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FOREWORD 

The ACS SYMPOSIU  founded i  provid
a medium for publishin
format of the SERIES parallels that of the continuing ADVANCES 
IN 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. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

Terminology and Classification 

The term functionality is of recent origin. It was coined about 15 years 
ago by scientists dealing in plant protein utilizations. Its application 

since then has been widened, not always with adequate precision and 
consistency. Recently (1), it has been redefined as follows: functionality 
is any property of a substance, besides its nutritional ones, that affects 
its utilization. Although at first glance this definition is too broad, after 
careful examination it is
of functional investigation  progress

The terms functionality or functional property will be used synony
mously. Functional methods or functional evaluations refer to the proce
dures involved in testing these properties. Functionality investigations 
designate deeper evaluations of the properties, mostly connected with 
their relation to other physicochemical characteristics of the substances 
studied. These terms, although not used with rigor up to now, are put 
forth in this manner for possible standardization of reports in this area 
in the future. 

In proteins, functionality investigations can be roughly divided into 
two main areas, depending on utility: (1) Investigations of properties 
affecting the utilization as a food or food additive; and (2) investigations 
of properties affecting the enzymatic activity of the product. The first 
class sometimes is also subdivided between the sensory evaluations and 
those using other physicochemical measurements. 

Significance of Protein Functionality 

The need for supplying an expanding world population with adequate 
protein foods will not be discussed here. It has become a common 
enough belief, regularly reiterated, and widely documented in the litera
ture of protein investigations. It is, however, necessary to dwell briefly 
on the status of protein functionality investigations in the total area of 
protein studies. 

The enzymatic branch of protein functional investigations is signifi
cant, not only for the basic scientific knowledge it imparts which helps 
clarify biological processes, but also because, by elucidating how catalytic 
functions depend on specific protein structures, more useful and more 
powerful enzymatic processes might be developed for food production 

ix 
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a n d other i n d u s t r i a l needs. H i g h l y specific enzyme ac t iv i ty is a lways i n 
d e m a n d for e l iminat i o n of s ide reactions. T h i s c o u l d b e the outcome of a 
more complete unders tand ing of the re la t i on be tween enzymat i c ac t iv i ty 
a n d pro te in structure. 

I n the f ood area, pro te in suppl ies are emphas ized more f requent ly 
a n d are most ly s tud ied for the n u t r i t i o n a l properties . I t shou ld be p o i n t e d 
out, i n the strongest terms, tha t pro te in foods are rare ly used as c rude 
powders or i n the i r nat ive forms. T h e y are ingested most f requent ly as 
par t of a complex food system w h e r e the i r funct ional i ty , rather t h a n the i r 
n u t r i t i o n , is the property most obvious to the consumer. I n fact, m a n y 
projects to al leviate pro te in m a l n u t r i t i o n i n less-developed countries have 
floundered because the i n t r o d u c e d food forms d i d not fit the accepted 
pat tern (i.e., the funct i ona l i ty ) of the foods n o r m a l l y used i n the reg ion . 
Therefore , i t is n o w c o m m o n l y recognized , for i m p r o v e d nut r i t i ona l s tand
ards, that any n e w food i n t r o d u c e
b e considered for its func t i ona l properties . I m p r o v i n g these propert ies 
w i l l be a major factor i n the successful adopt ion of the " n e w " f o o d b y 
the people i n the area. U n d e r s t a n d i n g the re la t i on between p r o t e i n 
structure a n d funct iona l i ty is a n important step i n accompl i sh ing these 
tasks. 

Structure and Functionality 

T h e u l t imate goa l of a l l researchers i n this area has been to relate 
prec ise ly the macroscopic manifestations of pro te in funct iona l i ty i n its 
u t i l i z a t i o n w i t h its molecu lar properties . G r e a t progress recently has been 
m a d e i n re la t ing par t i cu lar molecu lar structure to enzymat i c ac t iv i ty . 
H o w e v e r , i n the area of f ood funct ional i ty , the advance has been less 
r a p i d . T h e obvious difficulties are at tr ibutable to the m i x e d nature of 
f ood systems. T h e macroscopic manifestat ion i n these products is usua l ly 
the result of m a n y interactions between different proteins a n d be tween 
these a n d nonprote in components. T h e m u l t i p l i c i t y of the reactions u n d e r 
the condit ions of f ood preparat ion or processing bears l i t t le resemblance 
to the clean-cut, precise reactions of pure proteins i n so lut ion. A l l extrapo
lations f r o m the latter to the former have met w i t h l i t t l e success. I n 
absence of this d irect approach , w e have resorted to various ind i re c t 
approaches. 

O n e m e t h o d of b r i d g i n g this gap has been the f o rmulat i on of m o d e l 
systems. U s u a l l y these conta in t w o or at most three components whose 
interact ions are s t i l l observable and , i t is hoped , closer to the m u l t i c o m -
ponent interactions f o u n d i n ac tua l u t i l i z a t i o n systems. M o d i f i e d proteins , 
whose exact structure can b e est imated, l e n d themselves to this approach . 

A n o t h e r avenue has been the study of pro te in mo lecu lar structure i n 
the food mix ture , before a n d after single process steps. T h i s m e t h o d 
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endeavored to isolate the m a n y food processing reactions into more 
invest igable discreet steps. 

A t h i r d approach , very c ommonly pract i ced , has been the s tudy of 
specific properties i n m o d e l systems of p ro te in -nonpro te in components of 
different b u t s imi lar k n o w n proteins. T h e statist ical corre lat ion of the 
results to the behav ior of the proteins i n f ood systems throws some l i g h t 
o n the effect of par t i cu lar s t ructura l features on this behavior . 

A n y of these three methods of funct ional i ty invest igat ion is open to 
various cr it ic isms, especial ly on the basis of r igor . Therefore , i n the final 
analysis w e must resort to the simplest test of a l l scientific theor ies— 
pred i c tab i l i ty . If, after a care fu l study, the results of the e luc idat ion of 
pro te in s tructura l features pred i c t its behavior i n ac tua l f ood u t i l i z a t i o n 
or processing, w e conclude , a p r i o r i , that the structures are i n v o l v e d i n 
the macroscopic manifestat ion. Otherwise , these tests, a l though v e r y 
pretty a n d elaborate piece
tions, w i t h very l i t t l e significance i n re lat ion to w h a t w e have at tempted 
to d o — u n d e r s t a n d the actual reasons for pro te in funct ional i ty . 

Physicochemical Properties 

T h e r e have been various attempts to classify func t i ona l properties 
a n d to relate them to specific phys i cochemica l properties of the pro te in 
molecules (2,3). T h e l ist c o m p i l e d here is based on a recent one deve l 
oped for specific soy proteins ( J ) . 

• H y d r o p h i l i c . These funct iona l properties are i n f l u 
enced b y the attract ion of the proteins to water a n d 
its solutes: f oaming , w h i p p i n g , water b i n d i n g , wet 
t ing , a n d stickiness. 

• H y d r o p h i l i c - h y d r o p h o b i c . These are most ly i n f l u 
enced b y the amphoter i c nature of proteins : e m u l s i -
fication, fat absorpt ion, a n d fat h o l d i n g . 

• Intermolecular interactions. T h e properties gov
erned b y pro te in -pro te in reactions i n the c o l d : film 
formation, w h i p p i n g , viscosity, d o u g h format ion , 
a n d spreading. 

• T h e r m a l interact ion. Properties strongly in f luenced 
b y p r o t e i n - p r o t e i n interactions in i t ia ted or c o m 
plete ly caused b y t h e r m a l energy i n p u t : fiber 
formation, viscosity, gelation, film format ion , elas
t i c i ty , a n d texture. 

• Specif ic effects. Some specific properties of the mole 
cu le : b l e a c h i n g incompat ib i l i t i es , stabil it ies, flavor, 
etc. 

A l s o , i t shou ld b e emphas ized that each of these properties m a y , at 
t imes, have a general effect o n the texture of the m i x t u r e w h i c h is a 
composite of the diverse specific func t i ona l properties of its m a n y c o m -
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ponents. Thus, emulsification can, in numerous cases, govern both texture 
in general and juiciness in particular. 

The 12 investigations compiled here deal mostly with functional 
investigations in the food area. Three chapters discuss soy proteins, 
relating the effects of heat, specific solvents, and enzyme activity on 
structure and functional properties. Single chapters are concerned with 
the proteins of wheat, milk, and yeast, respectively, as well as specific 
crosslinking effects and, enzyme-carrier interactions. Other chapters 
contrast general functional properties of different proteins. 

This is, by no means, an all-inclusive volume on the subject. Rather, 
it is hoped that this volume will be a ground-breaking one to set some 
rules, to develop a consistent terminology, and to point the way to further 
research in this area. The results presented here no doubt will stimulate 
the authors and readers and  hopefully  will whet their appetite  Maybe 
in a year or two we wil
conference that will completely cover the subject. 

We owe thanks to the following companies whose contributions aided 
us in financing some of the expenses of the participants: Miles Labs., the 
Pillsbury Co., the Archer Daniels Midland Co., and the Grain Processing 
Co. 
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1 

Oilseed Protein Properties Related to Functionality in 

Emulsions and Foams 

JOHN P. CHERRY 
Southern Regional Research Center, Science and Education Administration, Federal 
Research, U. S. Department of Agriculture, P. O. Box 19687, New Orleans, LA 70179 
KAY H. McWATTERS and LARRY R. BEUCHAT 
Department of Food Science, University of Georgia, College of Agriculture 
Experiment Station, Experiment, GA 30212 

Proteins have molecular properties that contribute to func
tionality of food ingredients (1,2,3). Genetic and agronomic 
factors, as well as processing conditions, alter protein pro
perties of seeds and, in turn, change the functional behavior of 
their products (2,4-10). Specific proteins contribute to 
the select functional behavior of a food; i.e., fractionating 
and reconstituting techniques have established that the pro
teins glutenin and gliadin are responsible for most of the func
tional, or breadmaking, properties of wheat flour. Various oxi
dizing and reducing reagents are used to alter sulfhydryl and 
disulfide bonds in these wheat proteins, producing varying bread 
quality. Data presented in this paper illustrate the importance 
of understanding the physical and chemical properties of proteins 
in seeds and seed products, so that their ultimate contributions 
as ingredients in foods can be maximized. 

Efforts are under way to characterize the chemical properties 
of oilseed proteins and to relate these characteristics to the 
functional properties of seed products (9,11-16). Research 
deals with the chemistry of proteins affected by pH, suspension 
medium, heat denaturation, and enzyme degradation. Once constit
uents of seeds are identified and related to a specific functional 
property, efforts can be made to selectively modify or maintain 
these components to effectively utilize their beneficial contri
butions to food systems during processing, thereby expanding use 
of oilseeds and their by-products in foods. 

Experimental Procedures 

Soluble proteins in various aqueous fractions of glandless 
cottonseed flour (hexane-defatted) and peanut products (whole 
peanuts, and full-fat and hexane defatted meal and flour) were 
determined by methods of Cherry et al (10), and McWatters et 

0-8412-0478-0/79/47-092-001$06.50/0 
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2 F U N C T I O N A L I T Y A N D P R O T E I N S T R U C T U R E 

a l . (13). Cherry et a l . (10) described techniques for character
izing the gel electrophoretic properties of soluble proteins i n 
the different preparations. Procedures for tests of functional 
properties, including emulsion capacity and viscosity, and foam 
capacity, stability, and viscosity, were those of McWatters and 
Cherry (9). Hydrolysis of proteins with proteolytic enzymes 
pepsin, bromelain, and trypsin was completed by the methods 
of Beuchat et a l , (8). 

Results and Discussion 

Functional Properties Related to pH 

Protein Solubility. Proteins of glandless cottonseed, sepa
rated by centrlfugation into soluble and insoluble fractions 
from aqueous suspension
produce solubility curve
1); these values, over the pH range of 1.5 to 11.5, were the 
inverse of each other. For example, the quantity of soluble 
protein declined in suspensions at pH values between 1.5 (acid-
dissociated proteins; 17) and 4.5 (isolectric point), and then 
gradually increased as the pH was raised to neutrality; amounts 
of storage proteins (11,18) increased as the pH was increased 
to 11.5. These changes are further shown by the polyacrylamide 
disc-gel electrophoretic patterns in Figure 2. 

Emulsion Capacity and Viscosity. Glandless cottonseed flour 
suspended in water can be emulsified to exhibit viscosities that 
simulate those of salad dressing and mayonnaise (11). Varying 
the pH of flour-in-water suspensions greatly influences emul
sifying capacity and viscosity of cottonseed flour (Figure 1). 
These changes i n emulsifying capacity and viscosity can be 
related to quantity and quality of protein present in the 
soluble and insoluble portions obtained by centrifuging the 
flour suspensions. 

Emulsion capacity of 10% suspension of flour, adjusted to 
pH values between 1.5 and 11.5, ranged between 85 and 110 ml o i l 
per 25 ml suspension (Figure 1). The lowest and highest values 
were noted at isoelectric pH (4.5) and 11.5, respectively; the 
extent of solubility of proteins in the suspension correspond to 
these values. Relative to pH, emulsion viscosity was highly 
correlated with the percentage protein in the soluble fraction; 
i.e., the viscosity declined between pH 1.5 and 4.5 (dissociated 
polypeptides), and increased at f i r s t gradually, then rapidly, 
as pH was adjusted toward 11.5 (water-extracted proteins are 
soluble at neutral pH, and storage globulins at alkaline pH 
values). 

Foam Capacity, Stability, and Viscosity. It was more d i f f i 
cult to form foams of higher stability from suspensions of 
glandless cottonseed flour as the pH was increased from 1.5 to 
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Figure 1. Solubility and emulsifying properties of cottonseed proteins at various 
pH values. Emulsion: ( Ο—Ο ) capacity, ( Ο Ο ) viscosity; protein fractions: 

( ·—· ) soluble, (Φ · ) insoluble. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



4 F U N C T I O N A L I T Y A N D P R O T E I N STRUCTURE 

Figure 2. Gel electrophoretic properties of cottonseed proteins at various pH 
values 
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1. C H E R R Y E T A L . Oilseed Protein Properties 5 

3.5 (Figure 3). Values were similar at pH 3.5 and 4.5. Between 
4.5 and 6.5, foam capacity and stability declined to the lowest 
values noted in the experiment. Às the pH was raised to 11.5, 
these functional properties of cottonseed flour increased to 
values similar to that of the pH 1.5; i.e., optimum foaming pro
perties were noted when the dissociated proteins and major 
storage globulins were soluble. 

Foam viscosity was optimum in the pH range of 3.5 to 5.5 
(Figure 4). Between these values, most proteins of glandless 
cottonseed flour were in the insoluble form. 

Functional Properties Related to Suspension Medium and pH 

Protein Solubility. The effects of suspension medium and 
pH on selected functional propertie f t protei
investigated (13) by suspendin
0.1 M NaCl, aneTl.O M NaC  (8  suspensions, w/v)  adjusting 
the pH to either 1.5, 4.0, 6.7, or 8.2; two-step sequential 
adjustments from 6.7 to 4.0 to 6.7 and from 6.7 to 4.0 to 8.2 
were also included. Percentage of protein in soluble fractions 
from either water or salt suspensions was highest at pH 8.2, 
intermediate at 6.7, and lowest at 4.0 (Figure 5). Protein con
tent was determined by macro-Kj eldahl analysis of nitrogen in 
the lyophilized fractions χ 5.46. The isoelectric point of 
peanut seed proteins i s between pH 3.0 and 5.0, depending on the 
type of suspension medium used to prepare these components (19). 
In extracts of water or i n 0.1 M NaCl at pH 1.5, the percentage 
of proteins was similar to those at pH 4.0 and 6.7, or higher. 
The content of protein in soluble extracts of 1.0 M NaCl sus
pensions at pH 1.5 was less than that at pH 4.0. The changes in 
protein of insoluble preparations after each pH adjustment were 
the inverse of that of the soluble extracts (Figure 5). 

The percentages of proteins in water-soluble extracts of sus
pensions of peanut meal adjusted from pH 6.7 to 4.0, then back 
to either 6.7 or 8.2, were less than those of the i n i t i a l 
extract and the one-step pH change, respectively (Figure 5). 
Percentage of protein in soluble extracts at pH 6.7 or 8.2 was 
not altered greatly by the two-step pH adjustment. 

Emulsion Capacity. The most viscous emulsions of peanut meal 
with mayonnaise consistencies were produced from suspensions 
at pH 1.5 i n water and 0.1 M NaCl, and by the water suspension 
adjusted from pH 6.7 to 4.0 to 8.2 (Figure 6). At pH 4.0, poor 
emulsifying properties were noted for a l l suspensions · The 
two-step pH adjustment from 6.7 to 4.0 to 6.7 improved emulsi-
fication properties of only the water suspension over those of 
samples where the pH was not adjusted or was minor. 

The high salt level (1.0 M NaCl) and poor protein solubility 
evidently affected emulsion formation at pH 1.5 (cf. Figures 5 
and 6). At pH 6.7, levels of soluble proteins were variable i n 
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6 F U N C T I O N A L I T Y A N D P R O T E I N S T R U C T U R E 
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pH OF 10% SUSPENSION 

Figure 3. Solubility and foaming properties of cottonseed proteins at various pH 
values. Foam: (O-O ) capacity, (Ο— - Ο ) stability; protein fractions: (·—·) 

soluble, (φ · ) insoluble. 
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Figure 4. Foam viscosity and stability properties of cottonseed proteins at vari
ous pH values. (Φ—Φ) 1 min, (Ο Ο) 60 min. 
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Figure 5. Effect of pH and suspension medium on the solubility properties of 
peanut proteins 
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1. C H E R R Y E T A L . Oiheed Protein Properties 9 

Figure 6. Effect of pH and suspension medium on the emulsion capacity of pea
nut proteins. Suspension medium: (Ο—Ο) H20, (O O j O . I M NaCI, (O · · · O) 

1.0M NaCI. 
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10 FUNCTIONALITY AND PROTEIN STRUCTURE 

different suspensions. At pH 4·0, soluble protein levels were 
consistently low. None of these factors could be related to the 
ability of peanut meal to form emulsions (cf. Figures 5 and 6). 
Since the adjustment of pH from 6.7 to 4.0 to 6.7 or 8.2 for the 
water suspension improved emulsion capacity, and the others re
mained relatively unchanged, the salt may have interfered with 
this property. Percentages of protein in these suspensions 
remained relatively high. On the other hand, exposure of peanut 
meal components in suspension to pH 4.0, and then to pH 8.2, may 
have caused structural rearrangements in proteins soluble i n 
water that did not occur in those of the salt solutions. A 
rearrangement i n the structure of proteins in water would increase 
the number of binding sites to interact with o i l and water. The 
slight decrease noted in solubility of proteins in water sus
pensions after the two-step pH change  compared to no pH adjust
ment or one-step adjustment
of these proteins (Figur

Foam Capacity and Stability. Adjusting the pH of suspensions 
of peanut meal prior to whipping significantly affected foam 
formation and stability (Figure 7). The largest increase i n foam 
volume occurred at pH 1.5; at this pH, increasing the salt con
centration greatly reduced the percentage of protein in soluble 
fractions and depressed foam formation (cf. Figures 5 and 7). At 
pH 4.0, percentage of proteins in soluble fractions were low yet 
foam volume remained relatively high; l i t t l e difference was noted 
between water and salt suspensions at this pH. 

At pH 6.7 and 8.2, the smallest Increases in foam volume 
due to whipping occurred (Figure 7). Percentage of protein in 
the soluble fraction of the pH 6.7 suspension was highly variable 
(Figure 5). Foam volume improved as salt concentration increased 
at this pH. Changing the pH from 6.7 to 4.0 to 6.7 improved 
the volume of foam formed over that of the unadjusted (pH 6.7) 
suspension, despite variation in percentage of protein in the 
soluble fractions. 

Whether obtained by one- or two-step pH adjustment, at pH 8.2 
the percentages of protein in soluble extracts were among the 
the highest observed in the study, yet increases in foam volume 
were not as great as those observed at pH 1.5 or 4.0. 

Foam stability showed l i t t l e variation among suspensions at 
pH 1.5 and 4.0, remaining between 35% and 45% (Figure 7). The 
largest variations i n stability were noted among suspensions at 
pH 6.7 and 8.2, and after the two-step adjustment to pH 6.7. 
Increasing the amount of salt in the suspension at these pH 
values decreased foam stability. The suspensions adjusted from 
pH 6.7 to 4.0 to 8.2 exhibited similar foam capacity and sta
b i l i t y , regardless of salt concentration. 

McWatters and Cherry (9) characterized the emulsion and 
foam capacity, emulsion viscosity, protein solubility, and gel 
electrophoretic properties of water suspensions containing 
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Figure 7. Effect of pH and suspension medium on the foaming properties of pea
nut proteins. Suspension medium: (Ο—Ο) H20, (Ο Ο) O.IM NaCI, (Ο — Ό) 

l.OM NaCI. 
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12 FUNCTIONALITY AND PROTEIN STRUCTURE 

defatted soybean, peanut, field pea, or pecan flour. The sus
pensions were evaluated at their natural pH, at pH 4.0, 8.2, and 
after a two-step sequential adjustment from the natural pH to 
4.0 to 8.2. Maximum functionality of suspensions was: (a) 
soybean flour—very thick mayonnaise emulsions, and egg white-
type foams at natural pH; (b) peanut flour—semi-thick mayon
naise emulsions, and thick egg white-type foams after the two-
step adjustment to pH 8.2; (c) fiel d pea flour—semi-thick may
onnaise emulsions and medium-thick foams at pH 8.2; and (d) 
pecan flour—very thick mayonnaise emulsions after the two-step 
adjustment to pH 8.2. Protein solubility seemed to be more 
closely associated with improved viscosity of emulsions and 
foams than with increased quantity of o i l or air that could be 
bound by flour suspensions. Data from gel electrophoretic 
studies suggested that the major seed storage proteins were 
Important in functionalit
such as carbohydrates ma

Gel Electrophoresis of Proteins. The proteins in various 
suspension media (water, 0.1, 1.0 M NaCI) of peanut meal at 
different pH values were characterized by electrophoretic tech
niques. A l l suspensions at pH 4.0 had few protein components 
that could be distinguished on electrophoretic gels; more were 
present as the salt level was increased in the suspensions 
(Figure 8). No improvement in emulsion capacity occurred at 
this pH, even though the number of protein components in the 
soluble fraction increased in the presence of salt (cf. Figures 
6 and 8). When the pH was lowered to 1.5, levels of nonarachin 
proteins (region 2.5-4.5 cm) increased and the arachin components 
(region 0.5-2.5 cm) became dif f i c u l t to discern in the gels. 
Investigators (19,20) have described these peanut protein com
ponents using gel êTectrophoretic techniques. Two components 
in region 4.5-5.5 cm in gels of water and low salt extracts were 
not present i n those containing 1.0 M NaCI. Only the former two 
preparations formed emulsions resembling mayonnaise; they also 
produced the greatest increases in foam volume. At pH 6.7, 8.2, 
and the two-step pH adjustments, water and low salt mixtures had 
soluble proteins with similar electrophoretic properties. These 
gels showed that suspensions with 1.0 M NaCI had lower amounts 
of nonarachin proteins in region 2.5-5.5 cm. This characteristic 
could be related to the poor emulsifying properties of these 
preparations. The arachin components in these high salt solutions 
were diffuse and dif f i c u l t to discern in the gels. No specific 
protein properties detectable by gel electrophoresis could be 
related to the unique ability of the water suspension subjected 
to the two-step pH adjustment of 6.7 to 4.0 to 8.2 to form a 
mayonnaise emulsion. 

Dough quality and strength in breakmaking depends on the 
gluten proteins i n wheat (2). Hyder et a l . (21) demonstrated by 
starch gel electrophoresis that the isoelectric protein fraction 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



1. C H E R R Y E T A L . Oilseed Protein Properties 13 

Figure 8. Gel electrophoretic properties of peanut proteins as influenced by pH 
and suspension medium 
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14 FUNCTIONALITY AND PROTEIN STRUCTURE 

of soybean flour and a synthetic glycolipid interacted during 
dough mixing with the gluten fraction of wheat flour. This inter
action may be the basic mechanism contributing to loaf volume. 
In meat emulsions, a specific soluble fraction of proteins was 
shown to function as the key emulsifier (22). However, Lin et al . 
(15) showed that sunflower meal was superior to soybean and sun
flower protein concentrates or isolates in emulsification capac
ity. These authors suggest that nonprotein constituents of seeds 
may contribute to the formation of emulsions and aid in the 
formation of whipped foams. 

Functional Properties Related to Heat 

Protein Solubility. The effects of moist heat on function
ality of peanut protein
heating shelled kernel
retort at 50, 75, and 100°C for 15-min intervals ranging from 
15-90 min. Levels of soluble protein generally decreased as 
heating time increased from 15 to 90 min at a l l three temper
atures (Figure 9). 

Reduction in protein solubility was somewhat greater after 
15 min of heating at 50eC than at 75 or 100eC, though l i t t l e 
difference in solubility was observed among temperatures after 
30 min. At the 45, 60, and 75 min heating times, levels of 
protein solubility were greater in peanuts heated at 5Q*C than 
at 75 and 100eC. Levels of soluble protein were drastically 
reduced when heating time at 100eC was extended to 60, 75, and 90 
min. 

Bmilsion Capacity and Viscosity. The effect of moist heat 
on emulsion capacity and viscosity was measured by heating peanuts 
in water at 50, 75, and 100eC for 15-min intervals ranging from 
15-90 min; these seeds were than ground into a paste, suspended i n 
water, and adjusted in pH from 6.7 to 4.0 to 8.2 (14). Moist-
heated peanuts had emulsion capacities similar to or better than 
the non-heated control (Figure 10). Peanuts heated at 50eC for 15 
min had considerably less soluble protein than those of seeds 
treated at 75eC and 100eC (cf. Figures 9 and 10). Peanuts heated 
at 50eC for 15 and 30 min had higher emulsion capacity than those 
treated at 75 and 100eC. Little difference was observed in 
emulsification properties of samples heated for 45 and 60 min at 
various temperatures; emulsion capacity of a l l samples was greater 
for peanuts heated for 60 min than for 45 min. As heating time 
was extended to 90 min, emulsion capacity of suspensions made with 
peanuts heated at 50eC and 100°C improved, whereas a reverse trend 
was observed for samples heated at 75eC. In the former two treat
ments, protein solubility continually declined, but in the latter 
case, an increase in protein solubility was noted at 90 min. 

Although a l l emulsions in this study were thick and peaked, 
viscosities decreased as the treatment temperature was Increased 
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Figure 9. Quantity of soluble protein in peanuts moist heated for various time 
intervah. Suspension made with peanuts moist heated at: (O—O) 50°C, 

( Ό 0)75°C, (O--O)100°C. 
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Figure 10. Emulsifying properties of suspensions made from peanuts moist 
heated for various time intervah. Suspension made with peanuts moist heated 

at: ( O - O ) 50°C, (O O ) 75°C, (0--0) 100°C. 
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(Figure 10). A l l heat-treated samples were less viscous than 
the unheated control. Viscosity remained similar for samples 
heated at 50°C for 15 to 45 minf increased between 60 and 75 
min, then declined at 90 min. In general, protein solubility 
declined in a l l of these suspensions. At 75eC, the viscosities 
declined for peanuts heated for 15 to 60 min, then increased 
i f heated for 90 min. Similar observations were noted for 
protein solubility in these suspensions. Emulsion viscosities 
of peanuts heated at 100°C Increased between 15 and 45 min, then 
remained fairly constant between 45 and 90 min; protein solu
b i l i t y of these suspensions declined continually between 15 and 
90 min. 

Foam Capacity and Stability. The effect of moist heat on 
foam capacity and stabilit
peanuts at 50, 75, and 100°
15-90 min; these seeds were then ground into a paste, suspended in 
water, and adjusted in pH from 6.7 to 4.0 to 8.2 (14). Foam 
capacity of peanuts heated at 50°C increased slightly during the 
15 to 90 min heating period (Figure 11), but showed no major 
changes during this same heating period at 75eC. At 100eC, 
samples heated for 15 to 90 min produced the largest increase in 
foam capacity. In most cases, foam capacity was inversely related 
to protein solubility; i.e., where protein solubility decreased, 
foam capacity increased, and vice versa (cf. Figures 9 and 11). 

Foams prepared from peanuts heated at 75 and 100eC varied, 
but were more stable than those of seeds heated at 50eC for 
different heating times to 90 min (Figure 11). 

Gel Electrophoretic Properties. Gel electrophoretic patterns 
of soluble proteins revealed that heating peanuts at 50 and 75eC 
up to 90 min caused l i t t l e detectable change i n the soluble 
proteins (Figure 12). Heating peanuts at 100°C for various time 
intervals to 90 min altered the structural components of non
arachin proteins in region 1.5-3.5 cm of gels. The arachin 
fraction (region 0.5-1.5 cm), which is the major storage globulin 
of peanuts, was unchanged on electrophoretic gels of samples 
heated at 100eC for 15 to 90 min. During this same heating period 
at 100°C both emulsion and foam capacity increased greatly. 
Emulsion viscosity of these suspensions was low, however, foam 
stability was among the best. The arachin was gradually altered 
to other forms (polypeptide subunits and/or aggregates; 10) by 
extended heating from 105 to 180 min (Figure 12). Similar changes 
occurred in the arachin fraction of peanuts heated at 120eC for 
15 min, being accelerated by treatment at this relatively high 
temperature (10). Heat treatments of 15 min at 120°C and more 
than 105 min at 100°C produced pourable, suspension-type pro
ducts rather than thick emulsions. These data suggest that 
qualitative changes i n nonarachin protein content due to moist 
heating of peanuts at 100°C for time intervals of 15 to 90 min 
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Figure 11. Foaming properties of suspensions made from peanuts moist heated 
for various time intervals. Suspension made with peanuts moist heated at: (Ο—Ο) 

5 o ° c , (o—o; 75°c , c o · · · o ; ioo°c. 
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Figure 12. Gel electrophoretic properties of soluble proteins in peanuts moist 
heated for various time intervals (10) 
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may be related to the improved ability of pastes prepared from 
these samples to form emulsions and foams. On the other hand, the 
combinations of arachin and the denatured forms of nonarachin 
proteins may contribute to emulsion and foam formation. At 50°C 
and 75 eC, these changes may be occurring but are not large enough 
to be detectable by gel electrophoretic techniques; changes in 
protein solubility of these preparations suggest that protein 
structural changes are occurring. 

functional properties of proteins derived from various sources 
have been shown to be affected by heat. For example, heating 
protein dispersions of soybeans (23) and Great Northern beans (24) 
improved their ability to form foams, whereas with sunflower (25) 
such treatment had an adverse effect. Foaming capacity of peanut 
proteins could probably be improved by removal of certain com
ponents that interfere with foam formation  Eldridge et a l  (26) 
found that washing acid-precipitate
alcohol removed a phospholipid-lik  improve
formation and stability. In foaming studies with sunflower meal 
(15), nonprotein constituents apparently aided the formation of 
whipped foams. In meat emulsions, a specific soluble fraction 
of proteins was shown to function as the key emulsifier (22). 
However, the moist heat study described here (10,14) was conducted 
with whole peanuts rather than protein concentrates or isolates, 
thus the role of carbohydrate, lipids, and/or complexes of these 
components that are formed during moist heating and subsequent 
blending of peanut paste-water suspensions with o i l is unknown. 
Lin et a l . (15) showed that sunflower meal was superior to soybean 
and sunflower concentrates or isolates in emulsion capacity. 
McWatters and Cherry (9) compared select functional properties of 
defatted soybean, peanut, fi e l d pea, and pecan flours and showed 
that major seed storage proteins were important in emulsifying and 
foaming properties. Protein solubility was related to the quality 
of the emulsions and foams. Behavioral characteristics contri
buted by nonprotein components that occur naturally in the seeds, 
especially carbohydrates, were implicated. 

Functional Properties Related to Enzyme Hydrolysis of Proteins 

Protein Solubility. The effects of proteolysis on function
ality of peanut flour has been investigated (8,27-29). Protein 
solubilities of nontreated peanut flour and trypsin-treated 
flour (0 min) at pH 7.6 were similar, but were lower for those 
with bromelain at pH 4.5 and pepsin at pH 2.0 (Figure 13); the 
pH values of the latter two enzyme treatments were readjusted 
back to 7.6 for these analyses. Lowering the pH of the pepsin-
treated control to 2.0 and that of the bromelain control to 4.5, 
followed by heating to stop enzyme activity, evidently altered 
peanut proteins irreversibly to less soluble forms. Adjusting 
the trypsin-treated control to pH 7.6 during the heating pro
cedure did not require passing the proteins through their 
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Figure 13. Solubility and emulsifying properties of proteins in peanut flour 
treated with proteolytic enzymes. (O) Not treated, pH 6.9; (O) trypsin, pH 7.6; 

( Q ) bromelain, pH 4.5; (Φ) pepsin, pH 2.0. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



22 FUNCTIONALITY AND PROTEIN STRUCTURE 

Figure 14. Gel electrophoretic properties of proteins in peanut flour treated with 
proteolytic enzymes (8) 
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isolectric points as was done with the other two enzyme treat
ments. This procedure did not significantly change the solu
b i l i t y of peanut proteins. 

Enzymatic hydrolysis increased the soluble protein, compared 
to the respective controls (Figure 13). Approximate threefold 
increases were noted after pepsin digestion, fourfold after 
bromelain, and twofold after trypsin. These levels of protein 
solubility were evident after only 10 min of enzyme treatment. 
Further digestion times did not significantly increase the amount 
of soluble protein. 

Gel Electrophoresis. Electrophoretic patterns of proteins 
in untreated and enzymatically hydrolyzed peanut flour showed 
that the proteins of pepsin and bromelain controls were markedly 
different from those of nontreated flour (Figure 14)  Heating 
these two controls unde
protein solubility, bu
No major arachin components were detected in the 0.5-1.5 cm 
region of gels of the pepsin and bromelain controls. Two minor 
bands were detected in region 0.5-1.5 cm, and a number of major 
components were clearly shown in regions 2.0-4.0 and 4.5-5.5 cm 
of gels of the pepsin control. The gel pattern of the bromelain 
control showed three minor components in region 0.5-1.5 cm and a 
number of dark-staining bands in region 2.0-4.0 cm. 

Digestion of peanut flour with pepsin and bromelain resulted 
in considerable changes in the lower half of the gels (region 
4.5-7.0 cm). The changes in the protein patterns of peanut flour 
treated with these enzymes, especially pepsin, became most pre
valent by 50 min. The gel pattern of the bromelain-digested flour 
did not resemble i t s control or the nontreated flour. Six major 
bands were distinctly shown in region 1.0-5.0 cm, and four minor 
components were present in region 0.5-6.8 cm that were not clearly 
distinguished i n the controls. The dark-staining components in 
region 1.0-2,5 cm had mobilities similar to the major diffuse 
bands detected i n the trypsin-treated samples, and may be altered 
forms of arachin, the major storage globulin in peanuts (20). 

The gel pattern of the trypsin control was very similar to 
that of the nontreated peanut flour. This observation supports an 
earlier suggestion that adjusting the pH of the trypsin control to 
7,6, followed by heating, did not alter the proteins enough to 
substantially affect their solubility. However, qualitative 
changes were noted in the soluble protein fraction of trypsin-
treated flour. Arachin appears in the 0.5-1.5 cm region of the 
electrophoretic pattern of nontreated flour, but is not clearly 
shown in trypsin-treated preparations. Instead, two diffuse 
major bands were detected in region 1.0-2.5 cm, and a number 
of smaller components were present in the lower halves of the 
gels. These major bands may result from arachin, which was 
partially digested by trypsin to yield forms having increased 
electrophoretic mobilities. 
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Emulsion Capacity. Enzymatic digestion of proteins beyond 
10 min, except the trypsin-treated sample for 30 min, destroyed 
emulsifying capacity of the flour (Figure 13). Apparently, 
hydrolysis substantially altered protein surface activity 
strengths and the ability of the protein to stabilize oil-in-
water emulsions. This assumption agrees with earlier work 
showing decreased emulsion capacity of peanut flour fermented 
with fungi (27). 

Conclusions 

understanding protein changes that occur during processing 
of oilseeds as food products is prerequisite to accurately 
predicting the functional behavior of these nutritious constit
uents in food systems. Genetic factors and growing location  as 
well as harvesting, curing
complexity of chemical
oilseeds. Varying levels of protein, salt, pH, and heat, in 
addition to molecular interactions among seed storage constit
uents, affect certain physicochemical properties in suspension 
media used in food formulations. Proteins denature to various 
dissociated or aggregated forms and are detectable by gel electro
phoretic techniques as changes in size, conformation, and charge. 
The level or proportion of certain soluble proteins is a measure 
of the availability of these components for functional expression. 
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Effect of Conformation and Structure Changes Induced 

by Solvent and Limited Enzyme Modification on the 

Functionality of Soy Proteins 

B. A. LEWIS and J. H. CHEN 
Division of Nutritional Sciences, Cornell University, Ithaca, NY 14853 

Improvement in functionality of the major soy globulins can 
be obtained by structura
quently this is done b
epsilon-amino groups or by alkaline or heat treatment. We have 
described a procedure for preparation of a superior soy product 
without alteration of the amino acids (1). 

Limited digestion of the globular soy proteins (Harosoy 
variety) with the enzyme rennin affords a modified protein 
preparation which retains a high molecular weight. The enzyme
-modified protein is precipitated and washed with alcohol and 
subsequently heat-modified. A flavorless product results which 
is easily dispersed in water and shows excellent functional 
characteristics. 

Whipping quality, measured by foam volume and stability, is 
superior in comparison with the native proteins. The product 
has excellent water-binding properties and good heat gelation 
characteristics. The limited rennin proteolysis of the soy 
protein is a key point in the functionality of the protein 
product since this modification confers improved solubility in 
water. In addition, for good whippability and gelation, it is 
important that the proteins have a high molecular weight and this 
has been demonstrated by viscosity data, gel filtration, and 
polyacrylamide gel electrophoresis. As would be anticipated 
from the limited proteolysis, a good yield of protein is 
recovered from the enzyme treatment. 

It is of interest to obtain quantitative information 
concerning the role of chemical structure and conformation on 
the functional properties of proteins. Such information is 
useful in determining effective methods for altering function
ality or in plant breeding to build in desirable traits or 
increase the yields of those proteins having more desirable 
properties. 

This paper describes the characteristics of the major soy 
globulins, the primary and higher structure of the 7S globulin, 
and structural characteristics of the 7S protein modified by 
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r e n n i n d i g e s t i o n and subsequent a l c o h o l and heat d e n a t u r a t i o n . 

Soy G l o b u l i n s 

Soy beans c o n t a i n s e v e r a l g l o b u l a r p r o t e i n s w h i c h c a n be 
s e p a r a t e d from the whey p r o t e i n s by i s o e l e c t r i c p r e c i p i t a t i o n a t 
pH 4 . 5 - 4 . 9 . About 90% o f t h e e x t r a c t e d p r o t e i n i s r e c o v e r e d i n 
t h i s i s o l a t e . Of t h e g l o b u l a r p r o t e i n s , the 7S and 11S p r o t e i n s 
p r e d o m i n a t e a l t h o u g h t h e a c t u a l amount o f each v a r i e s w i t h soy 
v a r i e t y . The i s o l a t i o n and p r o p e r t i e s o f t h e s e p r o t e i n s has been 
the s u b j e c t o f r e c e n t reviews (.2, 3 ) . Some o f t h e u n d e s i r a b l e 
f e a t u r e s o f soy p r o t e i n s a r e i l l u s t r a t e d by t h e f o l l o w i n g o b s e r 
v a t i o n s . 

The w a t e r - e x t r a c t a b i l i t y o f b o t h t h e 7S and U S p r o t e i n s 
d e c r e a s e s w i t h a g i n g o f t h e soy meal ( 4 ) . D u r i n g i s o e l e c t r i c 
p r e c i p i t a t i o n 15-30% o
f a i l s t o r e d i s s o l v e i n
lowered t o 2-3 the 11S component becomes i n c r e a s i n g l y s e n s i t i v e 
t o i r r e v e r s i b l e d e n a t u r a t i o n . T h i s a c i d - s e n s i t i v e f r a c t i o n n o t 
o n l y l i m i t s t h e s o l u b i l i t y o f s u c h i s o e l e c t r i c p r o t e i n i s o l a t e s , 
and t h e r e f o r e t h e i r f u n c t i o n a l u s e s , b u t t h i s f r a c t i o n may a l s o 
be r e s p o n s i b l e f o r r e t e n t i o n o f u n d e s i r a b l e f l a v o r s ( 5 ) . 

Soy g l o b u l i n s a l s o have a tendency t o undergo a r e v e r s i b l e 
d i m e r i z a t i o n w i t h changes i n i o n i c s t r e n g t h , t h e 7S g l o b u l i n 
c o n v e r t i n g t o a 9S dimer a t low i o n i c s t r e n g t h ( 2 ) . 

C h a r a c t e r i s t i c s s u c h as t h e s e have c o m p l i c a t e d t h e i s o l a t i o n , 
p u r i f i c a t i o n , and s t r u c t u r a l d e t e r m i n a t i o n o f t h e i n d i v i d u a l 
g l o b u l a r p r o t e i n s . N e v e r t h e l e s s , some s t r u c t u r a l and c o n f o r m a 
t i o n a l i n f o r m a t i o n i s a v a i l a b l e f o r t h e 7S and 11S g l o b u l i n s . 

P r i m a r y S t r u c t u r e o f t h e 7S P r o t e i n 

The 7S g l o b u l i n i s a g l y c o p r o t e i n c o n t a i n i n g 3 .8 -5 .4% c a r b o 
h y d r a t e . Mannose and g l u c o s a m i n e appear to be t h e o n l y s u g a r s 
p r e s e n t and t h e y a r e l i n k e d t h r o u g h g l u c o s a m i n e t o a s p a r a g i n e 
( 6 ) . The amino a c i d c o m p o s i t i o n has been r e p o r t e d f o r v a r i o u s 
p r e p a r a t i o n s o f 7S p r o t e i n 8̂ , 9_, 10) but t h e r e s u l t s v a r y 
s i g n i f i c a n t l y . T h i s may r e p r e s e n t t h e l e v e l o f p u r i f i c a t i o n o f 
t h e p r o t e i n o r v a r i e t a l d i f f e r e n c e s . N e v e r t h e l e s s , a l l s t u d i e s 
show t h a t t h e s u l f u r amino a c i d c o n t e n t i s v e r y low and s u l f -
h y d r y l groups a r e p r o b a b l y n o t p r e s e n t . Two d i s u l f i d e l i n k a g e s 
may be p r e s e n t however . 

The e s t i m a t e d m o l e c u l a r weight i s i n t h e range 150 ,000 -
185,000 (8 , 10) f o r t h e monomeric 7S and 370,000 f o r t h e d i m e r i c 
9S form (10 ) . As many as e i g h t N - t e r m i n a l amino a c i d s have been 
r e p o r t e d (8) a l t h o u g h more r e c e n t l y o n l y v a l i n e and l e u c i n e have 
been d e t e c t e d a t t h e N - t e r m i n a l ( 1 0 ) . Beyond t h e s e o b s e r v a t i o n s , 
the p r i m a r y s t r u c t u r e has n o t been d e t e r m i n e d . 
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Secondary and T e r t i a r y S t r u c t u r e 

The s e c o n d a r y and t e r t i a r y s t r u c t u r e o f a p a r t i a l l y p u r i f i e d 
7S g l o b u l i n was examined by Fukushima (7) based on o p t i c a l 
r o t a t o r y d i s p e r s i o n , i n f r a r e d and u l t r a v i o l e t d i f f e r e n c e s p e c t r a . 
A n t i p a r a l l e l 3 - s t r u c t u r e (35%) and random c o i l (60%) p r e d o m i n a t e d 
w i t h o n l y 5% h e l i c a l s t r u c t u r e p r e s e n t . The c o n t r i b u t i o n o f t h e 
t h r e e s t r u c t u r e s was c a l c u l a t e d from m o l e c u l a r e l l i p t i c i t y v a l u e s 
o b t a i n e d by c i r c u l a r d i c h r o i s m (11) and from the M o f f i t t 
p a r a m e t e r s i n ORD (11 , 1 2 ) . Between 210 and 250 nm, t h e e x p e r i 
m e n t a l CD c u r v e f o r t h e 7S p r o t e i n was s i m i l a r t o t h e CD c u r v e 
computed from ORD M o f f i t t p a r a m e t e r s w i t h the major d i s s i m i l a r i t y 
o c c u r r i n g a t 208-213 nm. 

