 
inhibitor's structure will inactivate it if interaction with the 
enzyme is thereby prevented. A reasonable strategy is to cleave 
the inhibitor's disulfide bonds, which often control protein 
structure (20). Reduced trypsin inhibitors are expected to be 
inactive. 

In addition to the cited primary benefit, i.e., inactivation 
of protease inhibitors, reductive cleavage of disulfide bonds 
of both inhibitors and structural proteins in legumes by, for 
example, cysteine or other thiols, should also offer an important 
secondary benefit, namely, improvement in the digestibility of 
the treated proteins, because disulfide cleavage is expected to 
decrease crosslinking thus permitting more rapid digestion. 

In this chapter we examine effects of 1) reductive 
S-pyridylethylation and S-quinolylethylation of disulfide bonds 
on analytical, structural, and inhibitory aspects of enzyme 
inhibitors; and, 2) cooperative and synergistic effects of heat 
and thiols in inactivating soybean and lima bean inhibitors. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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360 FOOD PROTEIN DETERIORATION 

E x p e r i m e n t a l Procedures 

Enzymes, i n h i b i t o r s , and s u b s t r a t e s were o b t a i n e d from 
Worthington B i o c h e m i c a l C o r p o r a t i o n or Sigma Chemical Co. Soy 
f l o u r was a g i f t o f Archer D a n i e l s M i d l a n d C o r p o r a t i o n ( D e c a t u r , 
I D . Lima bean f l o u r was prepared from raw beans purchased i n 
a l o c a l s t o r e . 2-VinyI p y r i d i n e was o b t a i ned from A l d r i c h Chemical 
Co. and was red i s t i I Ied b e f o r e use. 2 - V i n y l q u i n o l i n e was from 
Eastman Kodak and was v a c u u m - d i s t i l l e d b e f o r e use. T r i b u t y I -
phosph î ne was o b t a i ned from A I d r i c h Chemical Co. and was s t o r e d 
under n i t r o g e n . S - 6 -(2-Pyr i d y l e t h y I ) - L - c y s t e i ne (2-PEC) was 
s y n t h e s i z e d as d e s c r i b e d by Friedman and Noma (21 ) and S-Ê?-
( 2 - q u i n o l y l e t h y I ) - L - c y s t e i n e (2-QEC) a c c o r d i n g t o t h e procedure 
of KruI I e t a_[. ( 2 2 ) . Other c h e m i c a l s were reagent grade. 

I n s t r u m e n t a l • A b s o r p t i o n s p e c t r a were r e c o r d e d on a Cary 
15 spectrophotometer ; and t r y p s i η was assayed by absorbance 
measured w i t h a Beckman DB spectrophotometer. A Radiometer pHM 
26 meter and Beckman 39030 thiη-probe comb i n a t i o n e l e c t r o d e were 
used f o r most pH measurements. Τitrimetric ( p H - s t a t ) e x p e r i 
ments were c a r r i e d o ut u s i n g a Radiometer TTT1b T i t r a t o r , SBR 
2c T i t r i g r a p h , SBUla s y r i n g e b u r e t t e , and a TTA31 m i c r o t i t r a t i o n 
assembly, equipped w i t h a G2222c g l a s s e l e c t r o d e and a K4112 
calomel e l e c t r o d e . C o n s t a n t temperature was ma i n t a i ned w i t h a 
Haake Model FE c i r c u l a t o r and a t h e r m o s t a t t i n g j a c k e t (Radiometer 
V526). Thermal d e n a t u r a t i o n measurements were made w i t h a DuPont 
Model 990 di f f e r e n t i a l s c a n n i n g c a l o r i m e t e r (DSC), a t a h e a t i n g 
r a t e of 10 °/m i η and a nominal s e n s i t i v i t y of 100 y e a I s" · 
C a l i b r a t i o n and o p e r a t i o n of the DSC and t h e i n t e r p r e t a t i o n of 
r e s u I t s have been descr i bed (23,24,25)• F I u o r e s c e n c e s p e c t r a 
were re c o r d e d on a Turner Model 210 s p e c t r o f I u o r o m e t e r . 

S o l u t i o n s . B u f f e r s were prepared a t room temperature by 
adding HCI or NaOH t o a d j u s t t h e pH t o t h e d e s i r e d v a l u e . 
D i s t i I l e d , de i o n i z e d water was used. Un I ess o t h e r w i s e i n d i c a t e d , 
n a t i v e and S - p y r i d y I e t h y I a t e d t r y p s i n i n h i b i t o r s were d i s s o l v e d 
in 0.05 M g l y c i n e a d j u s t e d w i t h 1 H_ HCI t o pH 3.0. T r y p s i n was 
d i s s o l v e d i n 2 mM HCI/20 mM C a C U , and kept a t 0-4°C. B e n z o y l -
D L - a r g i n i n e p - n i t r o a n i I i d e (ΒΑΡΝΑ) s t o c k s o l u t i o n s (0.1 M) were 
made w i t h dimethyl su I f o x i d e (DMSO), and N - a c e t y I - L - t y r o s î ne 
ethyI e s t e r (ATEE) st o c k s o l u t i o n s (0.2 M) were made w i t h 100$ 
ethanol· 

Mod i f i c a t i o n of i n h i b i t o r s . 200 mg of K u n i t z soybean t r y p s i n 
i n h i b i t o r (STI) was d i s s o l v e d in 10 ml of pH 7.6 T r i s - 8 M urea 
b u f f e r . To t h i s s o l u t i o n were then added 10 ml e t h a n o l , 0.2 ml 
t r i-n-butyIphosph i ne and 0.2 ml of 2 - v i n y I p y r i d i n e . N i t r o g e n was 
bubbIed in f o r one minute. The r e a c t i o n m i x t u r e was shaken and 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 361 

5 ml samples were removed a t v a r i o u s t i m e s . The samples were 
d i a l y z e d about two days i n water- 2% methanol, and l y o p h i l i z e d . 
The procedure w i t h ovomucoid (OMI) was i d e n t i c a l t o t h a t des
c r i b e d f o r STI. R e d u c t i v e a l k y l a t i o n w i t h lima bean p r o t e a s e 
î n h i b i t o r (LB I) was c a r r ied out w i t h 50 mg of i nh i b i t o r , 5 ml 
pH 7.6-8M urea b u f f e r , 5 ml of e t h a n o l , 0.05 ml of n-Bu3P, and 
0.05 ml 2-vînyI p y r i d i n e . C o n t r o l experiments were done in pH 
7.6 b u f f e r w i t h o u t urea and i n pH 7.6 b u f f e r w i t h o u t 11-BU3P 
and 2 - v i n y I p y r i d i n e . 

A s i m i l a r procedure was used t o t r a n s f o r m h a l f - c y s t i n e 
r e s i d u e s in STI t o 2-QEC s i d e c h a i n s ( 2 6 ) . 

R e a c t i o n w i t h t h i o l s . The f o l lowing procedure w i t h soy 
f l o u r i l l u s t r a t e s t h e general method used t o i n a c t i v a t e STI 
(1 8 ) . Soy f l o u r (300 mg) and N - a c e t y I - L - c y s t e i ne (ΝΑΟ 
(67.4 mg, 0.4 m i I I i mo I es) i n 30 ml of 0.5 M T r i s b u f f e r were 
ρ laced i n a water bath a t a spec i f ied temperature f o r 1 h r . 
The r e a c t i o n m i x t u r e was then c o o l e d i n i c e - w a t e r . P o r t i o n s 
(0.05 ml) of the suspens ion were d i I u t e d t o 0.5 ml w i t h pH 8.2, 
0.05 M T r i s b u f f e r . C o n t r o l exper iments w i t h o u t ΝAC were c a r r ied 
out c o n c u r r e n t Iy. Pure ST I was s t u d i e d s i m i I a r I y except t h a t 
d i I u t i o n s were 1:300 wi t h t h e pH 8.2 T r i s b u f f e r . The rema i n i n g 
t r y p s î n i nh i b îtory a c t i v i t y was then assayed as descr îbed below. 
Al I exper iments were c a r r ied out i n d u p I i c a t e . The r e p r o d u c i -
b i I i t y i s e s t i m a t e d t o be ± 3% or b e t t e r . 

Ami no a c i d ana l y s i s . Ami no a c i d ana Iyses of a I i q u o t s of 
hy d r o l y z e d weighed samp les d i s s o l v e d i n pH 2.2 b u f f e r were 
c a r r ied out w i t h a s i ngle-column Durrum Amino A c i d A n a l y z e r , 
Model D500 under t h e f o I l o w i ng c o n d i t i o n s : s i ngIe-column i o n -
exchange chromatograph i c method ( Γ7 ); R e s i n , Durrum DC-4A, 
c i t r a t e b u f f e r pH, 3.25, 4.25, 7.90; Photometer, 590 and 440 
nm; Column, 1.75 mm χ 48 cm; a n a l y s i s t i m e , 105 minutes. 
Norleucine was used as an internal standard (Figures 1-6). 
Extent of reaction was deduced from the amount of 2-PEC found. 

U l t r a v i o l e t s p e c t r o s c o p y of 2-PEC and 2 - p y r i d y I e t h y I a t e d 
(2-PE) i n h i b i t o r s . E x t e n t of r e a c t i o n of 2 - v i n y I p y r i d ine w i t h 
the i nh i b i t o r s was a I so determi ned from t h e d i f f e r e n c e between 
^263 ^ Ο Γ equ imolar c o n c e n t r a t i o n s of the mod i f ied and n a t i ve 
i n h i b i t o r s , u s i n g ε f o r 2-PEC of 7070 a t pH 3.0. The v a l u e 
of ε a t pH 1, 7200, was s I i ghtI y h i gher than prev iousI y found 
in 6 Ν HCI (2j_). To determine ε f o r 2-PEC, a 2.7 mM stock 
s o l u t i o n in 2 mM HCI was made and d i I u t e d 1:20 i n a p p r o p r i a t e 
b u f f e r s . D u p I i c a t e d i l u t i o n s in 0.05 M glyci n e / H C I (pH 3.0) 
gave ε va Iues cons î s t e n t w i t h i η 1$. 

Sp e c t r a f o r 2-pyr i d y I e t h y I a t e d i n h i b i t o r s were a I so 
ana l y z e d s i m u l t a n e o u s l y f o r c o n c e n t r a t i o n s of 2-PE s i d e 
cha i ns and p r o t e i η by us i ng a two-wave Iength two-component 
ana Iys i s (27)· One wave Iength was 263 nm, the a b s o r p t i o n 
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F R I E D M A N E T A L . Disulfide Bond Modification 

-J ι I ι ι ι ι I L 
10 20 30 40 50 60 70 80 90 

TIME (MINUTES) 

Figure 4. A mino acid analysis of 2-PE-LBI. 
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FRIEDMAN ET AL. Disulfide Bond Modification 

Figure 6. A mino acid analysis of 2-PE-OML 
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368 FOOD PROTEIN DETERIORATION 

maximum f o r 2-PEC a t pH 3, s i n c e ePEC/ eproteiη i s maximal a t t h i s 
wavelength. The second wavelength, a t which e D r o f e i n / epFÇ * s 

maximal or n e a r l y so, was 285 nm f o r PE-OMI, 280 nm f o r P t - L B I , 
or 289 nm f o r PE-STI. Values of e D r o f e j n and ερ^ς f o r wavelengths 
f o r which ε i s not l i s t e d were c a l c u Y a f e a from s p e c t r a u s i n g t h e 
formuI a 

ε χ = x e m a x Cor ε 2 8 0 ) 
Amax ( o r A 2 8 0 ) 

Two simultaneous e q u a t i o n s of t h e form: 

A = ε p r o t e i η χ V o t e i n + £PEC χ CPEC 

were s o l v e d i n each c a s e . 

For example, e q u a t i o n s f o r PE-STI were: 

A263 = 6 S T I 2 6 3 x CSTI + ePEC x CPEC = 1 4 ' 9 0 0 CSTI + 7 0 7 0 CPEC 
263 

A289 = eSTI x CSTI + €PEC x CPEC = 1 2 ' 6 0 0 CSTI + 3 9 5 CPEC 289 289 

The ε v a l u e s used a r e t a b u l a t e d below: 

λ ( nm) £ P E C ε STI ε0Μ! ε LB 1 
263 7070 14,900 10,850 2480 
280 1460 20,300 14,890 2390 
285 700 . . 12,860 
289 395 12,600 

U l t r a v i o l e t s p e c t r o s c o p y of 2-qu in o I y IethyI-STI ( 2 - Q E - S T I ) . 
S i n c e 2-QE-STI was I n s o l u b l e i n nondenaturÏng aqueous s o l v e n t s , 
i t was f i r s t d i s s o l v e d i n formamide a t 5-15 mg/ml and then d i l u t e d 
in aqueous s o l u t i o n s . A l i q u o f s of st o c k s o l u t i o n s of 2-QEC or 
2-QE-STI were d i l u t e d t o A < 1.0. D i l u e n t s were: 0.1 and 
0.2 M HCI; 0.1 N H 2 S 0 4 : 0 .T and 0.2 M a c e t i c a c i d ; 0.2 M 
g l y c i n e — H C I , pH 3.0; 0.2 M a c e t a t e b u f f e r s , pH 3.6 and pH 5.0; 
0.2 M 3 - ( N - m o r p h o l i n o ) p r o p a n e s u i f o n i c a c i d (MOPS)—NaOH b u f f e r , 
pH 7.0; 0.2 M g l y c i n e — N a O H b u f f e r , pH 9.0. S p e c t r a were r e c o r d e d 
a g a i n s t s o l vent bIanks. 

F I u o r e s c e n c e s p e c t r o s c o p y . 2-QE-STI st o c k s o l u t i o n s were 
norma I I y d i l u t e d i n water or 0.1 U H 2S0* t o A (1-cm I i g h t 
path) of 0.04 or l e s s , and the pH was a d j u s t e d as needed w i t h 1 H 
H 2S0* and 1 Ν or 4 Ν NaOH. F l u o r e s c e n c e was e x c i t e d a t 316 nm 
and 25°C. Y i e l d s were determined from areas of the e m i s s i o n 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 369 

s p e c t r a , and i n t e n s i t i e s were measured as net peak h e i g h t s a t 
maximum e m i s s i o n . 

Tryps i η i nh i b i t o r assay. Many u n i t s are used t o d e f i n e t h e 
i n h i b i t o r y a c t i v i t y of pro t e a s e i n h i b i t o r s ( 2 8 ) . The f o l l o w i n g 
method, based on t h e d e f i n e d s t o i c h i o m e t r y of enzyme, i n h i b i t o r , 
and s u b s t r a t e , was adapted from Mi ko I a and S u o l i n n a ( 2 9 ) . 
I n h i b i t i o n of t r y p s i n a c t i v i t y was measured a t pH 8.2 and 37°C, 
wi t h ΒΑΡΝΑ as s u b s t r a t e . I n h i b i t o r was incubated w i t h 25 yg 
of t w i c e - c r y s t a l l i z e d bovine t r y p s i n i n a t o t a l volume of 0.75 
ml f o r 5 min a t 37°C. ΒΑΡΝΑ (30 mg i n 1.00 ml of DMSO) was 
d i l u t e d t o 100 ml w i t h 0.05 M T r i s - H C I , pH 8.2, c o n t a i n i n g 0.02 
M C a C I 2 . The d i l u t e d ΒΑΡΝΑ was kept a t 37°C and used w i t h i n 
1 h r . To s t a r t t he r e a c t i o n , 3.0 ml of s u b s t r a t e - b u f f e r m i x t u r e 
was added rap id I y t o the t r y p s i n - i n h i b i t o r m i x t u r e . The r e a c 
t i o n was stopped a f t e r 5 or 10 min by adding 0.50 ml of 30% 
a c e t i c a c i d . 

Determi n a t i o n of a c t i ve t r y p s i η. The c o n c e n t r a t i o n of 
a c t i ve t r y p s i η was determi ned by a c t i ve s i t e t i t r a t i o n w i t h 
p_-n i tropheny I p_! -guan i d i nobenzoate (NPGB), e s s e n t i a I I y a c c o r d -
i ng t o Chase and Shaw (30). Absorbance a t 410 nm was f o l lowed in 
a Cary 15 spectrophotometer, w i t h the 0.1 absorbance s I i dew i r e . 
NPGB (0.01 M) was d i s s o l v e d i n d i methyIformam i de-aceton i t r i I e 
( 1 : 4 ) . T r y p s i n was d i s s o l v e d i n 2 mM HCI/0.02 M C a C I 2 a t 5-6 
mg/ml, then d i I u t e d 1:10 in the same s o l v e n t . Each c u v e t t e 
c o n t a i n e d 0.05-0.09 M Na b a r b i t a l b u f f e r (pH 8.35 or 8.39 a t 
23°C), 0.02 M CaCIo, 0.1 M KCI. T r y p s i n (3-5 ηmo I of a c t i v e 
enzyme) was added t o the samp le c u v e t t e as 0.20 ml of the 1:10 
d i I u t i o n or 25 y g of the sto c k s o l u t i o n . A f t e r t h e base I i ne 
was determi ned, 5 yl_ of NPGB was added t o each c u v e t t e . TotaI 
volume was 1.00 ml. I η our instrume n t , 1 A ^ Q = 61.1 mol of 
p_-n i t r o p h e n o l ate (31 ). The t r y p s i n used was 61 % a ο enzyme, 
based on i t s p r o t e i η c o n t e n t as determi ned by ab?'* j e a t 
280 nm and an actî ve s i t e t i t r a t i o n . 

C a l c u l a t i o n s . The f o l lowing samp le c a l c u l a t i o n was used 
t o e s t i m a t e t he t r y p s in i n h i b i t o r a c t i ν i t y per mg of a c t i v e 
enzyme, where 

A ^ Q = absorbance measured a t 410 nm 
ε = mol ar e x t î n c t i o n coef f i c i e n t 
V Q = r a t e of ΒΑΡΝΑ h y d r o l y s i s by t r y p s i η i n the absence of 

i n h i b i t o r 
V. = r a t e of ΒΑΡΝΑ h y d r o l y s i s by t r y p s i n î η t h e presence of 

i n h i b i t o r 
TU = t r y p s i n un i t , def i ned as the amount of t r y p s i η t h a t 

c a t a I y z e s t h e h y d r o l y s i s of 1 μ mol of ΒΑΡΝΑ per min a t 
37°C and pH 8.2 

TIU = t r y p s i n î nh i b i t o r un i t , def i ned as r e d u c t i o n i n a c t i v i t y 
of t r y p s î η by one t r y p s i η u n i t (TU). 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ch

01
4



370 FOOD PROTEIN DETERIORATION 

Usi ng ε^ f o r p_-n i t r o a n î I i ne = 8800 1/mol-cm ( 3 2 ) , and a 
t o t a l volume of 4.25 ml , 1 TU corresponds t o an i n c r e a s e i n A ^ Q 
of 2.07 m i n " 1 . 

We found t r y p s i n a c t i v i t y of 2.51 TU per mg of a c t i v e 
enzyme (see sample c a l c u l a t i o n ) . U s i n g m o l e c u l a r weights of 
23,400 f o r t r y p s i n and 21,500 f o r STI, we c a l c u l a t e d 2.92 TIU 
per mg of ST I. 

For t r y p s i n o n l y , 0.358 A ^ i Q / 5 min; Rate, V Q = 0.0716/min; 
f o r t r y p s i n and i n h i b i t o r , 0.389 A ^ Q / 1 0 min. 

ν ν AJIQ (no inh.) A , 1 0 ( i n h . ) _ 0.358 0.389 
V v i " T j 5 " 10 

= 0.0716 - 0.0389 = 0.0327 A 4 1 0 min" 1 

S i n c e 2.07 A 4 i n min" 1 i s e q u i v a l e n t t o 1 t r y p s i n unît (TU), 
the amount of i nhιbι t o r p r e s e n t i s : 

f ^ I - 0.0158 TIU 

For pure ST I the inh i b i t o r c o n t e n t o f t h e samp le used i s : 
0.0158 TIU _ A, 1 Λ - 3 _ 
2.92 TIU/mg STI 5 ' 4 1 X 1 0 m 9 S T I = 5 * 4 1 ^ S T I 

S i n c e 1 mg of a c t i v e t r y p s i n = 2.51 TU, 0.0158 TIU r e p r e s e n t s 

MrfuXg t r y p s i n = 6 ' 2 9 x 1 0 " 3 m9 a c t i v e t r y P s i n i n h i b i t e d i n 

the pure ST I samp l e . 
If i n h i b i t o r s o t h e r than STI are a l s o p r e s e n t (as i s a p p a r e n t l y 
the case in most ρ I ant f o o d s ) , a more p r e c i se e s t i m a t e i s : 
TIU i n samp l e T l n / , » 
wt. of sample " T , U / M 9 ( O R 9 K 

The f o I l o w i ng average va Iues demonstrate t h e r e p r o d u c i -
b i I i t y of the assay. Pure commercial ST I i nh î b i t e d 
1.23 ± 0.03 mg of a c t i v e t r y p s i n per mg STI ( e i g h t rep I i c a t e s ) . 
(Th î s va Iue i s h i gher than un i t y because t h e r a t i o of mol ecu Iar 
weights of t r y p s i n t o STI i s g r e a t e r than one and because of 
poss i bIe mi nor c o n t r i b u t i o n s of lower mo I e c u l a r weight i n h i b i 
t o r s t o t h e t o t a I enzyme i nh î b i t o r y p r o c e s s . ) For u n t r e a t e d 
soy f l o u r , t he average f o r f o u r determi n a t i o n s was found t o be 
109.51 ± 1.52 TIU or 43.63 ± 0.605 mg t r y p s i n i n h i b i t e d per gram 
of f l o u r . S i m i l a r l y , t h e t r y p s i n i n h i b i t o r assay f o r LB I gave 
the f o l l o w i ng average va Iues f o r f o u r determi n a t i o n s : 
2.76 ± 0.041 TIU/mg commercial LB I and 51.33 ± 0.994 TlU/g 
Iima bean f I our. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 371 

Chymotrypsin I n h i b i t i o n assay* I n h i b i t i o n of chymotr y p s i n 
was determined t i t r i m e t r i c a l I y , w i t h 0.01 M ATEE as s u b s t r a t e ; 
t h e procedure was adapted from t h a t of W i l c o x ( 3 3 ) . I n h i b i t o r 
was incubated w i t h c hymotrypsin (25 μ I of 0.44 mg/ml s o l u t i o n ) 
a t room temperature, then e q u i l i b r a t e d a t 25°C, i n 1.9 ml o f 
5 mM Tr i s / H C I , 0.1 M in C a C U , pH 8.0. A t l e a s t 10 min was 
all o w e d f o r enzyme and i n h i b i t o r t o r e a c t . A f t e r t h e b a s e l i n e 
uptake of t i t r a n t (0.1 Ν NaOH) was r e c o r d e d , 100 μΙ of 0.2 M 
ATEE was i n j e c t e d i n t o t h e s o l u t i o n . I n i t i a l r a t e s were d e t e r 
mined from t h e l i n e a r p o r t i o n of t h e p l o t of base uptake a g a i n s t 
t i m e . C h a r t speed was 2 cm/min. Measurements of t h e nonenzy
m a t i c breakdown of ATEE and t h e e f f e c t of o r d e r of adding ATEE 
and chymotrypsin (no i n h i b i t o r ) were a l s o made and used t o 
c o r r e c t assays of i n h i b i t i o n . 