Our s t u d i e s on 7S g l o b u l i n i s o l a t e d under c o n d i t i o n s w h i c h 
a v o i d e d the a c i d i c d e n a t u r a t i o n c o n d i t i o n s c r e a t e d by i s o e l e c t r i c 
p r e c i p i t a t i o n showed about 5% h e l i x , 60% 3 - s t r u c t u r e and 35% 
random c o i l . I t i s q u i t
have d e t e r m i n e d t h e s e c o n d a r y o r d e r o f t h e i s o l a t e d p r o t e i n . 

Fukushima (7) o b s e r v e d t h a t 40% o f t h e p e p t i d e hydrogens 
were n o t exchanged w i t h d e u t e r i u m and c o n c l u d e d t h a t t h e 
m o l e c u l e s a r e c o m p a c t l y f o l d e d even i n t h e random a r e a s . The 
i n t r i n s i c v i s c o s i t y o f 0.0638 d l p e r g r e p o r t e d by Koshiyama i s 
a l s o c o n s i s t e n t w i t h a r e l a t i v e l y compact s t r u c t u r e (8 , 9 ) . 

In the 7S g l o b u l i n , t r y p t o p h a n a p p e a r s t o be l o c a t e d on t h e 
s u r f a c e w h i l e t y r o s i n e i s b u r i e d i n t h e i n t e r n a l h y d r o p h o b i c 
r e g i o n (7 , 8 ) . I n the UV s p e c t r u m o f t h e 7S g l o b u l i n (pH range 
2 . 5 0 - 7 . 9 3 ) , f o u r s h o u l d e r s a p p e a r i n g between 250-280 nm a r e 
a t t r i b u t e d t o p h e n y l a l a n i n e a b s o r p t i o n (13 ) . A s l i g h t s h i f t o f 
t h e s e s h o u l d e r s as w e l l as t h e 250 nm minimum t o l o n g e r wave 
l e n g t h s was o b s e r v e d a t pH 10. I o n i z a t i o n o f t h e t y r o s i n e 
h y d r o x y l groups o c c u r s i n 0 .1 Ν sodium h y d r o x i d e r e s u l t i n g i n a 
r e d s h i f t o f t h e t o t a l s p e c t r u m . 

A s i m i l a r s e c o n d a r y s t r u c t u r e i s p r e d i c t e d f o r t h e 11S 
g l o b u l i n . However, d i f f e r e n c e s appear i n the t e r t i a r y s t r u c t u r e 
as shown by the CD s p e c t r u m i n the 240-320 nm r e g i o n . B o t h 
t y r o s i n e and t r y p t o p h a n appear t o be b u r i e d i n t h e h y d r o p h o b i c 
i n t e r i o r o f t h e I I S g l o b u l i n . CD s p e c t r a f o r b o t h p r o t e i n s i n 
0 .1 Ν sodium h y d r o x i d e a l s o r e v e a l s i g n i f i c a n t d i f f e r e n c e s i n 
t e r t i a r y s t r u c t u r e ( 1 1 ) . T y r o s i n e r e s i d u e s i n t h e 7S p r o t e i n 
appear t o i o n i z e much more r e a d i l y t h a n i n t h e 11S p r o t e i n as 
d e t e r m i n e d by the magnitude o f the p o s i t i v e peak a t 253 nm. 

P r e l i m i n a r y e v i d e n c e from e n z y m a t i c d i g e s t i o n o f t h e n a t i v e 
7S and 11S p r o t e i n s s u g g e s t s t h a t t h e 7S p r o t e i n may have a more 
h y d r o p h i l i c s u r f a c e t h a n t h e I IS p r o t e i n . T h u s , t r y p s i n d i g e s t s 
t h e 7S f r a c t i o n more r a p i d l y t h a n t h e 11S a t pH 5 . 8 - 6 . 7 , whereas 
r e n n i n degrades t h e 11S more r a p i d l y t h a n the 7S. The e p s i l o n -
amino groups o f l y s i n e may a l s o be more a v a i l a b l e on t h e s u r f a c e 
o f t h e 7S r e s u l t i n g i n e a s i e r s u c c i n y l a t i o n . 
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Q u a t e r n a r y S t r u c t u r e 

Thanh and S h i b a s a k i (10) p r o p o s e d a t r i m e r i c s t r u c t u r e f o r 
the 7S and a hexameric s t r u c t u r e f o r t h e 9S d i m e r . U r e a / s o d i u m 
d o d e c y l s u l f a t e p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s r e s o l v e s the 
7S g l o b u l i n i n t o s i x i s o m e r i c forms w h i c h a r e made up o f t h r e e 
t y p e s o f s u b u n i t s ( a , a f and 3) i n v a r y i n g p r o p o r t i o n s (10 , 14 , 
1 5 ) . The c o m p o s i t i o n o f t h e s i x i s o m e r i c p r o t e i n s has been 
d e s i g n a t e d as f o l l o w s : Β - , a f 3 9 ; B 9 , a3£s B q j o ta f 3 ; Β, , a 9 3 ; 
B 5 , c u a 1 and B 6 , α 3 · M o l e c u l a r w e i g h t s o f 42 ,000 and 57,000 
have Been r e p o r t e d f o r t h e s u b u n i t s . The s i x i s o m e r i c forms 
showed u l 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 a s i m i l a r t o t h a t r e p o r t e d 
o r i g i n a l l y by Koshiyama (13) w i t h maxima a t 278 nm and a t 
232-234 and a minimum a t 250 nm w i t h s h o u l d e r s a t 253, 258, 265 
and 269 ( 1 0 ) . 

S t r u c t u r a l Changes i n t h

As a l r e a d y d e s c r i b e d t h e e n z y m e - m o d i f i e d 7S p r o t e i n r e t a i n s 
a h i g h m o l e c u l a r w e i g h t ; l i k e the n a t i v e p r o t e i n i t i s e x c l u d e d 
by B i o - G e l P-150 w h i c h has an e x c l u s i o n l i m i t o f 150,000 d a l t o n s . 
The s p e c i f i c i t y o f r e n n i n i s s u c h t h a t i t i s easy t o c o n t r o l and 
l i m i t the e x t e n t o f d i g e s t i o n . When t h e enzyme a c t i o n i s 
m o n i t o r e d by u l t r a v i o l e t a b s o r p t i o n i t i s a p p a r e n t t h a t the 
r e n n i n a c t i o n i s q u i t e d i f f e r e n t from t h a t o b t a i n e d w i t h an 
enzyme s u c h as t r y p s i n ( F i g u r e 1 ) . Thus t h e UV d i f f e r e n c e 
spectrum f o r the r e n n i n - m o d i f i e d p r o t e i n shows an i n i t i a l 
u n f o l d i n g o f t h e 7S p r o t e i n c h a i n s as i n d i c a t e d by a n e g a t i v e 
peak a t 236 nm. As r e n n i n a c t i o n c o n t i n u e d t h i s n e g a t i v e peak 
was r e p l a c e d by a p o s i t i v e peak a t about 237 nm c h a r a c t e r i s t i c 
o f an o r d e r e d s e c o n d a r y s t r u c t u r e . 

I n c o n t r a s t t r y p s i n d i g e s t i o n c o n t i n u e d t o c a u s e an 
u n f o l d i n g o f t h e p r o t e i n c h a i n s d i s r u p t i n g t h e s e c o n d a r y and t h e 
t e r t i a r y s t r u c t u r e and e x p o s i n g the t y r o s i n e and t r y p t o p h a n 
r e s i d u e s w h i c h had been b u r i e d i n t h e h y d r o p h o b i c f o l d s o f t h e 
n a t i v e p r o t e i n ( F i g u r e 1 ) . The spectrum d i s p l a y e d by the 
t r y p s i n - d i g e s t e d p r o t e i n i s s i m i l a r t o t h e 7M u r e a - d e n a t u r e d 
p r o t e i n ( F i g u r e 2) w i t h a s t r o n g minimum a t 233 nm and weak 
minima a t 278 and 285. The s t r o n g minimum a t 236 i n t r y p s i n -
m o d i f i e d 7S p r o t e i n may r e f l e c t d e s t r u c t i o n o f t h e p r i m a r y as 
w e l l as t h e s e c o n d a r y s t r u c t u r e . 

I t i s w e l l e s t a b l i s h e d t h a t monohydric a l c o h o l s p e r t u r b t h e 
h y d r o p h o b i c i n t e r i o r o f t h e n a t i v e g l o b u l a r p r o t e i n s . The e f f e c 
t i v e n e s s o f t h e w a t e r - m i s c i b l e a l c o h o l s as p r o t e i n dénaturants 
i n c r e a s e s w i t h t h e i r i n c r e a s i n g c h a i n l e n g t h and h y d r o p h o b i c i t y 
(16, 1 7 ) . Thus the d e n a t u r i n g a c t i o n i s due to t h e e f f e c t on 
h y d r o p h o b i c b o n d i n g i n t h e p r o t e i n (16, 1 7 ) . The u n f o l d i n g and 
d i s o r g a n i z a t i o n o f t h e i n t e r i o r h y d r o p h o b i c r e g i o n o f t h e 
g l o b u l a r p r o t e i n i s f o l l o w e d by a r e f o l d i n g o f the p o l y p e p t i d e 
c h a i n w i t h a n e t i n c r e a s e i n h e l i c a l a s s o c i a t i o n o r o t h e r i n t r a 
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Figure 1. Difference spectra for soy 7S protein modified by enzymatic hydrolysis 
( J by trypsin at pH 7.1 and ( ) by rennin at pH 5.8 
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Figure 2. Difference spectrum for 7M urea-denatured soy 7S protein. Five min
utes in ( ) 20% ethanol and ( )in35% ethanol. 
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Figure 4. Difference spectra for heat-denatured and rennin/alcohol-modified soy 
7 S and 11S protein fraction. ( ) Heat denatured, ( ) enzyme modified. 

210 220 230 
λ ( n m ) 

240 

Figure 5. Circular dichroism curves for soy 7S protein and modified 7S protein. 
( ) Native, ( ) modified. 
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and interchain associations (16). 
The disruption of the hydrophobic interior and exposure of 

the tyrosine residues in the enzyme and alcohol-modified protein 
is revealed by the appearance of the positive peaks in the region 
of 276-278 nm and 284 nm in the UV difference spectrum (Figure 3). 
The subsequent refolding to a helical or other ordered structure 
is shown by the strong positive peak at 233 nm. 

The effect of heat denaturation on the native mixed soy 
7S and 11S globulins and on the enzyme-modified soy 7S and 11S 
proteins is shown by the UV difference spectra (Figure 4). The 
strong negative peak at 232-233 nm indicates rupture of the 
secondary structure which has occurred in both the native and 
enzyme-modified protein. The enzyme-modified protein may retain 
more order and be somewhat more stable to heat denaturation 
than the native protein. Loss of secondary structure is also 
apparent in the circula
change in character of
resembles that reported by Koshiyama and Fukushima (11) for 7S 
protein in 0.25% SDS/0.01M tris buffer. 

For the native protein the CD spectrum shows a large minimum 
at 216-217 nm and a shoulder at 222 (Figure 5). This is similar 
to the spectrum reported by Arai et al. (18). Koshiyama and 
Fukushima (11) reported a minimum near 210 nm with a shoulder at 
222 nm. 

Thus, the experimental evidence shows that the native 7S 
globular protein of soy beans is a high molecular weight compact
ly folded protein possessing primarily random coil and 
3-structure. Rennin action causes a physical refolding of the 
molecular chains but has relatively slight effect on the 
molecular weight. The hydrophobic domain is perturbed by the 
subsequent alcohol treatment and the protein chains assume a more 
helical structure. As would be anticipated the secondary 
structure in both the native and modified protein is disorganized 
by the heat treatment. Although the structural changes effected 
by rennin are slight, the modified protein has significantly 
improved functional properties. 
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Chemical Modification for Improving Functional 

Properties of Plant and Yeast Proteins 

J. E. KINSELLA and K. J. SHETTY 
Department of Food Science, Cornell University, Ithaca, NY 14853 

People in many region
-calorie malnutrition. If the world population continues to ex
pand toward seven billion by the 21st century the need for more 
protein will become accentuated. As real demand for protein in
creases with a burgeoning population and as the emphasis changes 
from conventional agriculture (because of limitations of land and 
energy) to more direct consumption of plant and microbial proteins 
the necessity for new processes and new products will increase. 

There are large resources of potential food proteins (oil
seed, yeast, leaf) which are presently unexploited. With the 
application of innovative scientific and technological methods 
these can become significant sources of food protein. In develop
ing ingredient protein from plant sources, research emphasis must 
include studies to determine the physicochemical or functional 
properties of these proteins. 

Functional properties determine the overall behavior or per
formance of proteins in foods during manufacturing, processing, 
storage, and consumption (1). They reflect those properties of 
the protein that are influenced by its composition, its conforma
tion, and its interactions with other food components as affected 
by the immediate environment (Table I). 

Typical functional properties include emulsification, which 
is important in sausage-type processed meats and coffee whiteners; 
hydration and water binding, which are critical in doughs and meat 
products; viscosity, important for beverages, e.g. liquid instant 
breakfasts; gelation, required in marshmallows and cold meat 
products; foaming/whipping, vital in whipped toppings; cohesion, 
which is important in manufacture of textured products; and color 
control, which is important in several products, particularly 
breads. These criteria were often overlooked in discussing new 
protein sources where quantity of protein and its biological value 
were the only considerations. The successful supplementation of 
existing foods, the replacement or simulation of traditional 

0-8412-0478-0/79/47-092-037$06.75/0 
© 1979 American Chemical Society 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



38 FUNCTIONALITY AND PROTEIN STRUCTURE 

p r o t e i n a c e o u s foods and the f a b r i c a t i o n o f new foods sometimes 
depends on t h e a v a i l a b i l i t y o f p r o t e i n s w i t h t h e s e c r i t i c a l f u n c 
t i o n a l c h a r a c t e r i s t i c s . 

T a b l e I . F u n c t i o n a l P r o p e r t i e s o f P r o t e i n s Important i n Food 
A p p l i c a t i o n s 

G e n e r a l P r o p e r t y F u n c t i o n a l Terms 

H y d r a t i o n S o l u b i l i t y , d i s p e r s i b i l i t y , w e t t a b i l i t y , 
w a t e r a b s o r p t i o n , w a t e r h o l d i n g c a p a c i t y , 
s w e l l i n g , t h i c k e n i n g 

S u r f a c e A c t i v i t y E m u l s i f i c a t i o n , foaming ( a e r a t i o n w h i p p i n g ) , 
p r o t e i n / l i p i d f i l m f o r m a t i o n , l i p i d f l a v o r , 
pigment b i n d i n g 

T e x t u r a l E l a s t i c i t y
R h e o l o g i c a l n e s s , c h e w i n e s s , a d h e s i o n , a g g r e g a t i o n , 

s t i c k i n e s s , g e l a t i o n , dough f o r m a t i o n , t e x -
t u r i z a t i o n , m o u t h - f e e l 

O t h e r C o l o r , f l a v o r , o d o r , t u r b i d i t y 

W i t h t h e t r e n d toward i n c r e a s i n g consumption o f f o r m u l a t e d 
c o n v e n i e n c e foods g r e a t e r emphasis w i l l be p l a c e d on r e l i a b l e 
f u n c t i o n a l p r o p e r t i e s i n p r o t e i n i n g r e d i e n t s . The i d e a o f p r o 
d u c i n g d i s c r e t e p r o t e i n s each w i t h 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 
i s b e i n g a d o p t e d . C u r r e n t l y the r e l a t i v e c o s t s o f p r o t e i n s from 
d i f f e r e n t s o u r c e s d e t e r m i n e t h e i r u t i l i z a t i o n and the more i n e x 
p e n s i v e , but e q u a l l y f u n c t i o n a l p r o t e i n s w i l l be u s e d , n u t r i t i o n 
a l v a l u e n o t w i t h s t a n d i n g . V e g e t a b l e ( o i l s e e d , c e r e a l s , l e a f ) and 
y e a s t p r o t e i n s s h o u l d g r a d u a l l y become s i g n i f i c a n t s o u r c e s o f 
f u n c t i o n a l p r o t e i n s f o r the food i n d u s t r y i n f u t u r e y e a r s as t e c h 
n o l o g y d e v e l o p s . The development o f a p p r o p r i a t e t e c h n o l o g y u n d e r 
l i n e s the need to conduct r e s e a r c h to e x p l a i n the b a s i s o f f u n c 
t i o n a l p r o p e r t i e s i n p r o t e i n s . Such i n f o r m a t i o n i s i m p o r t a n t i n 
f a c i l i t a t i n g the use o f new p r o t e i n s i n food a p p l i c a t i o n s and d e 
s i g n i n g v a l i d methods f o r m e a s u r i n g f u n c t i o n a l p r o p e r t i e s . 

Many p r o c e s s e s used f o r e x t r a c t i n g and p r e p a r i n g n o v e l p r o 
t e i n s cause d e n a t u r a t i o n , i n s o l u b i l i z a t i o n and l o s s o f f u n c t i o n a l 
p r o p e r t i e s . Because o f t h i s t h e development o f p r a c t i c a l p r o 
c e d u r e s f o r the m o d i f i c a t i o n o f these n o n - f u n c t i o n a l p r o t e i n s to 
i m p a r t some f u n c t i o n a l p r o p e r t i e s i s needed . Such m o d i f i c a t i o n 
can a m p l i f y the uses o f t h e s e p r o t e i n , f a c i l i t a t e t h e s i m u l a t i o n 
o f t r a d i t i o n a l f o o d s , improve c o m p a t i b i l i t y between p r o t e i n i n 
g r e d i e n t s and a i d food m a n u f a c t u r i n g and p r o c e s s i n g . 

M o d i f i c a t i o n r e f e r s to the i n t e n t i o n a l a l t e r a t i o n o f 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 s to improve f u n c t i o n a l p r o p e r t i e s 
(2). The m o d i f y i n g p r o c e d u r e employed may be d i c t a t e d by the r e 
q u i r e d f u n c t i o n a l i t y and i d e a l l y i t s h o u l d n o t r e s u l t i n 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



3. K i N S E L L A A N D SHETTY Plant and Yeast Proteins 3 9 

d e s t r u c t i o n o f e s s e n t i a l amino a c i d s n o r f o r m a t i o n o f p o t e n t i a l l y 
t o x i c compounds. Methods employed f o r m o d i f i c a t i o n o f p r o t e i n s 
i n c l u d e p h y s i c a l , h y d r o l y t i c , e n z y m a t i c t r e a t m e n t s , and c h e m i c a l 
d e r i v a t i z a t i o n ( T a b l e I I ) . 

T a b l e I I . Common Methods Used f o r P r o t e i n M o d i f i c a t i o n 

M o d i f i c a t i o n Example 

T e x t u r a l E x t r u s i o n 
F i b e r s p i n n i n g 

H y d r o l y t i c A l k a l i n e 
A c i d 
E n z y m a t i c ( p l a s t e i n r e a c t i o n ) 

D e r i v a t i z a t i o n C a t i o n s 

Complex F o r m a t i o n S u r f a c t a n t s 
C a r b o h y d r a t e 

The development o f p h y s i c a l methods f o r t e x t u r i z i n g p r o t e i n s 
has s i g n i f i c a n t l y a m p l i f i e d t h e i r use i n s e v e r a l c o n v e n t i o n a l and 
s i m u l a t e d f o o d s . The p r i n c i p a l t e c h n i q u e s o f p h y s i c a l m o d i f i c a 
t i o n w h i c h have been t h o r o u g h l y r e v i e w e d a r e t h e r m o p l a s t i c e x 
t r u s i o n , f i b e r s p i n n i n g and steam t e x t u r i z a t i o n ( 3 , 4 , 5 ) . 

P a r t i a l h y d r o l y s i s o f p r o t e i n s u s i n g a c i d , a l k a l i o r enzymes 
i s commonly employed to improve f u n c t i o n a l i t y and u s e f u l n e s s o f 
n o v e l p r o t e i n s . A c i d h y d r o l y s i s i s the most common method f o r 
p r e p a r i n g h y d r o l y s a t e s o f s o y , z e i n , c a s e i n , y e a s t and g l u t e n . 
H y d r o l y s a t e s a r e used i n f o r m u l a t e d f o o d s , s o u p s , s a u c e s , g r a v i e s , 
canned meats , and b e v e r a g e s as f l a v o r a n t s and t h i c k e n e r s ( 2 , 3 , 6 ) . 
A l k a l i n e t r e a t m e n t s have been employed to s o l u b i l i z e and f a c i l i 
t a t e p r o t e i n e x t r a c t i o n from s o y , s i n g l e c e l l s , and l e a v e s . 
L i m i t e d a l k a l i n e h y d r o l y s i s i s used to enhance s o l u b i l i t y , e m u l 
s i f y i n g and foaming p r o p e r t i e s o f p r o t e i n s (2 ) . 

P a r t i a l p r o t e o l y s i s has been used by s e v e r a l r e s e a r c h e r s t o 
improve f u n c t i o n a l p r o p e r t i e s , i . e . f o a m i n g , s o l u b i l i t y o f 
p r o t e i n s ( 7 , 8 , 9 ) . The s i g n i f i c a n t problems a s s o c i a t e d w i t h e n 
zyme h y d r o l y s i s o f p r o t e i n s a r e e x c e s s i v e h y d r o l y s i s o c c u r r i n g 
under b a t c h c o n d i t i o n s , t h e g e n e r a t i o n o f b i t t e r f l a v o r s d u r i n g 
h y d r o l y s i s and the c o s t o f enzymes. E x t e n s i v e i n f o r m a t i o n on 
f a c t o r s a f f e c t i n g p r o t e o l y s i s o f p r o t e i n s and the p r o b l e m o f 
b i t t e r n e s s has been r e v i e w e d by F u j i m a k i e t a l . (2) i n c o n j u n c t i o n 
w i t h s t u d i e s o f t h e p l a s t e i n r e a c t i o n . 

C h e m i c a l M o d i f i c a t i o n 

C h e m i c a l d e r i v a t i z a t i o n to modify the f u n c t i o n a l p r o p e r t i e s 
o f p r o t e i n s f o r food a p p l i c a t i o n s has r e c e i v e d l i m i t e d a t t e n t i o n 
( 1 0 , 1 1 , 1 2 ) . I n t e n t i o n a l c h e m i c a l a l t e r a t i o n o f p r o t e i n s by 
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d e r i v a t i z a t i o n o f s i d e c h a i n groups o f f e r s numerous o p p o r t u n i t i e s 
f o r the development o f new f u n c t i o n a l p r o t e i n i n g r e d i e n t s . 

The c o n f o r m a t i o n o f a p r o t e i n i n a p a r t i c u l a r environment 
a f f e c t s i t s f u n c t i o n a l p r o p e r t i e s . C o n f o r m a t i o n i s governed by 
t h e amino a c i d c o m p o s i t i o n and t h e i r sequence as i n f l u e n c e d by 
the immediate e n v i r o n m e n t . The s e c o n d a r y , t e r t i a r y and q u a t e r n a r y 
s t r u c t u r e s o f p r o t e i n s a r e m o s t l y due to n o n - c o v a l e n t i n t e r a c t i o n s 
between the s i d e c h a i n s o f c o n t i g u o u s amino a c i d r e s i d u e s . C o v a -
l e n t d i s u l f i d e bonds may be i m p o r t a n t i n the maintenance o f t e r 
t i a r y and q u a t e r n a r y s t r u c t u r e . The n o n - c o v a l e n t f o r c e s a r e 
hydrogen b o n d i n g , 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 , Van d e r Waals i n t e r 
a c t i o n s and h y d r o p h o b i c a s s o c i a t i o n s . The p o s s i b l e i m p o r t a n c e o f 
t h e s e i n r e l a t i o n to 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 was d i s c u s s e d 
by Ryan (13) . 

The c u r r e n t s t a t e o f knowledge does n o t p e r m i t a c o r r e l a t i o n 
between s t r u c t u r e and f u n c t i o
t u r a l s t a b i l i t y and s u r f a c t a n
d e v e l o p e d (14) . Because o f s i d e c h a i n s o f component amino a c i d s 
and t h e i r i n v o l v e m e n t i n n o n - c o v a l e n t i n t e r a c t i o n s markedly i n 
f l u e n c e s t r u c t u r e and f u n c t i o n o f p r o t e i n s , the c h e m i c a l m o d i f i c a 
t i o n o f s p e c i f i c r e a c t i v e groups s h o u l d f a c i l i t a t e a l t e r a t i o n o f 
f u n c t i o n a l p r o p e r t i e s . T h i s a p p r o a c h , though e m p i r i c a l a t p r e s 
e n t , may a l s o p r o v i d e u s e f u l i n f o r m a t i o n c o n c e r n i n g the r o l e o f 
s p e c i f i c amino a c i d groups i n c o n f o r m a t i o n and f u n c t i o n a l i t y o f 
p r o t e i n . 

The c o n f o r m a t i o n o f most p r o t e i n s i s s u c h t h a t i n aqueous 
s o l u t i o n s t h e more p o l a r h y d r o p h i l i c amino a c i d s , i . e . l y s i n e , 
s e r i n e , t h r e o n i n e , a s p a r t i c and g l u t a m i c a c i d s a r e exposed to t h e 
aqueous environment and t h e a p o l a r r e s i d u e s a r e b u r i e d i n the 
i n t e r i o r o f t h e m o l e c u l e by v i r t u e o f h y d r o p h o b i c i n t e r a c t i o n s . 
The m o d i f i c a t i o n o f the exposed r e a c t i v e g r o u p s , depending upon 
the n a t u r e o f t h e m o d i f y i n g group may d i s r u p t t h e n o n - c o v a l e n t 
i n t e r a c t i o n s , c a u s e a l t e r a t i o n i n c o n f o r m a t i o n o f t h e p r o t e i n 
w i t h c o n c o m i t a n t changes i n p h y s i c a l p r o p e r t i e s . C h e m i c a l d e r i v a 
t i z a t i o n may be used to a l t e r the r e a c t i v i t i e s o f food p r o t e i n s , 
to a l t e r t h e i r t h e r m a l s t a b i l i t y o r t o r e n d e r them more water 
s o l u b l e . 

M o d i f i c a t i o n o f p r o t e i n s i s w i d e l y p r a c t i c e d and Knowles (15) 
summarized t h e c h e m i s t r y o f amino a c i d r e s i d u e m o d i f i c a t i o n t h a t 
has been e x t e n s i v e l y r e v i e w e d ( 1 6 - 2 3 ) . C h e m i c a l m o d i f i c a t i o n o f 
p r o t e i n s , e . g . ε-ΝΗ2 group o f l y s i n e , p r e d o m i n a n t l y i n v o l v e s 
n u c l e o p h i l i c o r r e d u c t i v e r e a c t i o n s o f the e l e c t r o n r i c h s i d e 
c h a i n s ( F i g . 1 ) . Reagents s u s c e p t i b l e to n u c l e o p h i l i c a t t a c k may 
r e a c t w i t h any o f these groups i n d i c a t i n g a g e n e r a l l a c k o f s p e c 
i f i c i t y . However the r e a c t i v i t y o f the group depends upon t h e i r 
a c c e s s i b i l i t y , the s i z e o f the m o d i f y i n g agent and r e a c t i o n c o n 
d i t i o n s , i . e . p H , t e m p e r a t u r e and s o l v e n t u s e d . Most s i d e c h a i n 
groups a r e m o d i f i e d when they a r e n o n - p r o t o n a t e d , i . e . n u c l e o 
p h i l i c . T h u s , α-amino and t h i o l groups a r e r e a c t i v e above pH 7.5, 
the ε-amino group o f l y s i n e above pH 8.5 where they a r e m o s t l y 
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Figure 1. Nucleophilic groups of proteins that are susceptible to acylation. The 
a-and ε-amino groups are most reactive; the tyrosine phenolic groups generally 
have a higher pK and are usually more protected from reaction than the amino 
groups; the histidine and cysteine residues are seldom acyhted because the reac
tion products hydrolyz in aqueous solution and the serine and threonine hydroxyl 

groups, being weak nucleophiles, are not easily acylated in aqueous solution. 
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n o n - p r o t o n a t e d and the p h e n o l i c group o f t y r o s i n e above pH 10 
( 1 0 , 2 3 ) . 

Common methods o f d e r i v a t i z a t i o n a r e a c y l a t i o n o f amino , 
h y d r o x y l and p h e n o l i c r e s i d u e s ; a l k y l a t i o n o f amino, i n d o l e , p h e n 
o l i c , s u l f h y d r y l and t h i o e t h e r g r o u p s ; e s t e r i f i c a t i o n o f c a r b o x y l ; 
o x i d a t i o n o f i n d o l e , t h i o l and t h i o e t h e r groups and r e d u c t i o n o f 
d i s u l f i d e groups ( 1 0 ) . A c y l a t i o n r a t e s a r e r e l a t e d to t h e pK o f 
the n u c l e o p h i l i c groups b e i n g a c y l a t e d * H i g h r e a c t i v i t y o f a 
p a r t i c u l a r group i s u s u a l l y r e l a t e d to low pK v a l u e s . A c y l a t i o n 
o f h i s t i d i n e and c y s t e i n e r e s i d u e s i s se ldom o b s e r v e d because the 
r e a c t i o n p r o d u c t s h y d r o l y z e i n aqueous s o l u t i o n . S e r i n e and 
t h r e o n i n e hydroxy1 groups a r e weak n u c l e o p h i l e s and a r e n o t e a s i l y 
a c y l a t e d i n aqueous s o l u t i o n . Under c o n d i t i o n s p r e v a i l i n g i n most 
foods t h e ε-amino group o f l y s i n e r e s i d u e s a r e most r e a c t i v e (24 ) . 

G a l l e n b e c k e t a l . (25) has summarized the work on r e d u c t i v e 
a l k y l a t i o n u s i n g formaldehyd
d i m e t h y l a t e d p r o t e i n s . O x i d a t i o
i n g t h i o l and d i s u l f i d e groups have been d i s c u s s e d by Ryan (13) 
and Feeney (11 ) . 

I n the r e m a i n d e r o f t h i s paper we r e v i e w t h e a v a i l a b l e i n f o r 
m a t i o n on the e f f e c t s o f c h e m i c a l m o d i f i c a t i o n on t h e f u n c t i o n a l 
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 and r e p o r t on the use o f t h i s approach 
f o r p r e p a r i n g f u n c t i o n a l p r o t e i n s from y e a s t . 

M o d i f i c a t i o n o f Food P r o t e i n s 

In r e l a t i o n to food p r o t e i n s , c h e m i c a l m o d i f i c a t i o n has been 
s t u d i e d f o r s e v e r a l p u r p o s e s , i . e . to b l o c k r e a c t i v e groups i n 
v o l v e d i n d e t e r i o r a t i v e r e a c t i o n s ; to improve n u t r i t i o n a l p r o p e r 
t i e s , to enhance d i g e s t i b i l i t y ; to i m p a r t t h e r m a l s t a b i l i t y ; to 
m o d i f y p h y s i c o c h e m i c a l p r o p e r t i e s ; to f a c i l i t a t e s t u d y o f s t r u c 
t u r e - f u n c t i o n r e l a t i o n s h i p s and to f a c i l i t a t e s e p a r a t i o n , p r o c e s s 
i n g and r e f i n i n g o f p r o t e i n s ( 1 , 2 , 1 0 , 1 9 , 2 0 , 2 4 ) . 

Numerous u n d e s i r a b l e r e a c t i o n s t h a t r e s u l t i n o r g a n o l e p t i c , 
n u t r i t i o n a l and f u n c t i o n a l d e t e r i o r a t i o n may o c c u r i n food p r o 
t e i n s d u r i n g p r o c e s s i n g and s t o r a g e . These i n c l u d e the n o n -
e n z y m a t i c o r M a i l l a r d r e a c t i o n s , t r a n s a m i d a t i o n ; c o n d e n s a t i o n 
r e a c t i o n s w i t h d e h y d r o a l a n i n e f o r m i n g c r o s s l i n k s , and c a r b o n y l 
amine i n t e r a c t i o n s , a l l o f w h i c h may i n v o l v e the f r e e ε -amino 
group o f l y s i n e ( 1 1 , 2 3 ) . To m i n i m i z e t h e s e r e a c t i o n s a s i g n i f i 
c a n t volume o f work has been done on the p r o t e c t i v e m o d i f i c a t i o n 
o f the ε-ΝΗ2 o f l y s i n e by f o r m y l a t i o n , a c e t y l a t i o n , p r o p i o n y l a t i o n 
(26) o r r e d u c t i v e d i m e t h y l a t i o n ( 1 0 , 1 1 ) . 

C h e m i c a l d e r i v a t i z a t i o n o f p r o t e i n s to m o d i f y f u n c t i o n a l 
p r o p e r t i e s has r e c e i v e d l i m i t e d c o n s i d e r a t i o n . C a t i o n i c d e r i v a 
t i v e s o f food p r o t e i n s a r e r o u t i n e l y used ( e . g . sodium soy i s o 
l a t e s and sodium and c a l c i u m c a s e i n a t e s ) to improve w e t t a b i l i t y , 
d i s p e r s i b i l i t y and h a n d l i n g p r o p e r t i e s o f these p r o t e i n s (27 ) . 
The a c y l a t i o n (and a l k y l a t i o n ) o f v a r i o u s c h e m i c a l groups i n t o 
p r o t e i n s p r o v i d e s a method whereby a b r o a d s p e c t r u m o f f u n c t i o n a l 
compounds may be i n c o r p o r a t e d i n t o p r o t e i n s . S e v e r a l w o r k e r s have 
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s t u d i e d the p r o p e r t i e s o f m o d i f i e d egg p r o t e i n s ( 2 8 , 2 9 , 3 0 ) ; 
c a s e i n s (31>32>33) and f i s h p r o t e i n s ( 3 4 , 3 5 ) . G e n e r a l l y c h e m i c a l 
d e r i v a t i z a t i o n enhances the t h e r m a l s t a b i l i t y o f food p r o t e i n s 
and r e d u c e s t h e r m a l c o a g u l a t i o n and p r e c i p i t a t i o n . 

A c e t y l a t i o n o f P l a n t P r o t e i n s . A c e t i c and s u c c i n i c a n h y d r i d e s 
have been the most common d e r i v a t i v e s used f o r the m o d i f i c a t i o n 
o f p l a n t p r o t e i n s and under the c o n d i t i o n s employed the ε-ΝΗ2 o f 
l y s i n e i s t h e p r i n c i p a l s i t e o f a c y l a t i o n ( F i g . 1 ) . These d e r i v 
a t i v e s a r e r e l a t i v e l y s t a b l e r e q u i r i n g s t r o n g l y a c i d i c c o n d i t i o n s 
f o r h y d r o l y s i s compared to t h e m a l e y l d e r i v a t i v e s w h i c h a r e a c i d 
l a b i l e (10) . 

A c e t y l a t i o n r e p l a c e s the c a t i o n i c ε-ΝΗ^ o f l y s i n e by n e u t r a l 
a c e t y l g r o u p s . T h i s r e d u c e s e l e c t r o s t a t i c a t t r a c t i o n s between 
a d j a c e n t p o l y p e p t i d e s w i t h a r e s u l t a n t ' l o o s e n i n g 1 o f i n t e r f o l d e d 
p e p t i d e s ; i t causes a s h i f t i n
v a l u e s and s l i g h t l y enhance
R e d u c t i o n i n e l e c t r o s t a t i c a t t r a c t i o n between p r o t e i n s may r e d u c e 
t h e g e l l i n g a b i l i t y o f p r o t e i n s upon h e a t i n g . A c e t y l a t i o n p r o 
t e c t s the ε - Ν Η 2 group o f l y s i n e from p a r t i c i p a t i n g i n unwanted 
d e t e r i o r a t i v e r e a c t i o n s and upon d i g e s t i o n the a c e t y l group c a n 
be h y d r o l y z e d by r e n a l d e a c y l a s e (26 ) . 

A c e t y l a t i o n o f soy p r o t e i n causes d i s s o c i a t i o n o f t h e 11S 
component w i t h a c o n c o m i t a n t i n c r e a s e i n 7S and 2S components (36) 
i n d i c a t i n g t h a t the c a t i o n i c ε - Ν Ι ^ group o f l y s i n e was i m p o r t a n t 
i n s t a b i l i z i n g the 11S polymer o f g l y c i n i n v i a e l e c t r o s t a t i c 
f o r c e s , though t h e i n t r o d u c t i o n o f the b u l k i e r a c e t y l group may 
a l s o d i s r u p t a d j a c e n t h y d r o g e n b o n d s . A c e t y l a t i o n d e c r e a s e d w a t e r 
b i n d i n g by 20% (0 .4 v s . 0 .5 g /g) and caused a s l i g h t r e d u c t i o n i n 
w a t e r a c t i v i t y o f soy p r o t e i n . The l o s s o f water s o r p t i o n was 
a t t r i b u t e d to e l i m i n a t i o n o f the c h a r g e d ε-amino group o f l y s i n e 
( 3 6 ) . A c e t y l a t i o n i n c r e a s e d b u l k d e n s i t y , improved w e t t a b i l i t y , 
i n c r e a s e d s o l u b i l i t y , and r e d u c e d the i s o e l e c t r i c p o i n t to pH 4 
( 3 6 , 3 7 ) . The v i s c o s i t y o f soy p r o t e i n d i s p e r s i o n s (36) was i n 
c r e a s e d presumably as a r e s u l t o f d i s a g g r e g a t i o n o f the p r o t e i n . 
A c e t y l a t i o n e l i m i n a t e d t h e c a p a c i t y o f soy p r o t e i n s (20% d i s p e r 
s i o n s ) to form g e l s upon h e a t i n g , i n d i c a t i n g t h a t e l e c t r o s t a t i c 
bonds were i m p o r t a n t i n g e l a t i o n . A c e t y l a t i o n r e d u c e d e m u l s i f y i n g 
p r o p e r t i e s compared t o the u n m o d i f i e d soy i s o l a t e b u t had n e g l i 
g i b l e e f f e c t s on foaming c a p a c i t y (37 ) . 

A c e t y l a t e d c o t t o n s e e d p r o t e i n d e m o n s t r a t e d s i g n i f i c a n t l y 
h i g h e r water and o i l h o l d i n g c a p a c i t i e s and improved foaming p r o p 
e r t i e s (38) compared to u n m o d i f i e d p r o t e i n s ( T a b l e I I I ) . T h u s , 
w h i l e a c e t y l a t i o n does n o t s i g n i f i c a n t l y enhance f u n c t i o n a l p r o p 
e r t i e s o f p r o t e i n s , i t improves t h e r m a l s t a b i l i t y and s i n c e a c e t y 
l a t e d p r o t e i n s a r e s u s c e p t i b l e to enzyme h y d r o l y s i s _in v i v o i t 
a f f o r d s a u s e f u l r e a g e n t f o r p r o t e c t i o n o f ε-ΝΗ^ groups o f l y s i n e 
(11 ) . 
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T a b l e I I I . F u n c t i o n a l i t y o f A c y l a t e d C o t t o n s e e d P r o d u c t s 

C o t t o n s e e d F l o u r 
C a p a c i t y G l a n d l e s s A c e . t y l a t e d 

( m l / g ) 
S u c c i n y l a t e d 

W a t e r - h o l d i n g 
O i l - h o l d i n g 
E m u l s i f y i n g 
Foam 

3.50 
2 .60 

456.67 
126.67 

7.87 
8.97 

416.67 
250.00 

5 .53 
19.60 

776.67 
150.00 

S u c c i n y l a t i o n 

S u c c i n i c a n h y d r i d e r e a c t s w i t h f r e e amino g r o u p s , the p h e n o 
l i c and t h i o l groups o f t y r o s i n e and c y s t e i n e . The l a t t e r e s t e r s 
s p o n t a n e o u s l y h y d r o l y z e i n aqueous s o l u t i o n (39 ) . The ε-amino 
group o f l y s i n e r e a c t s mos
major e f f e c t s on the p h y s i c a l c h a r a c t e r o f p r o t e i n s ; i t i n c r e a s e s 
n e t n e g a t i v e c h a r g e , changes c o n f o r m a t i o n and i n c r e a s e s the p r o 
p e n s i t y o f p r o t e i n s to d i s s o c i a t e i n t o s u b u n i t s ( 3 9 , 4 0 , 4 1 , 4 2 ) . 

The i n t r o d u c t i o n o f s u c c i n a t e a n i o n s a l t e r s the c o n f o r m a t i o n 
o f p r o t e i n and p e n e t r a t i o n o f water m o l e c u l e s i s e a s i e r because o f 
the l o o s e n e d s t a t e o f p o l y p e p t i d e s . The s t r u c t u r a l i n s t a b i l i t y o f 
s u c c i n y l a t e d p r o t e i n s i s caused by the h i g h n e t n e g a t i v e c h a r g e 
and the replacement o f s h o r t range a t t r a c t i v e f o r c e s i n the n a t i v e 
m o l e c u l e w i t h s h o r t range r e p u l s i v e ones w i t h subsequent u n f o l d i n g 
o f p o l y p e p t i d e c h a i n s . T h i s p r o b a b l y a c c o u n t s f o r the l o o s e r t e x 
t u r e , h i g h e r b u l k d e n s i t y , l i g h t e r c o l o r , and enhanced s o l u b i l i t y 
o f s u c c i n y l a t e d f o o d p r o t e i n s . The e f f e c t s o f s u c c i n y l a t i o n on 
p l a n t p r o t e i n s a r e summarized ( T a b l e I V ) . 

S u c c i n y l a t i o n o f a p r o t e i n , u n l e s s a l l component ε-ΝΗ£ groups 
a r e f u l l y a c y l a t e d , r e s u l t s i n a more h e t e r o g e n e o u s p o p u l a t i o n o f 
p r o t e i n s ( 4 3 , 4 4 , 4 5 ) . T h i s i s due to v a r i a t i o n i n the e x t e n t o f 
s u c c i n y l a t i o n o f p r o t e i n components, b u t i s a l s o caused by e x t e n 
s i v e d i s s o c i a t i o n o f the d e r i v a t i z e d p r o t e i n s . S u c c i n y l a t i o n to 
d i f f e r e n t degrees caused the p r o g r e s s i v e d i s s o c i a t i o n o f a r a c h i n 
i n t o s u b u n i t s (45 ) . The u n m o d i f i e d p r o t e i n gave a s i n g l e symmet
r i c a l peak w i t h 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 o f 14S b u t as the p r o 
t e i n was p r o g r e s s i v e l y s u c c i n y l a t e d the 14S peak d e c r e a s e d w i t h a 
c o n c u r r e n t i n c r e a s e i n the 9S and 4S components , i . e . a t 60% 
s u c c i n y l a t i o n , the 9S peak a c c o u n t e d f o r about 40% o f the t o t a l 
p r o t e i n . The 9S component d e c r e a s e d as s u c c i n y l a t i o n was i n c r e a s e d 
to a maximum o f 80% o f a l l ε-ΝΗ^ g r o u p s , a t w h i c h s t a t e o n l y t h e 
4S component was o b s e r v e d . Thus s u c c i n y l a t i o n caused d i s s o c i a t i o n 
o f a r a c h i n [14S - — * 9 S - — * 4S] i n t o low m o l e c u l a r w e i g h t p r o t e i n s . 
C o n c u r r e n t l y the v i s c o s i t y o f a r a c h i n d i s p e r s i o n s i n c r e a s e d w i t h 
s u c c i n y l a t i o n , about 3.5 f o l d a t 80% s u c c i n y l a t i o n ( F i g . 2 ) . From 
the s e d i m e n t a t i o n p a t t e r n s a d e c r e a s e i n v i s c o s i t y would be a n t i c i 
p a t e d due to d i s s o c i a t i o n o f the components , however , the degree 
o f u n f o l d i n g o f the d i s s o c i a t e d components and the a s s o c i a t e d i n 
c r e a s e i n hydrodynamic volume more t h a n c o u n t e r b a l a n c e d the 
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T a b l e IV . The E f f e c t s o f A c y l a t i o n on Some F u n c t i o n a l 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 

M o d i f i c a - R e f e r -
P r o t e i n t i o n Change i n P r o p e r t i e s ence 

Peanut S u c c i n y l -
a t i o n 

F u n c t i o n a l - i n c r e a s e d n i t r o g e n 
s o l u b i l i t y i n a c i d i c p H , w a t e r -
a b s o r p t i o n c a p a c i t y & v i s c o s i t y 

P h y s i c o - c h e m i c a l - d i s s o c i a t i o n 
i n t o s u b u n i t s , i n c r e a s e d v i s c o s i t y 
due to s w e l l i n g , i n c r e a s e d random-
c o i l e d s t r u c t u r e , change i n s p e c 
t r a l p r o p e r t i e s 

(43) 

(45) 

C o t t o n 
s e e d 

S u c c i n y l -
a t i o n 

Caused i n c r e a s e i n s p e c i f i c v i s 

(38) 

Soybean A l k a l i 
(pH > 10) 

I n c r e a s e d d i s p e r s i b i l i t y , s o l u 
b i l i t y , r e s i s t a n c e to a g g r e g a t i o n 
( h e a t , e t c . ) , e l a s t i c i t y ( b e t t e r 
f i b e r f o r m a t i o n ) (91) 

S u c c i n y l -
a t i o n 

I n c r e a s e d s o l u b i l i t y a t a c i d i c p H , 
i n c r e a s e d t o l e r a n c e to C a ^ + , good 
foam c a p a c i t y , s t a b i l i t y , e m u l 
s i f y i n g a c t i v i t y and e m u l s i o n 
s t a b i l i t y . More r e s i s t a n c e to 
a g g r e g a t i o n . Lowered v i s c o s i t y (12) 

R e d u c t i o n 
( s u l f i t e ) 

Reduced v i s c o s i t y o f w a t e r d i s p e r 
s i o n & i n c r e a s e d v i s c o s i t y i n s a l t 
s o l u t i o n and r e s i s t a n c e to a g g r e 
g a t i o n 

Wheat A c y l a t i o n I n c r e a s e d n i t r o g e n e x t r a c t a b i l i t y 
and v i s c o s i t y . D i s s o c i a t i o n i n t o 
s u b u n i t s (44) 

L e a f S u c c i n y l -
a t i o n 

I n c r e a s e d b u l k d e n s i t y , s o l u b i l i t y , 
foaming c a p a c i t y . Improved f l a v o r . 
Enhanced e m u l s i f y i n g a c t i v i t y (12) 

Y e a s t A c y l a t i o n Lower d i g e s t i b i l i t y w i t h p e p s i n 
and p a n c r e a t i n , d e c r e a s e d e m u l s i o n 
s t a b i l i t y , i n c r e a s e d v i s c o s i t y , 
a l t e r e d s o l u b i l i t y 

(61, 
88) 
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e x p e c t e d a p p a r e n t d e c r e a s e i n v i s c o s i t y due to d i s s o c i a t i o n . P r o 
g r e s s i v e s u c c i n y l a t i o n caused c o n f o r m a t i o n a l changes and u n f o l d i n g 
o f the p o l y p e p t i d e s as i n d i c a t e d by t h e changes i n a b s o r p t i o n 
s p e c t r a ( b l u e s h i f t o f t y r o s i n e peak) and i n c r e a s e d s p e c i f i c e l l i p -
t i c i t y o f the d i c h r o i c s p e c t r a (45) around 212 nm. Grant (46) r e 
p o r t e d t h a t s u c c i n y l a t e d wheat f l o u r p r o t e i n s p r o d u c e d a h e t e r o g e 
neous p o p u l a t i o n o f d e r i v a t i z e d p r o t e i n s t h a t were 90% s o l u b l e i n 
w a t e r . The s u c c i n y l a t e d d e r i v a t i v e s e x t e n s i v e l y d i s s o c i a t e d i n 
s o l u t i o n compared to u n t r e a t e d p r o t e i n s . 

S u c c i n y l a t i o n s u b s t a n t i a l l y i n c r e a s e s s p e c i f i c volume o f soy 
and l e a f p r o t e i n s ( 1 2 , 3 7 ) . The s u c c i n y l a t e d soy p r o t e i n becomes 
v e r y f l u f f y and the c o l o r becomes much l i g h t e r , c h a n g i n g from a 
t a n to a c h a l k w h i t e as t h e e x t e n t o f d e r i v a t i z a t i o n i s i n c r e a s e d 
( 1 2 , 4 7 ) . No o d o r s nor f l a v o r s were i m p a r t e d by t h e s u c c i n y l a t i o n 
p r o c e s s . S u c c i n y l a t i o n improved the w h i t e n e s s and d i s p e r s i b i l i t y 
c h a r a c t e r i s t i c s o f soy p r o t e i
t i o n i n t o c o f f e e w h i t e n e r
d r a t e r a p i d l y on the t o n g u e , t a s t e c l e a n , but s l i g h t l y a c i d i c . I t 
i s n o t known i f d e r i v a t i z a t i o n f a c i l i t a t e s the r e m o v a l o f o f f -
f l a v o r s from m o d i f i e d p r o t e i n s . 

S u c c i n y l a t i o n s i g n i f i c a n t l y enhances the r a t e o f h y d r a t i o n o f 
s o y , peanut and c o t t o n s e e d p r o t e i n s ( 1 2 , 3 8 , 4 3 ) . I t causes a 
marked improvement i n the water s o l u b i l i t y o f soy p r o t e i n and a l s o 
o f l e a f p r o t e i n c o n c e n t r a t e (12 ) . I t d e c r e a s e d the i s o e l e c t r i c 
p o i n t o f b o t h soy and peanut p r o t e i n s by a p p r o x i m a t e l y 0 .5 pH u n i t 
( f rom pH 4.5 to 5 . 0 ) ; s i g n i f i c a n t l y enhanced s o l u b i l i t y between 
the i s o e l e c t r i c p o i n t and pH 6, but p r o g r e s s i v e l y r e d u c e d s o l u b i l 
i t y o f b o t h soy and peanut p r o t e i n below the i s o e l e c t r i c p o i n t 

( 1 2 , 4 3 ) . 

S u c c i n y l a t i o n o f p r o t e i n s c o n v e r t s the c a t i o n i c ε-amino groups 
to a n i o n i c r e s i d u e s and the i n c r e a s e d n e g a t i v e charge a l t e r s the 
p h y s i c o c h e m i c a l c h a r a c t e r o f t h e p r o t e i n r e s u l t i n g i n enhanced 
aqueous s o l u b i l i t y and changes i n o t h e r p h y s i c o c h e m i c a l p r o p e r t i e s . 
T h u s , i n the u n m o d i f i e d soy i s o l a t e e l e c t r o s t a t i c a t t r a c t i o n s b e 
tween n e i g h b o r i n g ammonium and c a r b o x y l groups enhance p r o t e i n -
p r o t e i n i n t e r a c t i o n s w h i c h l o w e r e d s o l u b i l i t y ( 4 1 , 4 5 ) . F o l l o w i n g 
s u c c i n y l a t i o n t h e ammonium c a t i o n s o f l y s i n e a r e r e p l a c e d by 
s u c c i n a t e a n i o n s . E l e c t r o s t a t i c r e p u l s i o n s o c c u r between the 
added c a r b o x y l groups and the n e i g h b o r i n g n a t i v e c a r b o x y l groups 
p r o d u c i n g fewer p r o t e i n - p r o t e i n i n t e r a c t i o n s and more p r o t e i n -
water i n t e r a c t i o n s w h i c h enhance h y d r a t i o n and aqueous s o l u b i l i t y . 
S i n c e n e t n e g a t i v e c h a r g e i s p r o p o r t i o n a l to the e x t e n t o f amino 
s u c c i n y l a t i o n , the enhancement i n aqueous s o l u b i l i t y was p o s i 
t i v e l y r e l a t e d to the e x t e n t o f d e r i v a t i z a t i o n . 

S u c c i n y l a t i o n i n c r e a s e d the e m u l s i f y i n g a c t i v i t y and e m u l s i o n 
s t a b i l i t y o f soy and c o t t o n s e e d p r o t e i n s ( 1 2 , 3 8 ) . The pH e m u l s i 
f y i n g c a p a c i t y p r o f i l e s o f s u c c i n y l a t e d p r o t e i n p a r a l l e l e d t h o s e 
o f the s o l u b i l i t y c u r v e s and i n a l l c a s e s the s u c c i n y l a t e d p r o t e i n 
had about d o u b l e the e m u l s i f y i n g c a p a c i t y o f the u n m o d i f i e d 
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Figure 2. The effects of progressive sue emulation on the viscosity (τη/ηη — 1)/C) 
and uv absorption, i.e. tyrosine (At 287) of peanut protein dispersions 
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Figure 3. The effect of succinylation on 
the solubility of soy protein isolate 
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p r o t e i n ( F i g . 3 ) . 
The foaming c a p a c i t y o f s u c c i n y l a t e d soy p r o t e i n was s i g n i f i 

c a n t l y b e t t e r t h a n those o f the u n m o d i f i d e d p r o t e i n s . Foam 
volumes p r o g r e s s i v e l y i n c r e a s e d w i t h pH from 3 to 10 (12) . S u c c i -
n y l a t i o n caused a s m a l l i n c r e a s e i n foaming c a p a c i t y o f c o t t o n s e e d 
f l o u r (38 ) . S o l u b i l i t y i s r e q u i r e d f o r the p r o d u c t i o n o f p r o t e i n 
foams ( 4 8 ) , and s u c c i n y l a t i o n s u b s t a n t i a l l y i n c r e a s e d the foaming 
a b i l i t y o f soy i s o l a t e by e n h a n c i n g t h e i r s o l u b i l i t y . 

Though s u c c i n y l a t i o n causes d i s s o c i a t i o n o f p r o t e i n s i n t o 
s m a l l e r m o l e c u l a r s i z e s i t u s u a l l y i s a s s o c i a t e d w i t h an i n c r e a s e 
i n v i s c o s i t y o f d i s p e r s i o n s o f m o d i f i e d p r o t e i n ( 4 2 , 4 4 , 4 5 , 4 9 ) . 
The v i s c o s i t y o f m o d i f i e d peanut p r o t e i n i n c r e a s e d w i t h the e x t e n t 
o f s u c c i n y l a t i o n ( T a b l e V) and t h i s was most pronounced a t h i g h 
c o n c e n t r a t i o n s o f the p r o t e i n ( 4 3 , 4 5 ) . D e s p i t e the i n c r e a s e d 
e l e c t r o n e g a t i v i t y o f s u c c i n y l a t e d p r o t e i n s the a d d i t i o n o f c a l c i u m 
to d i l u t e d i s p e r s i o n s r e s u l t e d i n no a p p a r e n t i n c r e a s e i n v i s c o s 
i t y (12 , 3 7 ) . Melnychyn
i n s u c c i n y l a t e d v e g e t a b l e p r o t e i n s . They n o t e d the t h e r m a l s t a 
b i l i t y o f t h e s e p r o t e i n s when h e a t e d to 100°C and s u g g e s t e d t h e i r 
use f o r c o f f e e w h i t e n e r s . 

T a b l e V . E f f e c t o f Degree o f S u c c i n y l a t i o n and P r o t e i n C o n c e n 
t r a t i o n on V i s c o s i t i e s o f Peanut F l o u r D i s p e r s i o n s 

Degree o f P r o t e i n c o n c e n t r a t i o n (mg/10Q ml) 
S u c c i n y l a t i o n 1 2 

- V i s c o s i t y (CP) 
5 

o f d i s p e r s i o n s -
10 

0 3.5 13 .0 14 .1 22.4 
10 3.7 16 .0 18.2 35.7 
40 3.5 16 .6 19.4 46 .1 
70 4 .0 16 .8 20 .6 45 .8 

100 4.4 16.4 23 .1 47 .0 
from Beuchat (77) 

The l i m i t e d s t u d i e s have r e v e a l e d some o f the p o t e n t i a l b e n e 
f i t s o f c h e m i c a l d e r i v a t i z a t i o n f o r i n c r e a s i n g the use o f n o v e l 
p r o t e i n s by e x p a n d i n g t h e i r f u n c t i o n a l p r o p e r t i e s . Some o f the 
p r o p e r t i e s i m p a r t e d by s u c c i n y l a t i o n may have v e r y s p e c i f i c o r 
unique a p p l i c a t i o n s , e . g . as t h e r m o - s t a b l e p r o t e i n d i s p e r s i o n s i n 
c o f f e e w h i t e n e r s , b e v e r a g e s . D e r i v a t i z a t i o n can be used to i m p a r t 
f u n c t i o n a l i t y i n t o d e n a t u r e d , i n s o l u b l e p r o t e i n s , and t h e r e b y i n 
c r e a s e t h e i r v a l u e as f u n c t i o n a l i n g r e d i e n t s . 

YEAST PROTEIN ISOLATION 

Because o f the need f o r a d d i t i o n a l s o u r c e s o f n u t r i e n t s and 
the c o n s t r a i n t s on c o n v e n t i o n a l c r o p p r o d u c t i o n , i t i s e x p e d i e n t 
to d e v e l o p s u p p l e m e n t a r y s o u r c e s o f food p r o t e i n , e . g . y e a s t 
p r o t e i n . The most p o p u l a r y e a s t s b e l o n g to the g e n e r a l S a c c h a r o -
myces and C a n d i d a because o f t h e i r l o n g t r a d i t i o n o f use i n f o o d s . 
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The g e n e r a l d i g e s t i b i l i t y o f y e a s t i s good b u t s e v e r a l p r o b l e m s , 
i . e . p o t e n t i a l t o x i c i t y ( a c u t e and c h r o n i c ) , g a s t r o i n t e s t i n a l 
p r o b l e m s , n a u s e a , v o m i t i n g , d i a r r h e a , r a s h e s , caused by y e a s t c o n 
s t i t u e n t s ( e n d o t o x i n s , m e t a b o l i t e s ) emphasize the g e n e r a l need f o r 
r e f i n i n g y e a s t p r o t e i n f o r human d i e t s . 

S e v e r a l o f the problems a s s o c i a t e d w i t h the consumption o f 
m i c r o b i a l c e l l s a r e i n h e r e n t to the c e l l and n o t i n t r i n s i c p r o p e r 
t i e s o f the p r o t e i n s p e r s e . The p r e s e n c e o f c e l l w a l l m a t e r i a l s 
i n u n f r a c t i o n a t e d c e l l s i s u n d e s i r a b l e because i t r e d u c e s the b i o 
a v a i l a b i l i t y o f the p r o t e i n s ; may c o n t a i n a n t i g e n i c , a l l e r g e n i c 
agents and f a c t o r s c a u s i n g n a u s e a , g a s t r o i n t e s t i n a l d i s t u r b a n c e s 
( f l a t u l e n c e d i a r r h e a ) and the c e l l w a l l m a t e r i a l s a l s o cause d a r k 
e n i n g o f t h e c e l l m a t e r i a l ( 5 0 , 5 1 , 5 2 , 5 3 , 5 4 ) . 

A n o t h e r s i g n i f i c a n t problem a s s o c i a t e d w i t h consumption o f 
m i c r o b i a l c e l l s i s t h e i r h i g h c o n t e n t o f n u c l e i c a c i d (NA) w h i c h 
ranges from 8 to 25 gm
o f the n u c l e i c a c i d i s p r e s e n
p r o t e i n can be used as a major s o u r c e o f p r o t e i n f o r human c o n 
s u m p t i o n , the c o n t e n t o f n u c l e i c a c i d has to be r e d u c e d , so t h a t 
the d a i l y i n t a k e o f n u c l e i c a c i d from y e a s t would n o t exceed 2 gms 
( i . e . 20g y e a s t ) . H i g h e r q u a n t i t i e s cause u r i c e m i a and c o n t i n u e d 
i n g e s t i o n o f SCP may r e s u l t i n gout ( 5 6 , 5 7 ) . 

I d e a l l y m i c r o b i a l c e l l s s h o u l d be consumable d i r e c t l y as food 
o r food i n g r e d i e n t s . However, because o f t h e i r n u c l e i c a c i d c o n 
t e n t ; the p r e s e n c e o f u n d e s i r a b l e p h y s i o l o g i c a l l y a c t i v e com
p o n e n t s ; the d e l e t e r i o u s e f f e c t s o f c e l l w a l l m a t e r i a l on p r o t e i n 
b i o a v a i l a b i l i t y and the l a c k o f r e q u i s i t e and d i s c r e t e f u n c t i o n a l 
p r o p e r t i e s , r u p t u r e o f c e l l s and e x t r a c t i o n o f the p r o t e i n i s a 
n e c e s s a r y s t e p . I m p o r t a n t l y , f o r many food uses ( p a r t i c u l a r l y as 
a f u n c t i o n a l p r o t e i n i n g r e d i e n t ) an u n d e n a t u r e d p r o t e i n i s r e 
q u i r e d . F o r t h e s e r e a s o n s and f o r many p o t e n t i a l a p p l i c a t i o n s o f 
y e a s t p r o t e i n ( s ) i t i s v e r y d e s i r a b l e to s e p a r a t e c e l l w a l l mate
r i a l and RNA from the p r o t e i n ( s ) f o r food a p p l i c a t i o n s . Much r e 
s e a r c h i s needed to d e v e l o p a p r a c t i c a l method f o r i s o l a t i o n o f 
i n t a c t , undenatured y e a s t p r o t e i n s from the y e a s t c e l l w a l l mate 
r i a l to ensure the r e q u i s i t e n u t r i t i o n a l and f u n c t i o n a l p r o p e r t i e s . 

The s u c c e s s f u l a d o p t i o n o f SCP w i l l depend upon t h e i r a c c e p 
tance by the food m a n u f a c t u r i n g i n d u s t r y . To a c h i e v e a d o p t i o n ( i n 
a d d i t i o n to a v a i l a b i l i t y , c o s t , n u t r i t i v e v a l u e , s a f e t y ) the 
p h y s i c o c h e m i c a l p r o p e r t i e s and p r o c e s s i n g c h a r a c t e r i s t i c s o f the 
p r o t e i n ( s ) must be f u l l y d e s c r i b e d . The l a t t e r , f u n c t i o n a l p r o p 
e r t i e s , must be known to d e t e r m i n e (and p r e d i c t ) how t h e s e p r o 
t e i n s w i l l behave i n a v a r i e t y o f food a p p l i c a t i o n s , i f they can 
be used to r e p l a c e more e x p e n s i v e p r o t e i n s , and t h e i r c a p a c i t y 
f o r the f a b r i c a t i o n o f new p r o t e i n a c e o u s f o o d s . 

I n t a c t d r i e d m i c r o b i a l c e l l s have l i m i t e d f u n c t i o n a l p r o p e r 
t i e s . Labuza e t a l . (58) r e p o r t e d t h a t s p r a y d r y i n g o f y e a s t 
c e l l s a t h i g h e r t e m p e r a t u r e s improved the f u n c t i o n a l per formance 
o f y e a s t c e l l s i n b r e a d making b u t they were s t i l l i n f e r i o r to 
c o n t r o l s a m p l e s . Spray d r y i n g o f y e a s t c e l l s a t 75 and 124°C 
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caused i n s o l u b i l i z a t i o n o f 72 and 84% o f t h e p r o t e i n , r e s p e c t i v e l y 
(59) . 

T h u s , t o improve n u t r i t i o n a l v a l u e and e x p l o i t f u n c t i o n a l 
p r o p e r t i e s , e x t r a c t i o n and c o n c e n t r a t i o n o f the p r o t e i n i s n e c e s 
s a r y . Numerous t e c h n i q u e s have been d e v e l o p e d f o r the e x t r a c t i o n 
o f y e a s t p r o t e i n s 6 0 , 5 1 , 6 0 , 6 1 , 6 2 , 6 3 ) but few produce a p r o t e i n 
w i t h the p r o p e r t i e s t h a t meet t h e ~ n e c e s s a r y n u t r i t i o n a l and f u n c 
t i o n a l c r i t e r i a . F o r e x t r a c t i o n o f p r o t e i n from m i c r o b i a l c e l l s , 
c h e m i c a l t r e a t m e n t o r p h y s i c a l r u p t u r e i s n e c e s s a r y to r e n d e r the 
c e l l c o n t e n t s a v a i l a b l e to the e x t r a c t a n t ( 6 1 - 6 8 ) · F o r c o m m e r c i a l 
p r o c e s s i n g , e f f i c i e n t and complete c e l l breakage i s h i g h l y d e s i r 
a b l e f o r e n s u r i n g maximum e x t r a c t a b i l i t y and r e c o v e r y o f p r o t e i n . 
F u r t h e r m o r e , f o r many food a p p l i c a t i o n s i t i s r e q u i r e d t h a t d e -
n a t u r a t i o n ( t h e r m a l , s u r f a c e ) o f the p r o t e i n i s m i n i m i z e d to e n 
s u r e r e t e n t i o n o f i m p o r t a n t f u n c t i o n a l p r o p e r t i e s . M e c h a n i c a l 
methods r e q u i r e l a r g e energ
r u p t u r e o f the c e l l w a l
d u r i n g c e l l breakage i s f r e q u e n t . 

A common p r o b l e m a s s o c i a t e d w i t h r u p t u r e o f y e a s t c e l l s and 
p r o t e i n e x t r a c t i o n i s p r o t e o l y s i s . Y e a s t c e l l s c o n t a i n a f u l l 
complement o f i n t r a c e l l u l a r p r o t e o l y t i c enzymes w h i c h may be l i b 
e r a t e d a f t e r the c e l l s a r e b r o k e n e i t h e r by a u t o l y s i s o r by mechan
i c a l d i s r u p t i o n . These l i b e r a t e d p r o t e o l y t i c enzymes, u n l e s s i n 
a c t i v a t e d d u r i n g the i s o l a t i o n and p u r i f i c a t i o n o f y e a s t p r o t e i n s , 
h y d r o l y z e the p r o t e i n s c a u s i n g poor y i e l d s o f i n t a c t p r o t e i n (55, 
6 9 , 7 0 ) . 

The e x p l o i t a t i o n o f r i b o n u c l e a s e (66 ,71 ,72) i n d e p l e t i n g 
n u c l e i c a c i d s i n v o l v e s the i n c u b a t i o n o f the e x t r a c t e d p r o t e i n 
( c o n t a i n i n g the c e l l u l a r RNA) around n e u t r a l pH a t 55°C f o r one o r 
two h o u r s to a c t i v a t e the RNase and h y d r o l y z e the n u c l e i c a c i d s . 
U n f o r t u n a t e l y , these c o n d i t i o n s a l s o r e s u l t i n the a c t i v a t i o n o f 
the p r o t e o l y t i c enzymes o f y e a s t c e l l s . These c o n c u r r e n t l y h y 
d r o l y z e the p r o t e i n s to low m o l e c u l a r w e i g h t p e p t i d e s and s i g n i f i 
c a n t l y r e d u c e the y i e l d o f i n t a c t p r o t e i n s . 

F o r m a x i m i z i n g p r o t e i n y i e l d and m i n i m i z i n g contaminant n u 
c l e i c a c i d s , a l k a l i e x t r a c t i o n a t e l e v a t e d t e m p e r a t u r e s i s a f e a s 
i b l e p r o c e d u r e ( 6 3 , 7 3 ) . However d e n a t u r a t i o n o f p r o t e i n s d u r i n g 
e x t r a c t i o n i s a s e r i o u s p r o b l e m because i t s i g n i f i c a n t l y d e s t r o y s 
f u n c t i o n a l p r o p e r t i e s and l i m i t s the food uses o f the e x t r a c t e d 
p r o t e i n (2 , 74) . In a d d i t i o n to d e n a t u r a t i o n , exposure o f p r o t e i n 
to a l k a l i n e t r e a t m e n t s may a l s o cause o t h e r u n d e s i r a b l e e f f e c t s , 
i . e . r a c e m i z a t i o n o f amino a c i d s , β - e l i m i n a t i o n and c r o s s l i n k i n g 
o r c e r t a i n amino a c i d s and f o r m a t i o n o f p o t e n t i a l l y a n t i n u t r i t i v e 
compounds ( 1 1 , 2 3 , 7 5 ) . 

In c o n j u n c t i o n w i t h r e s e a r c h on p r o t e i n e x t r a c t i o n from y e a s t , 
we i n v e s t i g a t e d methods f o r the maximum r e c o v e r y o f p r o t e i n p o s 
s e s s i n g good f u n c t i o n a l p r o p e r t i e s b u t low i n n u c l e i c a c i d . 
T h e r e f o r e , we examined the f e a s i b i l i t y o f making the y e a s t p r o t e i n 
r e s i s t a n t to p r o t e o l y s i s d u r i n g e x t r a c t i o n and n u c l e i c a c i d r e d u c 
t i o n . U s i n g e s t a b l i s h e d e x t r a c t i o n p r o c e d u r e s ( 7 6 ) , we o b s e r v e d 
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t h a t the a d d i t i o n o f s u c c i n i c a n h y d r i d e to d i s p e r s i o n s o f m e c h a n i 
c a l l y d i s r u p t e d y e a s t c e l l s a t pH 8.5 r e s u l t e d i n a s i g n i f i c a n t 
i n c r e a s e i n p r o t e i n e x t r a c t a b i l i t y . Whereas o n l y 55-60% o f p r o 
t e i n was e x t r a c t e d from m e c h a n i c a l l y d i s r u p t e d c e l l s a t pH 8 . 5 , 
s u c c i n y l a t i o n o f y e a s t c e l l homogenate r e s u l t e d i n e x t r a c t i o n o f 
90% o f the y e a s t p r o t e i n ( F i g . 4 ) . T h i s was s i g n i f i c a n t because 
the pH o f e x t r a c t i o n r e p r e s e n t e d v e r y m i l d c o n d i t i o n s compared to 
o t h e r c o n v e n t i o n a l p r o c e d u r e s . 

I n c u b a t i o n o f s u c c i n y l a t e d y e a s t homogenate at 55°C (pH 6 . 0 ) . 
to a c t i v a t e endogenous r i b o n u c l e a s e and h y d r o l y z e the contaminant 
RNA r e s u l t e d i n the s i g n i f i c a n t r e d u c t i o n o f the e x t e n s i v e p r o 
t e o l y s i s n o r m a l l y o b s e r v e d ( T a b l e ¥ 1 ) . F u r t h e r m o r e , the c o a g u l a 
t i o n and p r e c i p i t a t i o n o f p r o t e i n t h a t n o r m a l l y o c c u r s d u r i n g t h i s 
s t e p was a l s o e l i m i n a t e d . 

T a b l e V I . The E f f e c t o
P r o t e i n s by Endogenou
(pH 6 . 0 , 55°C) f o r RNA R e d u c t i o n 

I n c u b a t i o n Y i e l d o f P r o t e i n 
P e r i o d U n s u c c i n y l a t e d S u c c i n y l a t e d 

0 67.4 83 .1 
1/2 h r . 59 .0 77.7 

1 h r . 53 .7 79.5 
2 h r . 42 .5 71 .1 
3 h r . 44 .9 72 .3 
5 h r . 30 .0 72 .3 

T h u s , s u c c i n y l a t i o n p r e v e n t e d the a g g r e g a t i o n and c o a g u l a t i o n o f 
y e a s t p r o t e i n s n o r m a l l y o b s e r v e d d u r i n g RNA h y d r o l y s i s w i t h e n d o 
genous r i b o n u c l e a s e and markedly i n c r e a s e d the r e c o v e r y o f i n t a c t , 
s o l u b l e p r o t e i n . L i n d b l o o m (69) r e p o r t e d t h a t up to 70% o f y e a s t 
p r o t e i n may be degraded d u r i n g i n c u b a t i o n to r e d u c e RNA (pH 6, 
5 5 ° C , 5 h r ) . However, i n o u r s t u d i e s , when the p r o t e i n was s u c 
c i n y l a t e d p r o t e o l y s i s was i n h i b i t e d compared to the n o n - s u c c i n y -
l a t e d c o n t r o l . T h i s i n h i b i t i o n may have r e s u l t e d from i n a c t i v a -
t i o n o f the p r o t e a s e s by s u c c i n y l a t i o n ; n o n - s u s c e p t i b i l i t y o f 
s u c c i n y l a t e d p r o t e i n to p r o t e a s e a t t a c k , o r the i n h i b i t i o n o f 
p r o t e a s e s by s u c c i n y l a t e d h y d r o l y t i c p r o d u c t s . 

Because d e r i v a t i z a t i o n i m p a i r e d p r o t e o l y s i s , i t s e f f e c t on 
endogenous r i b o n c l e a s e was s t u d i e d . R i b o n u c l e a s e a c t i v i t y was i n 
h i b i t e d w i t h i n c r e a s i n g s u c c i n y l a t i o n and dropped s h a r p l y a t an 
a n h y d r i d e to p r o t e i n r a t i o o f 0 .8 where 80% o f ε-ΝΗ2 groups o f the 
t o t a l p r o t e i n were s u c c i n y l a t e d ( F i g . 5 ) . Because the r i b o n u c l e a s e 
was i n a c t i v a t e d , an i n c r e a s e d n u c l e i c a c i d c o n t e n t i n the p r e c i p i 
t a t e d p r o t e i n s was e x p e c t e d . However, we o b s e r v e d l e s s n u c l e i c 
a c i d (NA) i n p r e c i p i t a t e d s u c c i n y l a t e d p r o t e i n t h a n i n t h e n o n -
m o d i f i e d c o n t r o l s . Maximum p r e c i p i t a t i o n o f s u c c i n y l a t e d p r o t e i n 
o c c u r r e d around pH 4.5 and c o n t a i n e d o n l y 1.8% n u c l e i c a c i d on a 
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Figure 5. The effects of succinyhtion during extraction of yeast protein on the 
endogenous ribonuclease activity (pH 6.0,55° C) 
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d r y w e i g h t b a s i s whereas p r o t e i n p r e c i p i t a t e d from u n s u c c i n y l a t e d 
y e a s t e x t r a c t c o n t a i n e d 28% NA ( T a b l e V I I ) . S u c c i n y l a t i o n o f the 
p r o t e i n by i n c r e a s i n g i t s n e t n e g a t i v i t y a c c e n t u a t e d the s m a l l 
d i f f e r e n c e s i n the t o t a l c h a r g e between the d é r i v â t i z e d p r o t e i n s 
and the NA t h e r e b y f a c i l i t a t i n g the a l m o s t e x c l u s i v e p r e c i p i t a t i o n 
o f p r o t e i n a t pH 4 .5 ( F i g . 6 ) . T h i s p r o c e d u r e g r e a t l y s i m p l i f i e s 
the s e p a r a t i o n o f NA from y e a s t p r o t e i n w h i c h can be r e c o v e r e d i n 
h i g h y i e l d s i n a h i g h l y s o l u b l e s t a t e . 

T a b l e V I I . The I n f l u e n c e o f pH o f P r o t e i n P r e c i p i t a t i o n on the 
C o n t e n t (%) o f N u c l e i c A c i d i n N o n s u c c i n y l a t e d and 
S u c c i n y l a t e d Y e a s t P r o t e i n 

N u c l e i c A c i d Content o f P r o t e i n (%) 
pH o f P r e c i p i t a t i o n N o n s u c c i n y l a t e d S u c c i n y l a t e d 

2 3
3 33 17 
4 30 2 
4 .5 28 1.8 
5 .0 28 2.5 

The p r o c e d u r e d e s c r i b e d above may be a s i g n i f i c a n t and p r a c 
t i c a l s t e p i n d e v e l o p i n g a p r o c e s s f o r the i s o l a t i o n o f a s o l u b l e 
p r o t e i n , low i n n u c l e i c a c i d and i n h i g h y i e l d s from y e a s t c e l l s 
( F i g . 7 ) . The p r o c e d u r e i s r a p i d , i t e l i m i n a t e s the i n c u b a t i o n 
(4-5 h r ) s t e p , a v o i d s p r o t e o l y s i s , and i s amenable to c u r r e n t 
e x t r a c t i o n p r o c e d u r e s . The method i s e f f e c t i v e when d i c a r b o x y l i c 
r e s i d u e s a r e i n t r o d u c e d but i s l e s s s u c c e s s f u l w i t h a c e t y l a t i o n . 
F u r t h e r m o r e , d e r i v a t i z a t i o n w i t h c e r t a i n c y c l i c d i c a r b o x y l i c a n h y 
d r i d e s i s a r e v e r s i b l e p r o c e s s . T h i s p r o c e d u r e p r o v i d e s an e x 
ample o f c h e m i c a l d e r i v a t i z a t i o n f a c i l i t a t i n g the i s o l a t i o n o f 
p r o t e i n . 

F u n c t i o n a l P r o p e r t i e s o f Y e a s t P r o t e i n s 

Y e a s t p r o t e i n s , i n a d d i t i o n to b e i n g n u t r i t i o n a l l y good and 
s a f e , must p o s s e s s f u n c t i o n a l p r o p e r t i e s to be a d o p t e d by t h e food 
i n d u s t r y and to g a i n g e n e r a l consumer a c c e p t a n c e . 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 o f SCP i s needed to e v a l u a t e and p r e d i c t how 
t h e s e new p r o t e i n s behave i n s p e c i f i c food systems and i f they can 
be used to complement, r e p l a c e o r s i m u l a t e c o n v e n t i o n a l p r o t e i n s 
i n d i f f e r e n t f o o d s . T h e r e has been a s u r p r i s i n g l y l i m i t e d amount 
o f i n f o r m a t i o n p u b l i s h e d c o n c e r n i n g the f u n c t i o n a l p r o p e r t i e s o f 
y e a s t p r o t e i n s i n t e n d e d f o r food a p p l i c a t i o n s , though p r o p r i e t a r y 
knowledge e x i s t s ( 7 4 , 7 7 » 7 8 ? 7 9 , 8 0 , § 1 . 9 0 ) . 

F l a v o r , c o l o r and t e x t u r e a r e i m p o r t a n t p r i m a r y p r o p e r t i e s o f 
p r o t e i n s . In n o v e l p r o t e i n s the absence o f f l a v o r s o r o d o r s i s 
d e s i r e d to r e n d e r the new p r o t e i n c o m p a t i b l e w i t h t h e food to 
w h i c h they a r e added . O f f - f l a v o r s f r e q u e n t l y l i m i t the use o f 
y e a s t p r o t e i n p r e p a r a t i o n s (81 ) . F r e q u e n t l y t h e s e a r i s e from the 
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5% YEAST SUSPENSION IN WATER 

J Disruption 

YEAST HOMOGENATE 

J Succinylate pH 8.5 

SUCCINYLATED YEAST HOMOGENATE 

Adjust pH 4.5 

Centrifuge 

PROTEIN CONCENTRATE SUPERNATANT 
(PROTEIN & CELL WALL) RNA FRACTION 

pH 4 
Wash and dry 

YEAST PROTEIN CONCENTRATE 
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RNA FRACTION PRECIPITATE 

pH 4.0 
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PROTEIN ISOLATE 
with 

LOW RNA 
(< 2%) 

Figure 7. Outline of the succinylation procedure for the isolation of yeast pro
tein concentrate (72% protein) or yeast protein isolate (92% protein) with low 

(< 2%) nucleic acid 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



3. KINSELLA AND SHETTY Plant and Yeast Proteins 55 

l i p i d m a t e r i a l s w h i c h a r e a s s o c i a t e d w i t h the i s o l a t e d p r o t e i n s . 
S o l u b i l i t y i s a c r i t i c a l f u n c t i o n a l c h a r a c t e r i s t i c because 

many f u n c t i o n a l p r o p e r t i e s depend on the c a p a c i t y o f p r o t e i n s to 
go i n t o s o l u t i o n i n i t i a l l y , e . g . g e l a t i o n , e m u l s i f i c a t i o n , foam 
f o r m a t i o n . Data on s o l u b i l i t y o f a p r o t e i n under a v a r i e t y o f 
e n v i r o n m e n t a l c o n d i t i o n s (pH, i o n i c s t r e n g t h , temperature) a r e 
u s e f u l d i a g n o s t i c a l l y i n p r o v i d i n g i n f o r m a t i o n on p r i o r t r e a t m e n t 
o f a p r o t e i n ( i . e . i f d e n a t u r a t i o n has o c c u r r e d ) and as i n d i c e s o f 
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 p r o t e i n , e . g . a p r o t e i n w i t h 
poor s o l u b i l i t y i s o f l i t t l e use i n foams) . D e t e r m i n a t i o n o f 
s o l u b i l i t y i s the f i r s t t e s t i n e v a l u a t i o n o f the p o t e n t i a l f u n c 
t i o n a l p r o p e r t i e s o f p r o t e i n s and r e t e n t i o n o f s o l u b i l i t y i s a 
u s e f u l c r i t e r i o n when s e l e c t i n g methods f o r i s o l a t i n g and r e f i n i n g 
p r o t e i n p r e p a r a t i o n s ( 1 ) . S e v e r a l r e s e a r c h e r s have r e p o r t e d on 
the s o l u b i l i t y o f e x t r a c t e d m i c r o b i a l p r o t e i n s ( 6 9 , 8 2 , 8 3 , 8 4 ) . In 
many i n s t a n c e s y e a s t p r o t e i n
p r o p e r t i e s below pH 7.5

The foaming and e m u l s i f y i n g c a p a c i t y o f y e a s t p r o t e i n s have 
been s t u d i e d ( 8 3 , 8 4 ) . Rha e t a l . (85) have summarized the l i m i t e d 
i n f o r m a t i o n o n ~ h ~ s ρ i n n i n g , i . e . f i b e r f o r m i n g a b i l i t y o f p r o t e i n s 
from C. u t i l i s . 

The l i m i t e d d a t a i n d i c a t e t h a t y e a s t p r o t e i n s e x t r a c t e d by 
the c u r r e n t , more c o n v e n t i o n a l methods l a c k the r e q u i s i t e f u n c 
t i o n a l p r o p e r t i e s f o r many a p p l i c a t i o n s . 

M o d i f i c a t i o n 

D u r i n g i s o l a t i o n by c o n v e n t i o n a l methods y e a s t p r o t e i n s f r e 
q u e n t l y become d e n a t u r e d , i n s o l u b i l i z e d and d i s p l a y poor f u n c t i o n a l 
p r o p e r t i e s . These p r o t e i n s can be r e n d e r e d more s o l u b l e by 
l i m i t e d h y d r o l y s i s w i t h a c i d , a l k a l i o r p r o t e o l y t i c enzymes. P r o 
t e i n h y d r o l y z a t e s a r e most commonly p r e p a r e d by p a r t i a l a c i d 
h y d r o l y s i s and y e a s t h y d r o l y z a t e s a r e p o p u l a r as food f l a v o r i n g s 
and i n g r e d i e n t s (66) . A c i d h y d r o l y z a t e s have f l a v o r s r e s e m b l i n g 
cooked meats and a r e w i d e l y used by c a n n e r s to i m p a r t b r o t h y , 
meaty f l a v o r s to s o u p s , g r a v i e s , s a u c e s , canned meats . 

A l k a l i t r e a t m e n t has been used to improve the f u n c t i o n a l 
p r o p e r t i e s o f the i n s o l u b l e p r o t e i n p r e p a r e d by heat p r e c i p i t a t i o n 
o f an a l k a l i n e e x t r a c t o f b r o k e n y e a s t c e l l s (63) . H e a t i n g y e a s t 
p r o t e i n a t pH 11.8 f o l l o w e d by a c i d p r e c i p i t a t i o n (pH 4.5) y i e l d e d 
a p r e p a r a t i o n composed o f p o l y p e p t i d e s w i t h i n c r e a s e d aqueous s o l 
u b i l i t y . I t a l s o i n c r e a s e d foaming c a p a c i t y o f the p r o t e i n 20-
f o l d . The e m u l s i f y i n g c a p a c i t y o f the m o d i f i e d p r o t e i n was good 
whereas t h e o r i g i n a l i n s o l u b l e p r o t e i n was i n c a p a b l e o f f o r m i n g an 
e m u l s i o n . A l k a l i t r e a t m e n t must be c a r e f u l l y c o n t r o l l e d to a v o i d 
i t s p o s s i b l e d e l e t e r i o u s e f f e c t s ( 2 4 , 7 5 ) , e . g . a l k a l i n e t reatment 
o f y e a s t p r o t e i n r e s u l t e d i n a l o s s (60%) o f c y s t e i n e (63) . 

Enzyme h y d r o l y s i s i s o c c a s i o n a l l y used to modi fy the f u n c 
t i o n a l p r o p e r t i e s o f p r o t e i n s and y e a s t a u t o l y z a t e s a r e used 
c o m m e r c i a l l y as food f l a v o r a n t s ( 6 6 , 8 6 ) . P a r t i a l p r o t e o l y s i s o f 
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n o v e l p r o t e i n s improves t h e i r s o l u b i l i t y and foaming p r o p e r t i e s 
(87) . The problems a s s o c i a t e d w i t h enzyme h y d r o l y s i s a r e the 
g e n e r a t i o n o f b i t t e r p e p t i d e s and the c o s t o f enzymes. The p l a s -
t e i n r e a c t i o n e f f e c t i v e l y d e b i t t e r e d p e p s i n h y d r o l y z a t e s o f y e a s t s 
( S a c c h a r o m y c e s , Candida) ; a i d e d the r e l e a s e o f l i p i d m a t e r i a l s r e 
s p o n s i b l e f o r the development o f o f f - f l a v o r s and r e d u c e d pigments 
and heme m a t e r i a l s p r e s e n t i n the o r i g i n a l SCP ( 7 ) . 

C h e m i c a l m o d i f i c a t i o n o f y e a s t p r o t e i n has r e c e i v e d l i m i t e d 
a t t e n t i o n though as d e s c r i b e d above i t has p o t e n t i a l as a method 
f o r f a c i l i t a t i n g r e c o v e r y o f y e a s t p r o t e i n . C u r r e n t s t u d i e s a r e 
c o n c e r n e d w i t h d e t e r m i n a t i o n o f the f u n c t i o n a l p r o p e r t i e s o f p r o 
t e i n s s u c c i n y l a t e d d u r i n g the e x t r a c t i o n . The c o m p o s i t i o n o f 
y e a s t p r o t e i n s p r e p a r e d by d i f f e r e n t methods i s shown ( T a b l e 8 ) . 
Noteworthy i s the p r o t e i n and n u c l e i c a c i d c o n c e n t r a t i o n i n t h e 
y e a s t i s o l a t e w h i c h d i f f e r e d from the c o n c e n t r a t e i n t h a t c e l l 
w a l l m a t e r i a l was remove

T a b l e V I I I . C o m p o s i t i o n o f Y e a s t C e l l s t S u c c i n y l a t e d Y e a s t P r o t e i n 
C o n c e n t r a t e and S u c c i n y l a t e d Y e a s t P r o t e i n I s o l a t e 
( e x p r e s s e d as g/100g) 

Sample 
N u c l e i c 

A c i d 
P r o t e i n 
N i t r o g e n 

C a r b o 
h y d r a t e 

Crude 
L i p i d 

Y e a s t C e l l 
Homogenate 

7.90 6 .71 35.40 2.38 

S u c c i n y l a t e d Y e a s t 
Homogenate ( P r o 
t e i n C o n c e n t r a t e ) 

2 .0 11 .28 24.80 4.45 

S u c c i n y l a t e d Y e a s t 
P r o t e i n I s o l a t e 

1.80 15.32 7.0 3.47 

The a b s o r p t i o n s p e c t r a o f t h r e e y e a s t p r o t e i n p r e p a r a t i o n s 
p r e p a r e d by d i f f e r e n t p r o c e d u r e s were compared ( F i g . 8 ) . The 
p r e s e n c e o f n u c l e i c a c i d w h i c h has a λ maximum a t 260 nm t e n d to 
s h i f t t h e a b s o r p t i o n s p e c t r u m o f y e a s t p r o t e i n to lower wave
l e n g t h s . The r a t i o o f a b s o r p t i o n a t 280 t o 260 nm i s i n d i c a t i v e 
o f NA c o n t a m i n a t i o n i n p r o t e i n s a m p l e s ; a r a t i o o f more t h a n one 
i n d i c a t e s p u r e p r o t e i n d e v o i d o f n u c l e i c a c i d whereas a r a t i o o f 
0 .65 i n d i c a t e s a p p r o x i m a t e l y 30% c o n t a m i n a t i o n w i t h NA. The 
y e a s t p r o t e i n e x t r a c t e d w i t h a l k a l i and d i r e c t l y a c i d p r e c i p i t a t e d 
showed a λ max a t 260, a 280/260 r a t i o o f 0 .67 and c o n t a i n e d 28%, 
NA d e t e r m i n e d c h e m i c a l l y . P r o t e i n e x t r a c t e d i n a l k a l i , a d j u s t e d 
to pH 6 and i n c u b a t e d a t 55°C f o r 3 - 5 h o u r s , to r e d u c e NA w i t h 
endogenous r i b o n u c l e a s e , had a X max a t 260, a 280/260 r a t i o o f 
0 .8 and a NA c o n t e n t o f 3.3% w h i l e y e a s t p r o t e i n p r e p a r e d by the 
s u c c i n y l a t i o n p r o c e d u r e and p r e c i p i t a t e d a t pH 4.5 showed a λ max 
a t 275 nm, a 280/260 r a t i o o f 1.0 and n u c l e i c a c i d c o n t e n t o f 1 .8 . 