P r o t e o l y t i c d i g e s t i o n assay* T r e a t e d soy f l o u r was d i a 
l y z e d f o r t h r e e days a g a i n s t d i s t i l l e d water and l y o p h i l i z e d . 
Samples were d i s s o l v e d o r d i s p e r s e d (5 mg/ml) in 0.05 M KCI w i t h 
s t i r r i n g and a d j u s t e d t o pH 8.5. To determine d i g e s t i b i l i t y by 
t r y p s i n , a I i q u o t s (5 mg of p r o t e i n ) were p i p e t t e d i n t o p l a s t i c 
t i t r a t i o n v e s s e l s (Radiometer V 524) and d i l u t e d t o 4.0 ml w i t h 
0.05 M KCI. Samples were incubated under N 2 t o m i n i m i z e C 0 2 

a b s o r p t i o n . In a t y p i c a l r u n , t h e s u b s t r a t e was brought t o pH 
8.5 and 37°C, and t h e basal i ne r a t e of uptake of t i t r a n t (0.02 

NaOH) was deter m i n e d . Then, 20 μΙ_ of bovine t r y p s i n (5 mg/ml 
in 2 mM HCI-0.02 M C a C I 2 ) was added. F u r t h e r a d d i t i o n s of enzyme 
were made when t h e uptake of a l k a l i became very slow. When t h e 
r e a c t i o n was e s s e n t i a l l y complete, t h e net uptake was deter m i n e d . 

S i n c e l i b e r a t i o n of hydrogen ions by p r o t e o l y s i s i s incom
p l e t e a t pH v a l u e s where some new α-amîno groups a r e i o n i z e d 
( 3 4 ) , c a l c u l a t i o n of t h e number of p e p t i d e bonds c l e a v e d r e q u i r e s 
a v a l u e f o r t h e average pK of t h e newly formed p e p t i d e α-amino 
groups. If we assume a pK Q of 7.5 ( 3 5 ) , f r e e hydrogen ions w i l l 
be produced in 90% of t h e p e p t i d e bond c l e a v a g e s a t an assay pH 
8.5. To c a l c u l a t e t h e a c t u a l average number of p e p t i d e bonds 
c l e a v e d per c h a i n c o r r e c t e d f o r incomplete l i b e r a t i o n of hydrogen 
i o n s , we a l s o assumed an average m o l e c u l a r weight of 23,000 f o r 
th e soy p r o t e i n ( 3 6 ) . 

R e s u I t s 

The 2 - P E - d e r i v a t i v e s of a l I t h r e e i n h i b i t o r s showed abs o r p 
tion maxima at 263-264 nm in acidic (pH 3.0) solution (Figures 
7-10), coinciding with that f o r free 2-PEC. Reaction was rapid 
in buffers containing 8 M urea, especially in the cases of STI 
and chicken 0ΜΙ. A l l 4 half-cystine groups of STI and 12 of 
18 half"cystine groups o f 0ΜΙ reacted within 30 min under these 
conditions, based on an increase in A (Figure 8 and Table I ) . 
As expected, LBI reacted more slowly (figure 10 and Table I ) . 
Only 5 to 6 of the 14 half-cystines, on the average, reacted 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 373 

240 260 280 300 320 

WAVELENGTH (nm) 
340 360 

Figure 8. UV spectra of trypsin inhibitors and their 2-PEC derivatives at pH 3.0. 
Lyophilized proteins were dissolved in 0.1 M KCl by adjusting the pH to 3.2 at 7.8 
mg/mL (native) or 3.1-3.7 mg/mL (modified). Aliquots were diluted to 0.5 mg/mL 
(2.3 χ 10 5 M) in 0.05 M glycine/HCl (pH 3.0). Key: a, native STI; and b, modi

fied STI. 
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374 FOOD PROTEIN DETERIORATION 

o b ι ι ι ι 1 ι Γ ι I I l-
240 260 280 300 320 340 

WAVELENGTH (nm) 

Figure 9. UV absorption spectra of chicken ovomucoid inhibitors (OMl). Protein 
samples were dissolved and diluted to 0.25 mg/mL. Key: a, untreated OMl: 8.2 X 

1CT6 M; and b, treated OMl: 7.6 X 10e M. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 375 

d 

240 2 6 0 280 300 320 340 

WAVELENGTH (nm) 

Figure 10. The UV absorption spectra of lima bean trypsin inhibitors (LBI) is 
shown. Control samples in the presence or absence of urea gave almost identical 
spectra; therefore, only one is shown. Key to protein concentrations (w/w): a, 
untreated, 2.28 X 10s M; controls (urea), 2.36 χ 10 5 M; b, treated 30 min without 
urea, 2.17 X 10s M ; c, treated 30 min with urea, 2.10 X 10s M; and d, treated 

240 min, 2.48 χ 10~5 M . 
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376 FOOD PROTEIN DETERIORATION 

T a b l e I. 2-PEC Cha I f - c y s t i n e ) c o n t e n t s of reduced a l k y l a t e d 
S T I , LB I , and OMl determined by amino a c i d a n a l y s i s 
and u l t r a v i o l e t s p e c t r o s c o p y . 

Time of Moles 2-PEC/mole p r o t e i η 1 

P r o t e i n R e d u c t i o n 
(min ) Amino a c i d a n a l y s i s UV s p e c t r a 

2-PE-STI 30 4.0 4 . 3 7 2 

60 4.6 4.38^ 
120 4.4 4 . 4 7 * 

240 4.24 z 

Mean ± S.D. 4.3±0.3 4.361.10 

2-PE-OMl 30 11.4 13.27* 
60 12.3 13.63^ 

240 15.3 14.89 z 

2-PE-LB 1 30 no urea 2.03, 
30 8M urea 5.6^ 

240 7.4 7 . 1 3 

M o l e c u l a r weights = STI = 21,500; OMl = 29,600; LB I = 9000. 
Determined by simultaneous e q u a t i o n s (see t e x t ) . 
Determined by d i r e c t s u b t r a c t i o n of 2-PE LB I and LB I 
absorbances a t 263 nm (peak max imum f o r 2-PEC). 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 377 

w i t h i n 30 min in the presence o f u r e a . Even a f t e r 240 min, 
o n l y about 7 of 14 had r e a c t e d . O m i t t i n g urea from the r e a c t i o n 
medium slowed the a l k y l a t i o n of LB I , s u g g e s t i n g t h a t t h e r a t e 
of r e a c t i o n and p o s s i b l y t h e s e l e c t i v i t y f o r d i f f e r e n t d i s u l f i d e 
b r i d g e s c o u l d be m o d i f i e d by a p p r o p r i a t e c h o i c e o f r e a c t i o n 
c o n d i t i o n s . 

T a b l e II shows t h e e f f e c t o f e x t e n t o f r e d u c t i o n and 
a l k y l a t i o n on t r y p s i n i n h i b i t i o n . E s s e n t i a l l y complete l o s s o f 
a c t i v i t y of LB I was observed when 7 ha I f - c y s t i nes per m o l e c u l e , 
on t h e average, were m o d i f i e d . T h i s r e s u l t i s c o n s i s t e n t w i t h 
the f i n d i n g s o f Ferdinand e t a l . ( 3 7 ) . Loss o f a c t i v i t y was 
d i s p r o p o r t i o n a t e t o t h e e x t e n t of m o d i f i c a t i o n a t lower l e v e l s . 
When an average of 1 d i s u l f i d e b r i d g e per LB I m o l e c u l e was l o s t , 
a p p r o x i m a t e l y 2/3 of t h e i n h i b i t o r y a c t i v i t y was l o s t . When 
m o d i f i c a t i o n was almost 40% com ρ Iete (average o f 3 d i s u l f i d e 
b r i d g e per LBI molecule) almost 90% of th e i n h i b i t o r y a c t i v i t y 
was l o s t . The c o n t r o l s show t h a t l i t t l e o r no i n a c t i v a t i o n o f 
i n h i b i t o r was due t o th e procedure i t s e l f and t h a t , under these 
c o n d i t i o n s , t h e e f f e c t o f urea i s r e v e r s i b l e . 

E s s e n t i a l l y complete r e d u c t i o n and a l k y l a t i o n of STI and 
OMl a b o l i s h e d t h e i r t r y p s i n i n h i b i t o r y a c t i v i t i e s , as shown 
in T a b l e I I . These r e s u l t s a re c o n s i s t e n t w i t h t h o s e o b t a i n e d 
w i t h o t h e r r e d u c i n g agents. 

S i n c e some v a r i a n t s of LBI a l s o i n h i b i t chymotrypsin ( 3 8 ) , 
t h e e f f e c t of m o d i f i c a t i o n on i n h i b i t o r y a c t i v i t y a g a i n s t 
chymotrypsin was a l s o determined t o see whether t h e s e n s i t i v i t y 
of a n t i c h y m o t r y p s i n a c t i v i t y t o r e d u c t i o n and a l k y l a t i o n 
d i f f e r e d from t h a t o f t r y p s i n i n h i b i t i o n . As shown in T a b l e I I , 
t h e l o s s e s of i n h i b i t o r y a c t i v i t y a g a i n s t both enzymes were 
s i m i l a r . Less than 30% of t h e LBI c o n s i s t e d of v a r i a n t s t h a t 
i n h i b i t chymotryps i n . 

Free 2-PEC (0.01 M) i n h i b i t e d chymotrypsin weakly (13?) 
at a mol r a t i o of - 5 χ 1 0 . ΡΕ-OMl (0.8 nmol) d i d not i n h i b i t 
0.4 nmol of chymotrypsin (Mol r a t i o of 2-PEC moiety t o enzyme 
30-40). Thus, t h e 2-PEC does not appear t o bind e f f e c t i v e l y 
t o chymotrypsiη· 

Where I i t t I e o r no i n h i b i t o r y a c t i v i t y i s found , f r e e 
t r y p s in o r chymotryps in can a t t a c k t h e i n h i b i t o r , i f s i t e s o f 
p o t e n t i a I c l e a v a g e a r e a c c e s s i b l e . Thus, t h e mod i f ied i n h i b i -
t o r s may we I I show i ncreased s u s c e p t i b i I i t y t o p r o t e o l y s i s . 
T a b l e I I I shows t h a t t h e 2 - P E - i n h i b i t o r s a r e a t t a c k e d more 
read iI y by t r y p s in or chymotryps in than are t h e nat ive inh i b i -
t o r s , even those t h a t do not i n h i b i t chymotrypsi η. D i g e s t i o n 
was incomplete, however, under t h e cond i t ions used. (Both 
pr imary and secondary s p e c i f i c i t i e s of chymotryps i η were counted 
in deducing t h e p o t e n t i al s i t e s . ) I η t h e case of LB I, s u s c e p t i 
bi I i t y t o d i g e s t i o n by t r y p s i η o r chymotryps i η was not i ncreased 
u n t i I t h r e e o r more d i su If ide br idges were broken. These r e s u I t s 
and those in Ta b l e I I show t h a t i n h i b i t o r y a c t i ν i t i e s o f LB I a r e 
more eas iI y de s t r o y e d by t h i s mod i f i c a t i o n procedure than a r e 
the s t r u c t u r a l elements r e s p o n s i b l e f o r r e s i s t a n c e t o p r o t e o l y s i s . 
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378 FOOD PROTEIN DETERIORATION 

T a b l e I I . E f f e c t o f m o d i f i c a t i o n on i n h i b i t o r y a c t i v i t i e s 
a g a i n s t t r y p s i n and c h y m o t r y p s i n . 

R e d u c t i v e treatment ; % I n i t i a l s p e c i f i c 
a c t i v i t y agai 

i n h i b i t o r y 
n s t : 

I n h i b i t o r 

Time 
(min ) 

S-S 
bonds 

c1eaved 
(35) 

Tryps î η 6 Chymotryps i n 7 

STI 
2-PE-STI Ai 1 100 

100 
0 

LBI 
L B I - c o n t r o l s 
2-PE-LBI 30^ 

30 3 

240 

14 4 

40 
51 D 

100 
92 
32 
10 
<1 

100 

19 
15 
0 

OMl 
2-PE-OMl 30 

60 
240 

68^ 
7 2 5 83 5 

100 
0 
0 
0 

1 C a r r i e d through procedure w i t h or w i t h o u t urea o r wi t h o u t 
r e d u c t i o n - a I k y I a t i o n . 
Reduced-aIkyIated w i t h o u t u r e a . 
Reduced-aIkyIated w i t h u r e a . 
Usi ng u l t r a v i o l e t s p e c t r o s c o p y . 
Average from ion-exchange chromatography and u I t r a v i o l e t 
s p e c t r o s c o p y . 
ΒΑΡΝΑ as s a y . 
ATEE assay. 
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380 FOOD PROTEIN DETERIORATION 

Another way of a n a l y z i n g s t r u c t u r a l a l t e r a t i o n s produced by 
r e d u c t i o n and a l k y l a t i o n i s comparison o f thermal s t a b i l i t i e s o f 
n a t i v e and mod i f ied i n h i b i t o r s by DSC. In t h i s t e c h n i q u e , sample 
and r e f e r e n c e s o l u t i o n s a r e heated in sea Ied pans a t a c o n s t a n t 
r a t e and t h e d i f f e r e n c e in a p p l i e d heat r e q u i r e d t o ma i n t a i n 
t he same r a t e of temperature i n c r e a s e i s ρ I o t t e d as a f u n c t i o n 
o f temperature (thermogram). Th i s endothermic heat f l o w o r exc e s s 
heat uptake by t h e sample as p r o t e i η d e n a t u r a t i o n ("melting") 
o c c u r s i s seen as an endothermic peak in t h e thermogram. The 
extreme i s r e f e r r e d t o as t h e d e n a t u r a t i o n temperature ( T ^ ) ; 
i t s p o s i t i o n depends on h e a t i n g r a t e . The are a o f t h e endotherm 
i s p r o p o r t i o n a l t o t h e enthaIpy o f d e n a t u r a t i o n o f t h e p r o t e i η. 

Thermal s t ab i l i t y of the inhibitors was drast ica l ly altered 
by modification. A typical example is shown in Figure 11. The 
DSC thermogram of STI a t pH 7.0 shows a l a r g e endothermic peak 
w i t h T J a t 73°C, o r 3° below t h a t found by Donovan and Beards l e e 
(23) a t pH 6.7. That o f m o d i f i e d S T I , however, shows o n l y a 
small peak (near 100°C), c o r r e s p o n d i n g t o a decrease o f about 
85$ in t h e e n t h a l p y o f d e n a t u r a t i o n . Thus, t h e mod i f ied i n h i b i 
t o r appears t o l a c k most of t h e o r g a n i z e d s t r u c t u r e norma I I y 
d i s r u p t e d near 73°C. The reason f o r t h e hi g h T^ of t h e mod i f ied 
i n h i b i t o r i s not cI e a r , but i t may r e p r e s e n t c o n v e r s i o n o f p a r t 
of t h e s t r u c t u r e t o a more s t a b Ie c o n f o r m a t i o n . 

S i m i I a r r e d u c t i o n s were o b t a i n e d w i t h OMl and LBI a t pH 7. 
P a r t i a l I y reduced and a I k y I a t e d LBI samples a t pH 7 showed lower 
T J and enthaI p i e s o f d e n a t u r a t i o n than n a t i ve L B I . The enthaIpy 
of d e n a t u r a t i o n of n a t i v e LBI i s v e r y smalI ( 3 9 ) . ConsequentIy 
the even smaI Ier areas o f endotherms f o r mod i f ied LBI were t o o 
smalI t o measure a c c u r a t e l y . 

Other samples were heated a t pH 3, where t h e mod i f ied 
i n h i b i t o r s a r e more s o l u b l e . R e s u l t s were g e n e r a l l y s i m i I a r t o 
those o b t a i n e d a t pH 7. The thermogram of OMl, however, became 
i n d i s t i n c t a t pH 3 ( c f . 40) because of e f f e c t s o f low pH on 
conformation· 

Ami no acid chromatograms of native and modified inhibitors 
are shown in Figures 1-6. 

The s t r u c t u r e o f 2-QEC and u l t r a v i o l e t and f I u o r e s c e n c e 
s p e c t r a of 2-QE-STI are shown in F ig u r e s 12-15 and t h e i n f I u e n c e 
of s t r u c t u r a l I y d i f f e r e n t t h i o l s on t h e enzyme-inhi b i t o r y 
a c t i v i t i e s of STI and L B I , both in pure form and in f l o u r s , a r e 
summarized in F i g u r e s 16-19. 

D i s c u s s i o n 

R e d u c t i v e S-pyr i d y I e t h y I a t ron ( 1 7 ) . Most p r o t e i η i n h i b i t o r s 
o f t r y p s in o r o t h e r p r o t e a s e s conta i n d i s u l f ide bonds, some or 
al I of which a r e needed t o m a i n t a i n a c t i v e c o n f o r m a t i o n s (12-18). 
P a r t i a l l o s s o f d i s u I f ide br idges may or may not enta iI s e l e c t i v e 
r e d u c t i o n of s p e c i f i c bonds. In some c a s e s , remaining i n h i b i t o r y 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 381 

—I I I . 1 I 1 I I L_ 
40 6 0 80 100 120 

TEMPERATURE (°C) 

Figure 11. Thermal denaturation of STI (bottom scan) and the 2-PE-inhibitor 
(top scan) in 0.1 M Mops/NaOH, pH 7.02. Samples were heated at 10°/min in 
the DSC as described in the text. Native inhibitor was 16.07 mg of 5.5% (w/w) 
solution and the modified (30 min reaction) inhibitor was 16.18 mg of 5.3% 

(w/w) solution. 
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382 FOOD PROTEIN DETERIORATION 

Figure 1 2 . Reductive S-quinolylethyla-
tion of a protein disulfide bond. 

Pr-S-S-Pr + ( § - C 4 H 9 ) 3 P + H T O 

I 
2 - P r - S H + ( n - C 4 H 9 ) 3 - P = 0 

2 - P r - S - C H 2 - C H 2 — 

HYDROLYSIS 

0 c* 
41 H O O C - C H - C H ^ - S - C ^ - C H Î ^ ^ 

1 1 
N H 2 
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FRIEDMAN ET AL. Disulfide Bond Modification 

J i _ _ 1 i ι i 1 1 1 1 1 1 . J L 
240 260 280 300 320 340 360 

W A V E L E N G T H (nm) 

Figure 13, Effect of pH on the UV absorption spectra of 2-QE-STI. Key to pH: 
1,1.5; 2,3.0; 3,3.5; and 4, 7,0, 
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FRIEDMAN ET AL. Disulfide Bond Modification 

Figure 15. Beer's law plot of fluorescence intensity vs. concentration of 2-QE-STI.  P
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Figure 16. Effects of heat and N-acetyl-L-cysteine (NAC) on trypsin inhibitory 
activity of pure STI. The 100% value is for untreated inhibitor. Key: Δ, with NAC; 

and O, without NAC. 
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FRIEDMAN ET AL. Disulfide Bond Modification 387 

Figure 17. Effect of heat and N-acetyl-L-cysteine (NAC) on trypsin inhibitor 
activity of STI in soy flour. The 100% value is for untreated soy flour (IS). Key 

is the same as in Figure 16. 
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388 FOOD PROTEIN DETERIORATION 

Figure 18. Effect of pH, heat, and N-acetyl-L-cysteine (NAC) on trypsin inhibitor 
activity of commercial LBI (IS). Key: O, heat only; and Φ, heat and NAC. 
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FRIEDMAN ET AL. Disulfide Bond Modification 389 

0 25 35 45 55 65 75 85 

T E M P E R A T U R E » ° C . 

Figure 19. Effect of temperature, heat, and 'N-acetyl-L-cysteine (NAC) on trypsin 
and chymotrypsin inhibitor activity in lima bean flour (1%). Key: O, trypsin in
hibitors, heat only; Δ, chymotrypsin inhibitor, heat only; Φ, trypsin inhibitor, heat 

plus NAC; and At chymotrypsin inhibitor, heat plus NAC. 
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390 FOOD PROTEIN DETERIORATION 

a c t i v i t y cou Id be a t t r ibuted t o n a t i ve i n h i b i t o r mixed w i t h 
m o d i f i e d i n h i b i t o r (15,41). In o t h e r c a s e s , s e l e c t i v e r e d u c t i o n 
of more s u s c e p t i b l e d i s u l f ide bonds was shown t o occur w i t h o u t 
s i g n i f i c a n t l o s s o f i n h i b i t o r y a c t i v i t y (42-46). Incomplete 
r e d u c t ion may e s s e n t i a l I y a b o i i sh inh i b i t o r y a c t i v i t y of Bowman-
B i r k i n h i b i t o r from soybean (15) or Iima bean p r o t e a s e i n h i b i t o r 
(37,47) when over ha If o f t h e d i s u l f ide bonds have been l o s t . 
Recovery o f i n h i b i t o r y a c t i v i t y on r e o x i d a t i o n may v a r y f o r 
d o u b l e - a c t i n g (double-headed) i n h i b i t o r s ; l o s s o r r e g a i n o f 
chymotryps i n - i n h i b i t i n g and t r y p s i n - i n h i b i t i n g a c t i v i t i e s may 
d i f f e r (£[,48 ). 

S i n c e protease i n h i b i t o r s vary w i d e l y i n d i s u I f i d e c o n t e n t , 
s e l e c t e d inh i bi t o r s prov ide usefuI means f o r a p p l y i ng r e d u c t i o n 
w i t h t r i-n-butyIphosph i ne pi us a IkyI a t i on w i t h 2 - v i n y l p y r i d i n e 
t o i n v e s t i g a t e t h e r e l a t i o n s h i p of i n h i b i t o r y a c t i v i t y and 
chemical s t r u c t u r e . The pr e s e n t study was c a r r ied out w i t h STI 
(low S-S), OMl ( i n t e r m e d i a t e S-S), and ( h i g h S-S), as r e p r e s e n t a -
t i v e examples. 

Un I i ke a l k y l a t i ng agents t h a t c o m p l i c a t e measurement of 
t r y p s in a c t i v i t y by i n t r o d u c i ng negat i v e l y charged groups i n t o 
the reg ion of t h e i n h i b i t o r r e a c t i ve s i t e ( 14,43), t h e 
2 - p y r i d y l e t h y I moiety bears no charge a t t h e pH of t h e t r y p s i η 
assa y , and appears not t o i n t e r f e r e w i t h d e t e r m i n a t i o n o f 
i n h i b i t o r a c t i v i t y . 