S u c c i n y l a t i o n caused d i s s o c i a t i o n o f the y e a s t p r o t e i n s . 
T h i s was d i f f i c u l t t o d e t e c t w i t h methods t h a t s e p a r a t e p r o t e i n s 
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on the b a s i s o f m o l e c u l a r s i z e . U s i n g g e l f i l t r a t i o n on Sephadex 
G-100 y e a s t p r o t e i n gave two p e a k s , the major peak (ySOX) emerging 
i n the v o i d volume c o r r e s p o n d e d to p r o t e i n s e x c e e d i n g 100,000 
d a l t o n s (76) and a second p e a k , p r o b a b l y c o n t a i n e d a h e t e r o g e n e o u s 
group o f p r o t e i n s w i t h a lower range o f m o l e c u l a r w e i g h t s . The 
s u c c i n y l a t e d p r o t e i n a l s o gave two peaks w i t h the major peak emerg
i n g i m m e d i a t e l y a f t e r the v o i d volume and the second minor peak . 
T h i s p a t t e r n was n o t i n d i c a t i v e o f d i s s o c i a t i o n o f the s u c c i n y l a 
t e d p r o t e i n . However, s e d i m e n t a t i o n v e l o c i t y s t u d i e s o f the 
s u c c i n y l a t e d y e a s t p r o t e i n s gave a s i n g l e peak w i t h 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 o f a p p r o x . IS i n d i c a t i n g the e x t e n s i v e d i s s o c i a 
t i o n o f the l a r g e r p r o t e i n components o f y e a s t . T h e r e f o r e , the 
p a t t e r n o b t a i n e d upon Sephadex f i l t r a t i o n , i . e . the major peak 
emerging a f t e r the e l u t i o n vo lume, i s p r o b a b l y e x p l a i n e d by the 
s i g n i f i c a n t i n c r e a s e i n the hydrodynamic volume o f the d i s s o c i a t e d 
s u c c i n y l a t e d y e a s t p r o t e i n
A t t e m p t s to r e s o l v e d i s s o c i a t e d s u c c i n y l a t e d y e a s t p r o t e i n s by g e l 
e l e c t r o p h o r e s i s were u n s u c c e s s f u l because the p r o t e i n s f a i l e d to 
e n t e r the g e l . T h i s d i s s o c i a t i o n caused by s u c c i n y l a t i o n u s u a l l y 
causes a marked i n c r e a s e i n v i s c o s i t y o f these p r e p a r a t i o n s . 

S u c c i n y l a t i o n r e d u c e d the i s o e l e c t r i c p o i n t o f y e a s t p r o t e i n s 
from pH 4.5 to 4 .0 and m a r k e d l y improved t h e i r s o l u b i l i t y i n pH 
range 4.5 to 6. Heat d e n a t u r e d y e a s t p r o t e i n s were f a c i l e l y s o l u -
b i l i z e d f o l l o w i n g s u c c i n y l a t i o n (7 4 ) . S u c c i n y l a t e d y e a s t p r o t e i n s 
were v e r y s t a b l e to heat above pH 5, and remained s o l u b l e a t temp
e r a t u r e s above 8 0 ° C . As the degree o f s u c c i n y l a t i o n was i n c r e a s e d 
t h e r a t e o f p r e c i p i t a t i o n o f the d e r i v a t i z e d p r o t e i n i n c r e a s e d i n 
the n e i g h b o r h o o d o f the i s o e l e c t r i c p o i n t and much l a r g e r p r o t e i n 
f l o e s were o b t a i n e d f a c i l i t i a t i n g t h e i r r e c o v e r y (7 4 ) . 

The e m u l s i f y i n g c a p a c i t y o f the y e a s t p r o t e i n s was p r o g r e s 
s i v e l y improved w i t h the e x t e n t o f s u c c i n y l a t i o n ( T a b l e IX) as 
measured by the t u r b i d i m e t r i c t e c h n i q u e ( 8 9 ) . The m o d i f i e d y e a s t 
p r o t e i n s had e x c e l l e n t e m u l s i f y i n g a c t i v i t i e s compared to s e v e r a l 
o t h e r common p r o t e i n s . M c E l w a i n e t a l . (88) o b s e r v e d t h a t s u c c i 
n y l a t i o n o f y e a s t p r o t e i n i n c r e a s e d e m u l s i o n v i s c o s i t y b u t d e 
c r e a s e d e m u l s i o n s t a b i l i t y . 

T a b l e IX . E m u l s i f y i n g A c t i v i t y Index V a l u e s o f S u c c i n y l a t e d Y e a s t 
P r o t e i n 

Sample S u c c i n y l a t i o n (%) EAI ( m 2 , g λ ) 

1 0 20 
2 24 70 
3 13 90 
4 28 220 
5 44 221 
6 54 328 
7 88 356 

EAI denotes s u r f a c e a r e a o f e m u l s i o n formed p e r gram p r o t e i n (89 ) . 
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Figure 8. Absorption spectra of yeast 
proteins prepared by three

methods. 

Legend: crude protein prepared by precipi
tation of an alkali extract at pH 4.0 (·); 
yeast protein obtained following activation 
of endogenous ribonuclease (82) (O), and 
yeast protein prepared by the succinyhtion 

procedure (O). 
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S u c c i n y l a t i o n d u r i n g e x t r a c t i o n s i g n i f i c a n t l y improved the 
foaming c a p a c i t y o f y e a s t p r o t e i n . The s u c c i n y l a t e d p r o t e i n was 
e q u i v a l e n t to o v a l b u m i n whereas u n m o d i f i e d d e n a t u r e d y e a s t p r o t e i n 
was v e r y i n f e r i o r and f a i l e d to r e t a i n gas e f f i c i e n t l y d u r i n g e x 
p a n s i o n . Maximum foam s t r e n g t h o f s u c c i n y l a t e d y e a s t p r o t e i n and 
o v a l b u m i n o c c u r r e d s l i g h t l y above the i s o e l e c t r i c p o i n t s o f t h e s e 
two p r o t e i n s . The o v a l b u m i n foam was s i g n i f i c a n t l y s t r o n g e r t h a n 
the s u c c i n y l a t e d y e a s t p r o t e i n a t s i m i l a r c o n c e n t r a t i o n s o f p r o 
t e i n . The foam s t a b i l i t y o f s u c c i n y l a t e d y e a s t p r o t e i n was o n l y 
s l i g h t l y i n f e r i o r to t h a t formed by egg a l b u m i n . 

The i n v i t r o d i g e s t i b i l i t y o f s u c c i n y l a t e d y e a s t p r o t e i n s by 
a - c h y m o t r y p s i n and t r y p s i n was compared ( F i g . 9 ) . In b o t h i n 
s t a n c e s h y d r o l y s i s o f b o t h d e r i v a t i z e d and u n m o d i f i e d y e a s t p r o 
t e i n was q u i t e s i m i l a r , though the a-chymo t r y p s i n h y d r o l y z e d the 
s u c c i n y l a t e d p r o t e i n more r a p i d l y . 

C o n c l u s i o n s 

A l t h o u g h c h e m i c a l l y m o d i f i e d p r o t e i n s may n o t be p e r m i t t e d i n 
foods f o r some time, b a s i c r e s e a r c h i n t h i s a r e a s h o u l d c o n t i n u e 
and n o t be r e s t r i c t e d by c u r r e n t economic a n d / o r r e g u l a t o r y c r i t e 
r i a , even though t h e s e two f a c t o r s may u l t i m a t e l y d e t e r m i n e the 
a p p l i c a t i o n o f m o d i f i e d p r o t e i n s i n f o o d s . The l i m i t e d i n f o r m a 
t i o n a l r e a d y a v a i l a b l e has r e v e a l e d the p o t e n t i a l o f d e r i v a t i z e d 
p r o t e i n s i n e x p a n d i n g the use o f n o v e l p r o t e i n s w i t h l i m i t e d f u n c 
t i o n a l p r o p e r t i e s . More e x t e n s i v e knowledge i s r e q u i r e d b e f o r e 
c o n c l u s i v e judgments can be made c o n c e r n i n g m o d i f i c a t i o n o f food 
p r o t e i n s . W h i l e n u t r i t i o n a l v a l u e and s a f e t y a r e o f paramount i m 
p o r t a n c e , a p p r o p r i a t e f u n c t i o n a l p r o p e r t i e s a r e the key a t t r i b u t e s 
i n the assembly, f a b r i c a t i o n and p r o c e s s i n g o f the heterogeneous 
range o f foods r e q u i r e d by d i f f e r e n t consumers t h r o u g h o u t t h e 
w o r l d . 

R e s e a r c h i s needed to d e v e l o p f u n c t i o n a l r e a g e n t s t h a t a r e 
s a f e and do n o t i m p a i r the a v a i l a b i l i t y o f n u t r i e n t s ; t h a t p o s s e s s 
good s p e c i f i c i t y f o r p a r t i c u l a r n u c l e o p h i l i c groups on the p r o t e i n 
and t h a t a r e r e a d i l y h y d r o l y z e d . The n u t r i t i o n a l impact and 
s a f e t y o f c h e m i c a l l y m o d i f i e d p r o t e i n s s h o u l d be a d e q u a t e l y t e s t e d 
f o r each d e r i v a t i v e . However, i t i s u n l i k e l y t h a t m o d i f i e d p r o 
t e i n s would become s i g n i f i c a n t s o u r c e s o f d i e t a r y p r o t e i n f o r any 
p a r t i c u l a r p o p u l a t i o n g r o u p . R e s e a r c h s h o u l d be c o n t i n u e d even 
though m o d i f i c a t i o n may r e d u c e the a v a i l a b i l i t y o f some amino a c i d 
r e s i d u e s because m o d i f i e d f u n c t i o n a l p r o t e i n s may w e l l f a c i l i t a t e 
the i n c o r p o r a t i o n o f n u t r i t i o n a l l y s u p e r i o r p r o t e i n s i n t o a 
v a r i e t y o f foods a p p e a l i n g to a b r o a d range o f consumers . R e 
s e a r c h to d e v e l o p f u n c t i o n a l d e r i v a t i v e s t h a t s p e c i f i c a l l y r e a c t 
w i t h n o n - l i m i t i n g amino a c i d s s h o u l d be e n c o u r a g e d . 

C h e m i c a l m o d i f i c a t i o n may h e l p r e s e a r c h e r s to e l u c i d a t e the 
p h y s i c o c h e m i c a l b a s i s o f p r o t e i n f u n c t i o n a l i t y , and u n d e r s t a n d i n g 
the p h y s i c a l b a s i s o f 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 s h o u l d e n a b l e 
s c i e n t i s t s to d e s i g n b e t t e r f u n c t i o n a l d e r i v a t i v e s . Reagents t h a t 
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cause unfolding of polypeptides in a particular manner could be 
used to enhance surfactant properties and derivatization with 
polyhydroxy compounds might enhance water sorption properties. 
It is very conceivable that series of protein derivatives with 
graded differences in functional properties (thermal stability, 
hydrophobicity, hydrophilicity, molecular dimensions, etc.) will 
become available in the future. Such functional derivatives 
should facilitate the exploitation of the wide range of novel pro
teins in the world. 

Finally, in conjunction with research on modification there 
must be a concomitant and commensurate research effort to develop 
standardized quantitative methods for measuring functional proper
ties of conventional and modified proteins. 

Acknowledgement. This work was partly supported by Grant No  Eng
75-17273 from the Nationa

Abstract 

To achieve success as protein ingredients for food formula
tion and fabrication, novel proteins should possess a range of 
functional properties. Frequently during extraction, refining and 
drying, plant and yeast proteins, intended for food uses, become 
denatured or altered and subsequently display poor functional 
properties which render them of limited use. Chemical modifica
tion provides a feasible method for improving the functional prop
erties of plant and yeast proteins and potentially may make it 
possible to tailor proteins with very specific functional proper
ties. In this review the information on modified plant proteins 
is reviewed and the use of succinylation for the recovery of 
yeast proteins with low nucleic acid is described. 
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Conformation and Functionality of Mi lk Proteins 

C. V. MORR 
Department of Food Science, Clemson University, Clemson, SC 29631 

We are indebted to numerous researchers who have contributed 
sufficient basic knowledg
ties of the milk protei  system, e.g., y 
proteins and their subfractions. These findings have been collec
ted, evaluated and organized into a comprehensive report by the 
"Milk Protein Nomenclature Committee" (1). This latter report 
contains excellent details on the primary structure and physico
chemical properties of most of the casein monomer subunits and 
the whey proteins, as well as for most of their genetic poly
morphs. Milk proteins are widely recognized for their superior 
nutritional, organoleptic, and functional properties, as compo
nents of milk and in milk-containing food formulations. Although 
the caseinates have superior functional properties, especially 
for stabilizing emulsions and foams, there is a need to improve 
the functionality of the whey protein concentrates. For example, 
the whey protein concentrates generally exhibit poor functional 
properties in food applications requiring high solubility. 

This paper draws heavily upon the "Nomenclature Committee 
Report" (1) as well as several recent comprehensive reports that 
have considered the primary structure and conformation of the 
casein monomer subunits and how they are assembled into submicel
lar aggregates and casein micelles (2, 3) . These basic relation
ships were utilized to develop additional projections relating to 
the conformation and functional properties of the major milk pro
teins, e.g., commercial caseinates and whey protein concentrates 
in food applications. 

Fractionation and Distribution of Major Milk Proteins. 

The fractionation scheme and distribution data for the major 
milk proteins and their subfractions are given in Figure 1 (1). 
Although the caseins are easily separated from whey proteins by 
adjusting milk to pH 4.6-5.0, further separation and purification 
of the individual caseins is extremely difficult, due to their 
strong interaction, and requires the most sophisticated protein 
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f r a c t i o n a t i o n t e c h n i q u e s a v a i l a b l e . S i m i l a r l y , t h e i n d i v i d u a l 
whey p r o t e i n components a r e s e p a r a t e d and p u r i f i e d o n l y by a p p l i 
c a t i o n o f e l a b o r a t e f r a c t i o n a t i o n t e c h n i q u e s . 

Nomenclature and P h y s i c o - c h e m i c a l P r o p e r t i e s o f the C a s e i n s . 

The f o u r major c a s e i n f r a c t i o n s c o n t a i n s u b f r a c t i o n s and g e 
n e t i c polymorphs ( T a b l e 1 ) , e a c h o f w h i c h p o s s e s s e s a unique p r i 
mary s t r u c t u r e and a s s o c i a t e d p h y s i c o - c h e m i c a l p r o p e r t i e s ( 1 ) . 
F o r example , α - c a s e i n c o n t a i n s one major s u b f r a c t i o n (α - - C n ) 
p l u s s e v e r a l m i n o r components . The f o u r g e n e t i c v a r i a n t s s o f a s i ~ 
c a s e i n have s i m i l a r i s o i o n i c p o i n t s , w h i c h would be e x p e c t e d from 
t h e i r s i m i l a r p r i m a r y s t r u c t u r e s . The β - c a s e i n s , κ - c a s e i n s , and 
"whole α - c a s e i n s " have a l s o been f r a c t i o n a t e d and t h e i r s u b f r a c 
t i o n s c h a r a c t e r i z e d ( T a b l e 1 ) . The i s o i o n i c p o i n t s f o r a l l o f 
these c a s e i n s u b u n i t s range from about 4.9 to 6 .0 and t h e i r m o l e 
c u l a r w e i g h t s range f ro

P r i m a r y S t r u c t u r e o f the M a j o r C a s e i n Monomer S u b u n i t s . 

The p r i m a r y s t r u c t u r e s ( F i g u r e s 2, 3 and 4) a r e g i v e n f o r 
a - g ^ e a s e i n , β - c a s e i n , and κ - c a s e i n (I). The most s i g n i f i c a n t a s 
p e c t s o f these p r i m a r y s t r u c t u r e s a r e t h e i r d i s p r o p o r t i o n a t e d i s 
t r i b u t i o n o f a c i d i c a m i n o a c i d s , s e r i n e p h o s p h a t e 
groups and h y d r o p h o b i c amino a c i d s a l o n g the p o l y p e p t i d e c h a i n . 
As d e m o n s t r a t e d by B l o o m f i e l d and Mead ( 2 ) , the uneven d i s t r i b u 
t i o n o f amino a c i d s f o r the major c a s e i n monomer s u b u n i t s l e a d s t o 
h i g h l y c h a r g e d ( n e g a t i v e ) r e g i o n s , w h i c h a r e s e p a r a t e d from the 
s t r o n g l y h y d r o p h o b i c r e g i o n s , a l o n g the p o l y p e p t i d e c h a i n s . These 
a m p h o p h i l i c m o l e c u l e s a r e h i g h l y s u s c e p t i b l e t o 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 and p o l y m e r i z a t i o n through the f o r m a t i o n o f h y d r o p h o b i c 
and i o n i c , e s p e c i a l l y Ca b o n d s . S l a t t e r y (3) used t h i s and o t h e r 
r e l e v a n t i n f o r m a t i o n t o d e v e l o p c o n f o r m a t i o n a l models f o r each o f 
the major c a s e i n monomer s u b u n i t s . I n h e r e n t i n t h e s e models i s 
the c o n s i d e r a t i o n t h a t the u n i f o r m d i s t r i b u t i o n o f p r o l i n e a l o n g 
the p o l y p e p t i d e c h a i n r e s u l t s i n a random c o i l , w i t h l i t t l e h e l i 
c a l s t r u c t u r e . The model f o r a s - c a s e i n t h a t b e s t f i t s the d a t a 
i s a compact , p r o l a t e e l l i p s o i d c o n t a i n i n g most o f the h y d r o p h o 
b i c amino a c i d r e s i d u e s , p l u s a 40 amino a c i d r e s i d u e c h a i n c o n 
t a i n i n g most o f the a c i d i c amino a c i d s and s e r i n e phosphates t h a t 
e x t e n d i n t o the aqueous phase as a l o o p ( 3 ) . The compact h y d r o 
p h o b i c r e g i o n i s s t a b i l i z e d by i n t r a m o l e c u l a r h y d r o p h o b i c b o n d i n g , 
whereas the e x p o s e d , a c i d i c l o o p i s r e a d i l y a c c e s s i b l e f o r i n t e r 
a c t i o n w i t h a d j a c e n t c a s e i n m o l e c u l e s through f o r m a t i o n o f i o n i c , 
m a i n l y C a , b o n d s . The model d e v e l o p e d by S l a t t e r y (3) f o r β - c a -
s e i n a l s o c o n t a i n s a compact h y d r o p h o b i c r e g i o n , w i t h about the 
same d i m e n s i o n s as f o r a s - c a s e i n , and w i t h a s t r o n g l y a c i d i c 
p o l y p e p t i d e c h a i n , e . g . , amino a c i d r e s i d u e s 1-25, exposed t o the 
aqueous m e d i a . The model f o r κ - c a s e i n ( 3 ) a l s o c o n t a i n s a compact 
h y d r o p h o b i c r e g i o n , as a b o v e , p l u s a f r e e l y exposed p o l y p e p t i d e 
c h a i n c o n t a i n i n g a h i g h p o r t i o n o f a c i d i c amino a c i d s as w e l l as 
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FUNCTIONALITY AND PROTEIN STRUCTURE 

SKIMMILK 

ι 
PRECIPITATE 

I 
CASEINS (75-85 %) 

pH 4.6 @ 20 C 
1 

SUPERNATANT 

I 
WHEY PROTEINS (15-22 %) 

a g - (45-55) BSA (.7-1.3) 

β- (25-35) £-Lg (7-12) 

K- (8-15) a-La (2-5) 

y- (3-7) I

PP (2-6) 

Figure 1. Fractionation and distribution of the major milk proteins 
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Journal of Dairy Science 

Figure 2. Primary structure of bovine as-Cn-B (1) 
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M O R R Milk Proteins 
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Figure 3. Primary structure of bovine β-Cn-A2 (1) 
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Figure 4. Primary structure of bovine κ-Cn-B (l) 
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the n e g a t i v e l y c h a r g e d g l y c o m a e r o p e p t i d e (GMP) g r o u p . I t i s b e 
l i e v e d t h a t the e x p o s e d , G M P - c o n t a i n i n g p o l y p e p t i d e c h a i n i s 
r e s p o n s i b l e f o r κ - c a s e i n 1 s p r o n o u n c e d s t a b i l i z i n g a c t i o n f o r the 
m i l k c a s e i n m i c e l l e s y s t e m , s i n c e c l e a v a g e o f t h i s e n t i t y by 
e n z y m a t i c r e n n e t m o d i f i c a t i o n c o m p l e t e l y removes i t s s t a b i l i z i n g 
a b i l i t y . Comparison o f the d i s t r i b u t i o n o f the number o f i m p o r 
t a n t ami no a c i d types f o r each o f the c a s e i n s ( T a b l e 2) p r o v i d e s 
an i n d i c a t i o n o f t h e i r o v e r a l l c a p a c i t y f o r a g g r e g a t i o n and 
i n t e r a c t i o n v i a h y d r o p h o b i c , i o n i c and d i s u l f i d e bond f o r m a t i o n . 
I t w i l l be n o t e d t h a t κ - c a s e i n i s the o n l y monomer s u b u n i t t h a t 
c o n t a i n s a d i s u l f i d e g r o u p , and t h i s i s u n d o u b t e d l y r e s p o n s i b l e 
f o r i t s a b i l i t y to s e l f a g g r e g a t e as w e l l as t o i n t e r a c t w i t h β -
l a c t o g l o b u l i n d u r i n g h e a t p r o c e s s i n g o f m i l k . 

A s s o c i a t i o n o f C a s e i n Monomer S u b u n i t s . 

A l l t h r e e o f the c a s e i
c a p a c i t y to i n t e r a c t a t n e u t r a l p H . A d d i t i o n o f Ca i o n s 
s t r o n g l y promotes t h e i r tendency to a g g r e g a t e , presumably by 
c r o s s - l i n k i n g c a r b o x y l and phosphate e s t e r groups l o c a t e d i n t h e i r 
e x p o s e d , a c i d i c p e p t i d e c h a i n s . A d d i t i o n o f CA p r o b a b l y a l s o 
promotes a g g r e g a t i o n o f the c a s e i n monomer s u b u n i t s by r e d u c i n g 
t h e i r m o l e c u l a r c h a r g e . I t i s p o s s i b l e t h a t , due t o s t e r i c h i n 
d r a n c e , κ - c a s e i n ' s n e g a t i v e l y c h a r g e d GMP group may be u n a b l e to 
p a r t i c i p a t e i n i n t e r m o l e c u l a r Ca c r o s s - l i n k s w i t h a d j a c e n t c a s e i n 
monomers and a g g r e g a t e s . T h i s may a c c o u n t f o r t h e m i c e l l e s t a b i 
l i z i n g f u n c t i o n d i s c u s s e d above f o r κ - c a s e i n . These c a s e i n - c a s e i n 
i n t e r a c t i o n s , e s p e c i a l l y those i n v o l v i n g β - c a s e i n , a r e s t r o n g l y 
t e m p e r a t u r e - d e p e n d e n t ; a phenomenon t h a t i s i m p o r t a n t f o r a s s o 
c i a t i o n / d i s s o c i a t i o n o f t h e s e monomer s u b u n i t s w i t h and from the 
m i l k c a s e i n m i c e l l e s y s t e m ( 4 ) . 

κ - c a s e i n a l s o c o n t a i n s two h Cys r e s i d u e s p e r monomer s u b u n i t 
and i s thus c a p a b l e o f i n t e r a c t i n g w i t h the whey p r o t e i n s , e . g . , 
m a i n l y β - l a c t o g l o b u l i n , v i a the d i s u l f i d e i n t e r c h a n g e mechanism 
a t t e m p e r a t u r e s a t o r above 6 5 ° C . T h i s l a t t e r phenomenon i s 
b e l i e v e d t o be i m p o r t a n t i n p r o v i d i n g c o l l o i d a l s t a b i l i t y t o the 
m i l k c a s e i n m i c e l l e s y s t e m , as w e l l as t o the whey p r o t e i n s , i n 
h i g h temperature p r o c e s s e d m i l k p r o d u c t s . I t has a l s o been p o s 
t u l a t e d t h a t t h i s l a t t e r i n t e r a c t i o n w i t h 3 - l a c t o g l o b u l i n may 
a l t e r t h e a v a i l a b i l i t y o f κ - c a s e i n i n the m i c e l l e , and thus has a 
d e t r i m e n t a l e f f e c t upon the cheese making p r o p e r t i e s o f m i l k ( 4 ) . 

The C a s e i n M i c e l l e System. 

The major c a s e i n s e x i s t i n m i l k as h i g h l y s t r u c t u r e d , s p h e 
r i c a l a g g r e g a t e s , c o n s i s t i n g o f 450 t o 10,000 s u b u n i t s ( 3 ) , 
commonly r e f e r r e d t o as m i c e l l e s . The i m p o r t a n t p h y s i c o - c h e m i c a l 
p r o p e r t i e s o f the m i c e l l e s a r e summarized i n T a b l e 3. C a s e i n 
m i c e l l e s a r e s y n t h e s i z e d i n v i v o by b i o c h e m i c a l l y c o n t r o l l e d 
p r o c e s s e s , w h i c h have not been t o t a l l y c h a r a c t e r i z e d ( 5 ) . E v e n 
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though t h e y a r e r e m a r k a b l y s t a b l e i n m i l k under n o r m a l c o n d i t i o n s , 
t r e a t m e n t s s u c h as c o o l i n g and warming (between 5 and 37 C ) , a d 
j u s t i n g the pH by c h e m i c a l o r m i c r o - b i o l o g i c a l means, a d j u s t i n g 
Ca and o t h e r i o n c o n c e n t r a t i o n s , h e a t i n g , e v a p o r a t i o n and d r y i n g , 
e n z y m a t i c m o d i f i c a t i o n (as w i t h r e n n e t ) a l l e f f e c t t h e s t a b i l i t y 
o f the m i c e l l e s ( 4 ) . T h e r e have b e e n a number o f e x c e l l e n t 
p a p e r s p u b l i s h e d t h a t p r o v i d e an i n s i g h t i n t o the c o m p l e x i t y o f 
the m i l k c a s e i n m i c e l l e s t r u c t u r e as w e l l as an u n d e r s t a n d i n g o f 
the f a c t o r s t h a t s t a b i l i z e i t . S c i e n t i s t s who have made s p e c i a l 
c o n t r i b u t i o n s i n t h i s r e g a r d a r e : Waugh, e t a l . ( 6 ) , Payens ( 7 ) , 
G a m i e r and Ribadeau-Dumas ( 8 ) , M o r r ( 9 ) , Rose (10) and B l o o m -
f i e l d and Mead ( 2 ) . S l a t t e r y (3) r e c e n t l y p r o p o s e d a model f o r 
the m i c e l l e s and t h e i r mechanism o f f o r m a t i o n , b a s e d upon the 
a m p h o p h i l i c n a t u r e o f the i n d i v i d u a l c a s e i n monomer s u b u n i t s and 
t h e i r s u b m i c e l l a r a g g r e g a t e s . A l t h o u g h S l a t t e r y 1 s model c o n s i 
d e r s the r o l e o f the s u b m i c e l l a
c a s e i n s ( a g - , β - , and κ - c a s e i n
i g n o r e s the i m p o r t a n c e and i r r e v e r s i b l e s t r u c t u r e o f " c o l l o i d a l 
p h o s p h a t e " (11) i n the m i c e l l e . 

Commercia l C a s e i n a t e s . 

C a s e i n i s i s o l a t e d f rom m i l k and p r o d u c e d as N a , K , and Ca 
c a s e i n a t e s by the g e n e r a l s t e p s o u t l i n e d i n F i g u r e 5 . B o t h the 
a c i d i f i c a t i o n and n e u t r a l i z a t i o n s t e p s p r o f o u n d l y a f f e c t the 
s t r u c t u r e and assembly o f r e s u l t i n g c a s e i n a t e p a r t i c l e s . These 
d e r i v e d c a s e i n a t e a g g r e g a t e p a r t i c l e s have l i t t l e s i m i l a r i t y to 
m i l k c a s e i n m i c e l l e s . A c i d i f i c a t i o n to i s o e l e c t r i c c o n d i t i o n s , 
e . g . , pH 4 . 5 - 5 . 0 , c o m p l e t e l y d i s s i p a t e s the c o l l o i d a l phosphate 
s t r u c t u r e and f r e e s the c a s e i n p r e c i p i t a t e o f Ca and o t h e r i n o r 
g a n i c i o n s . N e u t r a l i z a t i o n o f the c a s e i n p r e c i p i t a t e r e s o l u b i l i -
zes the c a s e i n , presumably by a l t e r i n g i t s charge s u f f i c i e n t l y 
t o overcome i n t e r m o l e c u l a r h y d r o p h o b i c b o n d i n g . The r e s u l t i n g 
c a s e i n a t e s y s t e m c o n t a i n s a g g r e g a t e s o f the monomer s u b u n i t s i n 
a range o f s i z e s , d e p e n d i n g upon t e m p e r a t u r e and e l e c t r o l y t e 
c o m p o s i t i o n ( 1 2 ) . The o r i e n t a t i o n o f the i n d i v i d u a l c a s e i n mono
mer s u b u n i t s w i t h i n t h e s e a g g r e g a t e s i s unknown, b u t i t may be 
assumed t h a t , due t o t h e r a p i d i t y o f the a c i d i f i c a t i o n / r e s o l u b i -
l i z a t i o n r e a c t i o n s , they a r e randomly a s s o c i a t e d . Based upon the 
s t r o n g s e n s i t i v i t y o f t h e s e a g g r e g a t e s to pH and i o n i c a d j u s t 
m e n t s , as w e l l as t o e n z y m a t i c m o d i f i c a t i o n , i t i s l i k e l y t h a t 
the s u b u n i t s a r e a r r a n g e d w i t h an o r i e n t a t i o n t h a t p r o v i d e s t h e i r 
h y d r o p h i l i c , a c i d i c - p o l y p e p t i d e - c h a i n sequence maximum c o n t a c t 
w i t h t h e aqueous medium. Commercia l c a s e i n a t e s , p r e p a r e d as Na 
and Κ c a s e i n a t e s e x h i b i t i m p r o v e d s o l u b i l i t y and f u n c t i o n a l i t y 
compared t o Ca c a s e i n a t e . T h i s l a t t e r phenomenon i s p r o b a b l y 
due t o l a r g e r s i z e d and more s t r o n g l y i n t e r a c t i n g Ca c a s e i n a t e 
a g g r e g a t e s due t o c r o s s - l i n k i n g by the d i v a l e n t c a t i o n s . 

Comparison o f the above c o m m e r c i a l c a s e i n a t e s w i t h m i l k c a 
s e i n m i c e l l e s i n d i c a t e s t h a t , u n d e r n o r m a l f o o d p r o c e s s i n g c o n d i -
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t i o n s , e . g . , pH 6 to 7, c a s e i n a t e a g g r e g a t e s a r e s m a l l e r and more 
s e n s i t i v e t o pH and i o n i c f l u c t u a t i o n t h a n a r e the c o l l o i d a l 
p h o s p h a t e - c o n t a i n i n g m i l k m i c e l l e s . F o r example , the m i l k m i c e l l e 
s y s t e m s t a b i l i z e s a h i g h e r l e v e l o f Ca i o n s than can the commer
c i a l c a s e i n a t e s , due t o i t s i n c o r p o r a t i o n i n t o the r e l a t i v e l y 
n o n r e a c t i v e c o l l o i d a l phosphate p o l y m e r s t r u c t u r e ( 1 0 ) . A l t h o u g h 
t h e r e has been much c o n j e c t u r e on the s u b j e c t , i t i s c o n s i d e r e d 
h i g h l y d o u b t f u l t h a t m i c e l l e s r e s e m b l i n g those i n m i l k i n e v e r y 
d e t a i l , can be r e f o r m e d by c o m b i n i n g t h e i r i n d i v i d u a l components . 
I f t h i s l a t t e r f u n c t i o n c o u l d be a c c o m p l i s h e d , i t would p r o b a b l y 
p e r m i t the development o f new c a s e i n a t e forms w i t h m o d i f i e d f u n c 
t i o n a l p r o p e r t i e s . 

F u n c t i o n a l P r o p e r t i e s o f Commercia l C a s e i n a t e s . 

A l t h o u g h c o m m e r c i a
a p p l i c a t i o n s w i t h i n the
a l l y u s e f u l i n those t h a t u t i l i z e t h e i r e x c e l l e n t s u r f a c t a n t p r o 
p e r t i e s . The p r o b a b l e e x p l a n a t i o n f o r the e x c e l l e n t s u r f a c t a n t 
p r o p e r t i e s o f the c a s e i n a t e s l i e s i n t h e i r unique a m p h i p h i l i c c o n 
f o r m a t i o n as w e l l as t h e i r o r d e r e d a g g r e g a t e s t r u c t u r e s , as d e s 
c r i b e d a b o v e . I t has been r e p o r t e d t h a t c a s e i n m i c e l l e s r a p i d l y 
a s s o c i a t e on the s u r f a c e o f f r e s h l y - f o r m e d f a t g l o b u l e s (15) to 
s t a b i l i z e them a g a i n s t c o a l e s c e n c e and s e p a r a t i o n . T h u s , i t may 
be p o s t u l a t e d t h a t c a s e i n a t e , e i t h e r as monomer s u ^ u n i t s o r t h e i r 
a g g r e g a t e s , a l s o r a p i d l y m i g r a t e to and a s s o c i a t e on f r e s h l y 
formed a i r / w a t e r o r o i l / w a t e r i n t e r f a c e s o f foams o r e m u l s i o n s t o 
s t a b i l i z e them a g a i n s t c o l l a p s e o r c o a l e s c e n c e . I t i s f u r t h e r 
p r o p o s e d t h a t s u c h e m u l s i o n s and foams, due to the h i g h a v a i l a b i 
l i t y o f c a s e i n a t e h y d r o p h i l i c , a c i d i c p e p t i d e c h a i n s to the a q u e 
ous p h a s e , w o u l d e x h i b i t a s t r o n g s u s c e p t i b i l i t y to pH and Ca i o n 
f l u c t u a t i o n s . A l s o , a d d i t i o n a l e m u l s i f i e r s , foaming agents and 
f o o d i n g r e d i e n t s t h a t a l t e r the a v a i l a b i l i t y and r e a c t i v i t y o f the 
exposed c a s e i n a c i d i c c h a i n s w o u l d l i k e l y have a p r o f o u n d i n f l u e n c e 
upon the f u n c t i o n a l p r o p e r t i e s o f the c a s e i n a t e s i n foam and e m u l 
s i o n a p p l i c a t i o n s . 

E n z y m a t i c M o d i f i c a t i o n o f C a s e i n . 

The a c t i o n o f r e n n e t upon c a s e i n m i c e l l e s i n m i l k i l l u s t r a t e s 
the tremendous i m p o r t a n c e o f e n z y m a t i c m o d i f i c a t i o n upon the c o n 
f o r m a t i o n , p h y s i c o - c h e m i c a l and f u n c t i o n a l p r o p e r t i e s o f c a s e i n 
a t e s . Rennet s p e c i f i c a l l y h y d r o l y z e s the 105-106 l i n k a g e o f the 
κ - c a s e i n p o l y p e p t i d e c h a i n w h i c h , a l t h o u g h l o c a t e d w i t h i n the 
m i c e l l e , i s h i g h l y a c c e s s i b l e t o the enzyme. The e f f e c t o f t h i s 
r e a c t i o n i s to r e l e a s e the s t r o n g l y a c i d i c GMP f r o m κ - c a s e i n 
monomer s u b u n i t s , t h e r e b y r e d u c i n g the magnitude o f the n e g a t i v e 
charge on the m i c e l l e s u f f i c i e n t l y to p e r m i t them t o a s s o c i a t e 
i n t o a g e l s t r u c t u r e ( 4 ) . 
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P r o p e r t i e s o f t h e Whey P r o t e i n s and T h e i r S u b f r a c t l o n s . 

75 

As w i t h the c a s e i n s , whey p r o t e i n s have been f u r t h e r f r a c t i o 
n a t e d and t h e s e s u b f r a c t i o n s have b e e n c h a r a c t e r i z e d (I) . The 
p r i m a r y s t r u c t u r e s o f two o f t h e s e p r o t e i n s , 3 - l a c t o g l o b u l i n and 
α - l a c t a l b u m i n a r e g i v e n i n F i g u r e s 6 and 7. Comparison o f these 
p r i m a r y s t r u c t u r e s w i t h those o f the c a s e i n s i n d i c a t e s s e v e r a l ma
j o r d i f f e r e n c e s w h i c h a c c o u n t f o r t h e i r d i s t i n c t p h y s i c o - c h e m i c a l 
and f u n c t i o n a l p r o p e r t i e s . I n c o n t r a s t t o the c a s e i n s , whey p r o 
t e i n s e x h i b i t a r a t h e r u n i f o r m d i s t r i b u t i o n o f a c i d i c / b a s i c and 
h y d r o p h o b i c / h y d r o p h i l i c amino a c i d s a l o n g t h e i r p o l y p e p t i d e 
c h a i n s . T h u s , they l a c k the a m p h i p h i l i c n a t u r e o f the c a s e i n mo
nomer s u b u n i t s , b u t a r e r a t h e r p r e s e n t i n a compact , g l o b u l a r 
c o n f o r m a t i o n (16) , The s u b s t a n t i a l l y l o w e r p r o l i n e c o n t e n t i n the 
whey p r o t e i n m o l e c u l e s a l s o p e r m i t s a g l o b u l a r c o n f o r m a t i o n w i t h 
a s u b s t a n t i a l h e l i c a l c o n t e n t
t i b i l i t y to d e n a t u r a t i o
i o n i c p o i n t s o f the major whey p r o t e i n s range f rom 4 .2 t o 5 .4 
( T a b l e 1 ) , w h i c h a r e comparable to those o f the c a s e i n s . 

D e n a t u r a t i o n o f whey p r o t e i n s has b e e n shown to u n f o l d t h e i r 
p o l y p e p t i d e c h a i n s and c o n v e r t t h e i r c o n f o r m a t i o n from a g l o b u l a r 
t o an e x t e n d e d form t h a t f a c i l i t a t e s t h e i r s e l f i n t e r a c t i o n ( a g g r e 
g a t i o n ) and i n t e r a c t i o n w i t h κ - c a s e i n by d i s u l f i d e i n t e r c h a n g e , 
i o n i c and h y d r o p h o b i c b o n d i n g ( 4 ) . 

A l t h o u g h β - l a c t o g l o b u l i n e x i s t s as a monomer w i t h a m o l e c u l a r 
w e i g h t o f 18,000 a t p H ' s below 3 . 5 , i t a s s o c i a t e s t o form a n 
octamer w i t h m o l e c u l a r w e i g h t o f 144,000 a t pH*s i n the 3.7 to 
5 .1 range and e x i s t s as a d imer w i t h a m o l e c u l a r w e i g h t o f 36,000 
a t pH 5.1 (16) . These pH-dependent i n t e r a c t i o n s a r e due to c h a n 
ges i n i o n i z a t i o n o f a c i d i c and b a s i c amino a c i d s w h i c h have an 
e f f e c t upon the f o r m a t i o n and d i s s i p a t i o n o f h y d r o p h o b i c and 
d i s u l f i d e b o n d s . 

A l t h o u g h 3 - l a c t o g l o b u l i n and α - l a c t a l b u m i n a r e c a p a b l e o f the 
above a s s o c i a t i o n / d i s s o c i a t i o n r e a c t i o n s , they p r o b a b l y have l i t t l e 
i m p o r t a n c e i n d e t e r m i n i n g f u n c t i o n a l p r o p e r t i e s i n f o o d a p p l i c a 
t i o n s i n the pH 6 to 7 r a n g e . However, p r o t e i n c o n c e n t r a t i o n , pH 
and o t h e r r e l a t e d f a c t o r s do a f f e c t t h e i r s u s c e p t i b i l i t y to h e a t 
d e n a t u r a t i o n ( 1 7 ) . 

P r e p a r a t i o n o f Whey P r o t e i n C o n c e n t r a t e s . 

I n c o n t r a s t t o the c a s e i n s , whey p r o t e i n s r e t a i n t h e i r s o l u 
b i l i t y i n the pH 4 . 5 - 5 . 0 r a n g e , p r o v i d e d they have n o t been 
d e n a t u r e d . I t i s t h e r e f o r e r e l a t i v e l y d i f f i c u l t t o r e c o v e r and 
p u r i f y u n d e n a t u r e d p r o t e i n c o n c e n t r a t e s on a c o m m e r c i a l s c a l e . 
P r o c e s s e s t h a t s e p a r a t e t h e whey p r o t e i n s f rom the low m o l e c u l a r 
w e i g h t , n o n p r o t e i n components o f whey have been used w i t h o n l y 
moderate s u c c e s s t o date ( 1 8 ) . Such p r o c e s s e s u t i l i z e u l t r a f i l -
t r a t i o n / r e v e r s e osmosis membrane t e c h n o l o g y , g e l f i l t r a t i o n by the 
b a s k e t c e n t r i f u g e t e c h n i q u e , p o l y v a l e n t i o n p r e c i p i t a t i n g agents 
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SKIMMILK 

Figure 5. Procedure for preparation of 
commercial caseinate 
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Figure 6. Primary structure of bovine β-Lg-A (1) 
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Figure 7. Primary structure of a-La-B (1) 
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(carbοxymethyl c e l l u l o s e , hexametaphosphate , a c r y l i c a c i d , e t c . ) , 
e l e c t r o d i a l y s i s , and i o n - e x c h a n g e r e s i n t r e a t m e n t s to f r a c t i o n a t e 
and r e c o v e r the whey p r o t e i n c o n c e n t r a t e s w h i c h commonly c o n t a i n 
o n l y 35 t o 50% p r o t e i n on a d r y w e i g h t b a s i s . I n h e r e n t i n e a c h 
o f t h e s e p r o c e s s e s i s t h e n e c e s s i t y t o c o n c e n t r a t e the d i l u t e whey 
p r o t e i n s o l u t i o n under c o n d i t i o n s t h a t m i n i m i z e d e n a t u r a t i o n o f 
the h e a t - s e n s i t i v e whey p r o t e i n s . B o t h o f the commonly used c o n 
c e n t r a t i o n p r o c e s s e s , e . g . , vacuum e v a p o r a t i o n and s p r a y d r y i n g , 
i n t r o d u c e a s m a l l b u t d e f i n i t e amount o f p r o t e i n d e n a t u r a t i o n i n t o 
the o v e r a l l p r o c e s s ( 1 9 ) . 

Whey p r o t e i n c o n c e n t r a t e p r e p a r a t i o n p r o c e s s e s b a s e d upon 
h e a t d e n a t u r a t i o n t o i n s o l u b i l i z e and p r e c i p i t a t e them from whey 
have been d e v e l o p e d ( 2 0 ) . Such whey 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 s 
a r e s u i t a b l e f o r a p p l i c a t i o n s i n p a s t a p r o d u c t s (21) due t o t h e i r 
i n s o l u b i l i t y and l a c k o f s t i c k i n e s s . 