R educti ve a IkyI a t ion o f t h e t r y p s i η i n h i b i t o r s was c a r r ied 
out in a m i x t u r e o f equal volumes of ethanol and 8M urea in pH 
7.6 Tris - HCI b u f f e r . The stoichiometry of the reduction is 
given in Figure 7. 

An i d e a l reagent f o r t h e s e l e c t i ve mod i f i c a t i o n o f SH 
groups shouId meet t h e f o l l o w i ng requ irements: 1) i t shouId 
se I e c t i veI y mod i f y t h e SH groups under m i l d cond i t i o n s , 
2) mod i f i ed c y s t e i n e r e s idues shouId surv ive ac id h y d r o l y s i s , 
3) c y s t e i n e der i v a t i ves shouId be e I u t e d in a conven i e n t p o s i -
t i o n as a w e l l - r e s o l v e d peak in standard amino a c i d a n a l y s i s , 
and 4) the der i v a t i ve shouId conta i η a chromophore t h a t can be 
determined independent Iy, name I y by u I t r a v i o l e t o r f I u o r e s c e n c e 
s p e c t r o s c o p y . Our stud i e s suggest t h a t 2-v i n y I p y r id ine and 
2 - v i n y I q u i n o l i n e appear t o meet these c r i t e r i a . 

A two-wave Iength method a I ready o u t I i ned was used, in add i -
t i o n t o d i r e c t s u b t r a c t i o n of peak maxima of n a t i ve and mod i f ied 
p r o t e i n , t o c a l c u l a t e t h e 2-PEC c o n t e n t o f mod i f i ed t r y p s i n 
i n h i b i t o r s . The r e s u I t s o b t a i n e d w i t h t h e two-wave Iength p r o 
cedure were more reproducîble and agreed b e t t e r w i t h t h o s e 
obta ined from am ino ac id a n a l y s i s, p a r t i c u I a r I y , where, as i n 
ST I and OMl, p r o t e i n a b s o r p t i o n c o n t r i butes a p p r e c i a b l y t o t h e 

D i r e c t s u b t r a c t i o n , however, gave r e s u l t s i n b e t t e r a gree
ment w i t h t h o s e from ion-exchange chromatography f o r LBI (T a b l e 
I ) . In t h i s c a s e , t h e two-wave Iength method appears t o o v e r 
e s t i m a t e t h e unmod i f i ed p r o t e i η c o n c e n t r a t i o n . AI though t h e 

observed 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 391 

reason f o r t h i s d i f f e r e n c e i s not app a r e n t , t h i s e f f e c t may 
a r i s e from ar o m a t i c s t a c k i n g of t h e l a r g e number of p y r i d i n e 
groups. Such s t a c k i n g would r e s u I t i n lower a b s o r p t i v i t y o f 
the p y r i d i n e chromophores Ccf. 4 9 ) . 

R e s u l t s in Tab l e I and F i g u r e s 1-11 show t h a t advantages o f 
the c i t e d procedure f o r r e d u c t i ve a IkyI a t ion of d i su If ide bonds 
in t r y p s i n inh i bi t o r s i nclude: 1) t h e c y s t i n e c o n t e n t can be 
est i m a t e d by two independent techn i q u e s ; J_.e. ion exchange 
chromatography and u l t r a v i o l e t s p e c t r o s c o p y ; 2) t h e use of i o n -
exchange chromatography p e r m i t s e s t i m a t i o n of t h e o t h e r amino 
ac ids as we I I as c y s t i ne in a s i n g l e d e t e r m i n a t i o n ; and 3) the 
method i s e s p e c i a l I y u s e f u l f o r determin ing t h e e x t e n t o f 
p a r t i a I r e d u c t i o n of d i su If i d e bonds. 

The r e l a t i v e r e a c t i v i t i e s of d i s u l f ide bonds of th e t h r e e 
p r o t e i η i n h i b i t o r s d eserve f u r t h e r comment. ST I has two 
c y s t i n e r e s i d u e s per mole. Both d i s u l f ide bonds a r e Completel y 
reduced in about 30 minutes w i t h t he c i t e d procedure. The 
d i s u l f i d e c o n t e n t of OMl i s about t h r e e times as high as t h a t 
of STI. I t has 9 c y s t i n e (18 ha I f - c y s t i n e ) r e s i d u e s per mole 
( 5 0 ) . The s u s c e p t i b l I I t y o f OMl d i s u l f i d e t o r e d u c t i o n appears 
t o be l e s s than t h a t of STI s i n c e t h e data in Ta b l e s 1 and 2 
show t h a t o n l y about 68$ of OMl d i s u l f I d e bonds a r e reduced in 
t h i r t y minutes. F ina11y, LB I i s a h i g h l y d i s u l f ide cross-1 inked 
p r o t e I η w i t h 7 d i s u I f i d e bonds per mole (Mol e c u l a r weight, 
9,000) or a d i su If ide c o n t e n t about e i g h t times as high as t h a t 
of STI. (The d i s u l f i d e c o n t e n t o f LBI approaches t h a t of k e r a t i n 
p r o t e i n s ) . The e x t e n t o f r e d u c t i o n and a IkyI a t ion o f LBI S-S 
bonds i s o n l y about 51$ a f t e r a 4-hr r e a c t i o n t i m e . No f u r t h e r 
attempt was made in thos e stud i e s t o e f f e c t complete r e d u c t i ve 
a l k y I a t i o n . 

Measurements of i n v i t r o d i g e s t i b l I i t l e s of n a t i v e and 
mod i f i ed t r y p s in i n h i b i t o r s determined by po t e n t i o m e t r i c 
t i t r a t i o n ( Table I I I ) show t h e f o l l o w i n g : 1) r e d u c t i v e S-
pyr i d y l e t h y l a t i o n of d i su If ide bonds in STI r e s u I t s in an 
in c r e a s e in bonds cIeaved by t r y p s î η per mole of i n h i b i t o r 
from 0.7 t o 6.0 and, by chymotryps i n , from 3.1 t o 16.9; 
2) p a r t i a I r e d u c t i ve a I k y l a t i o n of LBI has on I y a minor e f f e c t 
on i t s d i g e s t i b i I I t y by e i t h e r t r y p s in o r chym o t r y p s i n ; and 
3) in al I c a s e s , d i g e s t i o n approached a I i m i t l n g v a i ue below 
t h e t h e o r e t l e a l I i m i t . Thus, a l t h o u g h r e d u c t i v e a l k y l a t i o n 
under t h e cond i t i ons used appears not t o expose a l l o f t h e 
p o t e n t i al s i t e s of a t t a c k t o t r y p s in and c h y m o t r y p s i n , t h e 
number of s i t e s cIeaved i s s i m i I a r t o t h a t observed w i t h 
unmodified c a s e i n (Table I I I ) c f . , 5 0 ) . 

These r e s u l t s cI e a r l y c o n f i r m t h a t l o s s o f i n h i b i t o r y a c t 
i v i t y by the t h r e e p r o t e a s e i nh i b i t o r s f o l lows p a r t i a l o r 
complete mod i f i c a t i o n o f t h e i r d i s u I f I d e bonds. 

The l o s s of i n h i b i t o r y a c t i v i t y f o l lowing r e d u c t i o n of 
d i su I f I d e bonds presumably ar i s e s from t h e change in t h e n a t i v e 
c o n f o r m a t i o n of t h e p r o t e i n inh i b i t o r s . Because of t h e i r 
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392 FOOD PROTEIN DETERIORATION 

a l t e r e d geometry, t h e m o d i f i e d i n h i b i t o r s very I i k e I y do not 
r e a d i I y comb i ne w i t h t he a c t i v e s i t e of t r y p s i n o r ch y m o t r y p s i n ; 
or i f combination does o c c u r , d i s s o c i a t i o n i s r a p i d because o f 
the change i n b ind i ng f o r c e s needed t o m a i n t a i n t he t r y p s i n 
comρ I exes. These cone I us ions a r e supported by r e s u I t s from 
different ia l scanning calorimetry (Figure 11), which show that 
2 PE-STI has lost i t s native conformation. The small peak 
e x h i b i t e d by 2-PE-STI suggests t h a t t h e mod i f ied p r o t e i n i s not 
t o t a I I y denatured but shows a smalI but measurabIe amount of 
s t r u c t u r a l o r d e r , p o s s i b l y r e Iated t o th e i n t r o d u c e d hydro-
p h i I i c - h y d r o p h o b i c c h a r a c t e r of the S - p y r i d y l e t h y I s i d e c h a i n s . 

S i n c e the s t r u c t u r e of 2-PEC i s somewhat s i m i l a r t o t h a t 
of S-ami n o e t h y I c y s t e i ne and I y s i ne, we wished t o e s t a b I i s h 
whether t r y p s i n a I so h y d r o l y z e d p e p t i d e bonds of S - p y r i d y I e t h y I 
r e s i d u e s i n th e m o d i f i e d t r y p s i n i n h i b i t o r s . S i m i I a r l y , we 
t e s t e d p r o t e o l y s i s by c h y m o t r y p s i n , inasmuch as t h e 2-PEC s i d e 
c h a i n i n c I u d e s an ar o m a t i c ( p y r i d i n e ) group, t h a t might i n t e r 
a c t w i t h t h e a c t i v e s i t e o f c h y m o t r y p s i n . As r e p o r t e d above, 
i n t e r a c t i o n appears weak. Moreover, no ev i d e n c e was found t h a t 
S-pyr i dyIethyI a t i on produces new s i t e s f o r c h y m o t r y p t i c o r 
t r y p t i c a t t a c k , even a t a pH (5.5) near t h e pKQ of t h e p y r i d i n e 
ηitrogen. 

R e d u c t i v e S - q u i n o l y l e t h y l a t i o n ( 2 6 ) . The 2-QE-STI d i f f e r e d 
from i t s 2-PE-STI analog i n s o l u b i I i t y and s p e c t r a l p r o p e r t i e s . 
When the r i n g n i t r o g e n o f qui no I i n e was p r o t o n a t e d , maximum 
a b s o r p t i o n was a t 318 nm. The molar e x t i n c t i o n c o e f f i c i e n t f o r 
2-QEC a t pH 1.5 was 11,550 M cm . The q u i n o l i n e a b s o r p t i o n 
a t 315-318 nm decreases w i t h i n c r e a s i n g pH, w i t h apparent pK Q 

v a l u e s of about 5 f o r 2-QEC and about 3 f o r 2-QE-STI. T h i s 
l a r g e di f f e r e n c e i n pKg suggests t h a t t h e m i croenv i ronment of 
the qu i n o l i ne chromophores d i f f e r s s i g n i f i c a n t l y i n t h e model 
compound and i n the p r o t e i n . The UV s p e c t r a a t pH 1.5 y i e l d e d 
a v a l u e of 4 mol of 2-QEC per mol of STI, i n good agreement w i t h 
the amino a c i d c o m p o s i t i o n . 

S i n c e 2-QEC-STI has an a b s o r p t i o n peak where ST I chromo
phores do not absorb, t h e q u i n o l i n e f I u o r e s c e n c e can be e x c i t e d 
independent I y of i n t r i n s i c p r o t e i n f I u o r e s c e n c e . F I u o r e s c e n c e 
e m i s s i o n of 2-QE-STI ( e x c i t a t i o n a t 316 nm) decreased w i t h 
i n c r e a s i n g pH, as d i d t h e UV a b s o r p t i o n . The f I u o r e s c e n c e 
e f f i c i e n c y was i n f l u e n c e d by t h e p r i o r t r e a t m e n t of t h e samp l e , 
and p o s s i b l y by t h e sequence of p r o t o n a t i o n and d e p r o t o n a t i o n . 
Maximum f I u o r e s c e n c e was o b t a i n e d by a c i d i f i c a t i o n o f a n e u t r a l 
s o l u t i o n i n Mops b u f f e r t o pH 1.5, u s i n g d i I u t e H 2 S 0 4 . ( S i n c e 
CI" quenched t h e f I u o r e s c e n c e , HCI was avoided. ) F I u o r e s c e n c e 
was about 50 times as s e n s i t i v e as a b s o r p t i o n , t o < 4 χ 10 
M 2-QEC r e s i d u e s , and was I i n e a r w i t h c o n c e n t r a t i o n up t o a t 
l e a s t 8 χ 10 M 2-QEC. 

These r e s u I t s suggest t h a t r e d u c t i ve 2-qu i noI y IethyI a t i on 
i s a s p e c i f i c and s e n s i t i v e method f o r measuring t h e e x t e n t o f 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 393 

m o d i f i c a t i o n o f p r o t e i n d i s u l f i d e bonds. In the case o f STI, 
t h e method y i e l d s both a n a l y t i c a l and s t r u c t u r a l i n f o r m a t i o n . 

E f f e c t of t h i o l s ( 1 8 ) . F i g u r e 16 shows t h e e f f e c t o f heat
ing STI in t h e absence and in t h e presence of NAC from 25°C t o 
93°C. The data a r e drawn in F i g u r e 16 both i n a b s o l u t e terms 
(number of a c t u a l t r y p s i n u n i t s t i t r a t e d ) and in percent 
decrease i n STI a c t i v i t y as a f u n c t i o n o f temper a t u r e . F i g u r e 
17 i l l u s t r a t e s an analogous study f o r STI in soy f l o u r . 

G e n e r a l l y , t h e e f f e c t o f NAC s t a r t s a t 25°C and i s main
t a i n e d throughout t h e temperature range s t u d i e d . The t h i o l i s 
e s p e c i a l l y e f f e c t i v e i n enhancing i n a c t i v a t i o n in t h e tempera
t u r e range 35°C t o about 65°C. Thus, f o r pure STI a t 45°C, heat 
a l o n e d e s t r o y s o n l y about 6$ of STI compared t o about 65$ f o r 
heat p l u s NAC. Cor r e s p o n d i n g v a l u e s w i t h o u t and w i t h NAC a t 
55°C a r e 16$ and 89$, and a t 65°C, 27$ and 98$, r e s p e c t i v e l y . 
The c o r r e s p o n d i n g v a l u e s f o r STI in soy f l o u r w i t h o u t and w i t h 
NAC a r e 0$ and 23$ at 35°C; 11$ and 47$ at 45°C; and 20$ and 91$ 
a t 65°C. 

Several add i t i o n a l parameters expected t o i n f I u e n c e i n a c t i 
v a t i o n were a l s o i n v e s t i g a t e d . V a r y i n g t h e c o n c e n t r a t i o n o f soy 
f l o u r from 25 t o 300 mg and keeping t h e c o n c e n t r a t i o n of NAC 
c o n s t a n t d id not i n f I u e n c e t h e e x t e n t of i n a c t i v a t i o n a t 45°C 
above t h e 50 mg soy f l o u r l e v e l . 

Comparison of fo u r s t r u c t u r a l I y d i f f e r e n t t h i o l s i n Ta b l e s 
IV and V shows t h a t a 11 f o u r c a t a l y z e d i n a c t i v a t i o n t o about 
t h e same e x t e n t , w i t h t h e e x c e p t i o n of L - c y s t e i ne, wh i c h was 
l e s s e f f e c t i v e in i n a c t i v a t i n g t h e i n h i b i t o r in soy f l o u r but 
not in pure STI· 

The e f f e c t o f pH on i n a c t i v a t ion in t h e presence and 
absence of NAC a t 45°C i s shown in T a b l e V I . Adding t h i o l 
g r e a t I y i n c r e a s e s i n a c t i v a t i o n a t every pH. E s s e n t i a I I y a l I 
STI a c t i v i t y was des t r o y e d above pH 10. A c o m p l i c a t i n g f a c t o r 
in t h i s pH reg ion i s t h a t d i su If i d e bonds a r e d e s t r o y e d a t high 
pH (51,52) in t h e absence of t h i o l so t h a t t h e observed 
i n a c t i v a t ion a t hi gh pH cou Id r e s u I t from s e v e r a l e f f e c t s : 
1) r e d u c t i v e c l e a v a g e of p r o t e i n d i su If ide bonds; 2) t h i o l -
exchange c l e a v a g e ; and 3) a l k a I i n e d e g r a d a t i o n . 

Add i t i o n a l stud i e s r e v e a l e d t h a t t h e t h i o l e f f e c t i s more 
e f f i c i e n t w i t h I a r g e r samples o f soy f l o u r and a I so appears t o 
ope r a t e in t h e s o l id s t a t e in an a u t o c l a v e (Tables VI I and V I I I ) . 
The g e n e r a l i t y of t h e method i s conf i rmed by our o b s e r v a t i o n 
t h a t t h i o l s a I so f a c i I i t a t e i n a c t i v a t ion o f t h e h i g h l y c r o s s -
l i n k e d L B I , as i I I u s t r a t e d in F i g u r e s 18 and 19 and Tables IX 
t o X I I . These r e s u I t s suggest t h a t i n a c t i v a t ion of enzyme 
i n h i b i t o r by t h i o l s may be usefuI f o r I a r g e - s c a I e , economical 
a p p l i c a t i o n . 
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394 FOOD PROTEIN DETERIORATION 

T a b l e IV. E f f e c t i v e n e s s o f fou r d i f f e r e n t t h i o l s i n 
i n a c t i v a t i n g commercial STI. 

T h i o l mg a c t i v e t r y p s i n P e r c e n t STI 
i n h i b i t e d per mg STI remaining 

L - C y s t e i ne 0.11 8.9 
N-Acety1-L-cyste î ne 0.16 13.0 
Reduced g l u t a t h i o n e 0.11 8.9 
M e r c a p t o p r o p i o n y 1 - 0.12 9.8 

g1ycine 

Untreated c o n t r o l 1.23 ± 0.03 100.0 

^ C o n d i t i o n s : 36 mg STI; 0.588 mil 1imo l e s t h i o l ; 10 ml 
pH 8.5 T r i s b u f f e r , 55°C; 1 hour. 

T a b l e V. R e l a t i v e e f f e c t i v e n e s s o f f o u r t h i o l s on STI 
in soy f l o u r : 

Th i o l mg 
per 

a c t i v e t r y p s in 
gram soy f l o u r 

inh i bi ted P e r c e n t 
inh i b i t o r y 
a c t i v i t y 

C y s t e i n e 7.68 17.6 
Reduced g I u t a t h ione 4.04 9.2 
M e r c a p t o p r o p i o n y 1 - 3.77 8.6 

g l y c i ne 
N - A c e t y 1 - L - c y s t e i n e 3.64 8.3 
Untreated c o n t r o l 43.63 ± 0.605 100.0 

Cond i t i o n s : 100 mg soy f l o u r ; 0.4 mi I I i m o l e s t h i o l ; 30 ml 
pH 8.5 T r i s b u f f e r ; 75°C; 1 hour. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 395 

T a b l e V I . E f f e c t o f pH and N - a c e t y I - L - c y s t e i ne on STI 
a c t i v i t y o f soy f l o u r . 

mg a c t i v e t r y p s i n i n h i b i t e d P e r c e n t i n h i b i t o r y a c t i v i t y 
per gram soy f l o u r rema i η i ng 

pH 

Heat Heat p l u s NAC Heat Heat p l u s NAC 

2.5 33.7 32.83 72.4 70.4 
4.5 31.02 31.40 66.5 67.3 
5.4 31.26 30.94 67.0 66.3 
6.5 26.88 20.89 57.6 44.8 
1.5 29.38 15.10 63.0 32.4 
8.5 38.48 22.03 82.5 47.2 
9.5 36.74 10.28 78.9 22.0 
10.5 36.04 2.72 77.3 5.8 

Untreated I c o n t r o l : 43.63 ± 0.605 

C o n d i t i o n s : 300 mg soy f l o u r ; 67.4 mg (0.4 m i l l i m o l e ) NAC; 
30 ml a p p r o p r i a t e b u f f e r ; 1 h r . ; 45°C. pH 2.5: 0.2M glycine«HCI; 
pH 4.5-5.4: 0.5M c i t r a t e - p h o s p h a t e ; pH 6.5-8.5: 0.5M phosphate; 
pH 8.5: 0.5M T r i s ; pH 9.5-10.5: 0.05M b o r a t e . The f i n a l pH was 
was a d j u s t e d w i t h 0.5N ICI o r 1.0N NaOH. 
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396 FOOD PROTEIN DETERIORATION 

T a b l e V I I . E f f e c t o f N - a c e t y l c y s t e l n e on STI a c t i v i t y i n soy 
f l o u r . 1 _ 

NAC Time % I n h i b i t o r y a c t i v i t y r e m a i n i n g 
Cg) Chr) 

0 1 44.2 
1 1 11.4 
2 1 4.6 
3 1 0.0 
4 1 0.0 
5 1 0.0 
1 2 0.0 

C o n d i t i o n s ; 100 grams soy f l o u r i n 500 cc ( s l u r r y ) pH 8.5 T r i s 
b u t t e r ; cO~C. Numbers a r e averages of t h r e e assays 
f o r each sample. 

T a b l e V I I I . E f f e c t o f N - a c e t y I c y s t e i n e on STI a c t i v i t y 
in soy f l o u r * 

Time Soy f l o u r NAC % I n h i b i t o r y 
(min) (mg) (mmoles) a c t i v i t y r e m aining 

15 300 0.0 58.7 
15 300 0.1 15 .4 
15 300 0.2 20.1 
15 300 0 .4 9.6 
15 300 0.8 1.5 

Cond i t i o n s : Sol id m i x t u r e s i n an a u t o c l a v e (121°C). 
R e s u I t s from s i n g l e exper iments. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 397 

T a b l e IX. E f f e c t i v e n e s s of four t h i o l s a t two c o n c e n t r a t i o n 
I eve I s on a c t î ν i t y of commerci a I L B I . 

T h i o l C o n c e n t r a t i o n % LBI remaining 
(micromoles) 

L - C y s t e i n e 72 82.9 
290 33.7 

N-Acety1-L- 72 92.3 
cysteî ne 290 39.9 

Reduced g l u t a  72 72.0 
t h i o n e 290 30.5 

Mercaptoprop i o - 72 79.8 
n y I g 1 y c i n e 290 30.5 

U n t r e a t e d c o n t r o l : 100.0 

C o n d i t i o n s : 9 mg LBI; 5 ml pH 8.5 T r i s b u f f e r ; 45°C; 1 hour. 
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398 FOOD PROTEIN DETERIORATION 

T a b l e X. E f f e c t i v e n e s s of f o u r t h i o l s a t t h r e e temperature: 
on t r y p s i n i n h i b i t o r a c t i v i t y i n Iima bean f l o u r * 

T h i o l Temperature % I n h i b i t o r y a c t i v i t y 
(°C) remaining 

L - C y s t e i n e 45 100.0 
55 68.7 
65 41.7 

N-Acety 1-L-cyste î ne 45 78.2 
55 35.8 
65 11.8 

Reduced g l u t a t h i o n e 45 71.9 
55 35.5 
65 7.5 

Mercaptoprop i o n y I g l y c i n e 45 77.2 
55 31.9 
65 17.4 

None 45 109.0 
55 108.0 
65 84.1 

C o n d i t i o n s : 100 mg f l o u r ; 0.2 mmoles t h i o l ; 15 ml pH 8.5 
T r i s b u f f e r ; 1 hour. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 399 

T a b l e XI. E f f e c t of NAC c o n c e n t r a t i o n on t r y p s i n i n h i b i t o r 
a c t i v i t y i n Iima bean f l o u r . 

Time Lima bean f l o u r NAC % 1 n h i b i t o r y a c t i v i t y 
(min ) (mg) (mmoles) remai η i ng 

15 300 0.0 50.10 
15 300 0.1 20.43 
15 300 0.2 15.15 
15 300 0.4 0.00 

^ Cond i t i o n s : Sol i d m i x t u r e s i n an a u t o c l a v e . 

2 R e s u l t s from s i n g l e e x p e r i m e n t s . 

T a b l e XI1. E f f e c t of time and NAC on t r y p s i n i n h i b i t o r 
a c t i v i t y o f 1ima bean i n h i b i t o r i n 1 ima bean f l o u r . 

Time Lima bean f lour NAC % I n h i b i t o r y 
(min) (mg) (mmo1 es) a c t i v i t y rema î η i ng 

5 300 0.0 73.2 ± 8.08 
5 300 0.4 28.6 ± 4.32 
15 300 0.0 50.1 ± 1.20 
15 300 0.4 7.8 ± 2.63 
30 300 0.0 23.7 ± 4.72 
30 300 0.4 26.1 ± 4.28 

Cond i t ions : Sol i d m i x t u r e i n an a u t o c l a v e (121°C). 

Average from f o u r exper iments. 
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400 FOOD PROTEIN DETERIORATION 

If one r e p r e s e n t s t h e i n a c t i v a t i o n as a t h i o l - d i s u l f i d e 
i n t e r c h a n g e , then excess t h i o l a t e anion i s expected t o f o r c e 
t h e e q u i I i b r i u m t o t h e r i g h t ( Table X l l l ) . S i n c e STI has two 
d i s u l f ide bonds per m o l e c u l e , s u l f h y d r y l - d i s u I f ide i n t e r c h a n g e 
can generate a l a r g e number o f rear r a n g e d d i s u l f i d e o r mixed 
forms t o produce p r o t e i n s t h a t a r e s t r u c t u r a l I y d i f f e r e n t from 
t h e n a t i v e STI. Although t h e i n h i b i t o r may tend t o r e g e n e r a t e 
i t s o r ig i n a l c o n f o r m a t i o n , t h i s p rocess may be hindered or 
suppressed by excess t h i o l , o r t h e presence o f mixed d i s u l f i d e s . 
Because o f a l t e r e d geometry, t h e mod i f i ed i n h i b i t o r s do not 
read i I y combine w i t h t h e a c t i v e s i t e o f t r y p s i n o r chymot r y p s i n 
o r i f combination does o c c u r , d i ssoc i a t i o n i s rap id because o f 
the change in bind ing f o r c e s needed t o s t a b i I i ze t h e t r y p s i η 
complexes. 

I t should be emphasized t h a t from both chemical and n u t r i 
t i o n a l νiewpoints, i n a c t i v a t i o n o f a p r o t e a s e i n h i b i t o r by an 
added t h i o l v i a a su I f h y d r y l - d i s u If i d e i n t e r c h a n g e shouId be 
d i s t i n g u i s h e d from t h e r e l a t e d r e d u c t i v e c l e a v a g e o f d i s u l f i d e 
bonds fο I I owed by a I k y l a t i o n o f t h e generated SH groups. The 
former treatment produces new d i s u l f ide bonds whereas t h e l a t t e r 
e l i m i n a t e s t h e o r i g i n a l ones from t h e p r o t e i η. I η t h e case of 
soy f l o u r , p o s s i b i I i t i e s f o r s u l f h y d r y l - d i s u I f i d e i n t e r c h a n g e 
i n c l u d e i n t e r a c t i o n between i n h i b i t o r SH and S-S bonds w i t h 
soybean p r o t e i η SH and S-S groups, r e s p e c t i v e l y , t o form a 
complex network t h a t may make i t d i f f icu11 f o r t h e o r ig i n a l 
d i s u l f ide bonds t o be reformed (Table X I I I ) . The r e l a t i v e con
c e n t r a t i o n o f SH and S-S bonds i n t h e t h i o l and p r o t e i η may 
d i e t a t e whether t h e t h i o l i s c o n s i d e r e d a c a t a l y s t o r s t o i c h i o -
m e t r i c reagent i n t h e i n a c t i v a t i o n . For t h e s e r e a s o n s , optimum 
cond i t i o n s f o r t h e i n a c t i v a t i o n o f d i su If i de-conta i η i ng p r o 
t e a s e i n h i b i t o r s by t h i o l s have t o be e s t a b l i shed in each c a s e . 

T a b l e X l l l . Su I f h y d r y l - d i s u i f i d e i n t e r c h a n g e pathways: 

R-SH Added t h i o l ( C y s t e i n e , NAC, GSH, e t c . ) 
In-S-S - l n I n h i b i t o r (In) d i s u l f i d e bonds 
Pr-S-S-Pr P r o t e i η ( P r ) d i s u l f i d e bonds 

1. R-SH + In-S-S-ln % R-S-S-ln + HS-ln 
2. R-SH + Pr-S-S-Pr * R-S-S-Pr + HS-Pr 
3. In-SH + Pr-S-S-Pr * In-S-S-Pr + HS-Pr 
4. In-SH + HS-Pr - >». ln-S-S-Pr 
5. In-SH + HS-ln ; * In-S-S-ln 

Net E f f e c t : network o f new d i s u l f i d e bonds. 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 401 

I t should a l s o be emphasized t h a t although t h e observed 
i n a c t i v a t i o n of t h e i n h i b i t o r can be r a t i o n a l i z e d by t h e p o s t u 
l a t e d su I f h y d r y l - d i s u I f i d e rearrangement mechanism, o t h e r l e s s 
o b v i o u s p o s s i b i I i t i e s cannot be ru Ied o u t . Add i t i o n a l p h y s i c o -
chemical s t u d i e s a r e needed t o u n e q u i v o c a l l y e s t a b l i s h t o what 
e x t e n t t h e t h i o l t r e a t m e n t r e a r r a n g e s n a t i v e d i s u l f i d e bonds or 
f a c i I i t a t e s u n f o l d i ng i nh i b i t o r p r o t e i η c h a i n s . 

M o d i f y i n g d i s u l f i d e bonds of both i n h i b i t o r s and s t r u c t u r a l 
p r o t e i ns w i t h wh i c h they a r e a s s o c i a t e d may, bes ides i n a c t i v a t i ng 
t r y p s i n i n h i b i t o r s , a l s o improve d i g e s t i b i I i t y and n u t r i t i o n a l 
qua I i t y s i nee d i su If i d e c l e a v a g e i s expected t o decrease p r o t e i n 
c r o s s l i n k i n g . The mi xed-d i su If i de p r o t e i ns shouId be more 
a c c e s s i b l e t o p r o t e o I y t i c enzymes, thus p e r m i t t i ng more r a p i d 
d i g e s t i o n . 

Thi s e x p e c t a t i o n was r e a I i zed s i nee measurement of i n v i t r o 
d i g e s t i b i I i t i e s of NAC-treated soy f l o u r by t r y p s i n ( Table XIV) 
show t h a t a l t h o u g h NAC had no e f f e c t a t 25°C, i t s b e n e f i c i a l 
i n f I u e n c e a t hig h e r temperatures was s t r i k i n g . Treatment w i t h 
NAC a t 45°C r e s u I t s in an i n c r e a s e in bonds c l e a v e d by t r y p s i η 
per mole of soy p r o t e i n from about 4 t o 10; treatment a t 75°C, 
from about 6 t o 18. Thi s l a s t va Iue i s near I y equaI t o a l I t h e 
avai I a b l e t r y p s i n - s u s c e p t i b l e arg i n i ne and I y s i ne r e s i d u e s in 
soy p r o t e i ns (36). 

The t h e o r e t i c a I r a t i o n a I e f o r measuring t h e e x t e n t of pep-
t i d e bonds c l e a v a g e s i s based on p o t e n t i o m e t r i c t i t r a t i o n o f 
hydrogen ions I i berated when p e p t i d e bonds a r e h y d r o l y z e d 
(51) ( E q u a t i o n 1 ) . 

Equation 1. 

P, P f = P r o t e i n s i d e c h a i n s . 

Above pH 6.5, t h e number of hydrogen ions I i b e rated i s equaI t o 
the number of d i s s o c i a t e d α-amino groups produced ( 3 4 ) . S i n c e 
t h e average pK of th e s e new am i no groups i s near 7.5 (34,35), 
about 90% of t h e s p I i t s wiI I produce 1 1 t r a t a b l e hydrogen ions 
a t t h e pH (8.5) used in the p r e s e n t s t u d y . S i nee pH i s kept 
c o n s t a n t dur i ng t h e t i t r a t i o n , t h e degree of ion i z a t ion of 
ly s i ne ε-ami no groups (pK near 10) does not change. S i m i I a r I y , 
t h e s i i ght c o n t r i but ion of hydrogen ions from t h e s i n g l e 
terminaI α-amino group can a l s o be ne g I e c t e d . 

I η a prev ious study (54), d i g e s t i b i I i t y measurements on 
the pH-stat were c a r r ied out a t pH 7.5 and t h e c o r r e c t i o n f o r 
incomplete ion i z a t ion of the I i b erated ami no groups was 

Tryps i η 
* ρ-αχΓ + (H,N+-P ! 

κ 
τ=* H + + H 2N-P f) P-C0-NH-Pf 
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402 FOOD PROTEIN DETERIORATION 

Table XIV. E f f e c t of temperature and N-acetyI-L-cysteîne on 
t r y p s i n i n h i b i t o r a c t i v i t y and t r y p s i n d i g e s t i o n of 
d i a l y z e d soy f l o u r . 

P e r c e n t i n h i b i t o r y Number of p e p t i d e bonds 
a c t i v i t y rema i η i ng cIeaved by t r y p s i n/mole 

Temperature Ν o f p r o t e i n 
(°C) (%) 

Heat Heat p l u s NAC Heat Heat p l u s NAC 

25 10.8 98.7 5.6 
25 11.7 84.4 4.9 
45 12.1 82.5 3.9 
45 10.4 47.2 10.6 
75 10.9 53.2 6.4 
75 10.5 0.0 18.2 

1 C o n d i t i o n s : 300 mg soy f l o u r ; 67.4 mg (0.4 mi I I i m o l e ) NAC; 
30 ml pH 8.5 T r i s b u f f e r ; 1 hour a t t h e ind i c a t e d t e m p e r a t u r e s . 

2 Based on c a l e u Iated p r o t e i n c o n t e n t (Ν X 6.25) and an average 
mol ecu Iar weight per p r o t e i n c h a i n of 23,000 ( 3 6 ) . 

i n a d v e r t e n t I y over looked; t h e r e f o r e , column head i ngs i n 54 r e a d -
i ng "number of peptî de bonds c l e a v e d per mole c a s e i n" shouId 
read "moles hydrogen ions I i b e r a t e d per mole c a s e i n " . 

The r e I at ion between t h e number of peptî de bonds c l e a v e d 
and hydrogen ions produced i s gi ven by E q u a t i o n 2: 

Equ a t i o n 2. 

pH - pK = log - ^ 2 = log — 
N H 3

+ N H 3
+ 

The number of enzyme-cataIyzed p e p t i de bonds cIeaved per un i t 
(grams or mol es) of p r o t e i n i s g i ven by E q u a t i o n 3: 

Equation 3. 

Ν = H + t1 + 1 0 ( P K " P H ) J , where 
Ν = number of peptî de bonds c l e a v e d per un i t of p r o t e i n . 

H + = number of hydrogen ions I i b e r a t e d and t i t r a t e d d u r i n g t h e 
enzymatic d î g e s t i o n per un i t wei ght of p r o t e i n . 

pK = average pK va Iues of t h e new α-amino groups produced dur
ing t h e enzymat i c h y d r o l y s i s (equat ion 1 ) . Th i s va Iue 
g e n e r a l l y ranges between 7.5 and 7.6 (34,35,56). 

pH = pH va Iue a t wh i c h t h e enzymatic d i g e s t i o n was c a r r ied o u t . 
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14. FRIEDMAN ET AL. Disulfide Bond Modification 403 

Thus, a t pH 7.5 cle a v a g e of two p e p t i d e bonds l i b e r a t e s one 
hydrogen ion s i n c e Ν = H (1 + 1 ) . A t pH 8.0 and 8.5, t h e c o r r e 
sponding va)ues are 1.32 and 1.1, r e s p e c t i v e l y . 

F i n a l I y , formi ng mixed d i su If i des w i t h c y s t e i ne or NAC wouId 
a I so i n c r e a s e t h e c y s t i n e c o n t e n t of the p r o t e i n s . T h i s i s a 
d e s i r a b l e o b j e c t i ve because meth ion i ne i s a I i m i t i ng ami no a c i d 
i n legumes (56, 57,59) and c y s t i n e has a s p a r i n g e f f e c t on 
meth ion i ne. Th i s e x p e c t a t i o n was a I so r e a l i z e d s i nee p r e l i m i -
nary s t u d i e s show t h a t t h e ha I f - c y s t i ne c o n t e n t of t r e a t e d 
commercial LBI and STI and of lima bean and soy f l o u r s are 
s i g n i f i c a n t l y h i g h e r than t h e c o r r e s p o n d i n g v a l u e s f o r t h e s t a r t -
ing m a t e r i a l s (Tab le XV). 

T a b l e XV. Ha I f - c y s t i n e c o n t e n t of t r e a t e d and un t r e a t e d m a t e r i a l s . 

Mater î a 1 Treatment H a l f - c y s t i n e 
(ηmo 1es/mg) 

LBI d i a l y z e d i n HoO 855.0 

LBI 36 mg LBI + 96 mg NAC; 
pH 8.5; 45°C; 1 h r . 

1717.6 

Lima bean f l o u r 300 mg f l o u r ; pH 8.5: 
65°C; 1 h r . 

27.1 

L ima bean f l o u r 300 mg f l o u r + 34 mg NAC; 
pH 8.5; 65°C; 1 h r . 

130.5 

Soy f l o u r d i a l y z e d i n HoO 67.0 

Soy f l o u r 700 g + 21 g NAC; pH 8.5; 
45°C; 1 h r . 

139.4 

Determined on an ami no a c i d ana I y z e r as c y s t e i c a c i d a f t e r 
p e r f o r m i c a c i d o x i d a t i o n and a c i d h y d r o l y s i s ( 6 0 ) . 

Cone I us ions 

D i s u I f i de bonds in t r y p s i η i n h i b i t o r s from soybean (ST I ) , 
Iima bean ( L B I ) , and hen egg whi t e (OMl) were r e d u c t i v e l y a l k y 
l a t e d w i t h t r i-n-butyIphosph î ne and 2-vi n y I p y r i d i ne. The e x t e n t 
of S - p y r i d y l e t h y l a t i o n was determi ned by both ami no a c i d a n a l y -
s i s and u I t r a v i o l e t a b s o r p t i o n s p e c t r o s c o p y . Mod i f i c a t i o n 
resuI t e d i n Ioss of inh i b îtory a c t i v i t y aga i n s t t r y p s i η o r 
chy m o t r y p s i n . Observed l o s s e s in r e s i s t a n c e t o p r o t e o l y s i s and 
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404 FOOD PROTEIN DETERIORATION 

in s t a b i I i t y t o heat d e n a t u r a t i o n , measured by d i f f e r e n t i a l 
s c a nning c a i o r i m e t r y , showed t h a t s t r u c t u r a l o r d e r was decreased 
by mod i f i c a t i o n of t h e i n h i b i t o r s . 

S e n s i t i v i t y o f measurements o f t h e e x t e n t o f d i s u l f i d e bond 
mod i f i c a t i o n can be i ncreased by a f a c t o r o f about 50 i f a 
f I u o r e s c e n t adduct i s produced, as was shown in s i m i I a r s t u d i e s 
w i t h an S - q u i n o l y l e t h y l a t e d analog o f S T I . These r e a c t i o n s 
should f i n d a p p l i c a t i o n in s t u d i e s o f s t r u c t u r a l and f u n c t i o n a l 
consequences of p a r t i a l o r complete a l t e r a t i o n of p r o t e i η 
d i s u I f i d e bonds. 

The c o o p e r a t i v e e f f e c t o f t h i o l s and heat i n i n a c t i v a t i n g 
STI s u g g e s t s t h a t t h e p r i n c i p l e of i n a c t i v a t i n g p l a n t p r o t e a s e 
i n h i b i t o r s v i a su I f h y d r y I - d i su If i de i n t e r c h a n g e m e r i t s n u t r i 
t i o n a l and t o x i c o l o g i c a l e v a l u a t i o n , e s p e c i a l I y s i nee 
a u t o c l a v i n g o f soybean f l o u r may r e s u I t i n d e s t r u c t i o n o f 
c y s t i n e , a r g i n i n e , and l y s i n e ( 5 5 ) . In f a c t , t h e amount o f 
heat r e q u i r e d t o d e s t r o y growth i n h i b i t o r s i n raw soybeans may 
d e s t r o y s u f f i c i e n t c y s t i ne t o make t h i s amino a c i d f i r s t - l i m i t i n g . 
The use o f t h i o l s t o f a c i I i t a t e i n a c t i v a t i o n a t lower tempera
t u r e s may, t h e r e f o r e , be e s p e c i a l I y v a l u a b l e f o r h e a t - s e n s i t i v e 
commod i t i es because i t may: 1) decrease p r o t e i η damage; 
2) improve d i g e s t i b i I i t y and i n c r e a s e t h e su I f u r (ha I f - c y s t i ne) 
c o n t e n t of s u l f u r - p o o r I eg ume p r o t e i n s ; and, 3) save energy. 
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15 
Nutritional Quality of Deteriorated Proteins 

LOWELL D. SATTERLEE 
University of Nebraska, Department of Food Science and Technology, Lincoln, NE 68583 
KOW-CHING CHANG 
Chinese Culture University, Department of Food and Nutrition, 
Yam-Ming-Shan, Taiwan, People's Republic of China 113 

During the processing and/or storage of proteins, any a l ter
ation of the amino acid residues within the proteins almost 
always affects the protein's nutr i t ional quali ty. High tempera
tures or prolonged exposure to heat or alkali cause losses in the 
essential amino acids (EAA), which are due to: 1) Maillard reac
tions, 2) formation of isopeptide bonds, and 3) racemization of 
the L-amino acid residues. Secondly, the presence of certain 
modified amino acids in the diet of the rat have been implicated 
in both toxic side reactions and growth inh ib i t ion . The presence 
of pro-oxidants during protein processing results i n the par t ia l 
and/or complete oxidation and loss of ava i l ab i l i t y of the EAA 
methionine and cysteine/cystine. Protein hydrolysis under the 
controlled conditions of the plastein reaction can be beneficial 
to protein quali ty. Plastein gels made from damaged or crude 
protein sources have improved sensory, functional and nutr i t ional 
properties. 

Presence of Oxidized Sulfur Amino Acids in Food Proteins 

Incidence. It i s known that several key essential amino 
acids (EAA), methionine, cysteine/cystine (Cys) and lysine, can 
exist either pa r t i a l ly or completely in b io logical ly unavailable 
forms within proteins in their native state, as weLI as in pro
teins having undergone processing. Oxidized Cys (cysteic acid) 
has been shown to be inherent in two isolect ins found in unproc
essed Haricot dry beans ( 1) . Methionine sulfoxide, S-methyl 
cysteine and S-methyl cysteine sulfoxide have been found to be 
inherent in kidney beans and several other cult ivars of Phaseolus 
vulgaris (2, 3). The presence of γ-glutamyl methionine sulfoxide 
in seeds other than dry beans has been reported by Kasai et a l . 
(4). Evans and Bauer (5) noted that the methionine and Cys in 
autoclaved Sanilac beans were only 40-50% available, while 
Sgarbieri and coworkers (6) found that only 30-40% of the methio
nine was available in four other cult ivars of Phaseolus vulgaris 
tested. 

0097-6156/82/0206-0409$06.25/0 
© 1982 American Chemical Society 
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410 FOOD PROTEIN DETERIORATION 

Kunachowicz et a l . (7) and Strange et a l . (8) have shown 
that the processing of soy is o l a t e , casein and meat (frank
furters) transforms some of the methionine and Cys i n these pro
tein sources into unavailable forms. Heat, hydrogen peroxide 
and l i p i d produced hydroperoxides can oxidize both methionine and 
Cys to p a r t i a l l y or completely oxidized forms (9, 10, 11). 

The b i o a v a i l a b i l i t y of the methionine and Cys residues i n a 
protein i s determined by two factors : 1) the degree to which the 
protein can be digested by proteases and peptidases, a measure of 
the t o t a l quantity of essential amino acids released v i a diges
tion, and 2) the chemical structure of the amino acids ( i . e . , 
oxidized or reduced, and complexed with sugars) released, a de
terminant of their b i o a v a i l a b i l i t y for use i n synthesizing new 
tissue protein. 

The b i o a v a i l a b i l i t y of the various oxidized forms of methio
nine and Cys d i f f e r , depending upon their degree of oxidation. 
Cysteic acid and methionine sulfone, as well as S-methyl cysteine, 
are completely unavailable to the rat, whereas L-methionine s u l 
foxide i s p a r t i a l l y u t i l i z e d by the rat (60% as effec t i v e as 
L-methionine), (12, 13). Protein-bound methionine sulfoxide has 
been suggested to be as available as protein-bound methionine 
(9, 14). Methionine sulfoxide may, in fact, be p a r t i a l l y or 
completely reduced to methionine i n the digestive tract, which 
could account for i t s high degree of b i o a v a i l a b i l i t y . The a b i l 
i t y of the rat to adapt to and e f f i c i e n t l y use methionine s u l 
foxide was described by M i l l e r et a l . (15). M i l l e r and coworkers 
demonstrated that data from short term rat bioassays (17 days) 
showed methionine sulfoxide to be only 66% as available as 
methionine. But when fed over a 132-day period, there was no 
sig n i f i c a n t difference between methionine and methionine s u l 
foxide in promoting rat growth. 

Recent data discussed by Scrimshaw and Young (16) indicate 
that soy isolates free of anti-nutrients (lectins and trypsin 
inhibitors) had a higher protein n u t r i t i o n a l quality when 
measured i n humans, than when measured in the rat. The variation 
in protein quality assessment between man and the rat could be 
the result of their d i f f e r i n g a b i l i t i e s to use altered (oxidized 
in this case) sulfur amino acids. Since methionine i s the 
limi t i n g EAA i n soy products, any oxidation of methionine and Cys 
(Cys can p a r t i a l l y make up a methionine deficiency) would lower 
the n u t r i t i o n a l quality of soy products. This i s especially true 
i f the species being fed (the rat) could only p a r t i a l l y u t i l i z e 
some of the intermediate methionine oxidation products ( i . e . , 
methionine sulfoxide). 