F u n c t i o n a l P r o p e r t i e s o

A l t h o u g h whey p r o t e i n c o n c e n t r a t e s p o s s e s s e x c e l l e n t n u t r i 
t i o n a l and o r g a n o l e p t i c p r o p e r t i e s , they o f t e n e x h i b i t o n l y p a r 
t i a l s o l u b i l i t y and do n o t f u n c t i o n as w e l l as the c a s e i n a t e s f o r 
s t a b i l i z i n g aqueous foams and e m u l s i o n s ( 1 9 ) . A number o f compo
s i t i o n a l and p r o c e s s i n g f a c t o r s a r e i n v o l v e d w h i c h a l t e r the 
a b i l i t y o f whey p r o t e i n c o n c e n t r a t e s t o f u n c t i o n i n s u c h f o o d 
f o r m u l a t i o n s . These i n c l u d e : p H , r e d o x p o t e n t i a l , Ca c o n c e n t r a 
t i o n , h e a t d e n a t u r a t i o n , e n z y m a t i c m o d i f i c a t i o n , r e s i d u a l p o l y 
phosphate o r o t h e r p o l y v a l e n t i o n p r e c i p i t a t i n g a g e n t s , r e s i d u a l 
m i l k l i p i d s / p h o s p h o l i p i d s and c h e m i c a l e m u l s i f i e r s ( 2 2 ) . 

I t i s l i k e l y t h a t the i n a b i l i t y o f whey p r o t e i n s to f u n c t i o n 
as w e l l as c a s e i n a t e i n s t a b i l i z i n g foams and e m u l s i o n s i s due to 
c o n f o r m a t i o n a l and s t r u c t i o n a l d i f f e r e n c e s i n the two p r o t e i n s . 
I t i s t h e r e f o r e p o s t u l a t e d t h a t whey p r o t e i n s , w h i c h l a c k an 
a m p h o p h i l i c c o n f o r m a t i o n , do n o t o r i e n t s u f f i c i e n t l y w e l l a t a i r / 
w a t e r i n t e r f a c e s to s t a b i l i z e foam o r e m u l s i o n systems as e f f e c 
t i v e l y as c a s e i n a t e s . 

D e n a t u r a t i o n o f the whey p r o t e i n m o l e c u l e , i f p r o d u c e d a t the 
p r o p e r s t a g e o f the p r o t e i n c o n c e n t r a t e i s o l a t i o n / u t i l i z a t i o n p r o 
c e s s , can improve the f u n c t i o n a l i t y . The improvement i n f u n c t i o 
n a l i t y i s p r o b a b l y due to an u n f o l d i n g o f the m o l e c u l e to expose 
h y d r o p h o b i c amino a c i d r e s i d u e s , thus making the p r o t e i n more 
a m p h o p h i l i c and c a p a b l e o f o r i e n t i n g a t the a i r / w a t e r o r o i l / w a t e r 
i n t e r f a c e . However, i f the p r o t e i n c o n c e n t r a t e i s d e n a t u r e d 
d u r i n g p r e l i m i n a r y p r e p a r a t i o n s t a g e s , e . g . , p r i o r to o r d u r i n g 
d r y i n g , t h e i r s o l u b i l i t y and r e l a t e d f u n c t i o n a l i t y a r e a d v e r s e l y 
a f f e c t e d . 

Summary. 

The c o n f o r m a t i o n and p h y s i c o - c h e m i c a l p r o p e r t i e s o f the major 
c a s e i n and whey p r o t e i n components , and t h e i r s u b f r a c t i o n s , a r e 
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r e l a t e d t o the f u n c t i o n a l p r o p e r t i e s o f c o m m e r c i a l c a s e i n a t e and 
whey p r o t e i n c o n c e n t r a t e s u s e d i n the f o o d p r o c e s s i n g i n d u s t r y . 
The e f f e c t s o f p H , t e m p e r a t u r e , i o n i c e n v i r o n m e n t , h e a t d e n a t u r a 
t i o n , e n z y m a t i c m o d i f i c a t i o n and p r o c e s s i n g a r e a l s o c o n s i d e r e d i n 
t h i s r e g a r d . 

The major c a s e i n monomer s u b u n i t s have random c o i l c o n f o r m a 
t i o n t h a t f a c i l i t a t e s s t r o n g p r o t e i n - p r o t e i n i n t e r a c t i o n v i a 
h y d r o p h o b i c and i o n i c b o n d i n g . The unique a m p h i p h i l i c s t r u c t u r e , 
w h i c h a r i s e s from s e p a r a t e l y c l u s t e r e d h y d r o p h o b i c and n e g a t i v e l y 
c h a r g e d ( a c i d i c and e s t e r phosphate) amino a c i d r e s i d u e s a l o n g the 
p o l y p e p t i d e c h a i n , makes them s u s c e p t i b l e to pH and Ca i o n c o n 
c e n t r a t i o n e f f e c t s . T h i s a m p h i p h i l i c n a t u r e i s p r o b a b l y r e s p o n s i 
b l e f o r t h e e x c e l l e n t s u r f a c t a n t p r o p e r t i e s o f c o m m e r c i a l c a s e i n 
a t e i n a v a r i e t y o f f o o d a p p l i c a t i o n s . 

The major whey p r o t e i n s have compact , g l o b u l a r c o n f o r m a t i o n s , 
w i t h a s u b s t a n t i a l amoun
i s p r o b a b l y due to the r a t h e
and h y c r o p h i l i c / h y d r o p h o b i c amino a c i d s a l o n g t h e i r p o l y p e p t i d e 
c h a i n s . T h e i r s e n s i t i v i t y to h e a t and o t h e r d e n a t u r i n g agents i s 
due t o the h i g h c o n t e n t o f s u l f h y d r y l / d i s u l f i d e g r o u p s , w h i c h 
s t a b i l i z e t h e i r d e r i v e d , random c o i l c o n f o r m a t i o n by the d i s u l f i d e 
bond i n t e r c h a n g e mechanism. Exposure o f s u l f h y d r y l , h y d r o p h o b i c 
and a c i d i c amino a c i d r e s i d u e s d u r i n g d e n a t u r a t i o n makes the whey 
p r o t e i n s s u s c e p t i b l e t o s e l f p o l y m e r i z a t i o n and i n t e r a c t i o n w i t h 
c a s e i n , e . g . , m a i n l y κ - c a s e i n . A l t h o u g h h e a t d e n a t u r a t i o n g e n e 
r a l l y reduces the s o l u b i l i t y and f u n c t i o n a l i t y o f whey p r o t e i n s , 
i t c a n be u t i l i z e d , i f c o n d u c t e d a t the p r o p e r p o i n t i n the p r o 
c e s s , to improve t h e i r f u n c t i o n a l i t y . 
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Aggregation and Denaturation Involved in Gel Formation 

A.-M. HERMANSSON 
SIK—The Swedish Food Institute, Fack, S-400 23 Göteborg, Sweden 

When a protein dispersio
mechanism, the gel structure and the gel properties are highly 
dependant on processing conditions as well as factors such as 
pH and ionic strength. Differences in gel structures are de
monstrated in Figures 1 and 2 , where electromicrographs of two 
gel structures of exactly the same protein preparation, formed 
at different ionic strengths are shown. 

The aim of this lecture i s to impart some insight into the mecha
nisms involved in gel formation. These mechanisms are determined 
by the balance between forces underlying chain-chain and chain-
-solvent interactions. Mechanisms and conformations favored by 
either of these interactions are listed in Table I. 

Table I. Mechanisms and conformations 

Chain-Solvent Chain-Chain 

mechanism(s) mechanism(s) 
solubilization precipitation 
dissociation association 
swelling aggregation 
denaturation flocculation 

coagulation 
conformation(s) conformation(s) 

coi l helix 
native structure 
three dimensional structure 

0-8412-0478-0/79/47-092-081$05.75/0 
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Figure 1. Scanning electron micrograph of a 10% WPC gel in distilled water. 
Chemical fixation was made with glutaraldehyde followed by critical-point drying. 

Figure 2. Scanning electron micrograph of a 10% WPC gel in 0.2M NaCl. 
Chemical fixation was made with glutar aldehyde followed by critical-point drying. 
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The formation of gel networks as well as general viscosity 
changes may involve mechanisms depending on chain-solvent as 
well as chain-chain reactions. 

Before going into the details of any reaction some definitions of 
the terms on the right hand side need to be made. There is some 
confusion in the therminology used, especially about the terms 
association, aggregation, coagulation, and flocculation. A 
more detailed discussion of these terms is given elsewhere (1). 

Association normally refers to changes on the molecular level 
such as~mônomer^ZZÎ dimer reactions, subunit equilibrium etc. 
These reactions are characterized by weak bonds at specific 
binding sites. 

Contrary to "association
and "floeculation" refe  unspecifie  protein-protei
actions and the formation of complexes with higher molecular 
weights. 

Aggregation is a general term and wi l l be used in this presenta-
tion~as"a"collective term for protein-protein interactions. 

Floeculation is an entirely colloidal phenomena where the inter
action between protein molecules is determined by the balance 
between electrostatic repulsion due to the electric double layer 
and van der Waals' attraction (2̂ ). 

Coagulation wi l l be used for random aggregation which includes 
dënâtûritiôn of protein molecules. 

Gelation is often an aggregation of denatured molecules. Cont-
r!ry"to"coagulation where the aggregation is random, gelation 
involves the formation of a continous network, which exhibits 
a certain degree of order. The kinetics of the mechanisms £.§. 
dissociation, swelling, denaturation, aggregation wi l l deter
mine the structure and the properties of the gel. 

Denaturation and aggregation caused by heat treatment wi l l be 
discussed for two completely different protein systems namely 
a soy and a whey protein system. Although the two protein 
systems are different in character they both have the ability 
to form a gel after heat treatment. 

The major soy proteins, the 7S and the 11S globulins are charac
terized by complex quaternary structures easily undergoing as
sociation-dissociation reactions. Salt has a unique stabilizing 
effect on the quaternary structure of both the 7S and the 11S 
globulins, which influences most physical properties of soy pro
teins. 
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The major whey proteins 3-lactoglobulin and α-lactalbumin do not 
have the same complex quaternary structure as the soy proteins. 
The e - l a c t o g l o b u l i n normally e x i s t s i n a monomer or dimer form 
although one variant i s known to e x i s t i n an octamer form at pH 
4.65. L i t t l e or no association of α-lactalbumin has been observed 
on the a l k a l i n e side of the i s o e l e c t r i c region. On the acid side 
(pH 2-4) α-lactalbumin associates e a s i l y and the association has 
previously been described as a "denaturation-like" process (3)· 

MATERIALS AND METHODS 
Soy protein i s o l a t e . A soy protein i s o l a t e produced under mild 
conditions on p i l o t plant scale was kindly provided by Central 
Soya. The preparation procedure has been described elsewhere C O . 
Protein content (Ν χ 6.25) was 99Λ% (dry weight). 

Whey protein concentrate
u l t r a f i l t r a t i o n and spray drying. Protein content (Ν χ 6.55) 
was 68% (dry weight). L i p i d content was 7.1% (dry weight). In 
order to study heat induced aggregation by spectrophotometrie 
methods the t u r b i d i t y of the d i l u t e protein dispersions was too 
high. The t u r b i d i t y of whey protein dispersions i s caused by l i 
pids associated with proteins probably i n the form of emulsified 
o i l droplets. This f r a c t i o n was removed by p r e c i p i t a t i o n at pH 
4.5 from dispersions made i n d i s t . water and separated by c e n t r i -
fugation at 40 000 xg. 

Denaturation and aggregation studies. The methods used have been 
described elsewhere (1_). 

Microstructure studies. Pieces of gels were f i x e d i n 6% g l u t a r -
aldehyde i n d i s t . water or 0.2 M NaCl depending on the gel for 
17 hrs. Dehydration was made i n three steps: 70% ethanol, 95% 
ethanol and abs. ethanol. The time for each step was 30 min. 
The ethanol was exchanged by amylacetate by a s e r i e s of amylace-
tate-ethanol mixtures: 50% amylacetate for 30 min; 70% amylace
tate for one hour, and 100% amylacetate for two hours. The samp
l e s were c r i t i c a l - p o i n t - d r i e d and coated with gold. The scanning 
electron micrographs were taken i n a Cambridge Stereoscan S4. 

RESULTS AND DISCUSSION 
Denaturation 
The f i r s t reaction to be discussed i s denaturation. Denatura
t i o n i s involved i n most structure forming processes although 
gels may form from already denatured proteins. I t i s important 
to c o n t r o l the denaturation process i n order to obtain s t r u c 
tures with the desired t e x t u r a l properties. Unfortunately most 
studies on protein denaturation have been made by biochemists 
mainly interested i n the native s t r u c t u r e . One d e f i n i t i o n given 
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by Tanford (4) i s thus "Denaturation involves conformational 
changes from the native structure without a l t e r a t i o n of the 
amino acid sequence". Basic studies are furthermore made i n 
d i l u t e solutions i n order to avoid i n t e r a c t i o n s between mole
cules. Such i n t e r a c t i o n s are, however, fundamental for the 
formation of a three dimensional network. 

When protein dispersions of soy and whey proteins are heated, 
they become tur b i d due to aggregation. Spectrophotometry 
methods can therefore not be used and few denaturation studies 
have been made on such systems. D i f f e r e n t i a l scanning c a l o r i -
metry i s an i n t e r e s t i n g a l t e r n a t i v e method, since the physical 
state of the system i s unimportant for t h i s a n a l y t i c a l t o o l . 
In t h i s study a Perkin-Elmer DSC-2 was used and the e f f e c t of 
pH and NaCl concentratio
Calorimetric studies o
between the aggregation and denaturation involved i n the s t r u c
ture formation of proteins. The e f f e c t s of aggregation are con
sidered n e g l i g i b l e for the q u a l i t a t i v e i n t e r p r e t a t i o n of DSC 
thermograms. 

Figure 3 shows DSC thermograms of 10% soy protein dispersions 
at varying pH i n d i s t i l l e d water. Two peaks can be observed i n 
the pH range 4-9. The 7S g l o b u l i n i s responsible for the f i r s t 
and the 11S g l o b u l i n for the second peak (1_). 

The denaturation process s t a r t s at the point where the curves 
begin to deviate from the baseline. This temperature i s , however, 
d i f f i c u l t to i d e n t i f y i n a reproducable way; e s p e c i a l l y for the 
second peak, since i t i s not c l e a r whether the peaks overlap or 
not. Instead the intercept of the extrapolated slope of the 
peak and the baseline, was taken as a measure of the denaturation 
temperature (T^). The temperature at the peak maximum (T ) was 
also used for r e l a t i v e comparisons. From Figure 3 i t can mËe seen 
that the highest denaturation temperature was obtained at pH 5 
close to the i s o e l e c t r i c point. Only one peak was observed at 
low (2-3) and high (10) pH. I t i s obvious that the protein sys
tem i s p a r t i a l l y denatured at these pH's due to the high net 
charge favoring chain-solvent i n t e r a c t i o n s . 

The pH-dependence i s much smaller i n the presence of s a l t than 
i n d i s t i l l e d water. Figure 4 shows DSC thermograms of 10% soy 
proteins at varying pH i n 0.2 M NaCl. 

The presence of s a l t seems to s t a b i l i z e the protein structure 
against denaturation. The e f f e c t of s a l t on the denaturation 
temperature i s more pronounced at pH values outside the i s o 
e l e c t r i c region. Table I I gives an example of the e f f e c t of NaCl 
concentration on the denaturation temperature. I t can be seen 
that the increase i n T^ i n the d i r e c t i o n from 0 to 1.0 M NaCl 
i s >20°C. This d r a s t i c e f f e c t of NaCl on the denaturation tempe-
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Figure 3. DSC thermograms of 10% soy protein dispersions in distilled water at 
pH 2.0-10.0. The sensitivity was 0.5 meal sec'1 and the heating rate 10°C min'1 (I). 
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Figure 4. DSC thermograms of 10% soy protein dispersions in 0.2M NaCI at pH 
2.0-10.0. The sensitivity was 0.5 meal sec'1 and the heating rate 10°C min1 (1). 
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rature i s due to i t s e f f e c t on the quaternary structure of soy 
proteins. Salt s t a b i l i z e s the quaternary structure against d i s 
s o c i a t i o n and denaturation (_5). 

Table I I . Endothermic DSC peak c h a r a c t e r i s t i c s as a function 
of NaCI concentration at pH 7.0 

NaCI cone. Peak 1 Peak 2 
(M) Τ . Τ Τ . Τ d max d max 

(°C) (°C) (°C) (°C) 

0 67.0 76.0 80.0 91.0 
0.01 68.0 
0.05 70.0 
0.10 72.0 78.5 86.0 94.0 
0.25 74.0 80.5 90.0 97.0 
0.50 78.5 85.0 97.0 101.0 
1.0 87.0 92.0 103.0 103.0 
2.0 97.0 102.0 >103.0 >113.0 

(Hermansson, 1977 a) 

The major whey proteins 3-lactoglobulin and α-lactalbumin do not 
have the same complex quaternary structure and a s i m i l a r s t a b i 
l i z i n g e f f e c t of NaCI was not found when dispersions of whey 
proteins at various pH were studied i n d i s t i l l e d water and i n 
0.2 M NaCI. 

Figure 5 shows DSC thermograms of 10% dispersions based on the 
protein content of the whey protein concentrate at varying pH i n 
d i s t i l l e d water. Two peaks can be observed, one small at pH >4.0 
and one bigger at pH 2-9. The small peak probably corresponds to 
α-lactalbumin and the big peak to β-lactoglobulin. That the smal
l e r peak disappeared at pH <4.0 i s i n agreement with the previous
l y reported data on conformations changes of α-lactalbumin on the 
acid side of the i s o e l e c t r i c region. 

The highest denaturation temperature of the second peak i s found 
at pH 4.0 - 4.5. I t i s further seen that the second peak i s 
bigger and more we l l defined at pH <4.5. The area under the 
peaks i s proportional to enthalpy involved i n the denaturation 
process. 

Even i f s a l t had l i t t l e influence on the p o s i t i o n of the peak 
onsets, s a l t seemed to have an e f f e c t on the areas under the 
peaks for whey proteins. Figure 6 shows DSC thermograms of 10% 
whey protein dispersions at varying pH i n 0.2 M NaCI. 
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Figure 5. DSC thermograms of 10% whey protein dispersions in distilled water 
at pH 2.0-9.0. The sensitivity was 0.2 meal sec'1 and the heating rate was 10° C 

min1. 
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Figure 6. DSC thermograms of 10% whey protein dispersions in 0.2M NaCI at 
pH 2.0-9.0. The sensitivity was 0.2 meal sec'1 and the heating rate was 10°C min1. 
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In order to ca l c u l a t e enthalpies from t h i s type of data much 
more work has to be done. 

From both the DSC-thermograms of whey and soy proteins i t can 
be concluded that the native structure i s most stable against 
denaturation i n the i s o e l e c t r i c region where the net charge i s 
low. 

Aggregation 
Apart from denaturation where chain-solvent i n t e r a c t i o n s are 
favored, heating may cause aggregation due to protein-protein 
i n t e r a c t i o n s . Turbidity measurements may be used to follow 
aggregation reactions. They are easy to perform but i t i s not 
possible to say whether an increase i n t u r b i d i t y i s due to 
changes i n the number,
the p a r t i c l e s . 

Figure 7 shows the aggregation of whey proteins i n d i s t i l l e d 
water at varying pH. I t i s seen that conditions favoring 
denaturation such as high and low pH had the opposite e f f e c t 
on aggregation. The tendency for aggregation was strongest i n 
the i s o e l e c t r i c region. 

The presence of s a l t had a p o s i t i v e e f f e c t on aggregation. The 
aggregation at varying pH i n 0.2 M NaCI i s shown i n Figures 8 
and 9. 

The s a l t dependency i s also i l l u s t r a t e d i n Figure 10 which 
shows the e f f e c t of NaCI concentration on the aggregation of whey 
proteins at pH 7. 

The presence of s a l t promotes aggregation due to reduction of the 
d i f f u s e part of the e l e c t r i c double l a y e r . According to a re
view by Franks and Eagland, 1975 (6) s a l t e f f e c t s on the e l e c t r i c 
double layer are to be found at I "50.1 for univalent ions. 

The aggregation behaviour of soy proteins was somewhat d i f f e r e n t 
from that of whey protein. This i s i l l u s t r a t e d i n Figures 11 and 
12, which show the aggregation of 0.5% soy protein dispersions 
i n 0.2 M NaCI at varying pH. Similar to the behaviour of whey 
protein, aggregation was suppressed at high and low pH and no 
aggregation was observed at 3.0 φ Η >11.0. This i s due to i n t e r -
molecular repulsion forces at the high net charge, protein-
-solvent i n t e r a c t i o n s being favored rather than protein-protein 
i n t e r a c t i o n s . Apart from thermal aggregation, a r e v e r s i b l e type 
of aggregation occurred for the soy protein system at i n t e r 
mediate pH. This type of aggregation was favored by lower 
temperatures. A l l measurements were made af t e r cooling to 25 C. 
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Figure 7. Turbidity as a function of heating temperature of 0.9% whey protein 
dispersions in distilled water at pH 3.5-7.0 
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Figure 8. Turbidity as a function of heating temperature of 0.9% whey protein 
dispersions in 0.2M NaCI at pH 3.0-6.0 
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100 

Figure 9. Turbidity as a function of heating temperature of 0.9% whey protein 
dispersions in 0.2M NaCI at pH 7.0-10.0 
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Figure 10. Turbidity as a function of heating temperature of 0.9Ψο whey protein 
dispersions at pH 7.0 in 0-2.0M NaCI 
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The formation of r e v e r s i b l e aggregates has previously been ob
served by Catsimpoolas zt at., (7) with the g l y c i n i n or the 11S 
f r a c t i o n . They suggested that the r e v e r s i b l e aggregation was 
due to intermolecular i n t e r a c t i o n s of undissociated molecules 
and that aggregates formed at temperatures above 70 C originated 
from dissociated subunits. 

The soy protein i s o l a t e contains several proteins but a d d i t i o n a l 
experiments indicated, that the g l y c i n i n and the 115 f r a c t i o n 
alone accounted for the r e v e r s i b l e aggregation (1_). 

Salt was found to have a very s p e c i a l e f f e c t on the aggregation 
of soy protein as can be seen from Figure 13. 

At 1% concentration and pH 7.0 the aggregation was increased by 
NaCI concentration to 0.
by further increases i
t i o n was formed at 0.1 M NaCI. 

Both association and aggregation thus seem to be favored i n 
0.1 - 0.2 M NaCI. At NaCI concentrations below 0.1 M 
d i s s o c i a t i o n i n t o subunits may occur, but aggregation i s sup
pressed due to the e l e c t r i c double layer and repulsion forces 
i n the absence of mobile counter ions. 

At higher i o n i c strength, NaCI s t a b i l i z e s against aggregation. 
In t h i s concentration range, s a l t has a unique e f f e c t on soy 
proteins. I t may s t a b i l i z e them against aggregation, as w e l l as 
against denaturation. At f i r s t sight t h i s i s unexpected, since 
i t appears u n l i k e l y that protein-protein and protein-solvent 
i n t e r a c t i o n s should be favored by the same agent. An explanation 
can be given i f the cause i s the s t a b i l i z a t i o n of the quaternary 
structure. This means that s a l t favors protein-protein i n t e r 
actions during heat treatment by s t a b i l i z i n g against d i s s o c i a 
t i o n of the quaternary structure and thereby protects against 
aggregation as w e l l as denaturation. 

Three dimensional network 
The r e s u l t s shown on aggregation and denaturation give some i n 
sight i n t o structure forming processes of globular proteins. 
Conditions favoring denaturation l i k e high and low pH had the 
opposite e f f e c t on aggregation. The presence of s a l t promoted 
aggregation of whey proteins. Due to i t s unique s t a b i l i z i n g 
e f f e c t on the quaternary structure of soy proteins, s a l t had a 
suppressing e f f e c t on aggregation as w e l l as denaturation. 

I t has already been said that the k i n e t i c s of the denaturation 
and aggregation reactions are important for the f i n a l proper
t i e s of the heat induced gel structure. Apart from environ-
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Figure 13. Turbidity as a function of heating temperature of 1% soy protein 
dispersions at pH 7.0 in 0-2.0M NaCI (1) 
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mental conditions the heat gradient may influence aggregation. 
This i s i l l u s t r a t e d i n Figure 14, which shows the t u r b i d i t y 
as a function of heating temperature for a whey protein dispersion 
at two d i f f e r e n t heat gradients. 

In recent years very l i t t l e work has been published on the kine
t i c s of gel formation. In 1948 Ferry (8) suggested the following 
model 

(1) (2) 
x P > XP * ( P . ) V η α . . α χ 

) 

where χ i s the number of protein molecules (P). 
η denotes the native stat

A gel network i s characterized by a c e r t a i n degree of order. 
This can be obtained i f the second step i s slower r e l a t i v e the 
f i r s t . The denatured molecules can then orient themselves to 
a c e r t a i n degree of order before aggregation. I f the second step 
i s r e v e r s i b l e , which i s the case for soy proteins, the i n t e r 
mediate state i s defined as a progel s t a t e . 

In a mechanism where aggregation i s suppressed p r i o r to unfolding, 
the r e s u l t i n g network can be expected to show lower opacity and 
higher e l a s t i c i t y than i f random aggregation and denaturation 
occur simultaneously, or i f random aggregation occurs before 
denaturation. Thus Tombs (9, 10) concluded from aggregation 
studies that the higher the randomness of aggregation the more 
l i k e l y i t i s that a coagel i s obtained instead of a g e l . 

The energy b a r r i e r i s maximal for aggregation at high net charge 
and very low i o n i c strength. Under these conditions the a c t i 
vation energy for denaturation i s minimized and the aggregation 
can be suppressed p r i o r to the denaturation step. Both for soy 
and whey protein dispersions i t has been shown that the addition 
of 0.2 M NaCI favor aggregation. 

Apart from studies on denaturation and aggregation, the f i n a l 
gel structures have been investigated by electron microscopy. 
An example i s given by Figures 1 and 2 which show SEM micro
graphs of whey protein gels i n the absence and presence of 
0.2 M NaCI. 

The differences between the gel structures are s t r i k i n g and the 
addition of s a l t gave r i s e to a coarse aggregated gel structure. 
Similar s a l t e f f e c t s have been observed for other protein gels 
such as soy protein and serum albumin gels. 
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Figure 14. Turbidity as a function of heating temperature of 0.9% whey proteins 
in distilled water at pH 7.0 at two different heating rates, ( ) 0.5°C min1 and 

( )ca.20°C min1 
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With knowledge of the gelation mechanisms i t may thus be possible 
to understand differences in gel structures. 

It may, however, be difficult to predict gel structures from 
data on denaturation and aggregation. Processing and environ
mental conditions may influence both chain-chain, molecule-
molecule, and aggregate-aggregate interactions involved in gel 
formation and i t is not yet known how changes on these levels 
affect the final structure. 

Many other problems remain to be solved before we can fully 
understand structure forming processes. Apart from knowledge 
of the gelation mechanisms, where the kinetics involved require 
further studies, more work has to be done on the molecular level 
as well as on the macroscopic level. The kind and nature of 
the crosslinks have to
On the macroscopic leve
structure with properties like texture and waterbinding. With
out such knowledge i t wi l l not be possible to gain full insight 
into what happens during structure formation and a knowledge 
necessary for controlling and optimizing processes important 
for food preparation. 
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The Adsorption Behavior of Proteins at an Interface as 

Related to Their Emulsifying Properties 

EVA TORNBERG 
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The emulsifying properties of proteins have been a subject 
of concern for those dealin
teins. The studies so fa
proaches: emulsifying capacity and emulsion stability measure
ments. The former measures the maximum oi l addition until inver
sion or phase separation of the emulsion occurs, whereas the 
latter measures the ability of the emulsion to remain unchanged. 
A variety of empirical methods has been used, which makes i t 
difficult to compare the results obtained by different authors. 
Not only methods of measurement vary, but also the way the emul
sions are prepared, which strongly influences the properties of 
the emulsions formed (1). As protein stabilized emulsions are 
usually very stable and the adsorption of proteins at interfaces 
can be considered as mainly irreversible, the emulsifying proper
ties of the proteins during the emulsification process become in
creasingly important in determining the properties of the emulsion 
formed. In this study of the emulsifying properties of three food 
proteins, this aspect of the emulsification process has therefore 
been stressed especially since little or no attention has been 
paid to this variable in earlier studies. The interfacial be
havior of the three food proteins has also been studied by mea
suring the interfacial tension decay and by evaluating the kine
tics of adsorption. The interfacial behavior of the proteins was 
then compared to the behavior obtained from the emulsification 
studies. 

The three proteins chosen for this study are a mildly pro
duced soy protein isolate, kindly provided by Central Soya, a 
commercially available sodium caseinate (DMV, Holland) and a whey 
protein concentrate (WPC) obtained by ultrafiltration (UF) and 
spray drying of cheese whey. Analysis of the proteins is given 
in (4) and (11). The present protein products have been investi
gate!", when dispersed in dist i l led water and in 0.2 M NaCI solu
tion at pH 7 denoted as (0 - 7) and (0.2 - 7), respectively. 

0-8412-u478-0/79/47-092-105$05.00/0 
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I n t e r f a c i a l s t u d i e s 

The i n t e r f a c i a l t e n s i o n decay o f t he t h r e e f ood p r o t e i n s a t 
the a i r - w a t e r i n t e r f a c e a t 25°C has been mon i t o red w i t h an appa 
r a t u s based on the drop volume t e c h n i q u e . A f u l l d e s c r i p t i o n o f 
t he i n t e r f a c i a l t e n s i o n appara tu s i s g i v e n e l sewhere ( 2 J . The 
f o l l o w i n g p rocedure was used ( f o r d e t a i l s c f . r é f . 3). A drop o f 
a c e r t a i n vo lume, c o r r e s p o n d i n g t o a c e r t a i n i n t e r f a c i a l t e n s i o n 
(γ) v a l u e , i s e x p e l l e d r a p i d l y , and t he t ime nece s s a r y f o r t he 
i n t e r f a c i a l t e n s i o n t o f a l l t o such a v a l u e t h a t t he drop becomes 
detached i s measured. T h i s p rocedure i s r epea ted f o r d i f f e r i n g 
drop s i z e s , j ^ .e . f o r d i f f e r e n t v a l u e s o f the i n t e r f a c i a l t e n s i o n . 
A p l o t o f t he T n t e r f a c i a l t e n s i o n as a f u n c t i o n o f t ime ( t ) can 
then be c o n s t r u c t e d as seen i n F i g u r e 1 f o r WPC d i s p e r s i o n s a t 
d i f f e r e n t i n i t i a l subphase c o n c e n t r a t i o n s and i o n i c s t r e n g t h s . 
The r a t e o f r e d u c t i o n o
t e rm ined by t h r e e c o n s e c u t i v
s i o n o f whole p r o t e i n m o l e c u l e s o r agg regates t o and a t tachment 
a t the i n t e r f a c e ; s p r e a d i n g o r u n f o l d i n g o f a l r e a d y adsorbed mo le 
c u l e s on the i n t e r f a c e ; m o l e c u l a r rear rangements and r e con f o rma 
t i o n s o f adsorbed m o l e c u l e s . 

The γ - t - c u r v e s o b t a i n e d , as e x e m p l i f i e d f o r WPC i n F i g u r e 1, 
have been a n a l y z e d i n terms o f d i s t i n g u i s h i b l e r a t e - d e t e r m i n i n g 
s t e p s . Th i s a n a l y s i s can s h o r t l y be summarized as f o l l o w s ( c f . 
r é f . 3 ) . D i f f u s i o n i s c o n s i d e r e d t o be t he r a t e - d e t e r m i n i n g s t e p 
as l o ng as a p l o t o f t he i n t e r f a c i a l t e n s i o n a g a i n s t t ' ' 2 i s l i 
nea r . When a s u f f i c i e n t l y h i gh a d s o r p t i o n energy b a r r i e r e x i s t s , 
the d i f f u s i o n w i l l no l o n g e r be r a t e - d e t e r m i n i n g , but the r a t e o f 
p r o t e i n p e n e t r a t i o n i n t o the i n t e r f a c e w i l l be r a t e - l i m i t i n g . 
Th i s b a r r i e r c o n s i s t s o f the work done ( Π Δ Α ^ ) i n c r e a t i n g an 

a rea ΔΑ i n a s u r f a c e f i l m o f s u r f a c e p r e s s u r e Π i n o r d e r t o a d -

sorb an a c t i v e group (ag) i n t he p r o t e i n m o l e c u l e . Th i s s i t u a t i o n 
i s assumed t o p r e v a i l i f a p l o t o f In ve r su s Π i s l i n e a r , where 

d t 
the s l o p e g i v e s ΔΑ . Examples o f the two t ype s o f p l o t s can be 

A 9 _ 2 
seen i n F i g u r e s 2 (4) and 3 (4) f o r 10 % (w/w) d i s p e r s i o n s o f 
soy p r o t e i n , WPC anïï ca se ina te * a t d i f f e r e n t i o n i c s t r e n g t h s . 

D i f f u s i o n c o n t r o l l e d a d s o r p t i o n o f p r o t e i n s a t an i n t e r f a c e 
can imp l y e i t h e r t h a t the mo l e cu l e s d i f f u s e t o t h e i n t e r f a c e and 
adsorb w i t h o u t f u r t h e r s p r e a d i n g , o r t h a t s p r e a d i n g o r u n f o l d i n g 
i s so r a p i d t h a t d i f f u s i o n becomes the r a t e - c o n t r o l l i n g f a c t o r . 
The p e n e t r a t i o n s t ep may i n v o l v e e i t h e r s p r e a d i n g o r u n f o l d i n g 
o f a l r e a d y adsorbed m o l e c u l e s , o r a d s o r p t i o n o f a d d i t i o n a l m o l e 
c u l e s a r r i v i n g a t the i n t e r f a c e . In o r d e r t o be ad so rbed , how
e v e r , a s u r f a c e a rea ΔΑ has t o be c l e a r e d i n t he f i l m , wh ich 

ag 
r e q u i r e s m o l e c u l a r rear rangements o f t h e a l r e a d y adsorbed p r o 
t e i n m o l e c u l e s . The l a r g e r t he s u r f a c e a r e a , Δ Α Ώ , t o be c l e a r e d 

ag 
the g r e a t e r the number o f r e s i d u e s t o be r ea r r anged w i t h i n t he 
s u r f a c e f i l m and the s l owe r i s t he p r o c e s s . 
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40 I ι ι ι 1 ι 1 
0 10 20 30 40 50 60 

Time (minutes ) 

Journal of the Science of Food and Agriculture 

Figure 1. Time dependence of interfacial tensions at the air—water interface for 
WPC at different initial subphase concentrations. The WPC is dispersed in 0.2M 

NaCI solution in the upper figure and in distilled water in the lower (4). 
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The c o n c e n t r a t i o n dependence o f t he i n t e r f a c i a l t e n s i o n o f 
the t h r e e f ood p r o t e i n s can be f o l l o w e d i n F i g u r e 4 ( 4 ) , where 
the s u r f a c e p r e s s u r e a t 40 minutes ( Π ^ ) i s p l o t t e d a g a i n s t t he 

i n i t i a l subphase c o n c e n t r a t i o n . Π . = γ - γ. (γ i s t he i n i t i a l 
t Ο Τ, O rj 1 

i n t e r f a c i a l t e n s i o n ) . At h i gh c o n c e n t r a t i o n s (10 - 10" % (v/w) 
o f i n i t i a l subphase c o n c e n t r a t i o n ) , the s u r f a c e a c t i v i t y o f a l l 
the p r o t e i n s i s h i gh and a lmos t e q u a l , whereas a t l owe r concen 
t r a t i o n s the d i f f e r e n c e s i n s u r f a c e b e h a v i o r o f the p r o t e i n s 
become e v i d e n t . The c a s e i n a t e (0.2 - 7) system i s most e f f e c t i v e 
as a s u r f a c e a c t i v e agent and i s more o r l e s s independent o f c o n 
c e n t r a t i o n i n the c o n c e n t r a t i o n range o f 10"^ - 10" 3 % (w/w). The 
o p p o s i t e b e h a v i o r i s obse rved f o r t he soy p r o t e i n s , wh ich g r a d u 
a l l y l o s e t h e i r s u r f a c e a c t i v i t y w i t h d e c r e a s i n g subphase c o n 
c e n t r a t i o n . WPC (0 - 7) and c a s e i n a t e (0  7) have a r a t h e r s i m i
l a r c o n c e n t r a t i o n dependenc
i n between those o f th ) y p r o t e i n s
The a d d i t i o n o f 0.2 M NaCI t o the WPC d i s p e r s i o n s r a i s e s t he s u r 
f a c e a c t i v i t y o f the WPC not f a r beyond t h a t o f the c a s e i n a t e 
(0.2 - 7 ) . The i n c r e a s e i n l o w e r i n g o f i n t e r f a c i a l t e n s i o n due t o 
s a l t a d d i t i o n i s a l s o ob se rved f o r the o t h e r two p r o t e i n s . 

From the k i n e t i c a n a l y s i s d e s c r i b e d above o f t he γ - t - c u r v e s 
o f t he t h r e e food p r o t e i n s a t d i f f e r e n t i o n i c s t r e n g t h s and c o n 
c e n t r a t i o n s ( 4 ) , the e v a l u a t e d i n t e r f a c i a l b e h a v i o r i s g i v e n 
s c h e m a t i c a l l y i n F i g u r e 5. 

The soy p r o t e i n s d i f f u s e s l o w l y t o t he i n t e r f a c e i n c o m p a r i 
son w i t h the o t h e r two p r o t e i n s , wh ich has been i n t e r p r e t e d as a 
r e s u l t o f a h i g h e r p a r t i c l e we i gh t o f the m i g r a t i n g u n i t i n the 
case o f the soy p r o t e i n s . T h i s i s i n accordance w i t h the f a c t 
t h a t the soy p r o t e i n s , c o n s i s t i n g o f m a i n l y o f the 7S and I I S 
g l o b u l i n s , have a complex q u a t e r n a r y s t r u c t u r e i n bu lk w i t h a p a r 
t i c l e we igh t r ang i n g from 180 - 363 000 (_5,6J. A c co rd i n g t o Wolf 
(7) and Koshiyama (8) a s s o c i a t i o n and a g g r e g a t i o n o f the 7S and 
ITS g l o b u l i n s a re f a vou red a t 0.1 - 0.2 M NaCI, which has been 
i l l u s t r a t e d i n F i g u r e 5. C o n t r a r y t o what c o u l d be e x p e c t e d , the 
d i f f u s i o n o f soy p r o t e i n (0 - 7) i s s l owe r than f o r soy p r o t e i n 
(0.2 - 7 ) , wh ich might be e x p l a i n e d by a reduced e l e c t r o s t a t i c 
r e p u l s i o n d u r i n g a d s o r p t i o n f o r soy p r o t e i n (0.2 - 7) and t he reby 
a h i g h e r net c o l l i s i o n r a t e . The r a t e - d e t e r m i n i n g s t ep o f pene
t r a t i o n o f p r o t e i n mo l e cu l e s o r segments i n t o the s u r f a c e f i l m 
s t a r t s a t a r e l a t i v e l y low s u r f a c e p r e s s u r e f o r the soy p r o t e i n s , 
e s p e c i a l l y i n 0.2 M NaCI, compared t o the o t h e r p r o t e i n s . Th i s 
i n d i c a t e s a h i gh s p r e a d i n g a b i l i t y o f the a l r e a d y adsorbed soy 
p r o t e i n a g g r e g a t e s , which i s most pronounced when the soy p r o t e i n 
i s d i s p e r s e d i n 0.2 M NaCI s o l u t i o n . 

A l t hough t h e c a s e i n a t e has a complex q u a t e r n a r y s t r u c t u r e , 
l i k e the soy p r o t e i n s , i t has a ve r y d i f f e r e n t s u r f a c e b e h a v i o r . 
The d i f f u s i o n s t ep i s a lmost as r a p i d as t h a t o f WPC a t concen 
t r a t i o n s above 10~ 3 % (w/w). Th i s can be e x p l a i n e d i f the m i g r a 
t i o n t o the i n t e r f a c e o f the c a s e i n a t e s i s per formed m a i n l y by the 
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Soy protein (0-7) 
Rate 

Soy protein (0.2-7) 

D 0 - 7 < D

0 . 2 - 7 

Δ Α 0 - 7 < Δ Α 0 2 - 7 

•w-

Caseinate ( 0 -7) 

Β Ο Ο 
D <D 
0-7 0.2-7 

Δ Α 0 - 7 > Δ Α α 2 7 

Caseinate (0.2-7 î 

WPC ( 0 -7 ) 

Β CO Ο Ο Ο 

% - 7 < D ( 0.2-7 

Δ Α 0 - 7 > Δ Α 0 2 - 7 

WPC (0.2-7) 

ÎP Ο $ 03 

Ο MW s 20000 

Ο M W » 250000 

Figure 5. A highly schematic representation of the differing interfacial behavior 
of the three food proteins at different ionic strengths. (B) in the bulk medium; 
(S) at the interface; (D) diffusion rate; (AA) is assumed to be inversely related to 

the rate of rearrangements in the protein film. 

Figure 6. A representation of the iso
thermal recirculating, emulsification sys
tem (10). (1) Gear pump; (2) reversible 
motor; (3) revolution counter; (4) emul
sifying chamber; (5) heat exchanger; (6) 

thermometer; (7) plastic tubings. 

® ® φ © © £ 

τ 
Journal of Food Science 
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f r e e c a s e i n m o l e c u l e s , wh ich a re i n e q u i l i b r i u m w i t h those i n 
the s u b m i c e l l e s . The r e s u l t s o b t a i n e d f rom the work by Creamer 
and Be r r y ( 9 J show t h a t the c a s e i n ' m i c e l l e 1 s u b u n i t s w i t h a mo
l e c u l a r we i gh t o f a p p r o x i m a t e l y 250 000, which sodium c a s e i n a t e 
i s supposed t o c o n s i s t o f t o a l a r g e e x t e n t , a re i n e q u i l i b r i u m 
w i t h t h e i r components c a s e i n s . The d i f f u s i o n - c o n t r o l l e d occupa t i on 
o f the i n t e r f a c e i s v e r y e v i d e n t f o r the c a s e i n a t e s , e s p e c i a l l y 
a t an i o n i c s t r e n g t h of 0 . 2 , compared t o t he o t h e r p r o t e i n s . The 
p r e s en t r e s u l t s i n d i c a t e t h a t the ve r y f l e x i b l e , random c o i l - l i k e 
c a s e i n mo l e cu l e s have s i m p l e r k i n e t i c s than the o t h e r p r o t e i n s 
s t u d i e d , i n v o l v i n g d i f f u s i o n t o the i n t e r f a c e and d i r e c t ancho
r i n g o f the f r e e l y a v a i l a b l e hydrophob ic segments. Due t o h i g h e r 
e l e c t r o s t a t i c r e p u l s i o n between adsorbed s p e c i e s a t the i n t e r f a c e 
f o r c a s e i n a t e (0 - 7) compared t o c a s e i n a t e (0.2 - 7 ) , the c a 
s e i n a t e (0.2 - 7) mo l ecu l e s p r obab l y can pack a t t he i n t e r f a c e 
w i t h g r e a t e r d e n s i t y . Th i
a t a h i g h e r Π f o r c a s e i n a t
ved. The reduced speed o f the d i f f u s i o n p roces s o f t he c a s e i n a t e 
(0 - 7) as compared t o c a s e i n a t e (0.2 - 7) might be e x p l a i n e d by 
an enhanced e l e c t r o s t a t i c r e p u l s i o n d u r i n g the a d s o r p t i o n o f 
c a s e i n a t e (0 - 7) and t he reby a r e d u c t i o n o f net c o l l i s i o n r a t e . 