Detrimental effects of processing. Proteins derived from 
legumes ( i . e . , soy, peanut, dry beans and select leaf proteins) 
are f i r s t l i m i t i n g i n the essential amino acid methionine and 
often undergo extensive processing before incorporation into 
human foods. The effects processing has on the sulfur amino 
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15. SATTERLEE AND CHANG Nutritional Quality 411 

a c i d s i n these f o u r legume p r o t e i n s ources was s t u d i e d by 
M a r s h a l l e t a l . ( 1 7 ) . T h e i r r e s u l t s o b t a i n e d on the pr o d u c t s 
o b t a i n e d from the p r o c e s s i n g of soy and d r y beans a r e d i s c u s s e d 
below. 

P r e l i m i n a r y work by M a r s h a l l e t a l . (18) as i l l u s t r a t e d i n 
F i g u r e 1, i n d i c a t e d t h a t the e x t e n t of Cys l o s s i n model p r o t e i n s 
( c a s e i n , egg w h i t e and soy i s o l a t e ) v a r i e s between p r o t e i n s , but 
the l o s s of Cys always i n c r e a s e d w i t h i n c r e a s i n g exposure to the 
o x i d i z i n g agent ( H 2 O 2 ) and temperature. F i g u r e 2 i l l u s t r a t e s 
t h a t the e x t e n t of met h i o n i n e l o s s was not as dependent on p r o 
t e i n t y p e , as i t was f o r Cys. F i g u r e s 3A and 3Β do note t h a t 
m e t h i o n i n e s u l f o x i d e i s r a p i d l y formed under m i l d o x i d i z i n g con
d i t i o n s , whereas s t r o n g o x i d i z i n g c o n d i t i o n s a r e needed f o r the 
p r o d u c t i o n of the b i o l o g i c a l l y u n a v a i l a b l e m ethionine s u l f o n e . 

Table I c o n t a i n s the r e s u l t s o b t a i n e d on samples taken 
d u r i n g the p r o c e s s i n g o f d r y beans. R e a c t i v e Cys ( a v a i l a b l e 
c y s t e i n e and c y s t i n e ) i s s l i g h t l y lower than the t o t a l Cys i n the 
o r i g i n a l bean f l o u r and appears to be s u b s t a n t i a l l y lower i n the 
l a b o r a t o r y and p i l o t p l a n t produced bean p r o t e i n c o n c e n t r a t e 
(BPC). Only minor amounts of met h i o n i n e s u l f o x i d e (MetSO) were 
found i n the BPC p r o d u c t s . 

T a ble I. The v a r i o u s forms of methionine and Cys found i n d r y 
bean p r o d u c t s prepared i n the l a b o r a t o r y and p i l o t 
p l a n t (17). 

C y s t e i n e / C y s t i n e M e t h i o n i n e 
g/16gN g/16gN 

Sample T o t a l R e a c t i v e T o t a l MetSO 1 

Bean F l o u r 1.07 0.92 1.57 0 

L a b o r a t o r y 

BPC 25 0.91 0.45 1.74 0.05 
BPC 90 0.91 0.49 1.63 0.06 

P i l o t P l a n t 

BPC 25 0.86 0.60 1.54 0.10 
BPC 80 0.81 0.57 1.47 0.06 

"Methionine s u l f o x i d e was the o n l y form o f o x i d i z e d m e t h i o n i n e 
p r e s e n t . 
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2 FOOD PROTEIN DETERIORATION 

3 

I EWS-90°(o) 
EWS-W 0 

X EWS-W 0 

Γ" " — . 

( · ) 

\ \ — • • SPI-40° 

\ V . (•) 
\ SPI-90°(o) 

* A CASEIN-40° 

0 .25 .50 1.0 2.0 3.0 4.0 
X H 2 02 

EXPOSURE TIME (2HR) 

Figure 1. The loss of both cysteine and cystine during the exposure of egg white 
solids (EWS), soy protein isolate (SPI), and casein to HsOt at 30 and 90°C. 
(Reproduced, with permission, from Ref, 18. Copyright by Institute of Food 

Technologists.) 

0 .25 .50 1.0 2.0 3.0 4.0 

I H 2 0 2 

EXPOSURE TIME (2HR) 

Figure 2. The loss of methionine during the exposure of egg white solids (EWS), 
soy protein isolate (SPI), and casein to H202 at 40 and 90°C. (Reproduced, with 

permission, from Ref. 18. Copyright by Institute of Food Technologists.) 
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S A T T E R L E E A N D C H A N G Nutritional Quality 413 

EXPOSURE TIME (2HR) 

Figure 3. The production of methionine sulfoxide (top) and methionine sulfone 
(bottom) in egg white solids (EWS), soy protein isolate (SPI), and casein during 
exposure to HtOz at 40 and 90°C. (Reproduced, with permission, from Ref. 18. 

Copyright by Institute of Food Technologists.) 
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414 FOOD PROTEIN DETERIORATION 

The lower c o n c e n t r a t i o n s of r e a c t i v e Cys i n the BPC p r o d u c t s 
a r e c o n s i s t e n t l y found. As one views the s i m p l e NaCl e x t r a c t i o n , 
a c i d p r e c i p i t a t i o n and s p r a y d r y i n g p r o c e s s t o o b t a i n PBC, i t i s 
not apparent t h a t t h e r e a r e any s p e c i f i c s t e p s t h a t s h o u l d cause 
l o s s e s of any of the amino a c i d s . T h i s i s a l s o i n d i c a t e d by the 
m e t h i o n i n e d a t a , which show l i t t l e t o no l o s s . Y e t , we do see 
a p p r e c i a b l e l o s s e s of r e a c t i v e Cys i n a l l BPC p r o d u c t s , f o r 
which we have no good e x p l a n a t i o n a t t h i s t i me. I t s h o u l d be 
noted t h a t f o r t h i s , as w e l l as o t h e r p r o c e s s e s s t u d i e d , the only-
o x i d i z e d form of m e t h i o n i n e p r e s e n t was MetSO. No M e t S 0 2 was de
t e c t e d i n any o f the p r o c e s s e d legume samples or s t a r t i n g 
m a t e r i a l s . 

The unprocessed soybeans c o n t a i n s m a l l amounts of c y s t e i c 
a c i d and MetSO, which end up i n : 1) w h i t e f l a k e s and f l o u r 
f o l l o w i n g o i l removal, 2) a c i d wash (whey) f o l l o w i n g soy p r o t e i n 
c o n c e n t r a t e p r o d u c t i o n and 3) a c i d whey f o l l o w i n g soy i s o l a t e 
p r o d u c t i o n . Soybean p r o t e i n s r i c h i n s u l f u r amino a c i d s (enzymes, 
p r o t e a s e i n h i b i t o r s ) and p e p t i d e s c o n t a i n i n g o x i d i z e d s u l f u r 
amino a c i d s a r e p r e s e n t i n the whey f r a c t i o n s (19, 20). Green 
gram seeds and k i d n e y beans have been shown to c o n t a i n p e p t i d e s 
p o s s e s s i n g o x i d i z e d s u l f u r amino a c i d r e s i d u e s Ç2, 4 ) . There i s 
no e v i d e n c e a t p r e s e n t to i n d i c a t e t h a t any measurable l o s s e s of 
m e t h i o n i n e and Cys occur a t any one s t e p i n soybean p r o c e s s i n g , 
o n l y t h a t the MetSO and c y s t e i c a c i d p r e s e n t i n v a r i o u s soy p r o d 
u c t s i s g e n e r a l l y d e r i v e d from the raw soy bean. 

The above statement i s t r u e f o r a l l p r o d u c t s and b y - p r o d u c t s 
l i s t e d i n T a b l e I I , except the commercial soy i s o l a t e 1. T h i s 
product has about 90% of i t s t o t a l Cys c o n t e n t p r e s e n t as r e a c 
t i v e Cys and y e t over 50% of the t o t a l m e t h i o n i n e i s p r e s e n t as 
MetSO. The model p r o t e i n s t u d i e s d e s c r i b e d a t the b e g i n n i n g of 
t h i s s e c t i o n show a s i m i l a r e f f e c t f o r the o x i d a t i o n of the t h r e e 
model p r o t e i n s . A t low c o n c e n t r a t i o n s o f H 2 O 2 ( 0 . 2 5 % ) , m ethio
n i n e r e s i d u e s a r e r e a d i l y o x i d i z e d t o MetSO, w h i l e Cys r e s i d u e s 
remain r e l a t i v e l y unchanged. I t i s e n t i r e l y p o s s i b l e t h a t the 
procedures employed to produce t h i s i s o l a t e i n v o l v e a m i l d o x i d a 
t i o n s t e p t h a t r e s u l t s i n the p r e f e r e n t i a l o x i d a t i o n of m ethio
n i n e r e s i d u e s i n c o n t r a s t t o Cys. Perhaps t h i s may be the a d d i 
t i o n of a m i l d o x i d i z i n g agent to remove o f f - c o l o r s from the 
f i n a l p r o d u c t . 

S i g n i f i c a n c e of f i n d i n g s . A r e v i e w of the l i t e r a t u r e and 
the r e c e n t f i n d i n g s of M a r s h a l l e t a l . (17) i n d i c a t e t h a t p a r 
t i a l l y or c o m p l e t e l y u n a v a i l a b l e forms of Cys and m e t h i o n i n e can 
be found to be s i g n i f i c a n t , they e i t h e r a r e p r e s e n t as the un
a v a i l a b l e c y s t e i c a c i d or the p a r t i a l l y a v a i l a b l e MetSO. M e t h i o 
n i n e s u l f o n e , which i s not a v a i l a b l e b i o l o g i c a l l y , i s v e r y 
d i f f i c u l t to produce and t h e r e f o r e i s r a r e l y , i f e v e r , seen i n 
t y p i c a l foods o r food i n g r e d i e n t s . 
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15. S A T T E R L E E AND CHANG Nutritional Quality 415 

Table I I . The v a r i o u s forms of meth i o n i n e and Cys found i n 
soybeans and i t s p r o t e i n p r o d u c t s and by-pro d u c t s 
(17). 

Cysteine/Cystine Methionine 
(g/16gN) (g/logN) 1 

Sample T o t a l R e a c t i v e T o t a l MetSO 

Raw Soybeans 1.49 1.43 1.59 0.04 
Hexane E x t r a c t e d 1.52 1.32 1.48 0.06 

White F l a k e s 

Commercial 

Soy F l o u r 1 1.50 1.28 1.44 0 
Soy F l o u r 2 1.40 1.32 1.46 0 
Soy F l o u r 3 1.41 1.26 1.48 0 

L a b o r a t o r y 

Soy C o n c e n t r a t e 1.15 1.14 1.44 0 
Whey from Soy 3.26 2.35 1.55 0.35 

Con c e n t r a t e 

Commercial 

Soy C o n c e n t r a t e 1 1.36 1.16 1.43 0 

L a b o r a t o r y 

Na Soy I s o l a t e pH 10 1.23 1.09 1.47 0 
Whey from Na Soy 3.36 2.51 1.59 0.35 

I s o l a t e (pH 10) 

Commercial 

Soy I s o l a t e 1 1.13 1.00 1.37 0.70 
Soy I s o l a t e 2 1.09 1.04 1.32 0 
Soy I s o l a t e 3 1.16 1.10 1.34 0 
Soy I s o l a t e 4 1.07 1.18 1.28 0 

The o n l y form of o x i d i z e d m e t h i o n i n e found was MetSO. 
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416 FOOD PROTEIN DETERIORATION 

The Maillard Reaction — New Concerns 

The Maillard non-enzymatic browning reaction which occurs 
between free amine and carbonyl groups, i s ubiquitous i n food 
processing. This reaction i s known to create both positive as 
well as negative characteristics i n food colors and flavors. 
However, the n u t r i t i o n a l quality of foods undergoing the Maillard 
reaction i s almost always reduced. The Maillard reaction has 
been found to occur over a broad range of temperatures, ranging 
from high temperatures obtained during processing down to ambient 
storage temperatures. The n u t r i t i o n a l changes induced by the 
Maillard reaction include: 1) decrease i n the b i o a v a i l a b i l i t y 
of lysine as well as of several other essential amino acids, 
2) decrease in protein d i g e s t i b i l i t y and 3) possible formation of 
growth inhibitory and/or toxic compounds. The loss of lysine, 
arginine, serine, threonine, isoleucine and leucine has been re
ported during storage of egg albumin i n the presence of glucose 
at 37°C for 10 days (21), with lysine having the greatest loss. 
The a v a i l a b i l i t y of a l l essential amino acids i n the egg albumin 
were reduced during the 30 days of storage with glucose at 37°C 
(22). The d i g e s t i b i l i t y of the browned egg albumin was substan
t i a l l y reduced, and i t retained less than 10% of i t s o r i g i n a l 
n u t r i t i v e value, as was determined by Relative Nutritive Value 
(RN?) and Protein E f f i c i e n c y Ratio (PER) bioassays. The decrease 
in protein d i g e s t i b i l i t y of the Maillard browning products i s due 
to the formation of cross-linkages between amino acid residues. 
These cross-links decrease the number of protease s p e c i f i c s i t e s 
for peptide bond cleavage and also serve as a s t e r i c hindrance 
for those enzymes which attack non-specific peptide bonds. 
Reductions i n amino acid a v a i l a b i l i t y , protein d i g e s t i b i l i t y , and 
n u t r i t i v e value as a result of the Maillard reaction have been 
reported by other researchers (23, 24, 25). The N-substituted 
aldosylamines and the Schiff bases formed early i n the Amadori 
rearrangement have been shown to be 100% b i o l o g i c a l l y available 
(26). Essential amino acids used to produce the Amadori com
pounds, i . e . , N-substituted 1-amino, 1-deoxy, 2-Ketose-amino 
acids have been shown to be poorly absorbed and unavailable for 
the growth of experimental animals. Several free Amadori com
pounds, i . e . , fructose-lysine, fructose-tryptophan, fructose-
leucine, fructose-methionine and fructose-phenylalanine have been 
observed to be resistant to digestion and absorption i n the small 
intestine, but e a s i l y assimilated by the microorganisms i n the 
large intestine. A portion of these free Amadori compounds are 
absorbed by passive d i f f u s i o n through the wall of the large 
intestine, but are rapidly excreted as intact molecules in the 
urine (22, 27-30). 

The decrease i n the n u t r i t i o n a l quality of proteins having 
undergone Maillard browning i s not only due to the reduction i n 
the essential amino acid content of the protein and the decrease 
in protein d i g e s t i b i l i t y , but i s also due to the suspected 
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15. S A T T E R L E E AND CHANG Nutritional Quality 417 

formation of toxic and/or growth inhibitory compounds by the 
Maillard reaction (31). Egg albumin stored with added glucose 
under mild conditions (37°C for 10 days) readily browned, and 
was fed to rats for a one-year period (31). The results from 
the one-year feeding study showed the rats fed the browned pro
tein gained less weight (Figure 4) and possessed enlarged i n t e r 
nal organs, p a r t i c u l a r l y the l i v e r and kidneys. These rats also 
exhibited increases in serum glutamate-oxalate transaminase, 
serum alkaline phosphatase, blood urea nitrogen and urine spe
c i f i c gravity, and decreases i n blood hemoglobin and hematocrit 
le v e l s . Abnormal kidney function also resulted because of the 
high s p e c i f i c gravity of urine excreted by the rats fed the brown 
egg albumin diet. The accumulation of a brown-black pigmentation 
i n the rat' s l i v e r was also observed. Further i s o l a t i o n and 
i d e n t i f i c a t i o n of the inhibitory and toxic compounds produced by 
the Maillard reaction are needed i n order to substantiate the 
results given above and to determine i f such compounds are 
present i n man's normal diet. Secondly, the toxic levels of such 
compounds should be determined. 

Mutagenic compounds can be produced when Maillard reaction 
products react with n i t r i t e s . The Amadori compound, fructose-
tryptophan, when incubated with excess sodium n i t r i t e for 24 
hours at 37°C, was shown to be mutagenic. The mutagenicity of 
the Maillard products i n the absence of n i t r i t e was also observed 
for a mixture of glucose and lysine after being heated at 100°C 
(32). A carcinogenic nitrosamine has been reported to be formed 
by the nitrosation of the Maillard product thiazolidine ( a con
densation product of glucose and cysteine) in an acid i c sodium 
n i t r i t e solution. Nitrosamines could be formed i n heated foods 
containing n i t r i t e s or by the i n vivo nitrosation of Maillard 
reaction products i n the gastrointestinal tract, since n i t r i t e 
i s present i n sa l i v a (33). Amadori compounds which are secondary 
amines can react with n i t r i t e to form nitrosamines which are of 
significance i n the etiology of cancer ; and deserve further 
investigation. 

Contrary to the above report, egg albumin having undergone 
Maillard browning under mild conditions (37°C, 40 days) displayed 
no mutagenic properties (34). The c o n f l i c t i n g reports on the 
mutagenic properties of the Maillard products imply that further 
research i s needed i n order to determine the factors which i n f l u 
ence the mutagenic response. Since the Maillard reaction can use 
many different reactants (free amino acids, peptides, proteins, 
reducing sugars and aldehydes) and reaction conditions (degree of 
heat, pH, A w, and time), extensive research i s needed to deter
mine which of these variables leads to the possible production of 
mutagenic compounds. 

Heat Induced Protein-Protein Cross-Bridging 

Protein deterioration during heating i n the absence of 
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8 FOOD PROTEIN DETERIORATION 

I ι « , , ι Ι 
Ο 60 120 180 240 500 360 

TIME (DAYS) 

Figure 4. The growth of white rats fed both control and Maillard browned egg 
white protein over a one year period. (Reproduced from Ref. 31. Copyright 1980, 

American Chemical Society.) 
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15. S A T T E R L E E AND CHANG Nutritional Quality 419 

r e d u c i n g sugars and c a r b o n y l s , proceeds a t a slower r a t e than 
when such compounds are p r e s e n t ( 3 5 ) . Yet the n u t r i t i o n a l 
q u a l i t y of p r o t e i n s can be lowered when they are exposed to 
severe and/or pr o l o n g e d heat treatment w i t h o u t the M a i l l a r d 
r e a c t i o n o p e r a t i v e . The r e d u c t i o n i n p r o t e i n n u t r i t i o n a l q u a l i t y 
i n these cases i s p r i m a r i l y due to a drop i n p r o t e i n d i g e s t i b i l 
i t y , caused by the f o r m a t i o n o f p r o t e a s e r e s i s t a n t c r o s s - l i n k s 
between amino a c i d r e s i d u e s w i t h i n o r between p r o t e i n s . The 
decreased p r o t e i n d i g e s t i b i l i t y reduces the b i o a v a i l a b i l i t y o f 
almost a l l of the amino a c i d r e s i d u e s i n the p r o t e i n . I s o p e p t i d e 
bonds ( p e p t i d e bonds between amino a c i d s i d e c h a i n s ) r e a d i l y 
formed by the c o n d e n s a t i o n of the ξ-amino group of l y s i n e w i t h 
the amide groups o f as p a r a g i n e o r g l u t a m i n e , have been found i n 
heated (131°C, 27 hours) c h i c k e n muscle p r o t e i n s ( 3 5 ) . L y s i n o 
a l a n i n e , a w e l l known c r o s s - l i n k a g e formed by l y s i n e and degraded 
c y s t i n e , can a l s o be induced by h e a t i n g b o t h i n the absence and 
presence of a l k a l i n e , w i l l be d i s c u s s e d i n the f o l l o w i n g s e c t i o n . 

Data o b t a i n e d from r u n n i n g the Net P r o t e i n R a t i o (NPR) 
b i o a s s a y on heated c h i c k e n muscle (121°C, 27 hours) noted t h a t 
i t had o n l y 35% of the n u t r i t i v e v a l u e of the unheated muscle 
( 3 5 ) . The drop i n p r o t e i n n u t r i t i o n a l q u a l i t y c o u l d o n l y be 
p a r t i a l l y e x p l a i n e d by a drop i n d i g e s t i b i l i t y , s i n c e the i s o p e p 
t i d e bond can d e l a y r e l e a s e of amino a c i d s , but the i s o p e p t i d e s 
once r e l e a s e d from the p r o t e i n c h a i n a r e e a s i l y d i g e s t e d and the 
amino a c i d once a g a i n becomes a v a i l a b l e . U n l i k e the Amadori 
compounds ( i . e . , f r u c t o s e - l y s i n e ) the g l u t a m y l - l y s i n e type com
pounds have been shown to be a v a i l a b l e t o the r a t as a source of 
l y s i n e . Other f a c t o r s t h a t may have c o n t r i b u t e d to the low NPR 
of the p r o t e i n a r e : 1) d e s t r u c t i o n of Cys, 2) r a c e m i z a t i o n of 
the amino a c i d r e s i d u e s , and/or 3) f o r m a t i o n of growth i n h i b i t o r y 
s ubstances d u r i n g heat t r e a t m e n t . 

L y s i n o a l a n i n e Residues W i t h i n P r o t e i n s 

The a l k a l i n e treatment of food i n g r e d i e n t s has been used i n 
food p r o c e s s i n g f o r s e v e r a l d e s i r a b l e purposes. Yet i s i s known 
t h a t a l k a l i n e t r e a t m e n t s can u n d e s i r a b l y a l t e r the s t r u c t u r e and 
ch e m i c a l c o m p o s i t i o n of food p r o t e i n s . A l k a l i - i n d u c e d r e a c t i o n s 
of n u t r i t i o n a l s i g n i f i c a n c e i n c l u d e : 1) r a c e m i z a t i o n of amino 
a c i d r e s i d u e s , 2) d e s t r u c t i o n of s e v e r a l e s s e n t i a l amino a c i d s , 
and 3) f o r m a t i o n of unusual amino a c i d s , such as l y s i n o a l a n i n e 
( L A L ) , l a n t h i o n i n e and o r n i t h i n o a l a n i n e , e t c . F a c t o r s i n f l u 
e n c i n g the degree to which the above mentioned r e a c t i o n s occur 
i n c l u d e p r o t e i n s o u r c e , c o n c e n t r a t i o n of a l k a l i n e s a l t used, 
temperature, and time of exposure ( 3 6 ) . The o v e r a l l n u t r i t i o n a l 
q u a l i t y of p r o t e i n s t r e a t e d w i t h a l k a l i i s lowered because o f the 
d e s t r u c t i o n of e s s e n t i a l amino a c i d s , f o r m a t i o n of u n a v a i l a b l e 
D-amino a c i d s and the development of c r o s s - l i n k s between amino 
a c i d r e s i d u e s . C r o s s - l i n k s decrease the number of enzyme spe
c i f i c p e p t i d e bonds t h a t can be c l e a v e d and a l s o s e rve as a 
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420 FOOD PROTEIN DETERIORATION 

s t e r i c hindrance to the proteolytic enzymes trying to cleave at 
amino acid residues further down the chain, both of which results 
in a decrease in protein d i g e s t i b i l i t y . 

Research in the past has primarily focused on the mode of 
formation of lysinoalanine and i t s possible b i o l o g i c a l effects, 
since i t was found to induce nephrocytomegaly i n the rats. 
Nephrocytomegaly was found i n a l l rats fed semi-purified diets 
containing either a l k a l i - t r e a t e d alpha protein from soy or syn
thetic LAL, at LAL levels ranging from 250-3000 ppm (37). 
Interperitoneal injection of free LAL (30 mg/day) for seven days 
resulted i n renal lesions similar to those obtained by oral 
administration. DeGroot et a l . (38) found that protein-bound 
LAL had much less of an a b i l i t y to induce cytomegalia than did 
either free LAL or protein hydrolyzates containing LAL. Diets 
containing 100 ppm free LAL were toxic to rats, but diets con
taining 2400 ppm protein-bound LAL had no cytomegalia e f f e c t s . 
This difference could be attributed to differences i n the bio
a v a i l a b i l i t y of free and protein-bound LAL. Struthers et a l . 
(39) also observed that cytomegaly cannot be induced at protein-
bound LAL levels less than 3000 ppm i n the diet. 

Different strains of rats also varied in their s u s c e p t i b i l 
i t y to nephrocytomegal (40). LAL has two assymetric carbon 
centers, therefore i t has two pairs of enantiomeric diastereoiso-
mers: LL, LD, DL, and DD-LAL (41). The LD-LAL enantiomer has 
been shown to be the most toxic to the rats. 

It appears that the rat i s the s p e c i f i c animal susceptible 
to nephromegaly induced by LAL. It was reported that 1000 ppm 
free LAL was unable to induce nephromegaly in mice, hamsters, 
dogs, rabbits, monkeys, and quail (38, 42). Sternberg and Kim 
(42) found that LAL existed i n a number of home-cooked and com
mercial foods which had not been a l k a l i - t r e a t e d . F i n a l l y , renal 
lesions have not been observed i n humans, although many foods 
containing LAL have been consumed by humans for a long time. 
Struthers et a l . (40) stated that the l e v e l of LAL i n commercial 
food products i s well below health hazard l e v e l . Therefore, 
the greatest problem associated with LAL would be the lowered 
n u t r i t i o n a l quality of proteins which contain high levels of LAL, 
especially i f these proteins were the major source of protein i n 
the diet. It has been reported that the presence of LAL in 
several food proteins i s associated with decreased contents of 
cystine and lysine and decreased net protein u t i l i z a t i o n (NPU) 
values (42). The LAL content of soy protein isolates treated 
under varying conditions of a l k a l i n i t y showed an inverse r e l a 
tionship (r = -0.96) to NPU values obtained on the same isolates 
(Table III) . Most of the essential amino acid residues in the 
a l k a l i treated soy protein isolates were released at r e l a t i v e l y 
slow rates by a pepsin-pancreatin digestion. More severe a l k a l i 
treatment (pH 12.2, 60° or 80°C) caused a decrease i n the serine 
content of the i s o l a t e s . Feeding rats high levels of dietary 
protein treated at pH 12.2, 40°C, for four hours, revealed only 
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15. SATTERLEE AND CHANG Nutritional Quality 421 

an increased degree of nephrocalcinosis i n females which could 
be prevented by addition of calcium i n the diet. 

Table I I I . The lysinoalanine (LAL) content and n u t r i t i v e value 
(NPU, d i g e s t i b i l i t y ) of isolated soy protein after 
heat and neutral-to-alkaline pH treatment (43). 

mple 
mber pH 

Treatment 
Temp 
C O 

Time 
(Hrs) 

LAL 
(g/16gN) 

NPU 

True 
Dig e s t i 
b i l i t y 
(%) 

1 — - 0 35 97 

2 7 23 0 0 35 97 

3 12.2 40 1 0.42 19 95 

4 12.2 40 2 0.68 12 92 

5 12.2 40 4 0.83 12 93 

6 12.2 40 8 1.09 - 2 86 

7 12.2 23 4 0.4 19 94 

8 12.2 60 4 1.71 - 3 76 

9 12.2 80 4 2.08 -14 70 

10 7 40 4 0 34 98 

11 8 40 4 0 38 95 

12 10 40 4 0.1 36 96 

Diets containing low contents of protein-bound LAL did not 
show any adverse effect on rat growth, feed e f f i c i e n c y , or kidney 
function (44). A s l i g h t destruction of arginine, Cys, lysine, 
threonine, and serine was observed when sunflower protein was 
treated with low concentrations of a l k a l i at low temperatures. 
Extensive destruction of these amino acids occurred under severe 
a l k a l i treatment conditions (1 Ν NaOH, 80°C, 16 hours). 

In v i t r o d i g e s t i b i l i t y of the a l k a l i - t r e a t e d proteins de
creased as a function of the severity of the a l k a l i treatment (45, 
46). Struthers et a l . (40) reported that the PER for diets sup
plemented with 3000 ppm LAL (30% a l k a l i - t r e a t e d soy protein) was 
1.8, compared to 2.8 for the untreated soy protein control diet. 
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422 FOOD PROTEIN DETERIORATION 

Both d i e t s were supplemented w i t h amino a c i d s to meet the NRC 
amino a c i d requirement. The lower PER v a l u e of the a l k a l i -
t r e a t e d soy p r o t e i n d i e t was due t o poor d i g e s t i b i l i t y of the 
c r o s s - l i n k e d p r o t e i n s . S i n c e r a c e m i z a t i o n of amino a c i d s o c 
c u r r e d a l o n g w i t h the f o r m a t i o n of LAL d u r i n g a l k a l i n e t r e a t m e n t , 
the d i g e s t i b i l i t y was a l s o a f f e c t e d by the f o r m a t i o n of D-amino 
a c i d r e s i d u e s i n the soy p r o t e i n . 

R a c e m i z a t i o n of Amino A c i d Residues 

The treatment of food p r o t e i n s w i t h heat and a l k a l i , a l o n e 
or i n a c o m b i n a t i o n , l e a d s to the r a c e m i z a t i o n of a p o r t i o n of 
the amino a c i d r e s i d u e s i n these p r o t e i n s . K o s s e l and Weiss (47) 
and Dakin (48) over 60 y e a r s ago d e s c r i b e d the f o r m a t i o n of D-
amino a c i d enantiomers by the a l k a l i n e treatment of p r o t e i n s . 
M a s t e r s and Friedman (49) showed t h a t f i v e common fo o d s / f o o d i n 
g r e d i e n t s , t e x t u r i z e d soy p r o t e i n (TSP), soy based baby f o r m u l a , 
soy bacon analogue, c o r n c h i p s and c a s e i n a t e based d a i r y creamer, 
c o n t a i n e d s i g n i f i c a n t q u a n t i t i e s (from 9 to 17% of the amino a c i d 
form p r e s e n t ) of D-amino a c i d s (Table I V ) . 

Table IV. D - A s p a r t i c a c i d (D-Asp) content of commercial foods 
and food i n g r e d i e n t s . 

P r o d u c t D-Asp/L-Asp D-Asp^/D-Asp + L-Asp 

T e x t u r i z e d Soy P r o t e i n 0.095 0.09 

Baby Formula (soy based) 0.108 0.10 

Si m u l a t e d Bacon (soy based) 0.143 0.13 

Corn Chips 0.164 0.14 

D a i r y Creamer ( c a s e i n based) 0.208 0.17 

R e l a t i v e r a t i o s o f t o t a l a s p a r t i c a c i d to i t s D- and L-
enantiomers (D-Asp, L-Asp). 

P r o v a n s a l e t a l . (45) noted t h a t the treatment of i s o l a t e d 
s u n f l o w e r p r o t e i n w i t h heat and a l k a l i caused a c o n v e r s i o n of 
from f i v e to over 50% of the t o t a l l y s i n e to the D-form. S i n c e 
l y s i n e i s the f i r s t l i m i t i n g e s s e n t i a l amino a c i d i n s u n f l o w e r , 
the r a c e m i z a t i o n of l y s i n e would cause a s i g n i f i c a n t l o s s i n p r o 
t e i n n u t r i t i o n a l q u a l i t y f o r t h a t p r o t e i n s o u r ce. 

Friedman e t a l . (46) noted i n a st u d y on amino a c i d r a c e m i z a 
t i o n i n f o u r i s o l a t e d p r o t e i n s ( c a s e i n , soy i s o l a t e , wheat g l u t e n 
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15. S A T T E R L E E AND CHANG Nutritional Quality 423 

and l a c t a l b u m i n ) , t h a t the r a t e of D-Asp, D - a l a n i n e , D-glutamic 
a c i d and D - p h e n y l a l a n i n e f o r m a t i o n d i f f e r e d between the p r o t e i n s . 
The soy i s o l a t e was g e n e r a l l y the most s u s c e p t i b l e t o r a c e m i z a 
t i o n w h i l e l a c t a l b u m i n was the most r e s i s t a n t . The d i f f e r e n c e s 
noted i n the a b i l i t y of a l k a l i n e pH to racemize the L-amino a c i d 
r e s i d u e s i n d i f f e r e n t p r o t e i n s can be l a r g e l y a t t r i b u t e d to the 
s t r u c t u r e of the p r o t e i n s . The R-groups on the amino a c i d r e s i 
dues a f f e c t t h e i r a b i l i t y to enhance (6-amide of glu t a m i n e and 
aspa r a g i n e ) o r slow ( a l a n i n e , l e u c i n e , v a l i n e and p r o l i n e ) the 
o v e r a l l r a t e of r a c e m i z a t i o n . 

The n u t r i t i o n a l s i g n i f i c a n c e o f the presence of the D-amino 
a c i d r e s i d u e s i n food p r o t e i n s i s d e f i n i t e l y two and p o s s i b l y 
t h r e e f o l d : 

1) P r o v a n s a l e t a l . (4_5), Hayashi and Kameda (50) and 
Friedman e t a l . (46) d e s c r i b e d the a b i l i t y of racemic 
amino a c i d r e s i d u e s w i t h i n a p r o t e i n t o slow the r a t e of 
i n v i t r o p r o t e a s e d i g e s t i o n of t h a t p r o t e i n . D-amino 
a c i d r e s i d u e s t h a t are the s i t e of p r o t e a s e a t t a c k p r e 
vent c l e a v a g e of the p e p t i d e bond because of the s t e r e o -
s p e c i f i c i t y of p r o t e a s e s such as t r y p s i n , c h y m o t r y p s i n , 
p e p s i n , e t c . The presence o f D-amino a c i d r e s i d u e s 
a d j a c e n t t o p r o t e a s e s u s c e p t i b l e r e s i d u e s are a l s o a b l e 
to h i n d e r p r o t e o l y s i s . 

2) I f D-amino a c i d r e s i d u e s a r e r e l e a s e d by d i g e s t i o n i n t o 
the g u t , b o t h t h e i r r a t e of a b s o r p t i o n by the i n t e s t i n e 
and t h e i r c o n v e r s i o n to the L-enantiomer by the body a r e 
slow (52). Ohara et a l . (52) noted t h a t L-amino a c i d s 
are a c t i v e l y t r a n s p o r t e d a c r o s s c e l l membranes w h i l e the 
D-enantiomers r e l y o n l y on d i f f u s i o n f o r movement a c r o s s 
c e l l membranes. Ohara e t a l . (52) noted t h a t D - t r y p t o -
phan was o n l y 21% as e f f e c t i v e as L - t r y p t o p h a n when f e d 
to the c h i c k , whereas i t was 99% as e f f e c t i v e as L-
tr y p t o p h a n i n the r a t . S t u d i e s conducted on humans by 
K i e s e t a l . (53) and Ze y u l k a and Calloway (54) i n d i c a t e d 
t h a t D-methionine i s p o o r l y u t i l i z e d when used to sup
plement oat and soy based d i e t s . Rose (54) noted t h a t 
of the e i g h t e s s e n t i a l amino a c i d s , o n l y two D- e n a n t i 
omers ( D - p h e n y l a l a n i n e and D-methionine) c o u l d m a i n t a i n 
a human i n n i t r o g e n b a l a n c e . 

3) Masters and Friedman (49) and Friedman e t a l . (46) pos
t u l a t e t h a t some o r most of the h i s t o - p a t h o l o g i c a l 
changes seen i n r a t k i d n e y c e l l s (nephrocytomegaly, and 
cytomegaly) and the p r e d i s p o s i t i o n of these c e l l s t o be
come p r e o p l a s t i c , can be a t t r i b u t e d t o D-amino r e s i d u e s 
i n the p r o t e i n f e d and not s o l e l y due t o the presence o f 
l y s i n o a l a n i n e as noted by Woodard (37) o r E r b e r s d o b l e r 
e t a l . (56,57). 

A f t e r r e v i e w i n g the l i t e r a t u r e , i t i s v e r y e v i d e n t t h a t D-
amino a c i d r e s i d u e s , i f p r e s e n t i n food p r o t e i n s , may have s i g 
n i f i c a n t n u t r i t i o n a l i m p l i c a t i o n s . Y e t , a r e c e n t study conducted 
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424 FOOD PROTEIN DETERIORATION 

by Bunjapamai and coworkers (58) examined s i x f o o d s , both 
processed and unprocessed f o r D-amino a c i d s . The s i x foods and 
t h e i r c o n t r o l s were peanut b u t t e r (raw p e a n u t s ) , t a c o s h e l l s 
( c o r n m e a l ) , f r i e d hamburger (raw hamburger), dark t o a s t ( w h i t e 
b r e a d ) , t e x t u r e d soy p r o t e i n (soy f l o u r ) and i r r a d i a t e d c h i c k e n 
(raw c h i c k e n ) . A s m a l l amount of D-amino a c i d s were found b o t h 
i n the processed foods and t h e i r c o n t r o l s , w i t h the e x c e p t i o n of 
dark t o a s t which had t w i c e the c o n t e n t of D - a s p a r t i c a c i d (10.5% 
of t o t a l a s p a r t i c a c i d ) than d i d the c o n t r o l ( w h i t e b r e a d ) . The 
a u t h o r s demonstrated t h a t most of the D-amino a c i d s seen i n b o t h 
the p r o c e s s e d foods and t h e i r c o n t r o l s were formed from L-amino 
a c i d s d u r i n g p r o t e i n h y d r o l y s i s i n 6 Ν HCI. A d d i t i o n a l s t u d i e s 
are needed to see i f the problem of amino a c i d r a c e m i z a t i o n i n 
p r o c e ssed food p r o t e i n s e x i s t s , and i f i t does e x i s t f o r c e r t a i n 
f o o d s , then measures to c o r r e c t these problems c o u l d be i n v e s t i 
gated. Most l i k e l y the methods used to p r o c e s s those p r o t e i n 
s o u r c e s most a f f e c t e d c o u l d be a l t e r e d i n o r d e r t o m i n i m i z e 
amino a c i d r a c e m i z a t i o n . 

P l a s t e i n s From P r o t e i n H y d r o l y z a t e s 

Background. As a r e s u l t of the w o r l d ' s p o p u l a t i o n growth 
t h e r e i s an ever i n c r e a s i n g d e f i c i e n c y i n the w o r l d food s u p p l y , 
w i t h p r o t e i n d e f i c i e n c i e s b e i n g s e r i o u s i n s e v e r a l c o u n t r i e s . 
Because of t h i s d e f i c i e n c y , a t t e n t i o n i s now b e i n g drawn to the 
use of n o n - c o n v e n t i o n a l food p r o t e i n s . These p r o t e i n s , o f t e n 
h i g h i n n u t r i t i o n a l q u a l i t y , a r e not always a c c e p t a b l e i n food 
because of t h e i r u n d e s i r a b l e odor, t a s t e , and c o l o r . P r o t e i n s 
may c a r r y i m p u r i t i e s t h a t cause these u n a c c e p t a b l e c h a r a c t e r 
i s t i c s . T h e r e f o r e , methods f o r p r o d u c i n g p r o t e i n s f r e e from im
p u r i t i e s a r e needed. The p l a s t e i n s y n t h e s i s procedure has been 
found t o be j u s t such a method. 

P l a s t e i n s y n t h e s i s i n v o l v e s two b a s i c s t e p s . F i r s t , a p r o 
t e i n i s e n z y m a t i c a l l y h y d r o l y z e d to a low m o l e c u l a r weight mix
t u r e of p e p t i d e s . A f t e r h y d r o l y s i s , the i m p u r i t i e s which cause 
u n d e s i r a b l e o d o r s , c o l o r s , and f l a v o r s can be e a s i l y removed 
( 5 9 ) . H y d r o l y s i s , however, r e s u l t s i n a c h a r a c t e r i s t i c b i t t e r 
ness which has been a t t r i b u t e d t o p e p t i d e s w i t h more than t h r e e 
amino a c i d s ( 6 0 ) . T h i s m a t e r i a l s e r v e s as the s u b s t r a t e f o r the 
t h i r d s t e p , p l a s t e i n s y n t h e s i s . D u r i n g p l a s t e i n s y n t h e s i s , a 
h i g h c o n c e n t r a t i o n of the h y d r o l y s a t e (30 to 50%; w/v) i s i n c u 
bated w i t h an enzyme or heated to f o r a a v i s c o u s g e l - l i k e 
m a t e r i a l . F u j i m a k i e t a l . (61) and Yamashita e t a l . (62) found 
t h a t the p l a s t e i n r e a c t i o n e l i m i n a t e d the b i t t e r n e s s p r e s e n t i n 
the h y d r o l y z a t e . P l a s t e i n s y n t h e s i s can a l s o be used to i n c o r 
p o r a t e l i m i t i n g e s s e n t i a l amino a c i d s i n t o the p l a s t e i n t o form 
a p r o t e i n - l i k e m a t e r i a l w i t h i n c r e a s e d n u t r i t i o n a l q u a l i t y ( 6 3 ) . 

The p l a s t e i n r e a c t i o n can improve the a c c e p t a b i l i t y and 
n u t r i t i o n a l q u a l i t y of a p r o t e i n as w e l l as a l t e r i t s p h y s i c a l 
p r o p e r t i e s . However, the p l a s t e i n r e a c t i o n i s not t h o r o u g l y 
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15. SATTERLEE ANQ CHANG Nutritional Quality 425 

u n d e r s t o o d , and t h e r e i s c o n t r o v e r s y c o n c e r n i n g the ex a c t mecha
nism of the p l a s t e i n r e a c t i o n . Because of the heterogeneous 
p e p t i d e s u b s t r a t e , conf 1 i c t i n g r e s u l t s , and d i f f i c u l t i e s encount
ered i n examining an i n s o l u b l e m a t e r i a l such as a p l a s t e i n , the 
f o r m u l a t i o n of a s p e c i f i c t h e o r e t i c a l model f o r the p l a s t e i n 
r e a c t i o n has been d i f f i c u l t and s p e c u l a t i v e a t b e s t . Y e t , a few 
t h e o r i e s e x p l a i n i n g the mechanism have been proposed. I t was 
o r i g i n a l l y thought t h a t an i n c r e a s e i n m o l e c u l a r weight due t o 
p e p t i d e bond exchange and r e f o r m a t i o n o c c u r r e d d u r i n g p l a s t e i n 
s y n t h e s i s (65, 68). T h i s m o l e c u l a r weight i n c r e a s e h elped t o 
e x p l a i n the v i s c o s i t y i n c r e a s e and s o l u b i l i t y d e crease c h a r a c t e r 
i s t i c s o f p l a s t e i n m a t e r i a l . However, c o n f l i c t i n g d a ta and a 
d i f f e r e n t i n t e r p r e t a t i o n o f these r e s u l t s l e d o t h e r s to b e l i e v e 
t h a t the i n c r e a s e d v i s c o s i t y and decreased s o l u b i l i t y were a 
r e s u l t o f enzyme or heat induced hydrophobic i n t e r a c t i o n s (69, 
72). T h i s c o n t r o v e r s y has not been r e s o l v e d , and r e s e a r c h e r s 
s t i l l have v a r i o u s o p i n i o n s c o n c e r n i n g the mechanism of p l a s t e i n 
s y n t h e s i s . 

Amino a c i d f o r t i f i c a t i o n of p l a s t e i n s . Amino a c i d s can be 
added to foods i n the f r e e form. T h i s type of s u p p l e m e n t a t i o n 
i s n o t h i g h l y e f f i c i e n t because f r e e amino a c i d s can degrade o r 
r e a c t w i t h o t h e r food components ( 6 3 ) . I t has a l s o been found 
t h a t the s o l u b i l i t y of f r e e amino a c i d s f a c i l i t a t e s t h e i r l o s s 
d u r i n g p r o c e s s i n g and subsequent c o o k i n g . The p l a s t e i n r e a c t i o n 
d e c reases these n e g a t i v e e f f e c t s because the amino a c i d s a r e i n 
c o r p o r a t e d i n t o the p l a s t e i n s t r u c t u r e . 

Yamashita e t a l . (63) s t u d i e d the i n c o r p o r a t i o n of methio
n i n e i n t o soy p r o t e i n v i a the p l a s t e i n r e a c t i o n . Soy p r o t e i n i s 
f i r s t l i m i t i n g i n the s u l f u r amino a c i d s and, t h e r e f o r e , the 
i n c o r p o r a t i o n o f me t h i o n i n e can g r e a t l y i n c r e a s e i t s q u a l i t y . 
T h i s group t e s t e d L-methionine and s e v e r a l d e r i v a t i v e s ( N - a c e t y l -
L - m e t h i o n i n e , L-methionamide, L-methionine e t h y l e s t e r and L-
me t h i o n y l - m e t h i o n i n e ) to determine the most e f f e c t i v e form of the 
amino a c i d f o r i t s i n c o r p o r a t i o n i n t o soy p l a s t e i n . F ree L-
me t h i o n i n e was not r e a c t i v e . But, L-methionine e t h y l e s t e r and 
L- m e t h i o n y l - m e t h i o n i n e were v e r y e f f e c t i v e and i n c r e a s e d the p e r 
cent m e t h i o n i n e i n soy p r o t e i n from 1.2% t o 7.2% and 5.1%, 
r e s p e c t i v e l y . The o t h e r d e r i v a t i v e s , N - a c e t y l - L - m e t h i o n i n e and 
L-methionamide, were o n l y s l i g h t l y r e a c t i v e . They a t t r i b u t e d 
the e f f e c t i v e n e s s of i n c o r p o r a t i o n t o the h y d r o p h o b i c i t y o f the 
s i d e c h a i n of the amino a c i d and i t s d e r i v a t i v e . 