The whey p r o t e i n s d i f f u s e q u i c k l y t o the i n t e r f a c e , wh ich 
i s i n accordance w i t h the f a c t t h a t the whey p r o t e i n s c o n s i s t 
m a i n l y o f sma l l mo l ecu l e s and m o l e c u l a r complexes . The WPC 
(0 - 7) d i f f u s e s somewhat s l owe r than WPC (0.2 - 7) t o the i n t e r 
f a c e , the same r e l a t i o n s h i p which has been observed f o r the o t h e r 
two p r o t e i n s . WPC (0.2 - 7) cove r s the i n t e r f a c e t o a h i g h e r de 
gree by d i f f u s i o n than WPC ( 0 - 7 ) , which i n d i c a t e s t h a t WPC 
(0 - 7) spreads o r u n f o l d s more e a s i l y a t the i n t e r f a c e . 

E m u l s i f i c a t i o n s t u d i e s 

In o r d e r to e v a l u a t e the e m u l s i f y i n g p r o p e r t i e s o f p r o t e i n s 
as a f u n c t i o n o f the e m u l s i f i c a t i o n v a r i a b l e s , i t i s i m p o r t a n t 
to q u a n t i f y and t o d e s c r i b e more e x a c t l y the e m u l s i f i c a t i o n p r o 
ce s s . Th i s has been done by u t i l i z i n g a r e c i r c u l a t i n g , e m u l s i f i 
c a t i o n system ( 1 0 ) , where the f l o w v e l o c i t y i s c o n t r o l l e d . The 
system i s s c h e m a t i c a l l y r e p r e s e n t e d i n F i g u r e 6 , and c o n s i s t s o f 
a gear pump 1 connected t o a r e v e r s i b l e motor 2 and a r e v o l u 
t i o n c o u n t e r 3 , an e m u l s i f y i n g chamber w i t h an i n l e t and an o u t 
l e t 4 , a heat exchanger 5 w i t h a thermometer and p l a s t i c t u 
b i n g s , wh ich complete the r e c i r c u l a t i n g sys tem. The e m u l s i f y i n g 
p a r t 4 can be v a r i e d from e m u l s i f i c a t i o n w i t h a t u r b o m i x e r t o 
s o n i c a t i o n and t o v a l v e homogen i za t i on . The power and energy i n 
put d u r i n g the e m u l s i f i c a t i o n p roces s have been measured ( 1 0 ) , 
t he reby p r o v i d i n g a t o o l f o r the compar i son o f the e m u l s i f y i n g 
e f f i c i e n c y o f v a r i o u s k i nd s o f e m u l s i f y i n g equipment. 

The p r o t e i n s t a b i l i z e d emu l s i ons formed were made up o f 
40 % (w/w) soybean o i l and 60 % (w/w) p r o t e i n d i s p e r s i o n o f 2.5 
7o (w/w) p r o t e i n c o n t e n t . A q u a n t i t y o f 50 grams was e m u l s i f i e d 
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i n a l l the e x p e r i m e n t s , and 30 grams o f the emu l s i on formed were 
s t o r e d f o r 24 hr a t 20°C a f t e r f o r m a t i o n . The emul s ions were 
c h a r a c t e r i z e d i n terms o f f a t p a r t i c l e s i z e d i s t r i b u t i o n and the 
amount o f p r o t e i n adsorbed per u n i t a rea o f f a t s u r f a c e ( p r o t e i n 
l o a d ) . The methods used a re f u l l y d e s c r i b e d e l sewhere ( 11 ) . Fo r 
the p a r t i c l e s i z e a n a l y s i s a s p e c t r o t u r b i d i m e t r i c methocThas been 
u sed , i n wh ich the average g l o b u l e s i z e o b t a i n e d i s the a r i t h m e 
t i c mean o f the s u r f a c e - w e i g h t e d d i s t r i b u t i o n , denoted as d . 
I t r e l a t e s d i r e c t l y t o the s p e c i f i c s u r f a c e a r e a , A, by t h e v 

f o l l o w i n g f o r m u l a : 

A = 4 - ^ m^ f a t / m l emu l s i on 
vs 

where Φ i s t h e volume f r a c t i o n o f the d i s p e r s e d phase. So f a r o n 
l y emul s ions made w i t h a
r e c i r c u l a t i n g system hav
p a r t i c l e s i z e d i s t r i b u t i o n and p r o t e i n l o a d . 

In F i g u r e 7 the f a t s u r f a c e a r e a , A, o b t a i n e d a f t e r 10 passes 
i n the r e c i r c u l a t i n g system i s p l o t t e d a g a i n s t power i n p u t d u r i n g 
v a l v e homogen iza t ion f o r a l l the p r o t e i n s t a b i l i z e d emu l s i ons 
( 11 ) . The s u r f a c e a rea o f the more o r l e s s n o n - f l o c c u l a t e d emu l 
s i o n s , such as the c a s e i n a t e (0.2 - 7 ) , WPC (0 - 7) and c a s e i n a t e 
(0 - 7) s t a b i l i z e d e m u l s i o n s , show a s i m i l a r and a lmos t l i n e a r 
i n c r e a s e w i t h pov/er i n p u t . The degree o f f l o c c u l a t i o n was e s t i m a 
t e d by m i c r o s c o p i c e v a l u a t i o n . At l ower power consumpt ions the 
soy p r o t e i n (0 - 7 ) , WPC (0.2 - 7) and soy p r o t e i n (0.2 - 7) s t a 
b i l i z e d e m u l s i o n s , which a re f l o c c u l a t e d a f t e r homogen i za t i on , 
produce l a r g e r f a t s u r f a c e a reas than t he n o n - f l o c c u l a t e d ones. 
T h i s i s most pronounced f o r t he soy p r o t e i n (0.2 - 7) s t a b i l i z e d 
e m u l s i o n s , which a re h e a v i l y f l o c c u l a t e d and v i s c o u s compared t o 
the o t h e r p r o t e i n s t a b i l i z e d emu l s i on s . The r e l a t i v e w i d t h o f t he 
f a t d r o p l e t s i z e d i s t r i b u t i o n , c , i s p l o t t e d a g a i n s t power i n p u t 
d u r i n g v a l v e horr.ogenization a t l6 passes i n F i g u r e 8 Q 1 J . I t i s 
seen i n the f i g u r e t h a t the f l o c c u l a t e d emu l s i on s g i v e emu l s i on s 
w i t h l a r g e r spread i n g l o b u l e s i z e than t he n o n - f l o c c u l a t e d s y s 
tems. No d i s c e r n i b l e d i f f e r e n c e w i t h i n the l i m i t s o f e r r o r i n the 
c -power-dependence can be observed among the n o n - f l o c c u l a t e d 
emu l s i on s s t a b i l i z e d by d i f f e r e n t p r o t e i n s . 

F i g u r e s 9 and 10 show the f a t s u r f a c e a rea and the r e l a t i v e 
w i d t h o f the g l o b u l e s i z e d i s t r i b u t i o n , r e s p e c t i v e l y , o f a l l t he 
p r o t e i n s t a b i l i z e d emu l s i on s as a f u n c t i o n o f t he number o f passes 
a t a power consumption o f 40 W (J_1J. As can be seen f rom F i g u r e s 
9 and 10 an i n c r e a s e i n number o f passes does not n o t i c a b l y e n 
hance the f i n a l f a t s u r f a c e a rea o f the p r o t e i n s t a b i l i z e d emu l 
s i o n s , but a f f e c t s more t he d i s t r i b u t i o n w i d t h by a dec rea se and 
a f i n a l l e v e l o f f . The c a s e i n a t e s a t both i o n i c s t r e n g t h s produce 
emu l s i on s o f the s m a l l e s t s u r f a c e a rea and the na r rowes t d i s t r i 
b u t i o n w i d t h s . The WPC s t a b i l i z e d emu l s i on s have l a r g e r s u r f a c e 
a reas and w i d e r spread i n g l o b u l e s i z e than emu l s i on s s t a b i l i z e d 
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Figure 7. Fat surface area of the protein-stabilized emulsions as a function of 
power consumption after emulsification with a valve homogenizer using 10 passes 

through the recirculating system (11) 
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Figure 8. Distribution width (cs) of the protein-stabilized emulsions as a function 
of power consumption, on emulsification with a valve homogenizer using 10 passes 

through a recirculating system (11) 
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Figure 9. Fat surface area of the protein-stabilized emulsions as a function of 
number of passes after emulsification with a valve homogenizer at constant power 

supply of 40 W (11) 
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Figure 10. Distribution width (cs) of the protein-stabilized emuhions as a func
tion of number of passes, on emulsification with a valve homogenizer at a constant 

power supply of 40 W (11) 
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by c a s e i n a t e , where the more f l o c c u l a t e d WPC (0.2 - 7) s t a b i l i z e d 
emu l s i on s have l a r g e r d i s t r i b u t i o n w i d t h s . The soy p r o t e i n (0 - 7) 
s t a b i l i z e d emu l s i ons have a r a t h e r s i m i l a r dependence on number 
o f passes as f o r the c a s e i n a t e and the WPC s t a b i l i z e d e m u l s i o n s , 
whereas no d i r e c t r e l a t i o n s h i p can be drawn f rom t he r e s u l t s ob 
t a i n e d f o r the soy p r o t e i n (0.2 - 7) s t a b i l i z e d e m u l s i o n s , due t o 
the w ide s c a t t e r i n r e s u l t s . 2 

In F i g u r e 11 the amount o f p r o t e i n adsorbed i n mg per m 
f a t s u r f a c e a rea ( p r o t e i n l o a d ) i s p l o t t e d a g a i n s t t he f a t s u r 
f a c e a rea c r e a t e d by augmenting the power i n p u t i n accordance 
w i t h F i g u r e 7. The most s t r i k i n g f e a t u r e to be observed i s the 
v e r y d i f f e r e n t b e h a v i o r shown by the c a s e i n a t e s as compared t o 
the soy p r o t e i n s . The emul s ions s t a b i l i z e d by the l a t t e r have a 
v e r y h i gh p r o t e i n l o a d a t sma l l s u r f a c e a r e a s , wh ich d i m i n i s h e s 
a lmos t e x p o n e n t i a l l y as the s u r f a c e a rea expands  The c a s e i n a t e s
though , have a low v a l u
s u r f a c e a r e a , but i t grow
a maximum a t an a rea o f about 1.5 m /ml e m u l s i o n , a f t e r wh ich i t 
dec rea se s s l i g h t l y . Fo r both t he se p r o t e i n s the a d d i t i o n o f s a l t 
r e s u l t s i n more p r o t e i n adsorbed a t the i n t e r f a c e f o r a l l t he 
s u r f a c e areas i n v e s t i g a t e d . 

The WPC (0.2 - 71 s t a b i l i z e d emu l s i on s have the l owe s t p r o 
t e i n £oad ( « 1 . 5 mg/m ) a t f a t s u r f a c e areas between 1.0 and 
3.0 m / m l , whereas a t l a r g e r s u r f a c e a r e a s , t he soy p r o t e i n 
( 0 - 7 ) s t a b i l i z e d emu l s i on s have as low v a l ue s as t ho se s t a b i 
l i z e d w i t h WPC (0.2 - 7 ) . I t i s i n t e r e s t i n g t o note t h a t an i n 
c r ea se i n i o n i c s t r e n g t h t o 0.2 M NaCI does not i n c r e a s e the 
amount o f p r o t e i n adsorbed i n the case o f t he whey p r o t e i n s . In 
f a c t t he o p p o s i t e i s o b s e r v e d , i n c o n t r a s t t o t h e b e h a v i o r o f 
the o t h e r two p r o t e i n s . 

In F i g u r e 12 the pe rcen tage o f adsorbed p r o t e i n f rom bu l k 
i s p l o t t e d as a f u n c t i o n o f the f a t s u r f a c e a rea c r e a t e d by i n 
c r e a s i n g the power i n p u t d u r i n g v a l v e homogen i za t i on . The v e r y 
d i f f e r e n t p r o t e i n l o a d o b t a i n e d by the c a s e i n a t e s and the soy 
p r o t e i n s i n F i g u r e 11 co r re sponds i n F i g u r e 12 t o a h i g h e r p e r c e n 
tage adsorbed by the soy p r o t e i n s a t sma l l s u r f a c e a reas and a 
l owe r pe rcentage adsorbed a t the l a r g e r s u r f a c e a reas as compared 
t o the c a s e i n a t e s . I t can a l s o be deduced from F i g u r e 12 t h a t , 
i n o r d e r to c o ve r the i n t e r f a c e w i t h p r o t e i n a t l a r g e r s u r f a c e 
a r e a s , t he c a s e i n a t e s , e s p e c i a l l y i n 0.2 M NaCI, p r e d o m i n a n t l y 
s u p p l y p r o t e i n f rom the b u l k . The soy p r o t e i n s , t hough , do so 
t o a l e s s e r e x t e n t , e s p e c i a l l y a t l a r g e r a r e a s , where pe rcen tage 
p r o t e i n adsorbed become more independent o f f a t s u r f a c e a r e a . 
T h i s i n d i c a t e s t h a t , a t t he se l a r g e s u r f a c e a r e a s , t he newly 
c r e a t e d i n t e r f a c e i s m o s t l y cove red by s p r e a d i n g o r u n f o l d i n g o f 
a l r e a d y adsorbed soy p r o t e i n mo l e cu l e s a t t h e i n t e r f a c e . T h i s 
e m u l s i f y i n g behav ior o f the two p r o t e i n s seems t o be i n a c c o r 
dance w i t h t h e i n t e r f a c i a l b e h a v i o r suggested f rom t he i n t e r -
f a c i a l t e n s i o n measurements. The h i gh p r o t e i n coverage o f the soy 
p r o t e i n s a t sma l l s u r f a c e a reas i s i n acco rdance w i t h the sugges-
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t i o n t h a t the soy p r o t e i n s m i g r a t e t o the i n t e r f a c e by t he g ro s s 
a s s o c i a t e d complex, whereas t he low percentage adsorbed f o r t he 
c a s e i n a t e s a t t he se s u r f a c e a reas s uppo r t the as sumpt ion t h a t 
c a s e i n monomers a re adsorbed a t the i n t e r f a c e . Moreover , t he i n 
t e r f a c i a l t e n s i o n r e s u l t s i n d i c a t e d t h a t the soy p r o t e i n s sp read 
r e l a t i v e l y easy a t t he i n t e r f a c e , e s p e c i a l l y i n 0.2 M NaCI s o l u 
t i o n , and t h i s i s m a i n l y the way t h e soy p r o t e i n s c o v e r the e n 
l a r g e d i n t e r f a c e d u r i n g e m u l s i f i c a t i o n , as suggested from F i g u r e 
12. The pe rcentage c a s e i n a t e adsorbed i s more o r l e s s d i r e c t l y 
p r o p o r t i o n a l t o the f a t s u r f a c e a rea as seen i n F i g u r e 12, which 
sugges t s t h a t , the l a r g e r the f a t s u r f a c e a rea c r e a t e d , the more 
c a s e i n monomers a re e x t r a c t e d from the c a s e i n s u b u n i t s . Th i s be 
h a v i o r i s e s p e c i a l l y p ronounced, when c a s e i n a t e i s d i s p e r s e d i n 
0.2 M NaCI s o l u t i o n . 

The e m u l s i f y i n g b e h a v i o r o f the whey p r o t e i n s i s not as 
e a s i l y c o r r e l a t e d w i t h th
o t h e r p r o t e i n s . The i n t e r f a c i a
spreads r e l a t i v e l y easy a t the i n t e r f a c e i n r e l a t i o n t o WPC 
(0.2 - 7 ) , but i n F i g u r e 12 t he s upp l y o f mo lecu l e s from the bu l k 
by WPC (0 - 7) exceeds t h a t o f WPC (0.2 - 7 ) . Th i s might be e x 
p l a i n e d i f t he more f r e q u e n t l y o c c u r r i n g u n f o l d i n g o f the WPC 
(0 - 7) mo l e cu l e s g i v e s r i s e t o an enhanced amount o f hyd rophob i c 
groups exposed t o t he b u l k , wh ich induces f u r t h e r a d s o r p t i o n o f 
p r o t e i n f rom the bu l k and, hence, m u l t i l a y e r f o r m a t i o n . 

Summary 

The i n t e r f a c i a l and e m u l s i f y i n g b e h a v i o r o f t h r e e f ood p r o 
t e i n s , a soy p r o t e i n i s o l a t e , a sodium c a s e i n a t e and a whey p r o 
t e i n c o n c e n t r a t e (WPC) have been s t u d i e d . A k i n e t i c a n a l y s i s o f 
t he i n t e r f a c i a l t e n s i o n decay o f t he p r o t e i n s i n d i c a t e s t he 
f o l l o w i n g c h a r a c t e r i s t i c s . The soy p r o t e i n s d i f f u s e s l o w l y t o t he 
i n t e r f a c e compared t o the o t h e r p r o t e i n s , p r o b a b l y w i t h t he qua 
t e r n a r y s t r u c t u r e i n t a c t , wh ich d i s i n t e g r a t e s when adsorbed a t 
t he i n t e r f a c e . Both the whey p r o t e i n s and the c a s e i n a t e s d i f f u s e 
q u i c k l y t o t he i n t e r f a c e , where f o r the c a s e i n a t e s the d i f f u s i o n -
- c o n t r o l l e d o c c u p a t i o n o f t he i n t e r f a c e i s v e r y e v i d e n t , e spe 
c i a l l y a t an i o n i c s t r e n g t h o f 0 .2 . 

When p r e p a r i n g p r o t e i n s t a b i l i z e d emu l s i on s i n a v a l v e homo
g e n i z e r , the f i n a l f a t s u r f a c e a rea i s m o s t l y de te rmined by the 
c o n d i t i o n s d u r i n g e m u l s i f i c a t i o n , and i f t he emu l s i on system f l o c 
c u l a t e s o r n o t . The f i n a l f a t s u r f a c e a rea o f t he emu l s i on s ob 
t a i n e d i n c r e a s e s more as a f u n c t i o n o f power i n p u t than as a 
f u n c t i o n o f number o f pa s se s . D i s t r i b u t i o n w i d t h , c , dec reases 
mo s t l y w i t h i n c r e a s i n g power s u p p l y and number o f p a s s e s , but a t 
the h i g h e s t power i n p u t c o f t e n s t a r t s t o i n c r e a s e a g a i n . F l o c -
c u l a t i o n o f emu l s i on s g i v e s g e n e r a l l y l a r g e r sp read i n g l o b u l e 
s i z e . The amount o f p r o t e i n adsorbed on the f a t g l o b u l e ( p r o t e i n 
l o ad ) i s l a r g e l y de te rmined by t he f a t s u r f a c e a rea c r e a t e d and 
by the t ype o f p r o t e i n adsorbed. S a l t a d d i t i o n t o 0.2 M NaCI 
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enhances protein adsorption at the fat globule interface in the 
case of soy protein and caseinate, but for the whey proteins 
protein load is higher in disti l led water. The interfacial be
havior of the soy proteins and the caseinates suggested from the 
interfacial tension measurements seem to be in accordance with 
the emulsifying behavior, whereas the emulsifying behavior of the 
whey proteins is not as easily correlated with the .interfacial 
behavior. 
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The Influence of Peptide Chain Length on Taste and 

Functional Properties of Enzymatically Modified Soy 

Protein 

J. ADLER-NISSEN and H. SEJR OLSEN 
NOVO INDUSTRI A/S, Enzyme Applications Research and Development, 
Enzymes Division, Novo Allé, DK-2880 Bagsvaerd, Denmark 

Enzymatic hydrolysis
profound changes in the functional properties of the proteins 
treated. Protein hydrolysates may therefore be expected to ful
f i l certain of the food industry's demands for proteins with 
particular, well-defined functional properties. A wide-spread use 
of protein hydrolysates in food requires, however, a careful con
trol of the taste and functionality of the protein during its hy
drolysis and subsequent processing to obtain a reproducible pro
duct quality. 

The composition of a protein hydrolysate is conveniently de
scribed by the degree of hydrolysis (DH), which is defined as the 
percentage of peptide bonds cleaved (1). The average peptide 
chain length (PCL), measured in number of amino acid residues, 
can be shown to be related to DH by the following equation: 

DH - <ΡΞΓ5Ξ? 
x (1 + l^W' x 100% (1) 

where PCLO is the average peptide chain length of the intact pro
tein. Both PCL and PCLO are the number-average peptide chain 
lengths. 

In most cases PCLO is large, PCLO » PCL and (1) approaches 
DH - ±22» (2) PCL V 1 

Many workers have studied the influence of enzymatic hydrolysis 
on the functional properties of various food proteins, and much of 
this work has recently been reviewed by Richardson (2). However, 
there seem to be very few reports which quantitatively relate 
functionality to parameters which characterize the protein hydro
lysates per se (e.g. molecular weight). Ricks et al. (3) examined 
the solubility and taste of a number of pure proteins (denatured 
pepsin, lactoblobulin, α-S1-, κ-, and β-casein) hydrolysed with 

0-8412-0478-0/79/47-092-125$05.50/0 
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various proteolytic agents. They found a weak, but s i g n i f i c a n t 
correlation (r = 0.6) between the s o l u b i l i t y at pH 4.5 and DH. 
They also observed that the b i t t e r taste of the peptides depended 
on many parameters! DH being one of them. I t seemed clear from 
their work that non-bitter hydrolysates could be obtained at high 
DH-values (above 20%); an observation which i s i n accordance with 
the results of Clegg and McMillan (4) who removed the b i t t e r 
taste of casein hydrolysates by applying an exopeptidase. 

The present work was carried out with the purpose of r e l a t i n g 
taste, s o l u b i l i t y , emulsifying capacity, foaming capacity, and 
v i s c o s i t y of soy protein hydrolysates to the DH of these hydro
lysates. This tentative approach to the manufacture of functional 
soy protein hydrolysates was chosen, because DH i s easily con
t r o l l e d during hydrolysis by means of the pH-stat technique ( 5 ) , 
and because the properties of the hydrolysate are presumed to be 
related to the DH-valu
such as temperature, substrat
strate r a t i o ( 6 ) . 
Materials and Methods 

Materials. The soy protein i s o l a t e used i n a l l experiments 
was Purina 500 Ε from Ralston Purina, a type of nonhydrolysed soy 
i s o l a t e which i s generally used i n the European meat industry. 
Gelatin (alkaline extracted) was obtained from Extraco, Sweden. 
The enzymes used were Alcalase( R) 0.6 L, a l i q u i d , food-grade 
preparation of s u b t i l i s i n Carlsberg, and Neutrase (R) 0.5 L, a 
l i q u i d , food-grade preparation of a B. s u b t i l i s neutral protease. 
Both enzymes are commercially available from Novo Industri A/S 
(7). A l l other reagents were an a l y t i c a l grade laboratory chemi
cals. 

Hydrolysis Curves. The hydrolysis curves, i . e . graphs describ
ing the DH/time relationship, for soy protein i s o l a t e hydrolysed 
with Alcalase and Neutrase, respectively, were obtained by the 
pH-stat technique, using the following hydrolysis parameters: 
Substrate cone. (S) = 10% protein (Ν χ 6.25); enzyme-substrate 
r a t i o (E/S) = 2.0%? pH 8.0 (Alcalase) and pH 7.0 (Neutrase), re
spectively; temperature (T) = 50°C; t o t a l mass of reaction mix
ture (M) = 800 g. The hydrolyses were carried out for at least 
5 hours i n a 1000 ml reaction vessel, equipped with a s t i r r e r , a 
thermometer, a pH-electrode, and a p l a s t i c tube for the admission 
of base. The pH-stat arrangement consisted of standard equipment 
from Radiometer, Copenhagen, (pH-meter, t i t r a t o r , autoburette, 
and recorder). The hydrolysis curves were calculated from the 
base consumption by means of the following equations: 

h = (1 + 10 (pK-pH) ) x 
N b χ Β 

(3) M χ (S%/100) 
and h DH = h χ 100% (4) 

tot 
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where h = "hydrolysis equivalent", defined as meqv. peptide 
bonds cleaved per gram protein (Ν χ 6.25) 

Β = base consumption i n ml 
pK = average pK-value of the α-amino group i n the peptides 

= normality of the base 
n t o t = t o t a l number of peptide bonds i n a protein, given i n 

meqv. per gram protein (Ν χ 6 . 2 5 ) . 
Equation (3) can be deduced from the theoretical discussion of 

the pH-stat by Jacobsen et a l . (8) and equation (4) follows imme
diately from the d e f i n i t i o n of DH ( 1 ) . We have measured a tenta
tive pK-value of 7.1 at 50°C (9); this value i s i n accordance 
with the theoretical value which can be calculated from the data 
of Steinhardt and Beychock ( 10 ) . h t o t i s calculated from the ami
no acid composition of the soy i s o l a t e by summing up the contents 
(in mmol per gram protein) of the individual amino acids  For 
this p a r t i c u l a r i s o l a t e

Production of Hydrolysates
i s o l a t e were produced using exactly the same hydrolysis condi
tions as used above for obtaining the hydrolysis curves. Nine 
hydrolysates covering a range of DH-values were produced (four 
with each of the two enzymes and one with no enzyme added to 
serve as a control). In a l l cases the hydrolysis was terminated 
by the addition of HC1 to pH 4 .2 to inactivate the enzyme (5_) . 
pH was then adjusted to pH 7.0 using NaOH. NaCI was added u n t i l 
the f i n a l concentration i n a 10% protein (Ν χ 6.25) solution was 
0.25 M NaCI. The hydrolysates were then freeze-dried, analysed 
for nitrogen content (semi-micro Kjeldahl), and content of free 
amino groups to determine the exact DH-value of the individual hy
drolysates. The free amino groups were assayed by reaction with 
trinitrobenzene sulphonic acid (TNBS) using L-leucine as i n t e r 
nal standard, and DH was determined from a linear standard curve 
which relates L-leucine equivalents per gram protein (Ν χ 6.25) 
to DH. This method of DH determination i s described i n d e t a i l 
elsewhere (11) . 

In addition to the 9 hydrolysates mentioned above, 4 soy pro
te i n hydrolysates (plus 1 control) were produced on a p i l o t plant 
scale, using Alcalase (_5, 6) . A l l processing conditions were 
id e n t i c a l to those mentioned previously except that the enzyme 
inactivation was performed by pasteurisation at 90°C for 30 sec. 
i n an Alfa-Laval small-scale plate pasteuriser P-20 with a flow 
of 2.6 1/min. Ten l i t r e s of hydrolysate were pasteurised, freeze-
dried, and the DH determined as described above. 

The g e l a t i n hydrolysates were produced i n 5000 ml vessels 
using the following hydrolysis parameters: S = 30% dry matter 
(corresponding to 26.6% protein (Ν χ 5 .55) )? pH 5.0 - 5 . 1 ; Τ = 
55°C; mass of reaction mixture = 4000 g. The enzymes used were 
Alcalase, Neutrase, and an 1:1 mixture of both i n varying concen
trations (E/S = 1 - 4%). During hydrolysis, 100 ml samples were 
drawn and rapidly heated to 90°C to inactivate the enzyme. DH of 
each sample was determined (LI) and the v i s c o s i t y was measured i n 
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a rotation viscosimeter as described below. 
Taste Evaluation. The four hydrolysates produced i n p i l o t 

plant were evaluated for b i t t e r taste by the laboratory's taste 
panel. Tasting took place i n the taste panel room which i s equip
ped with separate booths, and the panel has been selected and 
trained s p e c i a l l y for discrimination of bitterness. The panel was 
instructed to rank two samples and four b i t t e r - t a s t i n g standards, 
containing 20, 40 , 80 , and 160 ppm quinine hydrochloride d i s s o l 
ved i n non-bitter i s o - e l e c t r i c soluble soy protein hydrolysate 
(_5, 6) . 20 ppm quinine hydrochloride i n this solvent had i n pre
vious experiments been established as the panel's threshold value. 
The protein (Ν χ 6.25) concentration i n the samples and standards 
was 4 .0% and pH was adjusted to 6 .5 with 4 Ν NaOH or 6 Ν H C 1 . 
Thus, the test consisted of six individual items, which had to be 
ranked according to increasing bitterness. The sum of ranks (SR) 
for each of the six item
nine equivalent value (QEV
thod: The SR-values for the four standards were plotted against 
the logarithm of the quinine concentration (in ppm) and the four 
points were connected with straight l i n e s . The abscissae of the 
inter-sections between the SR-values for the samples and these 
connecting li n e s were then used as QEV-values (in ppm). SR-values 
outside the range of standards cannot be assigned a QEV. 

The test was carried out twice so that a l l four samples could 
be evaluated. A week late r the four samples were evaluated once 
more by the described procedure. 

The individual panelists' ranking of the four standards should 
not be influenced by the presence of two extra, c l e a r l y i d e n t i f i 
able items, and the panel could therefore be tested for i t s a b i l i 
ty to rank the standards correctly. This was done by calculating 
the " c o e f f i c i e n t of concordance", as described by e.g. Moroney 
( 1 2 ) . The SR-values used i n these calculations were the SR-values 
obtained after omitting the two samples from each individual rank
ing and the null-hypothesis for the test was that the actual SR-
values should be equal to the SR-values which would have been ob
tained i f a l l the panelists had ranked the standards correctly. 

Because of the inherent s a l t content of the hydrolysates pro
duced i n the laboratory, these were not evaluated organoleptically. 

Gel Chromatography. Gel chromatography was performed on Sepha-
dex G 50 i n a Pharmacia 26 χ 1 0 0 0 mm thermostated column with a 
bed volume of approximately 500 ml. The eluent flow was controlled 
by a p e r i s t a l t i c pump (Pharmacia P-3) and the effluent was moni
tored at 206 nm by a UV detector (LKB Uvicord III) connected to 
a galvanometric recorder (LKB 6520 ) . The eluent was a phosphate 
buffer (0 .0325 M K 2 H P O 4 , 0 . 0026 Μ Κ Η 2 Ρ 0 4 , 0 . 4 0 M NaCI) of pH 7.6 
and ionic strength 0 . 5 . This buffer was used by Arai et a l . (13) 
i n gel chromatography of soy protein hydrolysates. The sample was 
dissolved i n the buffer and f i l t e r e d before application to the 
column. 

Nitrogen S o l u b i l i t y Curves. Nitrogen s o l u b i l i t y of the soy 
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samples was determined over a pH range of 2.0 - 9.0 i n a 1% pro
t e i n dispersion i n 0.2 M NaCI by the following procedure: 

2.0 g of protein product was dispersed i n 150 ml of 0.2 M NaCI 
using a laboratory blender for two minutes. The blender was washed 
with 50 ml of 0.2 M NaCI and the washing l i q u i d combined with the 
homogenised sample. pH was adjusted with 0.2 M HC1 or 0.2 M NaOH 
and the dispersion was s t i r r e d with a magnetic s t i r r e r for 45 mi
nutes. pH was regularly adjusted, i f necessary. At the end of the 
s t i r r i n g period, the volume was determined by weighing and 25 ml 
of the dispersion was centrifuged at 4000 χ g for 30 minutes. The 
supernatants were analysed for nitrogen content by the Kjeldahl 
procedure (double determination), and the nigrogen s o l u b i l i t y was 
calculated as (soluble N%/total N%). 

Emulsifying Capacity. The method of Swift et a l . (14) was 
used with s l i g h t modifications to determine the emulsifying capa
c i t y of the soy samples

Two grams of protei
for two minutes using 200 ml of 0.5 M NaCI. 25 ml was transferred 
to a blender jar and weighed. 25 ml of soy bean o i l was added and 
the oil-water mixture was subjected to high-speed cutting and 
mixing (approximately 13,000 rpm)with a MSE Homogenizer. The 
blender jar was cooled i n an ice bath. During this mixing a steady 
flow of o i l was added from a separating funnel at a rate of 0.3 ml 
per sec. (The rate of o i l addition has an effect on the emulsi
fying capacity). O i l was added u n t i l the emulsion formed resisted 
mixing. Then the position of the blades of the homogenizer was 
changed i n order to secure the absorption of fresh o i l . This 
thickening indicates that the "end point" i s about to be reached. 
Addition of o i l was immediately terminated when a sudden decrease 
i n v i s c o s i t y was observed v i s u a l l y . This indicates that the emul
sion had collapsed from an oil/water emulsion to a water/oil emul
sion. The t o t a l amount of o i l added before the "end point" was 
found by weighing the blender jar. Emulsifying capacity was calcu
lated as ml o i l per gram protein (Ν χ 6.25). The density of the 
o i l was taken as 0.9 g/ml. The emulsifying capacity was measured 
fi v e times for each product. The average c o e f f i c i e n t of variation 
was 6.96% on the f i n a l results based on 5 χ 10 determinations. 

Whipping Expansion. The method of Eldridge et a l . (15) was 
used with s l i g h t modifications to determine the percentage of ex
pansion: 

500 ml of a 3% (Ν χ 6.25) aqueous dispersion of the protein 
samples were whipped at speed III for 4 minutes i n a Hobart mixer 
(model N-50) mounted with a wire whip. The whipping expansion was 
calculated as follows: 

Expansion = 100% χ V
t , ^ ^ 

where V = f i n a l whip volume i n ml. 
V was measured by r e f i l l i n g the 

of the f a i r l y large consumption of 
mixer jar with water. Because 
protein hydrolysate used i n 
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t h i s p r o c e d u r e , t h e w h i p p i n g e x p a n s i o n c o u l d o n l y be measured once 
on each p r o d u c t . 

V i s c o s i t y . Soy p r o t e i n h y d r o l y s a t e d i s p e r s i o n c o n t a i n i n g 10% 
p r o t e i n (Ν χ 6.25) and 0 .5 M NaCI were p r e p a r e d u s i n g a b l e n d e r 
d u r i n g r e p e a t e d p e r i o d s o f 30 s e c . u n t i l the s l u r r y was homoge
n o u s . The s l u r r y was c e n t r i f u g e d a t 500 rpm f o r 3 m i n . i n o r d e r 
t o remove d i s p e r s e d a i r and f i n a l l y g e n t l y s t i r r e d w i t h a s p a t u l a . 

H e a t t r e a t m e n t was p e r f o r m e d i n c l o s e d c o n t a i n e r s i n a water 
b a t h m a i n t a i n i n g a sample t e m p e r a t u r e o f 80°C f o r 30 s e c . 

The v i s c o s i t y o f t h e g e l a t i n h y d r o l y s a t e s was measured d i r e c t 
l y on t h e s a m p l e s . 

F low c u r v e s were drawn a t 25°C (30°C f o r t h e g e l a t i n h y d r o l y s a 
tes ) u s i n g a H A A K E - r o t o - v i s c o s i m e t e r RV2 w i t h m e a s u r i n g systems 
MVI and M V I I . By means o f a PG 128 programmer c o n n e c t e d t o t h e 
v i s c o s i m e t e r t h e speed was i n c r e a s e d from 0 t o 512 m i n . ~ l f o r 40 
s e c . and r e v e r s e d a t t h
t h r e e t i m e s w i t h 5 s e c .
d e t e r m i n e d u s i n g t h e s l o p e o f the f l o w c u r v e s between 256 and 512 
m i n . ~ 1 . T h i s seemed t o be a r e a s o n a b l e p r o c e d u r e because a l l the 
h y d r o l y s a t e s e x h i b i t e d a p p r o x i m a t e l y Newtonian b e h a v i o u r , j u d g i n g 
from t h e v i r t u a l l y l i n e a r f l o w c u r v e s . 
R e s u l t s and D i s c u s s i o n 

H y d r o l y s i s C u r v e s . F i g u r e 1 shows t h e two h y d r o l y s i s c u r v e s 
o b t a i n e d by h y d r o l y s i s o f P u r i n a 500 Ε w i t h A l c a l a s e and N e u t r a s e , 
r e s p e c t i v e l y . The d i f f e r e n c e i n k i n e t i c s between t h e two enzymes 
i s a p p a r e n t from t h e d i f f e r e n c e i n shape o f t h e two c u r v e s . The 
h y d r o l y s i s c u r v e s a l s o s e r v e t o i n d i c a t e t h e h y d r o l y s i s t i m e n e e d 
ed t o r e a c h a d e s i r e d D H - v a l u e . 

B i t t e r n e s s . T a b l e I shows the r e s u l t s f rom t h e r a n k i n g o f t h e 
f o u r h y d r o l y s a t e s a c c o r d i n g t o i n c r e a s i n g b i t t e r t a s t e . I t i s 
o b v i o u s t h a t b i t t e r n e s s and DH a r e p o s i t i v e l y c o r r e l a t e d - a r e 
s u l t w h i c h , a t f i r s t , appears t o be i n c o n t r a d i c t i o n t o t h e r e 
s u l t s o f R i c k s e t a l . ( 3 ) . However, t h e D H - v a l u e s shown h e r e a r e 
s m a l l compared w i t h t h o s e o f R i c k s e t a l . - and b e s i d e s , t h e t a s t e 
o f the i n t a c t p r o t e i n i s n o n - b i t t e r , so the b i t t e r n e s s must r i s e 
a t the b e g i n n i n g o f t h e h y d r o l y s i s . The r e l a t i o n s h i p between b i t 
t e r n e s s and DH may t h e r e f o r e be e x p e c t e d t o l o o k l i k e F i g u r e 2; 
f u r t h e r e x p e r i m e n t s may c o n f i r m t h i s . 

To e x p l a i n the shape o f F i g u r e 2, t h e f o l l o w i n g a s s u m p t i o n s a r e 
made: 1) B i t t e r n e s s i s r e l a t e d t o t h e h y d r o p h o b i c i t y o f t h e p e p 
t i d e s , as f i r s t p r o p o s e d by Ney (16) . The h i g h e r t h e c o n t e n t o f 
h y d r o p h o b i c amino a c i d s i n t h e p e p t i d e c h a i n , the g r e a t e r t h e t e n 
dency t o g e t b i t t e r t a s t i n g p e p t i d e s . N e y 1 s h y p o t h e s i s seems t o 
be g e n e r a l l y acknowledged (3_, Γ 7 , 18) . 2) To e x e r t i n f l u e n c e on 
t h e b i t t e r n e s s , t h e h y d r o p h o b i c s i d e - c h a i n s m u s t , as s t a t e d by M a -
t o b a and H a t a (19) , be exposed t o t h e s o l v e n t so t h a t r e a c t i o n 
w i t h t h e r e c e p t o r s i n t h e t a s t e buds c a n t a k e p l a c e . S u p p o r t f o r 
t h i s a s s u m p t i o n c a n be f o u n d i n t h e w e l l - k n o w n d e b i t t e r i n g e f f e c t 
o f t h e p l a s t e i n f o r m a t i o n (20) . A l t h o u g h the mechanism f o r p l a s t -
e i n r e a c t i o n i s n o t f u l l y known, i t a p p e a r s t h a t h y d r o p h o b i c 
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Soy protein i so la te : Al c a l a s e 0.6 L 
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Figure 1. Hydrolysis curves for soy protein isolate hydrolyzed with alcalase and 
neutrase, respectively 

Table I. Results from the Organoleptic Evaluation of the 
Bitterness of Four Soy Protein Hydrolysates 

Soy protein hydro lysa te 1 DH 3 .6 5 . 3 7.1 8 . 7 

Quinine 
equivalent va lue , 
QEV ppm 

1 . week <20 24 48 78 Quinine 
equivalent va lue , 
QEV ppm 2. week <20 < 20 48 140 

C o e f f i c i e n t of 
concordance 
for standards, W 

1. w e e k 2 0.148 0.028 0.148 0.028 C o e f f i c i e n t of 
concordance 
for standards, W 2 . w e e k 3 0.054 0.005 0.054 0.005 

1 ) The four hydrolysates were produced in p i l o t - p l a n t as 
described in the experimental s e c t i o n , and an a l t e r n a t i v e 
procedure (5,6.) would have y ie lded much lower leve ls of 
b i t t e r n e s s . The hydrolysates were evaluated at pH 6.5 and 
in a concentrat ion of 4% protein (Nx6.25). > 

2 ) 10 p a n e l i s t s . 90% s i g n i f i c a n c e leve l fo r W: W = 0.211, 
tested according to Moroney ( 12). The low values of W i n d i 
cate in th is case a good agreement between the judges. 
W = 0 denotes complete agreement with the cor rec t ranking 
of the standards. > 

3 ) 9 p a n e l i s t s . 90% s i g n i f i c a n c e level for W: W = 0.234, 
tes t ing and comment as above. G ~ O » * 2 O 
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interactions take place i n plasteins (21) , thus masking the side-
chains responsible for bitterness. 3) Hydrophobic amino acids, 
whose amino and carboxylic ends are blocked, e.g. by forming pep
tide linkages, contribute much more to the bitterness than i f one 
of these ends are free, such as i n terminal amino acids (19) . 
These again contribute more to the bitterness than do free amino 
acids (19) . 

During hydrolysis the protein i s rapidly degraded to interme
diate peptides which are hydrolysed further to small peptides and 
sometimes even to free amino acids (Figure 3; a simpler version 
of this figure i s given by Matoba and Hata ( 1 9 ) ) . Together with 
the three statements above, the present model, which takes the 
secondary structure of the peptides i n solution into considera
tion, gives a theoretical, qualitative description of the r e l a 
tionship between the average peptide chain length and the forma
tion of b i t t e r taste. 

Small peptides i n solutio
above a certain c r i t i c a l length, the peptides w i l l be able to have 
secondary structures d i s t i n c t l y d i f f e r e n t from the random c o i l . 
Thus, the c r i t i c a l length for α-helix formation i s 7-9 amino acid 
residues (22) . I t i s not generally possible to predict at what 
chain length two hydrophobic side-chains are able to interact, 
whereby the peptide becomes U-shaped, because this must depend on 
the actual position and nature of the side-chains. This hydropho
bic interaction masks the side-chains, resulting i n a reduction 
of the b i t t e r taste. 

The description above bears some resemblance to the reversible 
folding/unfolding of proteins. A speculative conclusion from th i s 
analogy would be that an increase i n temperature should be f o l l o 
wed by an increased exposure of hydrophobic side-chains. Hypothe-
t i c a l l y , an increase i n b i t t e r taste, r e l a t i v e to a standard qui
nine solution, should be observed at elevated temperatures; 
whether this i s found i n practice or not remains to be investiga
ted. 

To summarize the model above: At low DH-values, the majority 
of the hydrophobic side-chains are s t i l l masked and bitterness i s 
low. At increasing DH-values more and more peptides w i l l be too 
small to form proper secondary structures, the hydrophobic side-
chains become exposed, and bitterness increases. At s t i l l higher 
DH-values, however, the peptides are so small that a s i g n i f i c a n t 
f r a c t i o n of hydrophobic amino acid w i l l be either free or i n ter
minal position and this w i l l tend to reduce the b i t t e r taste. 

S o l u b i l i t y . The results from the s o l u b i l i t y experiments are 
given i n Figures 4 and 5. The broken curve i s the s o l u b i l i t y curve 
for the o r i g i n a l soy protein iso l a t e (Purina 500 E); the nitrogen 
s o l u b i l i t y of this product at neutral pH i s below 40%, which i n d i 
cates that the i s o l a t e has been partly denatured during i t s pro
cessing. The sample denoted as DH = 1.0% i s the control and i t i s 
c l e a r l y demonstrated that the acid treatment has caused further 
aggregation and denaturation. The d e f i n i t e l y positive DH-value 
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Figure 2. Expected qualitative relationship between bitterness and DH 

Free 
a m i n o a c i d s 

Figure 3. Exposure of hydrophobic regions during enzymic degradation. The 
black circles denote hydrophobic side chains. 
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Figure 4. Nitrogen solubility vs. pH for soy protein hydrolysates. The hydrolyses 
were carried out using alcalase(B) at pH 8.0 as described in the experimental 

section. 
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Figure 5. Nitrogen solubility vs. pH for soy protein hydrolysates. The hydrolyses 
were carried out using neutrase(R) at pH 7.0 as described in the experimental 

section. 
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may be due to an increase in the number of available free amino 
groups, as a result of the unfolding of the protein. 

For both enzymes, Alcalase and Neutrase, i t is demonstrated 
that even a short hydrolysis increases the solubility to a higher 
level than that of the starting material - Purina 500 E. There 
seem to be no gross differences between the solubilities obtained 
with the two different enzymes when compared at the same DH-value. 