Aso e t a l . (73) produced c o r n z e i n p l a s t e i n s and i n c o r p o 
r a t e d e i t h e r t r y p t o p h a n , t h r e o n i n e o r l y s i n e i n t o the p l a s t e i n s . 
The amino a c i d s were e f f e c t i v e l y i n c o r p o r a t e d as e t h y l e s t e r s . 
A r a i e t a l . (74) improved two p h o t o s y n t h e t i c p r o t e i n s o u r c e s , 
S p i r u l i n a maxima and Rhodopseudomonas c a p s u l a t u s , w i t h the 
p l a s t e i n r e a c t i o n . The i m p u r i t i e s were removed from each h y d r o 
l y z e d p r o t e i n , as p r e v i o u s l y d e s c r i b e d . The e t h y l e s t e r s o f 
l y s i n e , m e t h i o n i n e and t r y p t o p h a n were then i n c o r p o r a t e d i n t o 
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each of the two h y d r o l y z a t e s d u r i n g p l a s t e i n f o r m a t i o n . The r e 
s u l t was two p l a s t e i n s h a v i n g e s s e n t i a l amino a c i d p r o f i l e s 
s i m i l a r to the 1973 FAO/WHO (75) suggested p r o f i l e . Yamashita 
e t a l . (68) worked w i t h s e v e r a l p r o t e i n s : ovalbumin, g l u t e n , 
b l u e - g r e e n a l g a e (S. maxima), n o n s u l f u r p u r p l e b a c t e r i a (R. 
c a p s u l a t u s ) and a v a r i e t y of w h i t e c l o v e r ( T r i f o l e u m repens L.). 
T h e i r work w i t h ovalbumin was i n t e n d e d to determine which amino 
a c i d e t h y l e s t e r s were e f f e c t i v e l y i n c o r p o r a t e d d u r i n g s y n t h e s i s . 
The r e s u l t s i n d i c a t e d t h a t the r e a c t i v i t y of the amino a c i d de
pends p r i m a r i l y on the h y d r o p h o b i c i t y of i t s s i d e c h a i n s . Those 
w i t h hydrophobic s i d e c h a i n s were more r e a c t i v e . T h i s group a l s o 
prepared a g l u t e n p l a s t e i n w i t h a h i g h l y s i n e c o n t e n t . They, as 
w e l l as F u j i m a k i (64), s i m u l t a n e o u s l y i n c o r p o r a t e d t h r e e e s s e n 
t i a l amino a c i d s ( m e t h i o n i n e , l y s i n e and tryptophan) i n t o the 
p l a s t e i n s of the t h r e e p r e v i o u s l y mentioned u n c o n v e n t i o n a l p r o 
t e i n sources to produce p l a s t e i n s w i t h an e s s e n t i a l amino a c i d 
p r o f i l e s i m i l a r to the 1973 FAO/WHO (75) p a t t e r n . 

The a b i l i t y of the p l a s t e i n r e a c t i o n to i n c o r p o r a t e amino 
a c i d s i n t o v a r i o u s p r o t e i n s has a l s o been used to prepare p r o t e i n 
sources f o r s p e c i a l d i e t s . Yamashita e t a l . (76) proposed a 
method to prepare a l o w - p h e n y l a l a n i n e , h i g h t y r o s i n e p l a s t e i n f o r 
i n c o r p o r a t i o n i n t o food f o r p h e n y l k e t o n u r i a (PKU) p a t i e n t s . A 
f i s h p r o t e i n c o n c e n t r a t e and a soy p r o t e i n i s o l a t e were used as 
p r o t e i n s o u r c e s . Each p r o t e i n was s l i g h t l y h y d r o l y z e d w i t h pep
s i n , then f u r t h e r h y d r o l y z e d w i t h pronase under s p e c i a l c o n d i 
t i o n s to f a c i l i t a t e the removal of a r o m a t i c amino a c i d s . The 
a r o m a t i c s , i n c l u d i n g p h e n y l a l a n i n e , were removed by a b s o r p t i o n 
to Sephadex G-15, r e s u l t i n g i n an a r o m a t i c amino a c i d f r e e p r o 
t e i n h y d r o l y z a t e . Both of these t r e a t e d h y d r o l y z a t e s were sub
s t r a t e s f o r the p l a s t e i n r e a c t i o n where t y r o s i n e e t h y l e s t e r and 
tr y p t o p h a n e t h y l e s t e r were i n c o r p o r a t e d . T h i s work r e s u l t e d 
i n two p r o t e i n sources ( p l a s t e i n s ) which c o n t a i n e d no f r e e amino 
a c i d s and were almost t a s t e l e s s . The p l a s t e i n s were low i n 
p h e n y l a l a n i n e (<.25%) and h i g h i n t y r o s i n e (>7.6%). These c h a r 
a c t e r i s t i c s make these p l a s t e i n s a c c e p t a b l e as food m a t e r i a l s f o r 
p a t i e n t s w i t h PKU. 

P l a s t e i n s from combined p r o t e i n h y d r o l y z a t e s . Improving the 
amino a c i d p r o f i l e o f p r o t e i n s v i a the p l a s t e i n r e a c t i o n has been 
accomplished by i n c o r p o r a t i n g e s s e n t i a l amino a c i d s as d e s c r i b e d 
above. But, the amino a c i d p r o f i l e can a l s o be improved by com
b i n i n g one or more p r o t e i n s w i t h complementary e s s e n t i a l amino 
a c i d p r o f i l e s . The p r o d u c t i o n of co m b i n a t i o n p l a s t e i n s was f i r s t 
s t u d i e d by Yamashita and coworkers (63). T h i s group made two 
combination p l a s t e i n s , one w i t h soy p r o t e i n h y d r o l y s a t e and 
h y d r o l y z e d wool k e r a t i n , and the o t h e r w i t h h y d r o l y z e d soy p r o 
t e i n and h y d r o l y z e d ovalbumin. H y d r o l y z e d wool k e r a t i n and 
h y d r o l y z e d ovalbumin c o n t a i n h i g h c o n c e n t r a t i o n s of the s u l f u r 
amino a c i d s , f o r which soy p r o t e i n i s f i r s t l i m i t i n g . A r a i e t a l . 
(77) made s e v e r a l types of p l a s t e i n s by combining : 1) c a s e i n 
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15. SATTERLEE AND CHANG Nutritional Quality All 

h y d r o l y z a t e w i t h m i l k whey p r o t e i n h y d r o l y z a t e , 2) c a s e i n h y d r o l -
y z a t e w i t h soy g l o b u l i n h y d r o l y z a t e , 3) m i l k whey p r o t e i n h y d r o l 
y z a t e w i t h z e i n h y d r o l y z a t e , 4) soy h y d r o l y z a t e w i t h z e i n h y d r o l 
y z a t e , 5) c a s e i n h y d r o l y z a t e , and 6) c a s e i n h y d r o l y z a t e w i t h 
e t h y l e s t e r i f i e d soy g l o b u l i n h y d r o l y z a t e . 

The n u t r i t i o n a l q u a l i t y o f p l a s t e i n s . Yamashita e t a l . (78) 
t e s t e d the i n v i t r o p r o t e i n d i g e s t i b i l i t y of i s o l a t e d soy p r o 
t e i n and a soy p l a s t e i n w i t h the p r o t e a s e s , p e p s i n and t r y p s i n . 
Data from enzyme assays i n d i c a t e d t h a t the p r o t e i n and p l a s t e i n 
were comparable i n d i g e s t i b i l i t y . The soy p l a s t e i n and soy 
p r o t e i n were a l s o a p p r o x i m a t e l y 80% s o l u b l e i n 10% t r i c h l o r o 
a c e t i c a c i d a f t e r i n v i t r o p r o t e a s e d i g e s t i o n . Rat s t u d i e s 
showed an average i n v i v o d i g e s t i b i l i t y of 90.3% f o r the soy 
p l a s t e i n , a v a l u e comparable to t h a t f o r soy p r o t e i n i s o l a t e s . 
These measurements suggest t h a t the soy p l a s t e i n s a r e h i g h l y 
d i g e s t i b l e . 

S t u d i e s were designed and run to compare the a b i l i t y o f 
p l a s t e i n s to support growth i n w e a n l i n g r a t s ( 7 8 ) . The d i e t s f e d 
to t h r e e groups were: 1) soy p l a s t e i n , 2) e s s e n t i a l amino a c i d 
supplemented soy p l a s t e i n , and 3) c a s e i n . Group 1 had an average 
weight g a i n o f 27.4 g i n 20 days. The average weight g a i n f o r 
Groups 2 and 3 was 68.8 g and 71.0 g i n 20 days, r e s p e c t i v e l y . 
The l a t t e r two v a l u e s were not s t a t i s t i c a l l y d i f f e r e n t . The h i g h 
n u t r i t i o n a l q u a l i t y o f amino a c i d supplemented p l a s t e i n demon
s t r a t e s the p o t e n t i a l f o r u s i n g p l a s t e i n s i n fo o d s . D u r i n g t h i s 
s tudy i t was a l s o noted t h a t the r a t s f e d the t h r e e d i f f e r e n t 
p r o t e i n s / p l a s t e i n s had almost e q u a l v a l u e s f o r d i e t consumed. 
The r a t s d i d not h e s i t a t e t o eat the soy p l a s t e i n d i e t , i n d i 
c a t i n g the a c c e p t a b l e f l a v o r p r e s e n t i n the p l a s t e i n . 

A PER b i o a s s a y was run to determine the p r o t e i n n u t r i t i o n a l 
q u a l i t y o f : 1) c a s e i n c o n t r o l , 2) soy p r o t e i n , 3) soy p r o t e i n 
h y d r o l y z a t e and 4) a comb i n a t i o n p l a s t e i n made from one p a r t 
(50:50; w:w) h y d r o l y z e d soy p r o t e i n and h y d r o l y z e d wool k e r a t i n 
(50:50; w:w) and two p a r t s soy p r o t e i n . The co m b i n a t i o n p l a s t e i n 
had added soy i n o r d e r t o a d j u s t the s u l f u r amino a c i d l e v e l down 
to a p p r o x i m a t e l y 5%. The PER v a l u e s o b t a i n e d were: 2.40 ± 0.05, 
1.20 ± 0.20, 1.28 ± 0.18 and 2.86 ± 0.10 f o r the c a s e i n , soy 
p r o t e i n , soy h y d r o l y z a t e and p l a s t e i n - p r o t e i n , r e s p e c t i v e l y . 
The p l a s t e i n - p r o t e i n d i e t had a PER g r e a t e r than t h a t of c a s e i n . 

I n summary, the p l a s t e i n r e a c t i o n can be used t o improve 
s e v e r a l c h a r a c t e r i s t i c s o f p r o t e i n s . I t can produce b l a n d , 
t a s t e l e s s , n o n b i t t e r p r o t e i n p r o d u c t s w i t h improved amino a c i d 
p r o f i l e s . 

C o n c l u s i o n s 

The n u t r i t i o n a l q u a l i t y of a p r o t e i n w i l l almost always 
change as t h a t p r o t e i n changes i t s c o n f i g u r a t i o n and/or when one 
or more of i t s amino a c i d r e s i d u e s undergo c h e m i c a l change. The 
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change can be from a s m a l l i n c r e a s e o r decrease i n p r o t e i n d i 
g e s t i b i l i t y as a p r o t e i n u n f o l d s and forms aggregates d u r i n g 
h e a t i n g , t o a l a r g e decrease i n d i g e s t i b i l i t y and q u a l i t y when 
e s s e n t i a l amino a c i d (EAA) r e s i d u e s r e a c t w i t h n o n - p r o t e i n com
ponents ( i . e . , s u g a r s , phenols and p e r o x i d e s ) . The p r o c e s s i n g 
of raw p l a n t m a t e r i a l s i n t o foods and food i n g r e d i e n t s s i g n i f i 
c a n t l y a l t e r s b oth the c h a r a c t e r i s t i c s and the n u t r i t i o n a l 
q u a l i t y o f the p r o t e i n s i n those m a t e r i a l s . A l k a l i n e and heat 
a l o n e o r i n co m b i n a t i o n can c r e a t e r e a c t i o n p r o d u c t s from amino 
a c i d r e s i d u e s which may not o n l y possess a lower n u t r i t i o n a l 
q u a l i t y , but may be t o x i c when r e l e a s e d from the p r o t e i n d u r i n g 
p r o t e o l y s i s . Enzymatic m o d i f i c a t i o n o f p l a n t and an i m a l p r o t e i n s 
can be used t o develop d e s i r e d f u n c t i o n a l p r o p e r t i e s i n a f o o d , 
and a t the same time be u s e f u l i n enhancing p r o t e i n d i g e s t i b i l i t y 
and s e r v e as a means of i n c o r p o r a t i n g needed EAA i n t o the p r o t e i n . 

U n d e r s t a n d i n g the mechanisms by which p r o t e i n s a r e a l t e r e d 
d u r i n g i s o l a t i o n , p r o c e s s i n g and s t o r a g e , w i l l a l l o w f o r the 
m o d i f i c a t i o n of these p r o c e s s e s i n o r d e r t o p r o t e c t the i n h e r e n t 
n u t r i t i o n a l q u a l i t y p r e s e n t i n the p r o t e i n s found i n the raw 
m a t e r i a l . 
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INDEX 

A 

Absorption of leucine 158 
Acala flour, preparation .................... 164 
Acala flour, viscograph consistency 

patterns ...171/, 174/ 
Acala flour suspensions, pH 

effects 170 
Acetic anhydrides 282 
Acetylated soy proteins 289 

reaction rates 252/ 
iV-a-Acetyl-L-lysine 2521 
N-Acetyldehydroalanine methyl 

ester 2521 
Acid proteases, homology 40* 
Active trypsin, determination .... 369 
Acylated soy proteins, digestibility .... 258/ 
Acylation of food proteins 282 
Aggregation 118 
Air-classified concentrates, visco

graph consistency patterns 178/ 
Air-classified product changes ... 170 
Albumin 17 
Aldol condensations ............ 206 
Alkali-induced reactions, nutri

tional significance 419 
Alkali-treated soy protein, amino 

acid analysis 242/ 
Alkaline phosphatase(s) .................... 140 

liver and bone .... 147 
Alkylidine diamines, formation 204 
Amadori compounds, free 416 
Amadori compounds, fructose-

containing 222/ 
Amadori products .. 220 
Amadori rearrangement(s) 213, 416 
Amidation, 0-lactoglobulin 40 
Amines 202 

apolar 305 
availability 10 
biological availability .... ........... 155 
covalent binding ................... 291 
essential, obtaining 58 
hydrophilic 306 
limiting 5/ 
overproduction 19 
reactions with formaldehyde 207 

α-L-Amino acids 276 
Amino acid analysis 361, 367/, 

372-375/, 376/ 
Amino acid anion, solvation ....... 246 

Amino acid biosynthesis, feedback 
inhibition ........ 18 

Amino acid biosynthesis, 
regulation 8 

Amino acid composition, tempera
ture effects 238/ 

Amino acid composition of soy 
protein, glucose effect 241/, 243/ 

Amino acid fortification of 
plasteins 425 

Amino acid residues, racemization .... 422 
Amino acid sequences 4 
Amino acid side-chain hydro

phobicity 278/ 
Amino groups, properties 202 
a-Amylase inhibitors 21 
Ang-khak 93 
8-Anilinonaphthalene-1 -sulfonate 352 

binding 353/ 
Animal proteins 290 

genetic improvement 3 
Antibody-in-gel electrophoresis 151 
Antigenic reactivities, inhibition 147 
Antigenic specificity, loss of 151 
Antigenicity 147 
Antinutritional factors 20 
Apolar amino acids .305, 318 
Arachin .55, 59, 60/ 

conformations of heat and 
unheated 153/ 

a-Arachin 140 
Arginine, xylose effect 244/ 
D-Aspartic acid 422/ 
Association-dissociation transitions .. 119 
Association-type transitions 127 

Β 
Base-catalyzed formation of dehydro

alanine, mechanism 250/ 
Behavior of proteins, predicting ...... 304 
Binding states, effect of freezing . . . . . . 118 
Biological availability of amino 

acids 155 
Biological engineering of proteases .... 43 
Blending 71 
Bound gossypol, role 77 
Bound off-flavors 321 
Bovine chymosin 38 
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436 FOOD PROTEIN DETERIORATION 

Bovine plasmin 33 
Browned food products, role of 

Amadori compounds 213 

C 

Cacao tree, flavanoid compounds 69/ 
Carbonyl-amine reaction(s) 201, 204 

formation of iV-substituted 
glycosylamines . 210 

in fluencing factors 202 
pH effects 204 
Schiff bases 206 

Carbonyl groups, properties .. ...... 203 
Carboxymethyl cellulose 47 
Carcinogenic nitrosamine .................. 417 
Casein 291 

enzymic-mediated coagulation .... 49 
hydrophobic forces .. 308 
treatment with glucose ..............216, 219 

^-Casein 286 
Cataracts 224 
Catheptic activity 35 
Cellular systems, enzyme-

catalyzed reactions .................... 117 
Cellular systems, enzymes ............ 115-118 
Cereal(s) limiting amino acid . 5, 11 

prolamin content 12/ 
prolamine fraction 17 
protein solubility fractions 15/ 
variation of protein content 5 

Cereal based diet, problems 11 
Cereal grains 3 
Cereal proteins, chemical mutagens .. 14 
Cereal proteins, nonessential amino 

acid 18 
Chaotropic agents 323 
Chaotropic ions, effects .................... 331 
Chaotropic ions, solubility effects 344 
Chaotropic series 333 
Cheese whey, fungal rennets 32 
Cheesemaking, protein yield 

variation 49 
Chemical engineering of proteases 40-43 
Chemical latency ... 35 
Chemical modification of enzymes .... 40 
Chemical modification of food 

proteins 275-297 
Chemical modification of pepstatin 44, 46/ 
Chemically modified food proteins, 

nutritive value and toxicity 295 
Chemotactic peptides 35 
Chicken muscle, protein quality and 

digestibility 156/ 
Chilling injury 115 
Chlorogenic acid 67, 86, 88/ 
Chymosin ... 36 
Chymotrypsin 

determining inhibition 371 

Chymotrypsin—Continued 
inhibitory activities 378/ 
temperature dependence of 

extinction coefficient 122/ 
Chymotrypsinogen, denaturation ..... 125/ 
Chymotrypsinogen, temperature 

dependence of denaturation ...... 120 
Citraconylation of soy proteins ....... 289 
Clathrate hydrates, water molecule 

orientation 330/ 
Clathrate hydrates, water-water 

orientation 329 
Collagen molecules, cross-linking ... 302 
Conarachin 55, 59 
Concentrates, pH effect ...................... 175/ 
Condensed tannins 71 
Conformation, ion effect .............. 327-355 
Conformation changes 118, 119 
Conformational specificity, disulfide 

bonds 151 
Consistency patterns 170 
Cooked meat, compositions .............. 193/ 
Cooked meat loaves, amino acid 

compositions 194/ 
Cottonseed concentrates, glandless, 

preparation 164 
Cottonseed flour ...74-86 

acetylation 289 
discoloration 72/, 74 
heat processing 170 
preparation 74 
succinylation .................................. 289 
glandless 163 

heat-stir denaturation-texturiza-
tion and -gelation 163-199 

textured, compositions .............. 193/ 
Cottonseed protein products, com

positions 166/ 
Cottonseed storage protein, 

texturized 183/ 
Cottonseeds, glandless 74 
Covalent binding of amino acids 291 
Covalent interactions 280/ 
Cross-linked amino acids .................. 231 
Cross-linking of collagen molecules .... 302 
Crystalline cellulose 189 
Cultivars, high yield 7 
Cyanide 57 
Cysteic acid, bioavailability 410 
Cysteic acid found in dry bean 

products 411/ 
Cytochrome oxidase 117 
Cytochrome oxidase activity ... 116/ 

D 

Dehydroalanine 
chemical properties ....... 266 
double bond 251 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ix

00
1



INDEX 437 

Dehydroalanine—Continued 
reaction with sulfhydryl groups 253 
reactivity 251 

Dehydroalanine formation, steady-
state assumption 262 

Denaturation, low temperature 120 
Denaturation temperature .... 380 
Denatured metalloproteins 55 
Deteriorated proteins, nutritional 

quality ...,409-428 
Deteriorative reactions 201 
Diabetes, effect on lens crystallins 224 
Dideoxypepstatin 44 
Diet, cereal based, problems .............. 11 
Dietary protein 

intake 2t 
requirements 2t 
source 1, 2/, 3 

Differential scanning calorimetry 380 
Di-D-fructose-flysine, degradation 215/ 
Digestibility 155 

improvement in plant proteins ... 19 
Discoloration, role of Amadori 

compounds 213 
Discoloration, role of bound 

gossypol 77 
Discoloration of proteins 67-91 
Dissociation of oligomers 118 
Dissociation-unfolding type 

type transition 119 
Disulfide bond(s) ................... 59, 307 

cleavage 359 
conformational specificity 151 
determining extent of modi

fication 392, 393 
reduction 281 
relative reactivities 391 

Disulfide bond modification .......... 359-404 
Disulfide bridges 41, 380 

Ε 
Egg albumin, solubility 138 
Egg white proteins, food product 

formulation 290 
Egg whites 218/ 
Electron spin resonance, of peroxi

dizing linoleate 59 
Electrophilic reagent, protein 

environment effects 286/ 
Electrostatic interactions 312 

free energy 336 
salt effects 350 

Electrostatic repulsion 350 
Emulsifying activity 309, 312 
Emulsifying capacity, pH effect 313 
Emulsifying properties, 

glycosylation 317 

Emulsion formation, structural 
factors 312 

Encapsulating enzymes—See 
Microencapsulation 

Endogenous enzymes, activities 31 
Endogenous proteases, controlling .... 34/ 
Endosperm proteins, proportions ... . 15, 16 
Engineering enzymes, recombinant 

DNA techniques 40 
Enzyme(s) 

chemical modification 40 
compartmentalized 31 
constraining 31 
inactivation 140 
latent activity 33 
of nitrogen assimilation 10 
physical latency 36 
thermal inactivation, affecting 

factors 145 
zymogen activation 38 

Enzyme activity, measurement at low 
temperatures 113 

Enzyme activity, temperature effect .... 110 
Enzyme activity at low temperatures, 

influences 110 
Enzyme analysis, antibody-in-gel 

electrophoresis 151 
Enzyme analysis, separation 

procedures 145 
Enzyme behavior during freeze-

preservation 117 
Enzyme-catalyzed reactions, extent 

of reaction 113 
Enzyme degradation . . . . . . . . . . 101 
Enzyme digestion 77, 82 
Enzyme inactivity, by association-

dissociation type transitions ...... I l l 
Enzyme inhibitors .... 359 

disulfide bond modification ...... 359-404 
Enzyme-substrate interactions, 

controlling 47, 49 
Enzymes in cellular systems 115-118 
Enzymes in noncellular systems .... 110-115 
Enzymic activities, control 31 
Enzymic degradation, control . . . . . . . . 31-51 
Enzymic latency , 35/ 

definition 33 
in lysosomal particles 33 

ESR—See Electron spin resonance 
Essential amino acids, obtaining ....... 58 
Esterification, /?-lactoglobulin ............ 40 
Exogenous enzymes, activities 31 
Exogenous proteases, controlling ..... 34/ 

F 

Fatty acids, peroxidation rates, effect 
of various catalysts 57/ 

Fibrillar proteins, freezing I l l 
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438 FOOD PROTEIN DETERIORATION 

Fibrous proteins, polypeptides 307 
Fish myofibrillar protein, 

succinylation 290 
Fish protein concentrate, 

succinylation 290 
Flavanoid compounds in the cacao 

tree 69/ 
Flavanoid quercetin ... 67, 68/ 
Fluorescence spectroscopy ... 61 
Fluoride ion 339 
Folded polypeptide chains 307 
Folded protein, free energy 327 
Food processing, discoloration 71 
Food protein(s) 

acylation 282 
chemical modification .............. 275-297 
chemically modified, nutritive value 

and toxicity ............................ 295 
evaluation before modification 276 
hydrophobicity ........................278/, 319/ 
polarity parameters 278/ 
reductive alkylation modification 291 

Food protein structure 275-279 
Formaldehyde 206 

condensation reaction 207 
methylation procedure .................. 208 

Free Amadori compounds 416 
Freeze-preservation, enzyme 

behavior 117 
Freezing, damage to proteins ............ 129 
Freezing, enzymes 111 
Fructose , 210 
Fructose-containing Amadori 

compounds 222/ 
Fructose-lysine 419 
Fructose-tryptophan 417 
Fruits, blanching 31 
Functional properties .... 301 

of proteins 301, 302/ 
Functionality 

emulsification effects 301-324 
flavor binding effects 301-324 
ion effect 327-355 

Fungal rennets 32, 33 
Fungi , 93 

proteolytic enzymes 101 
Fungi-inoculated peanut seeds 101 

G 

GDH—See Glutamate dehydrogenase 
Gel electrophoretic techniques 140 
Gemdiamines, formation 204 
Genetic engineering 22 

of proteases 40-43 
protein improvement .... .......... 22 

Genetic improvement 4 
Genetic manipulation, advantages . . . . 24 
Genetic mechanisms, plant proteins 1-30 
Germ plasm, genetic variation 4 

Glanded cottonseed flours, 
dimethylsulfoxide treatment 82 

Glanded cottonseed flours, IR 
spectra 82, 85/ 

Glandless cottonseed concentrates, 
preparation 164 

Glandless cottonseed flours 
dimethylsulfoxide treatment . . . . . 82 
IR spectra 82, 85/ 
solvent extraction 75, 76/ 

Glandless cottonseed proteins 163 
Glandless cottonseeds 74 
Globular proteins, freezing I l l 
Globular proteins, thermodynamic 

properties .............. ... 120 
Glucose 210 

alkali-treated soy protein, amino 
acid analysis 242/ 

Glycosylation .................................... 316 
jS-Glysinin 287 
Goitrogenic factor 21 
Gossypol 21 

bound, role .................................... 77 
bound to cottonseed proteins 77 
in cotton 22 
in glanded cottonseeds 

Grinding 71 

H 

Heat, anti-nutritional effects 155 
Heat capacity 124 
Heat denaturation, metabolism of 

proteins 135-159 
Heat denaturation, structural 

chanes of proteins 135-159 
Heat effects, trypsin inhibitory 

activity 386/ 
Heat induced protein-protein cross-

bridging 417, 419 
Heat processing, effects 21 
Heat-stir denaturation-gelation .... 163-199 
Heat-stir denaturation-

texturization 163-199 
Heat-stir method 167 

rapid, consistency changes . . . 184-196 
slow, consistency changes 167-184 

Heated protein, toxicology 158 
Heating 71 

sugars and amino acids 201 
Hemeproteins 57 
Hemoglobin 220 
Heyns rearrangements 210-213 
High-lysine cereals, performance 16 
High protein-high yield cultivars, 

development 77 
High protein-high yield genotypes, 

selection 8 
High yield cultivars 7 
Hill coefficient 339 
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INDEX 439 

Hiproly barley 16, 17 
Hydration spheres, orientation of 

water molecules 332/ 
Hydrogen bonding 71 
Hydrolysis of nucleoside 2'-3' cyclo-

phosphates, rates 411 
Hydrolyzable tannins 71 
Hydrophilic amino acids 306 
Hydrophilic character, 

glycosylation .............................. 316 
Hydrophilic effects .. 315 
Hydrophobic binding 321 
Hydrophobic effects 318 
Hydrophobic free energy 331 
Hydrophobic interactions 119, 

127, 307, 348 
apolar organic ligands 323 
chaotropic ions .............................. 333 
definition 331 
driving force .................................. 354 
electrostatic repulsion effects . . . 350 
structure stability 329 

Hydrophobic interactions between 
side chains .... 328 

Hydrophobicity, amino acid side 
chain 278/ 

Hydrophobicity of food proteins 319/ 
Hydrophobicity values ............... 320/ 

I 

Imines, formation .............................. 204 
Immunochemical analyses, peanut 

proteins 147 
Inactivation of enzymes .................... 140 
Inhibitors, UV spectroscopy 361 
Insoluble proteins, succinylation 313 
Interconversions 19 
Intermolecular interactions, during 

heating period 173 
Ion binding by proteins ......... 295 
Ion-dipole interaction 331 
Ion-water interactions ... 331 
Ionic effects on protein solubility . . . 344 
Isopeptide bonds 419 

formation 156 
Isopeptides, formation ...................... 135 

Κ 
Kunitz trypsin inhibitor 20 

L 
Labeled lysinoalanine 256 
Lactate dehydrogenases 

effect of low temperatures ............ 114/ 
heat stability 113 

0-Lactoglobulin 
amidation 40 

β-Lactoglobulin—Continued 
esterification 40 
glycosylation .... 316, 317/ 
phosphorylation 40 

β-Lactoglobulin A, concentration 
effects ·· 123/ 

Lectinless cultivars 20 
Legume based diet, problems 11 
Legumes 

limiting amino acid 5, 11 
protein solubility fractions 15/ 
variation of protein content .... .... 5 

Lens crystallins ... 224 
Leucine, absorption 158 
Leucine aminopeptidase 145 
Lignin 67 
Lima bean flour, thiol effects 398/ 
Lima bean flour, trypsin 

inhibitor activity 399/ 
Linoleic acid 55 

subfreezing storage effects 114/ 
Linoleic acid hydroperoxide, 

interactions 58 
Lipase, behavior I l l 
Lipase, temperature effects on 

hydrolysis 112/ 
Lipid oxidation .....................55-64 

catalysts 56, 57 
by nonenzymic catalysts ...... 59 

Lipid peroxides 55 
Lipid peroxide-protein interactions .. 57 
Lipid-protein interactions 278 

identification 59 
Lipid-protein staining 59, 60/ 
Lipoxygenase .55, 56, 59 

denaturation at low temperatures .. 113 
Low temperature denaturation 120 
Lyotropic series 333 
Lysine 11,208 

alkylated derivatives 208 
nutritional value ... 219 
sugar effects 211/ 
xylose effect 244/ 

Lysinoalanine 231 
alkaline treatment 235 
chemical properties 266 
cross-links 256 
deuterium labeling results 257 
labeled 256 
nephromegaly 420 
stability to acid or base conditions 236/ 
tritium labeling method 257 
xylose effect 244/ 

Lysinoalanine content of soy protein, 
dimethyl sulfoxide effect 247/ 

Lysinoalanine formation 
carbohydrates 240 
concentration effect 239 
dipolar, aprotic solvents 245 
influence of protein concentration .. 239 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

13
, 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
20

6.
ix

00
1



440 FOOD PROTEIN DETERIORATION 

Lysinoalanine formation—Continued 
inhibition 253-256 
mathematical model 259 
metal salt effects 244 
pH effects ..... 232,251 
protection of amino groups 256 
pseudo first-order 260 
in soybean proteins .231-268 
temperature effects 235 
thiol effect 254/ 
time effects 235,237/ 

Lysinoalanine residues .... 419-422 
Lysinoalanine of soy protein, 

metal salt effects 245/ 
Lysosomal enzymes 35 

M 

Maillard products 220 
inhibitory effects ............. 219,220 

Maillard reaction 416 
antioxidants 216 
beneficial aspects .... 213 
bready-aroma compounds 217/ 
brown products .................... 201 
caramel-aroma compounds ............ 217/ 
chemistry ....................... 209-213 
controlling 225 
deleterious aspects 213 
of egg-white proteins and glucose .. 216 
evolutionary significance ................ 224 
mutagenicity and toxicity 219 
nutritional aspects 216, 221 / 
nutritional changes 416 
prevention 201-226 
steps 202 

Malate dehydrogenase 145 
Malnutrition 1 
Malonaldehyde 61 
MDH—See Malate dehydrogenase 
Meat, tenderization 31 
Meat loaves 

cooked, amino acid compositions .. 194/ 
with storage proteins ...... 191/ 
with storage proteins and 

cottonseed oils 192/ 
with storage protein 

isolate .195/, 197/, 198 
with texturized storage 

protein isolate 189, 196 
Meat tenderization, lysosmal 

latency 34 
Membrane damage 117 
Mercaptioamino acids, reaction rates 252/ 
Metalloproteins 57, 59 
Methionine . .11, 291 

bioavailability 410 
Methionine found in dry bean 

products 411/ 
Methionine sulfoxide, protein-bound .. 410 

Methylation 208 
Michaelis constant, temperature 

dependence 114/ 
Microencapsulation 36 
Microwave processing, effects 155 
Milk, rennet clotting time 47 
Milking, proteolytic activity ........ 33 
Miso ' 93 
Modification of food proteins, 

chemical ..........275-297 
Molecular changes in proteins, low 

temperature effects 118 
Multiple enzyme analysis 145 
Muscle to meat, conversion .... 31 
Muscle tissue, lysosomal latency 34 
Mutagenic compounds 417 
Mutagenicity of Maillard products, 

toxicities 219 
Myosin, succinylation 290 

Ν 
Natural protease inhibitors .. 43 
Nephrocytomegaly 420 
Neutral salt, effect, 2-nonanone . 343/ 
Nitrate reductase reaction 8 
Nitrogen assimilation 8, 9/ 
Nitrogen equilibrium, maintenance .... 1 
Nitrogen fertilization, late 

application 7 
binding isotherms 336 
effects of neutral salt 343/ 
solubility .. 340/ 

Nitrogen-heterocyclic compounds .... 216 
2-Nonanone-bovine serum albumin, 

binding system ... 342 
Noncellular enzyme activity, 

temperature dependence I l l 
Noncellular systems, enzymes 110-115 
Noncovalent interactions 280/, 293 
Nonenzymic catalysts 59 
Nonessential amino acid, 

replacement 18 
Nonstorage protein, viscograph 

consistency patterns 180/ 
Nonstorage protein isolate, pH 

effects during heating 177 
Nonstorage protein isolates, 

preparation 164 
Nucleophilicity 280 
Nucleoside 2'-3' cyclophosphates, 

hydrolysis, rates 41/ 
Nutritional quality 409-428 

Ο 

Oats 14 
Objectionable odors ......... 58 
Off-flavors 58 

bound 321 
Oil Red Ο stain 59, 60/ 
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INDEX 441 

Oilseed proteins 
effects of lipid oxidation 55-64 
quality 58 

Oilseeds, fungi growth ................. 104 
Oligomeric proteins, dissociation 124 
Oligomers, dissociation 118 
Ontjom 93 
Ovotransferrin 216 
Oxygen-heterocyclic compounds 216 

Ρ 
Peanut(s) 55 

heat treatment 136 
proteins 55 

Peanut butter, peroxidation rates 
of fatty acids 57/ 

Peanut cotyledons, malate 
dehydrogenase 145 

Peanut flours 71 
Peanut lipoxygenase 56 
Peanut protein hydrolysis .... 94 
Peanut proteins, immunoelectro-

phoretic profile 147 
Peanut proteins, solubility changes .... 136 

contamination .......... ........... 94 
essential amino acids 101 
fungi-inoculated 101 
UV circular dichroic spectra 138 
wet-heated, characterization . 140 

Peanut seed proteins, moist-heat 
processing ... 143 

Pepsin, inhibition 44, 45/, 47 
Pepsinogen, activation peptide 38 
Pepstatin .......... 43 

chemical modification 44,46/ 
structure 44 

Pepstatin analogs 43 
Pepstatin-like peptides 43 
Peptide, inhibitors, synthetic ............ 47 
Peptide linkage ........ 71 
Peroxidation rates of fatty acids, 

effect of various cataysts ............ 57/ 
Phaseolus vulgaris ....... ................ 158 
Phenolic compounds, interactions 

with proteins .......... 71 
Phenolic compounds, structure 67, 68/ 
Phenols, hydrogen bonding 71 
Phosphate cross-linkages .................. 276 
Phosphophenol pyruvate carboxylase 117 
Phosphorylation, beta-lactoglobulin .. 40 
Physical latency 36 
Physicochemical properties, 

defining . 304 
Phytohemagglutinins 20 
Plant genetics, basic information ........ 3 
Plant proteins 3 

availability improvement 19 
digestibility improvement ......... 19 
DNA technology applications 23 

Plant proteins—Continued 
functionality improvement 19 
genetic solution 4 
limitations 11 
problems 4 

Plasteins, amino acid fortification 425 
Plasteins, nutritional quality 427 
Plasteins from combined protein 

hydrolyzates 426 
Plasteins from protein hydrolyzates .. 424 
Plastein(s), synthesis 424 
Polar amino groups 306 
Polyacrylamide gel electrophoresis .... 59 
Polypeptide, structural genes ..... 18 
Polypeptide chains, folded ................ 307 
Polypeptide interactions 305 
Polypeptide structure 305 
Polypeptidyl enzyme insertion 43 
Polyunsaturated fatty acids 34 
Porcine pepsin 38 
Positively charged proteins, 

preparation 38 
Prevention, Maillard reaction 201-226 
Processing, detrimental effects 410-414 
Prolamines 11 
Proline residues 307 
Protease(s) 

acid, homology 40/ 
biological engineering 43 
engineering ...40-43 

Protease inhibitors 
examination 369 
inactivation 359 
natural 43 
synthetic 43 

Protein 
controlling enzymic degradation 31-51 
discoloration by phenolic 

compounds 67-91 
film formation 309 
functional properties 301 
gel electrophoresis 97 
heated, toxicology 158 
inherent molecular properties . . . 303 
interaction with phenolic 

compounds 71 
ion binding by 295 
positively charged, preparation . . . 38 
reactivity with reagents 281/ 
reductive alkylation 208 
structural changes following 

heat denaturation ............. 135-159 
treatment with formaldehyde 207 

Protein-based emulsions, formation 
and stability 311 

Protein behavior at low 
temperatures 109-129 

experimental difficulties 110 
Protein body membranes, air-

classified product changes 173 
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442 FOOD PROTEIN DETERIORATION 

Protein-bound methionine sulfoxide .. 410 
Protein conformation, lyotropic effect 336 
Protein conformation and 

functionality, ion effect .327-355 
Protein content 

heritability 5 
variation 5/ 
yield 6 

Protein content and yield, negative 
correlation ... 6 

Protein deterioration, heat 
processing 21 

Protein-disulfide bond, base-
catalyzed tranformation ....... 248/ 

Protein functionality, heat effects 138 
Protein functionality, noncovalent 

and covalent interactions .... 280/ 
Protein hydrolyzates, plasteins 424, 426 
Protein interactions 119 
Protein ligand-binding system ............ 341 
Protein-ligand interactions, 

flavor binding ..... ... 320-323 
Protein metabolism following 

heat denaturation 135-159 
Protein molecule, electron-rich 

centers 279 
Protein polypeptides, heterogeneity .. 18 
Protein properties, plant proteins .... 1-30 
Protein-protein cross-bridgings, 

heat induced 417, 419 
Protein quality 
improvement 11-19 
increasing yield and protein 

content 12 
positive correlation ........................ 16 

Protein quantity 
genetic manipulation 10 
improvement 5—11 

Protein salts ................... 294 
Protein solubility 

heat denaturation effects 136 
ionic effects 344 
lipid peroxidation effect 64/ 

Protein solubility fractions, cereals .... 15/ 
Protein solubility fractions, legumes .. 15/ 
Protein structure 
amino acid effects 305 
conformation changes 118 
emulsification effects 301-324 
flavor binding effects .301-324 
influencing factors .... 305 
low temperature effects ... 118 
mechanism of salt effects .......... 354 
stabilization 307 

active forces 309 
by noncovalent forces ................ 308 

unfolding 127 
Protein structure stability 

electrostatic interactions 328 

Protein structure stability—Continued 
hydrogen bonds 328 
hydrophobic interactions 328, 329 

Protein-sugar interaction 216 
Protein synthesis 8 

rate-limiting factor ....... 8 
Protein synthesizing machinery 8 
Proteolysis 379/ 
Proteolytic activity, control ................ 31 
Proteolytic cathepsins 33 
Proteolytic digestion assay 371 
Proteolytic enzymes, fungi 101 

Q 
Quinones 74 

R 

Racemization of amino acid 
residues 422 

Raffinose 189 
Rancidity, lipid-protein 

interactions effect 58 
Rapeseed 21 
Rapid heat-stir method 167 
Rapid heat-stir processing, 

consistency changes 184-196 
Raw meat, amino acid compositions .. 194/ 
Raw meat, compositions 193/ 
Raw peanuts, fluorescence spectra .61, 63/ 
Reducing agents 208 
Reductive alkylation 208 
Reductive alkylation modification 

of food proteins 291 
Reductive S-pyridylethylation 362/, 

380-392 
Reductive S-quinolylethylation 392-403 

protein disulfide bond 382/ 
Rice 14 
Roasted peanuts, denaturation ...... 59 
Rutin ................67,70/ 

S 

Salt effects 334 
Salt-soluble proteins, lipid 

peroxidation effects 61 
Salting-in effects 315, 335 

solubility 349/ 
Salting-out constant ...334, 346 
Salting-out effects 335 
Salts 314 
Scatchard plots 338/ 
Schiff bases 206 

reduction 207 
Secondary structure 314 
Seed 12 

storage proteins 12 
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INDEX 443 

Seed deterioration, enhancement 93 
Seed morphology, changes 11 
Seed protein deterioration, by 

storage fungi 93-106 
Seed proteins 14 

improvement of quality 14 
Sesame, content 58 
Shoyu 93 
Slow heat-stir processing 

concentrate changes .... 177 
consistency changes .167-184 
isolate changes 177 
pH effect 170, 175/ 
processing effects 170 

Sodium chloride 315 
Sodium salt effect on soybean 

protein, solubility 351/ 
Soil nitrogen 7 
Solubility 309 

chaotropic ions ..... 344 
ionic effects 344 
neutral salt effects .....334,335 
salt effects 346 
salting-in effects 349/ 

Solubility properties, moist heat 
effects 136 

Soluble starch 189 
Soy flour 

N-acetyl-L-cysteine effects ............ 395/ 
pH effects 395i 
thiol effects 394/ 

Soy protein 291 
See also Soybean protein 
acylated, digestibility 258/ 
alkali-treated, amino acid analysis 242/ 
amino acid composition, 

glucose effect .241/, 243/ 
amino acid degradation ....... 232 
citraconylation 289 
digestibility 258/ 
ligand binding 322 
lysinoalanine, metal salt effects 245/ 
lysinoalanine content, dimethyl

sulfoxide effect . . . . . 247/ 
pH effects on amino acid 

composition .233/, 234/ 
succinylated 322 
temperature effects 238/ 

Soy protein heating 322 
Soy protein isolates 287 
Soybean(s) 55 

cysteic acid 415/ 
methionine 415/ 
protein content 6 

Soybean flours 71 
Soybean lipoxygenase 56 
Soybean protein 287, 414 

See also Soy protein 
heat effects 143 

Soybean protein—Continued 
lysinoalanine formation 231-268 
solubility, effects of sodium salt .... 351/ 

Soybean trypsin inhibitor 33 
inactivation 361 

Storage protein(s) 
amino acid compositions 194/ 
nonstorage protein effects 185/ 
in presence of fungi 104 
rapid heating 188/ 
texturization .181, 183/ 
various effects 187/ 
viscograph consistency patterns .... 183/ 

Storage protein isolate 
dry and rehydrated 190/ 
meat loaves from .189, 196 
preparation 164 
rapid heat-stir processing 189 
texturization .... 184 

Structural alterations, analysis 380 
Structure stability 

electrostatic interactions 328 
hydrogen bonds 328 
hydrophobic interactions 328, 329 

N-Substituted glycosylamines, 
formation 210 

Succinic anhydrides 282 
Succinylated soy protein 322 
Succinylated yeast proteins, 

emulsifying activity 312 
Succinylation 314 

of yeast protein, single-cell 
protein 291 

Sudan stains 59 
Sugar, reaction with amine 214/ 
Sugar-protein interactions 216 
Sulfhydryl-disulfide interchange ....... 400 

pathways 400/ 
Sulfhydryl groups 253 
Sulfhydryl protease papain 35 
Sulfhydryl reducing agents 57 
Sulfur amino acids 409-415 
Sunflower protein 421 

heat treatment 422 
Sunflower seed flour .86-89 
Surface properties 309 
Synthetic peptide inhibitors 47 
Synthetic protease inhibitors 43 

Τ 
Tannins 71 
Tempeh 93 
Temperature effects, trypsin 402/ 
Tenderizing, lysosomal effects 34 
Terpenoid gossypol .67, 68/ 
Tertiary structure 310, 314 
Textured protein products 181 
Texturization, in extrusion process .. 181 
Texturization processes, salts 164 
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444 FOOD PROTEIN DETERIORATION 

Texturized cottonseed storage 
protein 183/ 

Thermal inactivation of enzymes, 
affecting factors 145 

Thiazolidine 417 
Thin layer chromatography, single 

phase system 61 
Thiols 393 
Thixotropic properties 177 
Tofu 308 
Toxic factors 20 
Transimination ....... 206 
Trapping agents 36 
Trypsin 

active, determination 369 
inhibition 47 
inhibitory activities 378/ 

Trypsin digestibility 371 
Trypsin digestion, Af-acetyl-L-

cysteine effects 402/ 
Trypsin digestion, temperature effects 402/ 
Trypsin inhibitor activity 
Ν-acetyï-L-cysteine effects 386/, 402/ 
estimation 369 
heat effects 386/ 
temperature effects 402/ 

Trypsin inhibitors, UV spectra 363/ 
Tryptophan 291 

U 

Unfolded forms 120 
heat capacity 124 

Unfolding 127 

UV spectra, heat changes 151 
UV spectra of trypsin inhibitors ....... 363/ 

V 

Vegetable proteins 289 
Vegetables, blanching 31 
Viscograph, rotating sample cup ..... 165 
Viscograph consistency patterns, 

flour suspensions 168/, 169/, 171/ 
Vitamin A in excess, effects 34 
Vitamin Ε deficiency, effects 34 

W 

Water interactions, free energy 119 
Water molecules, hydration 

spheres orientation ......... 332/ 
Water molecules, orientation 330/ 
Water structure, anion effects .......... 333/ 

Y 

Yeast protein, succinylation of 
yeast protein 291 

Yeast proteins, succinylated, 
emulsifying activity 312 

Ζ 
Zymogen, activation peptides ............ 43 
Zymogen, activation rate 38 
Zymogen activation 38 

control 38 
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