At DH-values higher than 3%, i t appears that the solubility 
curves are virtually f l a t . This surprising result may be explained 
by the following assumptions: 1) The hydrolysis does presumably 
not occur as a uniform and simultaneous degradation of a l l the 
protein molecules. Rather, i t may follow the one-by-one reaction 
whereby the hydrolysate, at any time, contains fairly small pep
tides and unconverted protein molecules ( 1 ) . This is a hypothesis 
which is s t i l l to be investigated. 2) The subsequent acid treat
ment denatures the remainin
sibly by disulphide interchange
insoluble at a l l pH values as demonstrated by the control sample. 
3) The low molecular weight material in the hydrolysate is un
likely to form aggregates and precipitate at the isoelectric 
point. 

The flat solubility curves can thus be explained by assuming 
that the hydrolysates are two-phase systems. One phase is dena
tured protein, which is nearly insoluble, and the other phase 
consists of small, highly soluble peptides. The proportion be
tween the amounts of the two phases is determined by the DH-value 
and is reflected in the varying levels of the solubility curves. 

The gel chromatograms shown in Figure 6 seem to substantiate 
the hypothesis above. The hydrolysates apparently contain both 
high molecular weight material and small peptides, but only limi
ted amounts of intermediate peptides. 

The results above may be characteristic for these particular 
protein-enzyme systems. Thus, Beuchat (23) found that the mini
mum in solubility at pH 4 for peanut protein is maintained after 
a short hydrolysis using e.g. pepsin, bromelain or trypsin. 

Emulsifying Capacity. The emulsifying capacity of the modi
fied proteins is improved significantly compared to the unmodi
fied control sample (Figure 7). Owing to the denaturation of the 
protein by the acid inactivation, the control sample has a lower 
emulsifying capacity than Purina 500 Ε. It also appears from F i 
gure 7 that the emulsifying capacity of the modified protein can 
be increased by at least approximately two times by treatment 
with Alcalase to a DH-value of about 5%. The effect of treating 
with Neutrase is not as large as with Alcalase and this may be 
ascribed to the different specificity of the two enzymes, as re
flected in their different hydrolysis curves (Figure 1 ) . 

Later experiments (unpublished data) seem to confirm the exis
tence of the maximum in emulsifying capacity described above, a l 
though the emulsifying capacities achieved on the individual hy
drolysates exhibited a certain variation (+15%, calculated from 
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Figure 6. Gelchromatography of soy protein hydrolysates on Sephadex G 50. 
The hydrolyses were carried out using alcalase at pH 8.0 as described in the 

experimental section. 
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Figure 7. Emulsifying capacity vs. DH for soy protein hydrolysates 
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6 hydrolysates, each with a DH-value of approx. 5%). 
A comparison of the curves of Figure 7 with those of Figures 

4 and 5 c l e a r l y shows that the s o l u b i l i t y and the emulsifying ca
pacity are not correlated. The optimal conditions for emulsifica-
tion seem to be at a DH-value where the hydrolysate consists of 
approximately equal amounts of soluble and insoluble material. 
Emulsification involves both hydrophilic and hydrophobic groups 
i n the same molecules and i t i s therefore important that the mo
lecules are not too small. Also, f i l m formation and surface de-
naturation play a role, and t h i s also implies that the molecules 
should not be too small. On the other hand, a certain s o l u b i l i t y 
seems to be necessary for achieving the maximum emulsifying capa
c i t y . 

Similar results as ours have recently been published by Zakar-
i a and McFeeters ( 2 4 ) . They studied the emulsifying a c t i v i t y of 
soy protein hydrolysate
that with an increasin
hydrolysate the emulsifying a c t i v i t y exhibited an increase f o l l o 
wed by a decrease. However, because of the differences i n expe
rimental conditions between their work and ours, a quantitative 
comparison would not be j u s t i f i e d . 

Whipping Expansion. Figure 8 shows that the whipping proper
ti e s are very much improved after treatment with Alcalase. The 
general picture resembles that of emulsifying capacity which i s 
not unexpected because the mechanism behind the two phenomena i s 
more or less the same. In the case of whipping, the a i r i s con
sidered as the hydrophobic medium. 

The improvement of the whipping properties of enzymatically 
modified soy proteins and casein has already been of use i n the 
baking industry. For example, Gunther (25) has patented a method 
for producing these products by pepsin hydrolysis. 

Viscosity. For homogeneous solution of polymers coiled at 
random, the v i s c o s i t y uniformly i s increasing with the chain 
length. 

The v i s c o s i t i e s of 27 d i f f e r e n t gelatin hydrolysates (produced 
for other purposes than the present investigations) are shown i n 
Figure 9 and seem i n general to decrease gradually with increas
ing DH, as expected. The scatter can presumably be attributed 
mainly to the uncertainties of the DH determination (0 .3 - 0.5% 
absolute) and to the fact that a DH-value gives the number-ave
rage instead of the viscosity-average peptide chain length. 

The picture i s somewhat dif f e r e n t i f we consider an inhomoge-
nous system such as soy protein hydrolysate. Figure 10 shows that 
the v i s c o s i t y as a function of DH i s characterized by a sudden, 
i n i t i a l large drop between DH = 1% (control sample) and the hy
drolysates with the lowest DH-values. No further drop i n v i s c o s i 
ty i s observed when DH i s 3% or above. The figure also shows that 
the f i n a l l e v e l of v i s c o s i t y seems to be dependent on the enzyme 
rather than on DH which i s i n marked contrast to the results ob
tained with g e l a t i n hydrolysates (Figure 9 ) . 
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Figure 8. Whipping expansion vs. DH for soy protein hydrolysates 
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Figure 9. Viscosity vs. DH for gelatin hydrolysates 
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Figure 10. Viscosity vs. DH for soy protein hydrolysates 
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Figure 11. Modification of corn gluten with neutrase 0.5 L (5); viscosity as a 
function of hydrolysis time. 

Concentration of substrate (S): 8.0% protein (Ν X 6.25). Concentration of enzyme 
(E/S): 0.15, 0.3, and 0.6%, neutrase 0.5 L. pH (initial): 7.0. Temperature: 50°C. The 
viscosity was measured in a rotational viscosimeter at a constant shear rate of 441 sec'1. 
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Figure 12. Scanning electron micrographs of modified corn gluten 1095 χ). 
Left picture shows the product obtained after 300 minutes treatment with 0.3% neutrase 
at pH 7 and 50°C (see Figure 10, product denoted with small squares). The right pic-
ture shows a control treated under identical conditions except that no enzyme was added 
(the viscosity of the control was below 15 cps, see Figure 10). The particle size was very 
varied in both samples, and at a lower magnification no difference in the distribution of 
particle size could be observed. (The scanning electron micrographs were taken at 

Teknologisk Institut, DK-2630 Taastrup, Denmark. ) 
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The heat treatment of the Alcalase-treated hydrolysates does 
not cause any changes i n the v i s c o s i t y , i n contrast to the Neu-
trase-treated samples which show an i r r e v e r s i b l e increase i n v i s 
cosity, i n particular at DH = 1.5%. No gel formation was observed 
i n these experiments, whereas Pour-el and Swenson (26) were able 
to introduce gel formation capacity i n soy protein hydrolysates. 
This indicates that the removal of the i s o - e l e c t r i c soluble phase 
as carried out i n their work (26), i s necessary for obtaining ge
l a t i o n a b i l i t y . Pour-el also proposed that the presence of small 
peptides would hinder the three-dimensional cross-linking neces
sary for gel formation (27). 

The difference between homogeneous and heterogeneous hydroly
sates with respect to their v i s c o s i t y i s further i l l u s t r a t e d by 
Figure 11. The figure shows that enzymatic hydrolysis of corn 
gluten causes the v i s c o s i t y to increase more than ten times. Corn 
gluten i s a highly heterogeneou
soluble p a r t i c l e s of grossl
t i o n a l i t y , the unmodified corn gluten resembles sand, with only 
a small water holding capacity. This functional property increases 
several f o l d as a result of the enzyme treatment. I t has been pro
posed that the eff e c t of the hydrolysis may be ascribed to an i n 
crease i n exposed site s for hydrogen bonding on the surfaces of 
the p a r t i c l e s (5). This would tend to strengthen the cohesion be
tween the p a r t i c l e s . Simple swelling did not seem to be an expla
nation because the gluten p a r t i c l e s looked unchanged when viewed 
i n a scanning electron microscope (Figure 12). 

The magnitude of the above-mentioned increase i n v i s c o s i t y de
pends on the hydrolysis conditions as well as on the particular 
corn gluten chosen for the experiments? the l a t t e r i s i l l u s t r a t e d 
by the fact that after a reduction i n size (by b a l l milling) of 
the corn gluten p a r t i c l e s , the v i s c o s i t i e s obtained were consider
ably lower (28). I t i s therefore to be expected that corn gluten 
from d i f f e r e n t sources would y i e l d rather d i f f e r e n t r e s u l t s . 
Conclucion 

The experiments described i n this paper were designed as ten
tative investigations on the eff e c t of limited hydrolysis of soy 
protein i s o l a t e and they are by no means intended to be a compre
hensive study of the relationship between the peptide chain length 
and the taste and functionality of soy protein hydrolysates. How
ever, we believe that some interesting p o s s i b i l i t i e s of improving 
certain functional properties have been demonstrated and we plan 
to continue t h i s work. In p a r t i c u l a r , we want to investigate 
whether i t i s f r u i t f u l or not to l i n k the functional properties 
to DH. F i n a l l y , we would l i k e to point out that the problem of 
relating the measured functional properties to the actual per
formance of the protein hydrolysate i n the food system, where we 
have conditions d r a s t i c a l l y d i f f e r e n t from the conditions i n the 
model system, i s s t i l l a subject of much controversy and few 
successes. Thus, we must conclude that the tailor-made functional 
protein hydrolysates are s t i l l a f a i r l y distant goal. 
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Abstract 

The average (number-average) peptide chain length is inversely 
proportional to the DH (degree of hydrolysis), which is a princi
pal determinant for the taste and the functional properties of 
protein hydrolysates. The intensity of bitterness and DH are po
sitively correlated at low DH-values, and the relationship is 
generally expected to show a maximum at a medium DH-value. This 
may be explained by the generally acknowledged theories concer
ning the role of the hydrophobic side-chains and the structure of 
peptides in solution. A series of hydrolysates were prepared 
using different enzymes and different DH-values and some of their 
functional properties were studied. Even at a low DH-value the 
solubility curve is markedl
iso-electric pH, and th
a pH-range of 2 - 8. The level increases, as expected, with DH. 
The emulsification capacity reaches a maximum at a medium DH and 
decreases at higher DH-values. The foaming capacity shows a simi
lar behaviour albeit the maximum lies at a lower DH-value. The 
viscosity measurements are discussed in comparison with viscosity 
measurements on hydrolysates of gelatin and corn gluten, thereby 
illustrating the differences between homogeneous and heterogeneous 
systems in this respect. The visocisty of heterogeneous systems 
may exhibit an increase rather than a decrease in viscosity with 
increasing DH-value. 
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Although the functional properties of proteins are of the 
greatest concern to the food scientist, our knowledge of them 
remains empirical. Observations are but rarely related back to 
fundamental physicochemical properties such as conformation. 
In many cases it is impossible even to connect one study with 
another since the researcher is faced with a myriad of techniques 
used for measuring protein functionality. It is of great impor
tance to gain an understanding of the relationship between 
structure and functionality so that the latter can be correctly 
predicted, manipulated and controlled, if only to insure better 
utilization of protein in a world where population and malnutri
tion are growing daily. 

This study stems from an attempt to find alternatives to 
the present method of obtaining protein from heated, solvent 
extracted soy flakes. As the primary process can cause protein 
denaturation, insolubilization, impairment of flavour, function
ali ty and color and may possibly affect i ts nutritive value, i t 
would seem that a better approach might be the direct isolation 
of soy protein using less harsh conditions. 

One method to achieve this is the preparation of an aqueous 
extract of soaked beans (soymilk) from which the protein is 
subsequently precipitated at the isoelectric point, a method 
favoured for recovering soy proteins with unimpaired function
ali ty (1). However, i f the protein is not exposed to elevated 
temperatures the lipoxidase systems in the soybeans promote 
off-flavour in the soymilk, and trypsin inhibitors, which have 
a retarding effect on growth laboratory animals, will not be 
destroyed. A technique has been developed for processing soy
milk in which the beans are soaked in water and then ground in 
water at a temperature above 80°C to inactivate the lipoxidase 
enzymes before they can have a significant effect on flavour (2). 
Although this eliminates the beany flavour previously associated 
with soymilk the protein is still exposed to high temperatures 
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•which can l e a d t o d e n a t u r a t i o n and i n s o l u b i l i z a t i o n . A l s o , the 
a b i l i t y o f t h i s p r o c e d u r e t o i n a c t i v a t e t r y p s i n i n h i b i t o r s i s 
d o u b t f u l s i n c e H a c k l e r et_ a l . (3) e s t i m a t e d t h a t s o y m i l k p r e 
p a r e d at ambient t e m p e r a t u r e s r e q u i r e d 120 min a t 90°C t o r e d u c e 
t r y p s i n i n h i b i t o r a c t i v i t y t o 5$ o f t h e o r i g i n a l l e v e l . 

We have at tempted t o employ microwave h e a t i n g t o i n a c t i v a t e 
t h e o b j e c t i o n a b l e t r y p s i n i n h i b i t o r s and l i p o x i d a s e s y s t e m s . 
T h i s p r o c e s s has t h e advantages o f b e i n g e a s i l y c o n t r o l l e d and 
h a v i n g g r e a t p e n e t r a t i o n so t h a t a s h o r t e r t r e a t m e n t may be u s e d 
w i t h a c o n c o m i t a n t d e c r e a s e i n p e r i p h e r a l o v e r - h e a t i n g . 

MATERIALS AND METHODS 

Soybeans 

A l l soybeans u s e d
(Harrowsoy 6 5 ) . P r o x i m a t
(Ν x 5 . 5 0 ) , 2 0 . 2 $ f a t , 6 . 9 $ m o i s t u r e and 1 1 . 0 $ crude f i b e r . 

P r e p a r a t i o n o f S o y m i l k 

A 100 g sample o f soybeans was s o a k e d f o r 12 h i n ^50 ml o f 
t a p w a t e r at ambient t e m p e r a t u r e . T h i s i n c r e a s e d t h e m o i s t u r e 
l e v e l o f t h e beans t o 6 2 . 1 $ . I f t h e beans r e c e i v e d no h e a t 
t r e a t m e n t t h e y were p r o c e s s e d i m m e d i a t e l y . D r a i n e d beans were 
g r o u n d i n 1 £ o f t a p w a t e r ( 2 0 °C) i n a 1 g a l s t a i n l e s s s t e e l 
W a r i n g B i e n d o r a t h i g h s p e e d f o r 3 m i n . The r e s u l t a n t s l u r r y 
was p a s s e d t h r o u g h a s m a l l h o u s e h o l d c e n t r i f u g a l s e p a r a t o r 
( j u i c e e x t r a c t o r ) w h i c h t r a p p e d t h e s o l i d p a r t i c l e s i n a t r i p l e 
l a y e r o f c h e e s e c l o t h . The s o y m i l k was s t o r e d at 0 - ^ ° C u n t i l 
n e e d e d . 

H e a t i n g T r e a t m e n t s 

Microwave i r r a d i a t e d soybeans were p r o d u c e d a f t e r t h e 
i n i t i a l s o a k i n g p r o c e d u r e u s i n g a L i t t o n microwave oven (Model 
5 5 0 , f r e q u e n c y 21+50 M H Z , o u t p u t 1250 w a t t s ) . The beans were 
p l a c e d i n t h e c e n t r e o f t h e oven on a p a p e r p l a t e i n a l a y e r 
about t h r e e beans t h i c k . Samples were t r e a t e d f o r 3 0 , 6 0 , 90 o r 
120 s e c . S o y m i l k was t h e n p r e p a r e d i m m e d i a t e l y as p r e v i o u s l y 
d e s c r i b e d . The method o f M a t t i c k and Hand (2_) a l s o was u s e d t o 
p r e p a r e s o y m i l k . The b l e n d e r was p r e h e a t e d w i t h a b o i l i n g w a t e r 
r i n s e and b o i l i n g w a t e r was added t o t h e d r a i n e d beans ; t h e 
minimum t e m p e r a t u r e o f t h e s l u r r y d u r i n g g r i n d i n g was 8 o °C . 

I s o l a t i o n o f S o y m i l k P r o t e i n s 

F i g u r e 1 , a m o d i f i c a t i o n o f t h e method u s e d by P u s k i and 
Melnychyn ( Λ ) , shows t h e p r e p a r a t i v e p r o c e d u r e u s e d t o i s o l a t e 
an a c i d - p r e c i p i t a t e d f r a c t i o n o f s o y m i l k p r o t e i n (RDP). 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



So
ym

il
k C
en

tr
if

u
ge

 (
10

00
 χ

 g
, 

30
 m

in
) 

Se
di

m
en

t 
(d

is
ca

rd
) 

Su
pe

rn
at

an
t 

A
d
ju

st
 t

o 
p

H
 4

.6
 w

/ 

0.
1
 Ν

 c
it

ri
c 

ac
id

 

C
en

tr
if

u
ge

 (
50

0
 χ

 g
, 

3
0
 m

in
) 

Se
d
im

en
t 

Su
p
er

n
at

an
t 

- 
W

h
ey

 

(d
is

ca
rd

) 

W
as

h
 w

/ 
0.

1
 M

 c
it

ra
te

-p
h
os

ph
at

e 

bu
ff

er
 (

pH
 4

.5
, 

2x
) 

D
is

so
lv

e 
in

 0
.3

 M
 c

it
ra

te
-p

h
os

ph
at

e 

bu
ff

er
 (

pH
 7

.0
) 

ι m
 

ο ι S3
 a a*
 

Ο
 

C
en

tr
if

u
ge

 (
10

00
 χ

 g
, 

30
 m

in
) 

Se
d
im

en
t 

(d
is

ca
rd

) 

Fi
gu

re
 1

. 

Su
pe

rn
at

an
t 

- 
R

D
P
 

S
ch

em
e 

fo
r 

is
ol

at
io

n 
of

 a
ci

d 
pr

ec
ip

it
at

e 
pr

ot
ei

n 
fr

om
 s

oy
m

il
k,

 a
da

pt
ed

 f
ro

m
 R

ef
. 4

 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



150 F U N C T I O N A L I T Y A N D P R O T E I N S T R U C T U R E 

D e t e r m i n a t i o n o f R e s i d u a l T r y p s i n I n h i b i t o r 

The method o f Learmonth (5_) as a d a p t e d b y Van Buren et_ a l . 
(6) -was f o l l o w e d t o determine r e s i d u a l amounts o f t r y p s i n i n h i 
b i t o r . T h i s method i s b a s e d upon t h e a b i l i t y o f t r y p s i n t o 
r e t a r d g e l f o r m a t i o n and t r y p s i n i n h i b i t o r t o s u p p r e s s t h e r e t a r 
d a t i o n . The s o u r c e o f t r y p s i n was an e x t r a c t p r e p a r e d u s i n g 30 g 
o f c o m m e r c i a l b a r l e y m a l t f l o u r and 100 m l o f d i s t i l l e d w a t e r . 
T h i s was s t i r r e d f o r 1 h , t h e m i x t u r e a l l o w e d t o s e t t l e o v e r 
n i g h t and the s u p e r n a t a n t f i l t e r e d . A b u f f e r e d g e l a t i n s o l was 
made by d i s s o l v i n g 8 g g e l a t i n and 1 g d i s o d i u m hydrogen c i t r a t e 
i n 100 ml d i s t i l l e d w a t e r . A m i x t u r e o f 5 ml d i s t i l l e d w a t e r , 
5 ml g e l a t i n s o l and 5 ml m a l t e x t r a c t was i n c u b a t e d at 35°C f o r 
2 h and t h e n p l a c e d i m m e d i a t e l y i n an i c e w a t e r b a t h . T h i s 
c o n t r o l h a d an average s e t t i n g t ime o f 2 0 . 3 m i n . T r y p s i n i n h i 
b i t o r was a s s a y e d b y u s i n
w a t e r ; t h e p r e s e n c e o f t r y p s i
g e l f o r m a t i o n . R e l a t i v e % t r y p s i n i n h i b i t o r was e x p r e s s e d a s : 

R e l a t i v e % t r y p s i n i n h i b i t o r = 100 - s e t t i n g t i m e ( s o y m i l k ) χ 1 Q Q 

s e t t i n g t ime (water) 

S i x d e t e r m i n a t i o n s were done i n d u p l i c a t e f o r each sample . 

S e n s o r y A n a l y s i s 
S o y m i l k samples were e v a l u a t e d f o r odour b y a p a n e l composed 

o f 17-20 u n t r a i n e d members. P a n e l i s t s were a s k e d t o e v a l u a t e t h e 
samples f o r beany odour on an u n s t r u c t u r e d 10 cm s c a l e r a n g i n g 
from " n o p e r c e p t i b l e odour 1 1 ( θ ) t o " e x t r e m e o d o u r " ( l O ) by 
p l a c i n g a v e r t i c a l mark on t h e l i n e a t a p o i n t chosen t o r e f l e c t 
t h e i r o p i n i o n o f t h e sample . D a t a were r e c o r d e d as t h e d i s t a n c e 
from t h e l e f t h a n d , 0 e n d , o f t h e s c a l e t o t h e v e r t i c a l mark. 
The j u d g e s a l s o i n d i c a t e d whether t h e odour was n o t o b j e c t i o n 
a b l e , s l i g h t l y o b j e c t i o n a b l e o r v e r y o b j e c t i o n a b l e . T h r e e 
r e p l i c a t e s were p e r f o r m e d . 

F u n c t i o n a l A n a l y s e s 

Samples u s e d f o r a n a l y s e s o f f u n c t i o n a l p r o p e r t i e s were t h e 
r e d i s s o l v e d p r o t e i n f r a c t i o n s (RDP) from the u n h e a t e d , t h e 6θ 
sec microwave t r e a t m e n t and f r o m t h e h o t w a t e r t r e a t m e n t s t h a t 
h a d s u b s e q u e n t l y been f r e e z e - d r i e d , a p r o c e d u r e r e p o r t e d t o 
r e s u l t i n minimum d e n a t u r a t i o n (7_). A t l e a s t s i x d e t e r m i n a t i o n s 
were done f o r each t e s t . 

Solubility, A 1 g sample o f p r o t e i n was added t o e i t h e r 
100 ml o f 0 .3 M c i t r a t e - p h o s p h a t e b u f f e r r a n g i n g from pH 2 .0 t o 
8.5 o r t o 100 m l o f pH 7.0 c i t r a t e - p h o s p h a t e b u f f e r e x t e n d i n g i n 
i o n i c s t r e n g t h f rom 0.005 t o 1 .00 . The m i x t u r e s were b l e n d e d 
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f o r 5 min i n a S o r v a l l Omnimixer at 3000 r p m , c e n t r i f u g e a , f o r 30 
min a t 1000 χ g and 20 m l o f t h e s u p e r n a t a n t a n a l y z e d f o r p r o t e i n . 

Emulsion Capacity and Stability. A 0 . 5 g sample o f the 
f r e e z e - d r i e d p r o t e i n f r a c t i o n was r e d i s s o l v e d i n a minimum o f 
0 . 3 M c i t r a t e - p h o s p h a t e b u f f e r a t pH 7 . 0 and mixed t h o r o u g h l y 
•with 50 ml o f 1 M N a C l f o r 1 min i n a S o r v a l l Omnimixer at 1000 

rpm i n a one p i n t Mason j a r s e t i n a w a t e r b a t h ( 2 0 ° C ) . C r i s c o 
o i l (50 ml) was added t o t h e j a r and an e m u l s i o n formed b y m i x i n g 
at 500 rpm w i t h s i m u l t a n e o u s a d d i t i o n o f o i l a t t h e r a t e o f 1 

m l / m i n u n t i l t h e e m u l s i o n b r o k e . The e n d p o i n t was d e t e r m i n e d b y 
m o n i t o r i n g e l e c t r i c a l r e s i s t a n c e w i t h an ohmeter . As t h e e m u l 
s i o n b r o k e a s h a r p i n c r e a s e (.1 ΚΩ t o 35-^0 ΚΩ) was n o t e d . E m u l 
s i o n c a p a c i t y was e x p r e s s e d as t h e t o t a l volume o f o i l r e q u i r e d 
t o r e a c h t h e i n v e r s i o n p o i n t p e r mg p r o t e i n . T h i s method i s 
s i m i l a r t o t h a t u s e d by
e m u l s i o n s . To e s t a b l i s
was u s e d e x c e p t t h a t 100 m l o f o i l was added and a s t a b l e e m u l 
s i o n formed by b l e n d i n g at 1000 rpm f o r 1 m i n . A 100 ml a l i q u o t 
was t r a n s f e r r e d t o a g r a d u a t e c y l i n d e r and a l l o w e d t o s t a n d at 
room t e m p e r a t u r e . O b s e r v a t i o n s were made o f t h e volume o f t h e 
o i l , e m u l s i o n and w a t e r phases at 30 , 6 0 , 90 and 180 m i n . 

Bulk Density. B u l k d e n s i t y d e t e r m i n a t i o n s were made u s i n g 
a S c o t t p a i n t v o l u m e t e r ( F i s h e r S c i e n t i f i c C o . ) w i t h a 1 i n 3 

b r a s s r e c e i v e r t o c o l l e c t t h e s a m p l e . 

Foam Volume. The d e t e r m i n a t i o n o f f o a m a b i l i t y was c a r r i e d 
out u s i n g t h e p r o c e d u r e o f Hermansson et_ a l . (9) w i t h m o d i f i c a 
t i o n s . A 1 g sample o f t h e f r e e z e - d r i e d p r o t e i n f r a c t i o n was 
homogenized w i t h 90 ml o f c i t r a t e - p h o s p h a t e b u f f e r i n a S o r v a l l 
Omnimixer at 3000 rpm. The r e s u l t a n t foam and l i q u i d were t r a n s 
f e r r e d t o a 250 ml g r a d u a t e d c y l i n d e r and t h e m i x e r cup washed 
w i t h 10 ml o f b u f f e r . The cup was d r a i n e d f o r 2 min and t h e 
c y l i n d e r a l l o w e d t o s t a n d f o r 30 min at w h i c h t i m e t h e foam 
volume was measured . The i n f l u e n c e o f pH and i o n i c s t r e n g t h on 
foam volume was e s t a b l i s h e d u s i n g t h e b u f f e r systems p r e v i o u s l y 
d e s c r i b e d . 

Wettability. W e t t i n g t i m e was d e t e r m i n e d b y d r o p p i n g 1 g o f 
sample from a h e i g h t o f 10 cm onto t h e s u r f a c e o f a 0 . 3 M 
c i t r a t e - p h o s p h a t e b u f f e r i n a b e a k e r 7 cm i n d i a m e t e r and measu
r i n g t h e t i m e r e q u i r e d f o r a l l t h e sample t o w e t , as e v i d e n c e d 
b y a complete c o l o r change . The i n f l u e n c e o f pH was e s t a b l i s h e d 
u s i n g the b u f f e r system p r e v i o u s l y d e s c r i b e d . 

Water Swelling3 Water Binding and Dispersion Indices. The 
methods u s e d were m o d i f i c a t i o n s o f t h o s e employed b y Rasekh ( l O ) . 
A 1 g sample was added t o 20 ml d i s t i l l e d w a t e r i n a p r e w e i g h e d , 
g l a s s s t o p p e r e d g r a d u a t e d c y l i n d e r , mixed w i t h a g l a s s r o d and 
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shaken v i g o r o u s l y f o r 3 m i n . The m i x t u r e was a l l o w e d t o s t a n d 
f o r 1 h at room t e m p e r a t u r e and t h e foam l a y e r washed down w i t h 
5 ml d i s t i l l e d w a t e r f o l l o w e d "by a f u r t h e r h o u r o f s t a n d i n g . At 
t h i s p o i n t t h e d i s p e r s i o n i n d e x c o u l d be d e t e r m i n e d by removing a 
5 ml a l i q u o t from t h e m i d p o i n t o f the s u s p e n s i o n and d r y i n g i t at 
105°C f o r 18 h , i t s v a l u e b e i n g t h e p e r c e n t a g e d r y w e i g h t o f t h e 
t o t a l sample w e i g h t . A l t e r n a t i v e l y , t h e s u p e r n a t a n t was s e p a r a 
t e d from t h e sediment by d é c a n t a t i o n , t h e volume o f t h e sediment 
r e c o r d e d and t h e w e i g h t o f t h e sediment d e t e r m i n e d b e f o r e and 
a f t e r d r y i n g at 105°C f o r 15 h . The p a r a m e t e r s were c a l c u l a t e d 
as : 

Water s w e l l i n g i n d e x = S w e l l e d volume 
P r e c i p i t a t e weight 

T T , _ . , . . .
Water b i n d i n g i n d e

S c a n n i n g E l e c t r o n M i c r o s c o p y 

R e p r e s e n t a t i v e f r e e z e - d r i e d samples were mounted on a l u m i 
num s t u b s u s i n g c o n d u c t i v e p a i n t , c o a t e d w i t h g o l d / p a l l a d i u m 
(60:ko) i n a T e c h n i c s s p u t t e r c o a t e r and examined i n an ETEC 
A u t o s c a n s c a n n i n g e l e c t r o n m i c r o s c o p e at 10 k V . 

E l e c t r o p h o r e s i s 

Samples were e l e c t r o p h o r e s e d u s i n g a 1% p o l y a c r y l a m i d e 
s y s t e m ( s t a c k s a t pH 8 . 9 , r u n s at pH 9 · 5 ) . Sample l o a d i n g was 
between 5 and 15 μ ΐ . A c u r r e n t o f k m a / g e l was a p p l i e d w i t h t h e 
cathode i n t h e u p p e r b a t h o f a Model 1200 C a n a l c o s y s t e m u n t i l 
t h e bromphenol b l u e t r a c k i n g dye h a d moved 3 . 8 cm t h r o u g h t h e 
r u n n i n g g e l . The r e s u l t i n g g e l s were s t a i n e d f o r 1 h w i t h 
a n i l i n e b l u e - b l a c k (0 .5$ i n 1% a c e t i c a c i d ) , d e s t a i n e d w i t h 1% 
a c e t i c a c i d i n a Model l 8 0 1 C a n a l c o q u i c k g e l d e s t a i n e r and 
s u b s e q u e n t l y s c a n n e d at 620 nm w i t h a J o y c e - L o e b l Chromos can 
d e n s i t o m e t e r . 

D i 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 r y 

A DuPont Model 990 t h e r m a l a n a l y z e r e q u i p p e d w i t h a Model 
910 DSC c e l l base was u s e d f o r d i 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 r y . 
Samples were a n a l y z e d as 15$ (w/w) s o l u t i o n s o f f r e e z e - d r i e d RDP 
w h i c h h a d been d i a l y z e d t o remove e x c e s s b u f f e r s a l t s . A h e a t i n g 
r a t e o f 5 °C/min was u s e d ; r u n s were p e r f o r m e d i n a n i t r o g e n 
atmosphere (5^ p s i ) . A known weight o f w a t e r was u s e d i n t h e 
r e f e r e n c e pan t o b a l a n c e t h e heat c a p a c i t y o f t h e sample p a n . 
The i n s t r u m e n t a l s e n s i t i v i t y was 0 . 0 0 5 ( m e a l / s e c ) / i n . Heats 
o f t r a n s i t i o n (ΔΗ) were c a l c u l a t e d as c a l o r i e s / g p r o t e i n : 
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ΔΗ = ^ (60 BEAqs) 

where A = peak area, M = sample mass, C = sample concentration, 
Β = time base s e t t i n g , Ε = c e l l c a l i b r a t i o n c o e f f i c i e n t , 
Δqs = Y axis range. 

The t r a n s i t i o n temperature was taken as the temperature at 
the peak maximum. 

RESULTS AND DISCUSSION 

Y i e l d 

Protein recoveries were established for soymilk, RDP and 
"whey" fractions as a percentag
beans. Table I gives th
treatments. I t may be seen that increasing the microwave t r e a t 
ment s i g n i f i c a n t l y reduced the protein y i e l d i n soymilk and RDP. 
These r e s u l t s p a r a l l e l e d previous findings which indicated that 
the degree to which soy proteins can be dissolved at neutral pH 
depends upon the extent of heating during processing ( l l ) . 
Although more protein was l o s t i n the grinding step a f t e r micro
wave processing than the hot water treatment, the corresponding 
RDP1s gave a higher protein y i e l d ; twice as much protein was 
recovered from the 60 sec microwave i r r a d i a t e d sample as from 
that treated with hot water. Thus, more protein was a c i d pre
c i p i t a t e d using moderate microwave heating while hot water 
grinding produced proteins that were i n i t i a l l y water soluble 
but could not be p r e c i p i t a t e d at pH k.6. The l a t t e r have 
probably been heat denaturated to the point that they e a s i l y 
form insoluble aggregates and were removed during the c e n t r i -
fugation steps. 

Residual Trypsin I n h i b i t o r Levels 

Table I I gives the r e s u l t s of r e s i d u a l t r y p s i n i n h i b i t o r 
l e v e l s f o r the various soymilk preparations. The 90 and 120 sec 
microwave treatments were the most e f f e c t i v e i n i n a c t i v a t i n g the 
t r y p s i n i n h i b i t o r complex while hot water treated and unheated 
samples showed the highest l e v e l s . I t i s not s u r p r i s i n g to f i n d 
that microwave processing i s more e f f i c i e n t than hot water i n 
suppressing t r y p s i n i n h i b i t o r considering the r a p i d penetration 
of food material by microwaves and the s u s c e p t i b i l i t y of protein 
action to small heat induced changes i n t e r t i a r y structure. 
Hence, C o l l i n s and McCarty (.12) found microwaves produced a more 
ra p i d destruction of endogenous potato enzymes (polyphenol o x i 
dase and peroxidase) than hot water heating. 

I t i s d i f f i c u l t to judge a safe l e v e l of t r y p s i n i n h i b i t o r 
but Van Buren et_ a l . (6) have shown that maximum protein e f f i 
ciency r a t i o s are obtained when at l e a s t 90% of the t r y p s i n 
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Table I. Influence of heating methods on protein recovery. 

Protein recovery 
(% of protein i n whole bean) 

Treatment Milk RDP Whey 

Unheated 77.7° 5 9 . 7 d 9.1°>c 

30 sec microwave 72 . 6 ° U 6 . 3 C 7 . 6 a ' b 

60 sec microwave 1*1. 3* 2 1 . 8 b 7 . 6 a ' b 

90 sec microwave 3 U . 8 a 1 1 . 3 a 1 0 . 3 C 

120 sec microwave 
Hot water 7 l . U c 1 0 . 7 a 5 . 1 a 

a,b 9c,d ç o l u n ] n s leaping s i m i l a r superscripts do not d i f f e r 
s i g n i f i c a n t l y (P < 0.05) 

Table I I . Influence of heating methods on r e s i d u a l t r y p s i n 
i n h i b i t o r l e v e l s . 

Relative t r y p s i n i n h i b i t o r 
Treatment l e v e l (%) 

Unheated 9k.6d 

30 sec microwave 5^.9b 

6θ sec microwave 13.5 a 

90 sec microwave 0 
120 sec microwave 0 
Hot water 73.5° 

Numbers bearing s i m i l a r superscripts do not d i f f e r 
s i g n i f i c a n t l y (p <_ 0 . 0 5 ) . 
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i n h i b i t o r has been destroyed with conventional heating of soymilk 
at 93°C; t h i s means heating times of 60 min (3_), much longer than 
the present process. 

Although the soybeans used i n t h i s study were soaked p r i o r 
to microwave treatment, t h i s may not be necessary. I t has been 
observed (Pour-El, personal communication) that i r r a d i a t i o n of 
soybeans containing only innate moisture ( 6 - 7 $ ) for a period 
comparable to those used i n t h i s work reduced t r y p s i n i n h i b i t o r 
l e v e l s by 9 0 $ . Allowing the microenvironmental water of the 
protein to be the energy transmitter reduced the time needed 
for i n a c t i v a t i o n . I t was postulated that adding moisture 
a c t u a l l y reduced the process e f f i c i e n c y because of the energy 
required to heat the a d d i t i o n a l water. 

Sensory Analysis 

Results of the sensor
samples are shown i n Table I I I . Judging from the percent favor
able ratings (not objectionable plus s l i g h t l y objectionable 
responses) and the odour r a t i n g s , the hot water treatment was 
highly e f f e c t i v e i n destroying the lipoxidase enzyme systems. 
Considerable microwave energy i s needed to approach t h i s e f f e c t 
and even with a 120 sec treatment a higher odour r a t i n g was 
obtained. However, consideration of sensory a n a l y s i s , t r y p s i n 
i n h i b i t o r l e v e l s and recovery data l e d to the choice of the 60 
sec treatment to be compared with hot water processing for 
further study. 

I t w i l l be noted that the two proteins, t r y p s i n i n h i b i t o r 
and l i p o x i d a s e , are apparently influenced d i f f e r e n t l y by the 
microwave treatment. While microwave heating i s more e f f e c t i v e 
than hot water i n destroying t r y p s i n i n h i b i t o r s (Table I I ) the 
reverse i s true f o r lipoxidases(Table I I I ) . 

Functional Properties 

For these analyses the freeze-dried RDP samples used a l l 
had protein contents of approximately 50$. Calculations are 
given on a constant p r o t e i n basis. 

Solubility. Figure 2 shows the s o l u b i l i t y curves for the 
three heat treatments as a function of pH and i o n i c strength. The 
usual s o l u b i l i t y minima occurred i n the i s o e l e c t r i c region but 
the microwave treated and the unheated proteins had the narrowest 
pH range of i n s o l u b i l i t y (Table IV). This table also gives solu
b i l i t i e s of pH 6 . 0 and 8 . 0 and shows the higher s o l u b i l i t y of 
the microwave treated protein at the former pH. This was some
what unexpected since heat processing generally leads to i n s o l u 
b i l i z a t i o n but i t may be that microwave i r r a d i a t i o n produces a 
form of microdenaturation unaccompanied by a lo s s i n s o l u b i l i t y . 

I t appears that i o n i c strengths of 0 .025 to 0 .5 are optimal 
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T a b l e I I I . I n f l u e n c e o

Treatment Odor r a t i n g % F a v o r a b l e r a t i n g s 

Unheated 7 . ^ d 3 3 a 

30 s e c microwave ^ . 8 8 c 6kh 

60 sec microwave 3 . 7 6 b ' c 7 8 c 

90 sec microwave 2 . 9 7 a ' b 8 9 d 

120 sec microwave 2 . 3 6 a 9 6 d 

Hot w a t e r 1 . 5 3 a 9 U d 

Numbers b e a r i n g s i m i l a r s u p e r s c r i p t s do n o t d i f f e r 
s i g n i f i c a n t l y (P £ 0 . 0 5 ) . 
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f o r maximum s o l u b i l i t y and t h e 60 sec microwave t r e a t e d and t h e 
u n h e a t e d samples were more s o l u b l e at a l l i o n i c s t r e n g t h s t h a n 
t h o s e o f the h o t w a t e r t r e a t m e n t ( F i g u r e 2 ) . G e n e r a l l y , i t has 
been r e p o r t e d t h a t r e d u c e d s o l u b i l i t y o f p l a n t p r o t e i n s i s a s s o 
c i a t e d w i t h l o w e r i o n i c s t r e n g t h ( 1 3 , 2.k). T h i s phenomenon has 
a l t e r n a t i v e l y been e x p l a i n e d as a consequence o f d i s s o c i a t i o n o f 
the p r o t e i n i n t o s u b u n i t s due t o s t r o n g i n t r a m o l e c u l a r r e p u l s i v e 
f o r c e s (13) o r t h e f a i l u r e o f low i o n i c s t r e n g t h s o l u t i o n s t o 
s u p p l y t h e n e t charge r e q u i r e d f o r p r o t e i n d i s p e r s i b i l i t y (15.). 

Emulsion Capacity and Stability, The e m u l s i o n c a p a c i t i e s o f 
t h e t h r e e p r o t e i n p r e p a r a t i o n s a r e shown i n T a b l e IV. and a g a i n 
b o t h t h e u n h e a t e d and microwave t r e a t e d samples were s i g n i f i c a n t 
l y s u p e r i o r t o t h a t o f the h o t w a t e r p r o c e s s . A l t h o u g h i t i s 
d i f f i c u l t t o r e l a t e t h e s e d a t a t o t h o s e o f o t h e r w o r k e r s , s i n c e 
a wide v a r i e t y o f c o n d i t i o n
p r o p e r t y , i t has g e n e r a l l
are r e l a t e d t o the aqueous s o l u b i l i t y o f p r o t e i n s (l) w h i c h f u r 
t h e r b e a r s on t h e c a p a c i t y o f p r o t e i n s t o l o w e r i n t e r f a c i a l 
t e n s i o n between h y d r o p h o b i c and h y d r o p h i l i c components. 

F i g u r e 3 g i v e s the r e s u l t s o f e m u l s i o n s t a b i l i t y d e t e r m i n a 
t i o n s . I t was f o u n d t h a t t h e p r o p o r t i o n s o b s e r v e d a f t e r 3 h 
r e m a i n e d c o n s t a n t f o r a f u r t h e r 2 d a y s . These d a t a s u b s t a n t i a t e 
t h o s e found f o r e m u l s i o n c a p a c i t y i n t h a t h o t w a t e r g r i n d i n g 
s i g n i f i c a n t l y r e d u c e s t h e a b i l i t y t o soy p r o t e i n s t o form a 
s t a b l e e m u l s i o n . 

Foam Volume. Moving i n e i t h e r d i r e c t i o n from t h e i s o e l e c 
t r i c p o i n t c a u s e d a c o n s i d e r a b l e i n c r e a s e i n foam volume ( F i g u r e 
h) b u t t h i s i s e s p e c i a l l y e v i d e n t f o r the u n h e a t e d and microwave 
t r e a t e d s a m p l e s . I n c r e a s i n g i o n i c s t r e n g t h seemed t o f a v o r 
i n c r e a s e d foam volume. T h i s p a r t i c u l a r f u n c t i o n a l p r o p e r t y , 
a l o n g w i t h many o t h e r s , i s d i f f i c u l t t o i n t e r p r e t because o f t h e 
p r e s e n t s t a t e o f c o n f u s i o n e x i s t i n g i n t h e l i t e r a t u r e . F o r 
e x a m p l e , i n t h e r e v i e w o f p r o t e i n f u n c t i o n a l p r o p e r t i e s by 
K i n s e l l a (j) r e f e r e n c e i s made t o s t u d i e s t h a t have shown maximum 
foaming o f p r o t e i n s c l o s e t o t h e i s o e l e c t r i c p o i n t as w e l l as 
p r o t e i n s whose foam volumes appeared independent o f p H . I o n i c 
s t r e n g t h i s r e p o r t e d t o have v a r y i n g e f f e c t s on foaming a n d , 
w h i l e a c e r t a i n degree o f h e a t i n g i s advantageous t o t h i s p r o p e r 
t y , h i g h e r t e m p e r a t u r e s r e s u l t e d i n i m p a i r e d f o a m i n g . O t h e r 
i m p o r t a n t f a c t o r s i n foaming such as t h e p r e s e n c e o f bound 
l i p i d s , degree o f d e n a t u r a t i o n , ο x i d a t i o n / r e d u c t i o n c o n d i t i o n s 
a n d , o f c o u r s e , t e s t c o n d i t i o n s have been m e n t i o n e d , a l l o f w h i c h 
make i t v e r y h a r d t o r e l a t e foam volume t o o t h e r f u n c t i o n a l p r o 
p e r t i e s . 

Wettability. A l l samples r e q u i r e d more t i m e t o wet c l o s e 
t o t h e i s o e l e c t r i c p o i n t and i n c r e a s i n g t h e degree o f h e a t i n g 
a p p e a r e d t o f a v o u r s h o r t e r w e t t i n g t i m e s ( F i g u r e 5 ) . S i n c e 
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Figure 3. Effect of heat processing method on emulsion stability of an acid-
precipitated protein fraction from soymilk 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



Fi
gu

re
 4

. 
E

ff
ec

t 
of

 p
H

 a
nd

 io
ni

c 
st

re
ng

th
 o

n 
th

e 
fo

am
 v

ol
um

e 
of

 a
n 

ac
id

-p
re

ci
pi

ta
te

d 
pr

ot
ei

n 
fr

ac
ti

on
 f

ro
m

 
so

ym
il

k.
 

(·
—

#)
 

U
nh

ea
te

d;
 

60
 

s
e

c 
ni

ic
ro

w
av

e;
 (

J^
—

A
) 

ho
t 

w
at

er
. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



162 F U N C T I O N A L I T Y A N D P R O T E I N S T R U C T U R E 

Figure 5. Effect of pH on the wettability of an acid-precipitated protein fraction 
from soymilk 
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i o n i c charge apparently influences w e t t a b i l i t y i t could be that 
denaturation leads to an unfolded or elongated conformation 
exposing more charged groups to i n t e r a c t with water molecules. 
This, however, may not be as simple as i t appears; Rasekh (lO) 
has suggested that the p h y s i c a l nature of the protein can 
influence wetting time and Table IV shows some c o r r e l a t i o n 
between w e t t a b i l i t y and bulk density. Also, a l l samples have 
an appreciable amount of non-protein components which can i n f l u 
ence both these parameters. 

Water Swelling and Water Binding and Dispersion Indices. 
Table IV shows water s w e l l i n g , binding and dispersion indices 
for the three soy proteins f r a c t i o n s . Hermansson (13) reported 
that heating soy i s o l a t e produced an increase i n s w e l l i n g , the 
l a r g e s t e ffect being at 8o°C  She also indicated that a highly 
soluble protein has poo
ship seen with these heate
b i l i t y , e l e c t r o s t a t i c a t t r a c t i o n s seem important and denaturation 
favorably influences the property. Thus, functional property 
indices r e l a t e d to water/protein interactions could r e f l e c t the 
conformation of polypeptide chains w i t h i n the protein. 

Scanning Electron Microscopy 

Micrographs of the freeze-dried RDP preparations are shown 
i n Figure 6. The unheated and microwave treated samples are 
c l e a r l y d i f f e r e n t i a t e d from those treated with hot water. The 
former consist of ragged fragments containing numerous but small 
pores while the l a t t e r appeared more aggregated and e x h i b i t s 
l a r g e r o r i f i c e s . A consideration of bulk density (Table IV) and 
microstructure may help to explain some aspects of protein/water 
i n t e r a c t i o n properties. Porosity and p a r t i c l e s i z e could be 
important parameters, however they are d i f f i c u l t to control and 
are r a r e l y measured i n studies of functional properties. 

These data agree with those ( l 6 ) describing an i s o e l e c t r i c 
p r e c i p i t a t e of soybean protein as having a globular structure 
while p r i o r heat denaturation y i e l d e d a rough surface with pores 
of d i f f e r e n t s i z e s . I t was also reported that water holding 
capacity was much higher f o r the heated protein. The authors 
concluded that a heat treatment was necessary to form the three-
dimensional network c h a r a c t e r i s t i c of the aggregated material and 
that the micro structure of protein curd was r e l a t e d to p h y s i c a l 
and t e x t u r a l properties since the heated curd was more springy 
and cohesive than nonheated curd. 

Ele ct rophore s i s 

The major protein f r a c t i o n s i n the samples were i d e n t i f i e d 
and named according to Cumming et_ a l . (17) although two peaks 
(D, Rm. = 0 . 6 0 - 0.70; E, Rm = 0 . 7 0 - 0 . 7 8 ) appeared as a r e s u l t of 
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Figure 6. Scanning electron micrographs of freeze-dried protein fractions from 
soymilk: (a, b, c) untreated, (d, e, f) 60-sec microwave, (g, h, i) hot water treat
ment. Note relative size of pores (arrows). (%—%) Unheated; (BUI) 60-sec 

microwave; ( Jt—A) hot water. 
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processing that are not found i n the Catsimpoolas ( l 8 ) scheme. 
Table V presents data on the e f f e c t of heat processing on the 
r e l a t i v e d i s t r i b u t i o n of protein i n soluble fra c t i o n s of soymilk 
and RDP; sketches of the densitometer tracings for these samples 
are shorn i n Figure 7. The patterns that emerge indicate t h a t , 
as heat processing increases i n s e v e r i t y , higher molecular -weight 
moieties dissociate to produce smaller f r a c t i o n s -which may then 
go on t o form insoluble aggregates. The lover s o l u b i l i t y of the 
hot -water treated material may be due to t h i s breakdown and 
aggregation. The apparently anomalous higher s o l u b i l i t y of the 
i r r a d i a t e d sample r e l a t i v e to the unheated one cannot be ex
plained by degree of heat treatment only as -wi l l be seen i n the 
DSC data. Rather, the two proteins seem to have a d i f f e r e n t 
quantitative composition i n that the more soluble protein has a 
higher r e l a t i v e amount of the I IS component. The reason for 
t h i s i s unknown. 

Recently, a study
as other p h y s i c a l and chemical properties of three types of 
soybean protein fra c t i o n s (19). I t was found that heating 
generally reduced the s o l u b i l i t y of a suspension of these f r a c 
tions and also increased t h e i r v i s c o s i t y . These changes were 
a t t r i b u t e d to subunit d i s s o c i a t i o n and aggregation. 

D i f f e r e n t i a l Scanning Calorimetry 

Calculated heats of t r a n s i t i o n f o r the RDP f r a c t i o n s are 
shown i n Figure 8. These data can be used as a measure of the 
nativeness of a protein but t h i s should be done cautiously i n 
proteins which are, i n f a c t , mixtures of proteins that exhibit 
d i f f e r e n t ΔΗ values. In such a case the heat of t r a n s i t i o n 
observed for the whole sample w i l l be an average value dependent 
upon the proportions of constituent proteins present. 

For example, i n t h i s work i t was observed that the propor
t i o n of the 7S (apparent t r a n s i t i o n temperature - 77°C) and 1 1 S 
(apparent t r a n s i t i o n temperature - 91°C) fra c t i o n s v a r i e d with 
microwaving time and these two fractions probably have d i f f e r e n t 
ΔΗ values. In t h i s case the 7S f r a c t i o n decreased proportion
ately greater than the l i s f r a c t i o n as a function of heating 
time. Thus, i f d i f f e r e n t i a l f r a c t i o n a t i o n occurs i n an i s o l a 
t i o n step, i t may be said that a drop i n ΔΗ r e f l e c t s i n part a 
l o s s of nativeness. Decreases i n ΔΗ may be seen to p a r a l l e l 
increasing microwave treatment and also r e f l e c t changes i n 
protein properties such as y i e l d , t r y p s i n i n h i b i t o r l e v e l , color 
r a t i n g and c e r t a i n functional properties. Thus, t h i s method 
should prove to be an important t o o l for studying functional 
properties through the use of nonempirical thermodynamic data. 
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Figure 8. Heats of transition for RDP fractions as a function of heat processing 
method 
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SUMMARY AND CONCLUSIONS 

Heat processing, no matter what mode, can have a denaturing 
e f f e c t and thus influence functional properties of soy proteins. 
Yet, heat i s necessary i n order to i n a c t i v a t e the t r y p s i n i n h i 
b i t o r s and the lipoxidase enzyme systems responsible f o r a n t i -
n u t r i t i o n a l e f f e c t s and beany odours of products such as soymilk. 
I f a l l parameters monitored i n t h i s study are considered simul
taneously i t may be concluded that an i n i t i a l microwave treatment 
of soaked beans f o r 6o sec produces a protein product superior to 
conventional hot water processing methods. While with t h i s t r e a t 
ment there was a decrease i n amount of soluble p r o t e i n compared 
to unheated samples, i t gave higher y i e l d s of a c i d p r e c i p i t a b l e 
protein than hot water grinding. When funct i o n a l properties are 
considered, the microwave method produced proteins that were 
consistently superior t
s l i g h t l y i n f e r i o r to unheate
not s t a t i s t i c a l l y s i g n i f i c a n t . A notable exception was solu
b i l i t y ; i r r a d i a t e d proteins were more soluble than unheated ones 
over an important pH range. Microwave treated beans produced 
soymilk having an acceptable t r y p s i n i n h i b i t o r l e v e l and t o l e r 
able odour r a t i n g as w e l l . 

The major e f f e c t of heat, as evidenced by electrophoretic 
patterns of soymilk and an a c i d p r e c i p i t a t e d protein f r a c t i o n , 
was a breakdown of higher molecular weight f r a c t i o n s i n t o lower 
molecular weight moieties. Microwave treatment produced a 
d i f f e r e n t electrophoretic protein p r o f i l e , one higher i n the 11S 
component than d i d the hot water process. This may explain the 
higher s o l u b i l i t y of the former protein. Functional properties 
were also affected; increasing heat treatment produced a protein 
that had poorer s o l u b i l i t y , a wider i s o e l e c t r i c range, l e s s 
emulsion capacity and s t a b i l i t y but greater water s w e l l i n g , 
water binding and dispersion indices and better w e t t a b i l i t y . 

F i n a l l y , i t may be possible t o speculate as to the general 
influence of heat on the f u n c t i o n a l properties of soy proteins. 
Figure 9 gives some fu n c t i o n a l properties and the influence on 
them of increasing temperature. Results of studies on the major 
storage proteins of soybean (l) t e l l us that they e x i s t i n a 
random or 3-pleated sheet configuration and the r e l a t i v e l y large 
numbers of nonpolar amino acids cannot be a l l buried i n the 
i n t e r i o r of the molecule. Also, the proteins are large and a 
subunit structure i s indicated. 

I t may be reasonable, as i n d i c a t e d i n Figure 99 to consider, 
under appropriate pH and i o n i c strength conditions, a native 
molecule formed of associated subunits bonded by hydrophobic, 
i o n i c and hydrogen bonds, probably i n that order of importance. 
Heating t h i s structure could dissociate the subunits but t h e i r 
mutual a t t r a c t i o n would be expected to lead quickly to aggre
gation i n t o l a r g e r but s t i l l soluble complexes. Further heating 
may cause the subunits to unfold. D i s u l f i d e cleavage would 
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expose more h y d r o p h o b i c groups and l e a d t o even l a r g e r and 
i n s o l u b l e a g g r e g a t e s . The l o s s o f e l e c t r o s t a t i c r e p u l s i o n 
between e l e c t r i c a l d o u b l e l a y e r s o f l i k e s i g n c o u l d o c c u r at t h i s 
p o i n t , concomitant "with a l o s s o f bound w a t e r , and make L o n d o n -
Van der Waal*s f o r c e s i m p o r t a n t . The i n t e r f a c i a l a r e a o f t h e 
p r o t e i n w o u l d i n c r e a s e as u n f o l d i n g p r o c e e d s . 

U n f o l d i n g o f n a t i v e p r o t e i n s u b u n i t s w o u l d be e x p e c t e d t o 
be accompanied by a s h a r p drop i n ΔΗ b u t t h e d i s s o c i a t i o n o f 
s u b u n i t s may n o t demand u n f o l d i n g . T h u s , w h i l e P r i v a l o v and 
K h e c h i n a s h v i l i (2j0) showed f o r f i v e s i n g l e c h a i n p r o t e i n s t h a t 
ΔΗ v a r i e d d i r e c t l y w i t h d e n a t u r a t i o n t e m p e r a t u r e , o u r d a t a 
( F i g u r e 8) e x h i b i t s enough l a c k o f l i n e a r i t y t o q u e s t i o n t h e 
c o n c l u s i o n t h a t w i t h a l a r g e , s u b u n i t e d p r o t e i n o n l y an u n f o l d i n g 
phenomenon i s b e i n g o b s e r v e d . I t may be t h a t t h e i n i t i a l p a r t 
o f t h e c u r v e r e p r e s e n t s s u b u n i t s d i s s o c i a t i n g . O b v i o u s l y , f u r 
t h e r work on t h e f u n d a m e n t a
t h i s soybean system i s
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ABSTRACT 

Aqueous extracts of soybeans were prepared from beans that 
had been either microwave processed or ground in hot water and 
protein fractions were acid precipitated to establish the effects 
of the processing methods on functional properties. Soymilk 
proteins which had received no heat treatment retained optimal 
functional properties (with the exception of foaming and those 
properties relating to the interaction of proteins with water) 
and gave the highest yield of protein. Residual trypsin inhi
bitor levels and objectionable odours were, however, highest in 
this preparation. Proteins from soymilk prepared by the hot 
water method exhibited poor isoelectric precipitation and 
functional properties, a low level of objectionable odour but 
high levels of trypsin inhibitor. An initial microwave exposure 
gave a superior product compared to the conventional process and 
higher protein solubility at certain pH's than even the unheated 
sample. Electrophoresis, scanning electron microscopy and 
differential scanning calorimetry were used to suggest that these 
observations resulted from the action of heat in first disso
ciating protein subunits followed by their aggregation and 
unfolding. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



172 FUNCTIONALITY AND PROTEIN STRUCTURE 

LITERATURE CITED 
1. Smith, A.K. and Circle, S.J. "Soybeans: Chemistry and 

Technology", Smith, A.K. and Circle, S.J., Eds., AVI 
Publishing Co., Westport, Conn., 1972. 

2. Mattick, L.R. and Hand, D.B., J. Agric. Food Chem. (1969) 
17, 15. 

3. Hackler, L.R., Van Buren, J.P., Steinkraus, K.H., El Rawi, 
I. and Hand, D.B., J. Food Sci. (1965) 30, 723. 

4. Puski, G. and Melnychyn, P., Cereal Chem. (1968) 45, 192. 
5. Learmonth, E.M., J. Sci. Food Agric. (1952) 3, 54. 
6. Van Buren, J.P., Steinkraus, K.H., Hackler, L.R., El Rawi, 

I. and Hand, D.B., J. Agric. Food Chem. (1964) 12, 524. 
7. Kinsella, J .E. , Crit. Rev. Food Sci. Nutr. (1976) 7, 219. 
8. Carpenter, J.A. and Saffle, R.L., J. Food Sci. (1964) 29, 

774. 
9. Hermansson, A.M., Sivik

Wiss. Technol. (1971) 4, 201. 
10. Rasekh, J., J. Milk Food Technol. (1974) 37, 78. 
11. Wolf, W.J. and Tamura, T., Cereal Chem. (1969) 46, 331. 
12. Collins, J.L. and McCarthy, I.E., Food Technol. (1969) 23, 

337. 
13. Hermansson, A.M., "Proteins in Human Nutrition", Porter, 

J.W.G., and Rolls, B.A., Eds., Academic Press, London, 
1973. 

14. Hermansson, A.M., Olsson, D. and Holmberg, Β., Lebensm. Wiss. 
Technol. (1974) 7, 176. 

15. Nash, A.M., Kwolek, W.F. and Wolf, W.J., Cereal Chem. (1971) 
48, 360. 

16. Lee, C.H. and Rha, C., J. Food Sci. (1978) 43, 79. 
17. Cumming, D.B., Stanley, D.W. and deMan, J.M., J. Food Sci. 

(1973) 38, 320. 
18. Catsimpoolas, Ν., Cereal Chem. (1969) 46, 369. 
19. Bau, H.M., Poullain, B., Beaufrand, M.J. and Debry, G., 

J. Food Sci. (1978) 43, 106. 
20. Privalov, P.L. and Kechinashvili, N.N., J. Mol. Biol. (1974) 

86, 665. 

RECEIVED October 17, 1978. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



9 

Using Some Physicochemical Properties of Proteins in 

Coacervate Systems 

J. K. SORENSEN, T. RICHARDSON, and D. B. LUND 
Department of Food Science, University of Wisconsin—Madison, Madison, WI 53706 

Coacervates have been extensively investigated for their pos
sible role as protocell
work in this area has bee y  (1)
search on coacervation has centered around microencapsulation of 
substances to isolate or selectively release them for industrial 
applications (2-10). The purpose of this paper is to review the 
formation of coacervate systems and the characteristics and al
terations of those characteristics of coacervates, and to discuss 
the results of our investigations of coacervates as models for 
plant tissue cells. Much of the background material discussed 
in this paper is based on the excellent review of coacervates by 
Yevreinova (1). 

Homogeneous, transparent solutions of proteins, carbohy
drates, and other compounds can separate into two layers, one 
depleted and one enriched with these compounds. The process of 
separation of macromolecules into discrete entities is termed 
coacervation. The layer rich in molecules of the dissolved sub
stance, referred to as the coacervate layer, actually consists of 
liquid "drops" or spherical microcapsules. The equilibrium 
liquid, which is the medium adjoining the coacervate layer, always 
contains less substance than the original solutions. The discrete 
liquid droplets resulting from macromolecular interactions might 
be made to serve as pseudocells from which pseudo tissues might 
be derived to constitute a restructured food. 

Coacervates and Their Formation 

Classification and Nomenclature. Coacervates can be divided 
into simple ones and complex ones based on the complexity of their 
chemical composition. Simple coacervates form when a compound 
with a great affinity for water is added to a solution of a hydro-
philic molecule, causing its dehydration and a decrease in its 
solubility. Molecules of the same chemical composition are thus 
involved in simple coacervation. Complex coacervates are obtained 
when solutions of positively charged molecules and negatively 

0-8412-0478-0/79/47-092-173$05.00/0 
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charged ones a r e m i x e d . The m o l e c u l e s i n t e r a c t and t h e i r c h a r g e s 
a r e n e u t r a l i z e d . 

F o r c e s A f f e c t i n g C o a c e r v a t e F o r m a t i o n . The e x i s t e n c e o f 
c o a c e r v a t e s a l s o depends on t h e r a t i o o f t h e f o r c e s o f a t t r a c t i o n 
and r e p u l s i o n between t h e m o l e c u l e s i n v o l v e d i n c o a c e r v a t i o n . 
S i n c e c o a c e r v a t e s a r e composed o f h y d r o p h i l i c , h i g h m o l e c u l a r 
weight compounds, hydrogen bonds a r e r e a d i l y formed. Van d e r 
Waals f o r c e s and p o l a r f o r c e s w h i c h form a s u r f a c e charge and 
t h e n a d o u b l e l a y e r o f i o n s on m o l e c u l e s and m i c e l l e s g r e a t l y 
a f f e c t c o a c e r v a t e s . E l e c t r o s t a t i c f o r c e s cause a t t r a c t i o n b e 
tween o p p o s i t e c h a r g e s , w h i c h l e a d s t o t h e i r i n t e r a c t i o n and a 
d e c r e a s e d f r e e energy o f t h e s y s t e m . F o r c e s o f r e p u l s i o n w h i c h 
e x i s t i n c l u d e e l e c t r o s t a t i c f o r c e s between l i k e charges and 
h y d r a t i o n f o r c e s . 

S u r f a c e and A g g r e g a t i o
a r i s i n g a t t h e i n t e r f a c e between t h e c o a c e r v a t e d r o p s and t h e 
e q u i l i b r i u m l i q u i d a l s o d e t e r m i n e s t h e e x i s t e n c e o f c o a c e r v a t e 
d r o p s . An i n s u f f i c i e n t s u r f a c e t e n s i o n w i l l r e s u l t i n t h e d i s 
s o l u t i o n o f t h e d r o p s . The magnitude o f t h e s u r f a c e t e n s i o n 
depends on t h e p r o p o r t i o n o f t h e s u b s t a n c e s making up t h e c o a c e r 
v a t e and a l s o on e x t r a n e o u s compounds added t o t h e system as 
shown i n F i g u r e 1. A c c o r d i n g t o Y e v r e i n o v a ( 1 ) , c e r t a i n c o a c e r 
v a t e drops o r l a y e r s have a s u r f a c e t e n s i o n o f 0.0015 t o 2 .31 
d y n e s / c m . 

C o a c e r v a t e drops a r e u s u a l l y assumed t o be formed from s o l u 
t i o n s . However, t h e y can a l s o be formed from p r e c i p i t a t e s o f 
o r g a n i c compounds. Y e v r e i n o v a (1) o b s e r v e d , u s i n g a m i c r o s c o p e , 
a g r a d u a l c o n v e r s i o n of p r e c i p i t a t e s i n t o c o a c e r v a t e d r o p s . 
Aqueous s o l u t i o n s (0.67%) o f gum a r a b i c and g e l a t i n were combined 
i n t h e r a t i o o f 3:5 and a c i d i f i e d w i t h 4% a c e t i c a c i d t o pH 3 . 5 -
4 . 0 . The a c i d i f i c a t i o n caused t h e s e p a r a t i o n o f a f l o c c u l e n t 
p r e c i p i t a t e w h i c h changed i n t o drops on h e a t i n g to 4 0 ° C , o v e r t h e 
c o u r s e o f 30-40 m i n u t e s . 

C o n s e q u e n t l y , when c o a c e r v a t e s a r e formed from p r e c i p i t a t e s , 
a d i l u t i o n o f t h e p r e c i p i t a t e s t a k e s p l a c e , t h e p r e c i p i t a t e s 
s w e l l and produce d r o p s . I f t h e drops a r e formed from s o l u t i o n s , 
a c o n c e n t r a t i o n o f m o l e c u l e s i n t h e drops i s o b s e r v e d . 

C o a c e r v a t e drops may be c o n v e r t e d i n t o a l a y e r o r a f l o c c u 
l e n t p r e c i p i t a t e on s t a n d i n g , but t h e y may be r e c o n v e r t e d i n t o 
drops and s o l u t i o n s . T h i s r e v e r s i b i l i t y may have d e f i n i t e l x m i t s , 
because i t i s r e l a t e d t o t h e c o n d i t i o n s under w h i c h t h e c o a c e r 
v a t e was formed and i t s c h e m i c a l c o m p o s i t i o n . F o r i n s t a n c e , i f 
t h e c o m p o s i t i o n o f a c o a c e r v a t e i n c l u d e s serum a l b u m i n , t h e 
number o f c o n v e r s i o n s i s u s u a l l y l i m i t e d t o t h r e e o r f o u r , a f t e r 
w h i c h i t i s i r r e v e r s i b l y d e n a t u r e d . 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



9. soRENSEN E T A L . Proteins in Coacervate Systems 175 

pH E f f e c t s . The pH range f o r the f o r m a t i o n o f complex 
c o a c e r v a t e i s bounded by t h e i s o e l e c t r i c p o i n t s o f the m o l e c u l e s 
o f w h i c h t h e y a r e composed, w h i c h a l l o w s t h e m o l e c u l e s t o be 
o p p o s i t e l y c h a r g e d . As t h e pH o f t h e system becomes c l o s e r t o 
t h e i s o e l e c t r i c p o i n t o f one o f the s u b s t a n c e s t h a n t h e o t h e r , 
c o r r e s p o n d i n g l y more o f t h a t s u b s t a n c e i s needed f o r t h e n e u t r a l 
i z a t i o n o f the c h a r g e s and f o r t h e c o a c e r v a t e t o f o r m . The r e l a 
t i o n s h i p between t h e pH and t h e r a t i o o f c o n c e n t r a t i o n o f gum 
a r a b i c t o g e l a t i n f o r a complex c o a c e r v a t e composed o f g e l a t i n 
and gum a r a b i c i s shown i n F i g u r e 2. A l s o , as c o a c e r v a t e s a r e 
made by c o m b i n i n g the components i n v a r y i n g r a t i o s , t h e pH o f 
s u c h c o a c e r v a t e s w i l l change c o r r e s p o n d i n g l y . 

The pH can a l s o d e t e r m i n e t h e t y p e o r c o m p o s i t i o n o f t h e 
c o a c e r v a t e s formed from a three -component m i x t u r e , such as gum 
a r a b i c , g e l a t i n , and y e a s t n u c l e i c a c i d , f o r example . I n such a 
c o a c e r v a t e , at pH 3 .36 ,
and g e l a t i n ; a t pH 3 . 4 8 , o f g e l a t i n , gum a r a b i c , and n u c l e i c 
a c i d ; a t pH 3 . 8 , o f g e l a t i n and n u c l e i c a c i d . 

Because t h e i s o e l e c t r i c p o i n t s o f a l k a l i n e p r o t e i n s a r e 
g e n e r a l l y i n t h e range o f pH 7 o r a b o v e , c o a c e r v a t e s whose com
p o s i t i o n i n c l u d e s a l k a l i n e p r o t e i n s can be o b t a i n e d at a more 
a l k a l i n e pH t h a n when a c i d p r o t e i n s a r e u s e d . The g r e a t e r t h e 
d i f f e r e n c e between t h e i s o e l e c t r i c p o i n t s o f t h e m a c r o m o l e c u l e s , 
t h e more r e a d i l y do t h e y form c o a c e r v a t e s . 

C h a r a c t e r i s t i c s o f C o a c e r v a t e s 

C h e m i c a l N a t u r e . C o a c e r v a t e systems have been formed from 
numerous p r o t e i n - p r o t e i n , p r o t e i n - c a r b o h y d r a t e , p r o t e i n - p h o s p h a -
t i d e , p r o t e i n - l i p i d , p r o t e i n - n u c l e i c a c i d , and mult icomponent 
m i x t u r e s . The c o a c e r v a t e d r o p s , o r m i c r o c a p s u l e s , have been i n 
v e s t i g a t e d f o r e n c a p s u l a t i n g f l a v o r o i l s , c o l o r a n t s , enzymes, 
f l a v o r e n h a n c e r s , l e a v e n i n g a g e n t s , m i c r o o r g a n i s m s , v i t a m i n s , 
m i n e r a l s , amino a c i d s , s u g a r s , s a l t s , e t c . f o r use i n foods ( 4 ) . 
They have a l s o been used i n a d h e s i v e s and r e a c t i v e r e s i n s , 
g r a p h i c p r o d u c t s , d r u g s , h o u s e h o l d s p e c i a l t y i t e m s , p e r f u m e s , 
a g r i c u l t u r a l c h e m i c a l s ( i n s e c t i c i d e s , f e r t i l i z e r s , e t c . ) , and 
many o t h e r p r o d u c t s ( 8 , 9 , 1 0 ) . 

E l e c t r o n i c Charge E f f e c t s . A l t e r a t i o n s i n c h e m i c a l and 
p h y s i c a l v a r i a b l e s o f t h e c o a c e r v a t e system change i t s c h a r a c t e r 
i s t i c s . By c h a r a c t e r i z a t i o n o f t h e c o a c e r v a t e s y s t e m s , and t h e n 
m a n i p u l a t i o n o f t h e s e v a r i a b l e s , t h e i r a c t i o n can be o r i e n t e d i n 
t h e d e s i r e d d i r e c t i o n . 

Measurement o f the c a t a p h o r e s i s r a t e s o f t h e s o l u t i o n s at 
v a r i o u s pH v a l u e s w i l l a i d i n o b t a i n i n g c o a c e r v a t e s . The h i g h e r 
t h e a b s o l u t e p r o d u c t o f t h e c a t a p h o r e s i s r a t e s o f the s o l u t i o n s , 
t h e more r e a d i l y c o a c e r v a t e s a r e f o r m e d , and t h e optimum pH 
v a l u e n e c e s s a r y f o r c o a c e r v a t i o n can be found from the v a l u e 
o f t h e c a t a p h o r e s i s r a t e . The c a t a p h o r e s i s r a t e changes as a 
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Figure 1. Surface tension between co-
acerbate layer and equilibrium liquid in 
protein-carbohydrate coacervate. The 
initial concentrations of gelatin and gum 

arabic are taken as100 Φο (1). 

OPTIMUM 
COACERVATE 
FORMATION 

—GELAT IN , % 
GUM ARABIC, % 

100 

Nauka Press 

GUM ARABIC, % 

Nauka Press 

Figure 2. Formation of coacervates at various pH values as a function of the 
ratio of protein and carbohtjdrate solutions (1) 
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f u n c t i o n o f t h e i n i t i a l c o n c e n t r a t i o n o f t h e s o l u t i o n s from w h i c h 
t h e c o a c e r v a t e was o b t a i n e d . F o r example , when 1% s o l u t i o n s o f 
gum a r a b i c and g e l a t i n a r e used t o o b t a i n gum a r a b i c - g e l a t i n 
c o a c e r v a t e s , t h e c a t a p h o r e s i s r a t e i s 473 , and when 4% s o l u t i o n s 
a r e e m p l o y e d , t h e c a t a p h o r e s i s r a t e i s 295 ( g i v e n i n a r b i t r a r y 
u n i t s ) . The r a t e and d i r e c t i o n o f t h e m o t i o n o f t h e c o a c e r v a t e 
d r o p s toward t h e p o s i t i v e o r n e g a t i v e p o l e i n c a t a p h o r e s i s may 
change w i t h t h e magnitude and s i g n o f t h e c h a r g e on t h e c o a c e r 
v a t e . The c h a r g e o f t h e c o a c e r v a t e may change i f d i f f e r e n t p r o 
p o r t i o n s o f t h e o p p o s i t e l y c h a r g e d m o l e c u l e s from w h i c h t h e 
c o a c e r v a t e i s t o be o b t a i n e d a r e employed o r i f t h e pH o f t h e 
medium c h a n g e s . I s o e l e c t r i c f o c u s i n g o f m a c r o m o l e c u l e s s h o u l d 
be i n v a l u a b l e i n e s t a b l i s h i n g p i v a l u e s f o r t h e m a c r o m o l e c u l e s 
and optimum pH v a l u e s f o r c o a c e r v a t e f o r m a t i o n . 

V i s c o s i t y . S i n c e c o a c e r v a t e
tems w i t h a nonhomogeneous d i s t r i b u t i o n o f s u b s t a n c e s , t h e v i s 
c o s i t y o f a c o a c e r v a t e l a y e r d i f f e r s m a r k e d l y from t h a t o f an 
e q u i l i b r i u m l i q u i d . The v i s c o s i t y o f t h e e q u i l i b r i u m l i q u i d i s 
l o w e r t h a n t h e v i s c o s i t y o f t h e s o l u t i o n s from w h i c h the c o a c e r 
v a t e was o b t a i n e d , whereas t h e v i s c o s i t y o f t h e c o a c e r v a t e l a y e r 
o r drops i s h i g h e r t h a n t h a t o f t h e i n i t i a l s o l u t i o n s . The d e 
c r e a s e o f t h e v i s c o s i t y o f t h e e q u i l i b r i u m l i q u i d r e s u l t s from 
t h e d e c r e a s e i n t h e t o t a l volume o f t h e p a r t i c l e s , s i n c e t h e y 
c o n c e n t r a t e i n t o l a r g e r c o a c e r v a t e d r o p s . C o a c e r v a t e s a r e formed 
most c o m p l e t e l y when t h e v i s c o s i t y o f t h e e q u i l i b r i u m l i q u i d i s 
l o w e s t . 

The v i s c o s i t y i s i n f l u e n c e d by t h e pH o f t h e medium and t h e 
c o n c e n t r a t i o n and r e l a t i v e amounts o f t h e i n i t i a l s o l u t i o n s from 
w h i c h t h e c o a c e r v a t e i s formed . The r e l a t i o n s h i p between t h e s e 
f a c t o r s i s i l l u s t r a t e d i n F i g u r e 3. The f o r m a t i o n o f c o a c e r v a t e s 
i s shown as a f u n c t i o n o f v i s c o s i t y and c o n c e n t r a t i o n s o f g e l a t i n 
and gum a r a b i c s o l u t i o n s a t v a r i o u s pH v a l u e s . 

S i z e , C o n c e n t r a t i o n and O r g a n i z a t i o n o f t h e M o l e c u l e s . 
C o a c e r v a t e d r o p s can range i n s i z e from s e v e r a l t e n t h s o f a m i c r o n 
t o s e v e r a l h u n d r e d m i c r o n s o r even l a r g e r i n d i a m e t e r . The s i z e 
o f c o a c e r v a t e drops i s a f f e c t e d by s e v e r a l f a c t o r s . A t t h e o p 
timum t e m p e r a t u r e f o r t h e e x i s t e n c e o f a c o a c e r v a t e , t h e drops 
a r e l a r g e s t . C o a c e r v a t e d r o p s a r e s m a l l e r when t h e y c o n s i s t o f 
compounds whose i s o e l e c t r i c p o i n t s a r e w i d e l y s e p a r a t e d , and 
l a r g e r when t h e compounds have c l o s e r i s o e l e c t r i c p o i n t s . The 
d i a m e t e r o f d r o p s a l s o i n c r e a s e s w i t h t h e c o n c e n t r a t i o n o f t h e 
i n i t i a l s o l u t i o n s from w h i c h the c o a c e r v a t e s were o b t a i n e d ( 1 1 ) . 

F o r each c o a c e r v a t e s y s t e m , a d e f i n i t e optimum c o n c e n t r a 
t i o n o f t h e i n i t i a l s o l u t i o n s e x i s t s a t w h i c h t h e mean d i a m e t e r 
o f t h e drops i s 5-8 μ and t h e i r number i s maximum and e q u a l t o 
7 t o 14 m i l l i o n p e r ml ( 1 1 ) . An i n c r e a s e i n t h e c o n c e n t r a t i o n 
o f t h e i n i t i a l s o l u t i o n s l e a d s t o t h e appearance o f f l o c c u l a t e s 
and r e d u c t i o n i n t h e number o f d r o p s t h r o u g h s h a r p a c c e l e r a t i o n 
o f t h e i r c o a l e s c e n c e , w h i l e a d e c r e a s e i n t h e c o n c e n t r a t i o n as 
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compared w i t h t h e optimum i s accompanied by t h e appearance o f a 
l a r g e number o f s m a l l d r o p s and a d e c r e a s e i n t h e t o t a l number o f 
drops ( 1 1 ) . The optimum c o n c e n t r a t i o n s o f i n i t i a l s o l u t i o n s a r e 
f r e q u e n t l y between 0.5% and 2.0%. F o r gum a r a b i c - g e l a t i n c o a c e r 
v a t e s , t h e h i g h e s t i n i t i a l c o n c e n t r a t i o n s at w h i c h c o a c e r v a t e s 
can be o b t a i n e d a r e 6%, whereas t h e l o w e s t c o n c e n t r a t i o n s a r e 
0.0016%. 

The volume o c c u p i e d by t h e c o a c e r v a t e drops i s g e n e r a l l y 
3 t o 5% o f t h e volume o f t h e e n t i r e c o a c e r v a t e s y s t e m . An i n 
c r e a s e i n t h e c o n c e n t r a t i o n o f t h e s o l u t i o n s from w h i c h t h e 
c o a c e r v a t e i s formed l e a d s t o an i n c r e a s e o f t h e t o t a l volume 
o c c u p i e d by t h e c o a c e r v a t e l a y e r . F o r e x a m p l e , when 1% s o l u t i o n s 
o f p r o t e i n and c a r b o h y d r a t e were used t o form c o a c e r v a t e s , t h e 
volume o f t h e c o a c e r v a t e l a y e r was 5.31% o f t h e t o t a l volume o f 
t h e c o a c e r v a t e s y s t e m , whereas when 4% s o l u t i o n s o f t h e s e s u b 
s t a n c e s were e m p l o y e d , 26.2
c o a c e r v a t e d r o p s . A n e g a t i v e t e m p e r a t u r e c o e f f i c i e n t i s c h a r 
a c t e r i s t i c o f c o a c e r v a t e s whose c o m p o s i t i o n i n c l u d e s f a t s and 
f a t t y a c i d s : t h e h i g h e r t h e t e m p e r a t u r e , t h e s m a l l e r t h e volume 
o c c u p i e d by t h e c o a c e r v a t e l a y e r . 

M o l e c u l e s o f c h e m i c a l compounds i n t h e s o l u t i o n s c o l l e c t i n 
t h e c o a c e r v a t e d r o p s . C o a c e r v a t e s a r e c h a r a c t e r i z e d by an i n 
c r e a s e i n t h e c o n c e n t r a t i o n o f t h e d r y m a t t e r i n t h e drops by a 
f a c t o r o f s e v e r a l t e n s o f t i m e s , as compared t o t h e o r i g i n a l 
s o l u t i o n s , and even more as compared t o t h e e q u i l i b r i u m l i q u i d . 
F o r example , u n d e r optimum c o n d i t i o n s , gum a r a b i c - g e l a t i n 
c o a c e r v a t e d r o p s c o n t a i n 84% o f t h e m o l e c u l e s , and 16% remains i n 
t h e e q u i l i b r i u m l i q u i d . In t h e c o a c e r v a t e from h i s t o n e - D N A , 
96.3% o f a l l t h e compounds were c o n t a i n e d i n t h e d r o p s . The c o n 
c e n t r a t i o n o f t h e i n i t i a l s o l u t i o n s from w h i c h t h e c o a c e r v a t e s 
were o b t a i n e d was about 0 .1%, b u t t h e c o n c e n t r a t i o n o f t h e s u b 
s t a n c e s i n t h e drops i n c r e a s e d t o 10%. 

T h e r e i s an i n v e r s e p r o p o r t i o n between t h e s i z e o f t h e drop 
and i t s c o n c e n t r a t i o n o f m o l e c u l e s . T h i s phenomenon may be p a r t 
l y b e c a u s e t h e s m a l l e r t h e r a d i u s o f t h e d r o p , t h e l a r g e r t h e 
c o m p r e s s i v e f o r c e e x p e l l i n g m a i n l y w a t e r out o f t h e drop and t h u s 
i n c r e a s i n g t h e c o n c e n t r a t i o n o f o t h e r s u b s t a n c e s . 

I t i s n o t known whether a d e f i n i t e s p a t i a l o r d e r e d a r r a n g e 
ment o f m o l e c u l e s t a k e s p l a c e i n c o a c e r v a t e d r o p s . T h e r e have 
been v e r y few s t u d i e s w h i c h have i n v e s t i g a t e d t h e m o l e c u l a r 
o r g a n i z a t i o n o f c o a c e r v a t e s . I t has been shown t h a t c o a c e r v a t i o n 
i s a s s o c i a t e d w i t h a t r a n s f o r m a t i o n o f n a t i v e p r o t e i n m o l e c u l e s 
i n t o a g g r e g a t e d o n e s , and i t i s thought t h a t most o f t h e m o l e 
c u l e s i n c o a c e r v a t e d r o p s o r l a y e r s may be p r e s e n t i n t h e form 
o f u n s t r u c t u r e d a g g r e g a t e s . A c c o r d i n g t o Y e v r e i n o v a ( 1 ) , t h e 
r e l a t i o n s h i p between t h e amount o f n a t i v e and a g g r e g a t e d p r o t e i n 
m o l e c u l e s can change , s i n c e t h e c o n c e n t r a t i o n o f t h e s u b s t a n c e s 
i n t h e drops v a r i e s c o n s i d e r a b l y w i t h t h e i r s i z e and c h e m i c a l 
c o m p o s i t i o n , and n a t i v e p r o t e i n m o l e c u l e s appear t o be c o n v e r t e d 
i n t o a g g r e g a t e s as t h e c o n c e n t r a t i o n o f m o l e c u l e s i n s o l u t i o n 
i n c r e a s e s . 
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T h e r e i s some e v i d e n c e t o i n d i c a t e an o r d e r e d arrangement 
of m o l e c u l e s i n c o a c e r v a t e d r o p s . By m e a s u r i n g t h e e l a s t o -
v i s c o u s p r o p e r t i e s o f a p r o t e i n c o a c e r v a t e l a y e r , P c h e l i n and 
Solomchenko (12) o b s e r v e d an o r d e r e d arrangement o f m o l e c u l e s 
i n t h e c o a c e r v a t e l a y e r . The b i r e f r i n g e n c e o f a c o a c e r v a t e 
system a l s o s u g g e s t s a s t r u c t u r a l s t a t e o f t h e m o l e c u l e s , because 
b i r e f r i n g e n c e i s o b s e r v e d i n systems where t h e m o l e c u l e s a r e 
o r i e n t e d i n a d e f i n i t e f a s h i o n . S o l u t i o n s o f low c o n c e n t r a t i o n s 
o f c h e m i c a l s u b s t a n c e s , w h i c h do not show b i r e f r i n g e n c e , a r e used 
t o p r e p a r e c o a c e r v a t e s , b u t once t h e c o a c e r v a t e s a r e f o r m e d , t h e 
c o a c e r v a t e l a y e r s show f l o w b i r e f r i n g e n c e . 

E l e c t r o n m i c r o g r a p h s o f c o a c e r v a t e drops have shown t h a t 
some d r o p s appear t o have v e r y complex i n t e r n a l s t r u c t u r e s ( 1 3 ) . 
E v r e i n o v a , et a l . have o b s e r v e d t h a t c o a c e r v a t e drops have s u r 
f a c e f i l m - l i k e l a y e r s o f d i f f e r e n t s t r u c t u r e s e i t h e r w i t h p r o 
j e c t i o n s o r w i t h o u t the
v a c u o l e s where polymer c o n c e n t r a t i o

The a b i l i t y o f t h e c o a c e r v a t e m i c r o c a p s u l e t o i s o l a t e i t s 
c o n t e n t s a n d / o r r e l e a s e them s e l e c t i v e l y i s a c h a r a c t e r i s t i c 
w h i c h i s i m p o r t a n t t o many o f t h e p r e s e n t and p o t e n t i a l uses o f 
c o a c e r v a t e s . 

The w a l l o f t h e c o a c e r v a t e drop can be made p e r m e a b l e , s e m i 
p e r m e a b l e , o r impermeable t o d i f f u s i o n o f m o l e c u l e s t h r o u g h t h e 
m i c r o c a p s u l e w a l l . The r a t e o f r e l e a s e o f t h e c o n t e n t s o f t h e 
c o a c e r v a t e drop o r i n t a k e o f m o l e c u l e s from o u t s i d e t h e drop d e 
pends on t h e n a t u r e o f t h e p o l y m e r ( s ) w h i c h make up t h e w a l l 
m a t e r i a l , t h e t h i c k n e s s o f t h e m i c r o c a p s u l e w a l l , t h e p o r e w i d t h 
o f t h e w a l l , t h e m o l e c u l a r weight o f p e r m e a t i n g m a t e r i a l s , and 
t h e degree t o w h i c h the p o l y m e r i c w a l l m a t e r i a l s a r e c r o s s -
l i n k e d ( 2 ) . 

S a l t s and S t a b i l i z e r s E f f e c t s . E l e c t r o l y t e s , s p e c i f i c a l l y 
m i n e r a l s a l t s , have a d e f i n i t e e f f e c t on c o a c e r v a t e s s i n c e t h e y 
c a r r y a charge and a r e t h e r e f o r e c a p a b l e o f c h a n g i n g t h e charge 
o f t h e c o a c e r v a t e . I f an added s a l t has a g r e a t e r a f f i n i t y f o r 
water t h a n t h e c o a c e r v a t e , i t d e h y d r a t e s t h e c o a c e r v a t e d r o p , and 
thus b r e a k s i t down and c o n v e r t s i t t o a p r e c i p i t a t e . The more 
h y d r a t e d t h e c o a c e r v a t e , t h e h a r d e r i t i s f o r i t t o h o l d water 
and t h e l e s s s a l t i s r e q u i r e d f o r i t s p r e c i p i t a t i o n . 

S i n c e m i n e r a l s a l t s a r e e l e c t r o l y t e s , t h e y c a n d e c r e a s e t h e 
c h a r g e o f t h e c o a c e r v a t e o r even e l i m i n a t e i t c o m p l e t e l y , w h i c h 
e v e n t u a l l y causes t h e c o a c e r v a t e t o p r e c i p i t a t e . S a l t s can a l s o 
i n c r e a s e t h e c h a r g e o f t h e c o a c e r v a t e , t h u s i n c r e a s i n g i t s s t a 
b i l i t y . P o s i t i v e l y charged c o a c e r v a t e s a r e most s e n s i t i v e t o 
n e u t r a l s a l t s . The h i g h e r t h e v a l e n c e o f t h e s a l t , t h e s t r o n g e r 
i t s i n f l u e n c e on t h e c o a c e r v a t e . As would be e x p e c t e d , d i f f e r e n t 
amounts o f d i f f e r e n t s a l t s a r e r e q u i r e d i n o r d e r t o g i v e t h e same 
amount o f p r e c i p i t a t i o n o f t h e c o a c e r v a t e s . In t h e s t r e n g t h o f 
d e s t r u c t i v e a c t i o n on c o a c e r v a t e s , t h e a n i o n s and c a t i o n s o f t h e 
s a l t can be a r r a n g e d i n t h e f o l l o w i n g s e q u e n c e s : 
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Sequence o f c a t i o n s : L i > N a ; Ca>Mg>Sr>Ba 

K 2 S 0 , Κ [ F e ( C N ) g ] K 4 [ F e ( C N ) 6 ] 
Sequence o f a n i o n s : K C l < — ~ — < < τ 

S a l t s can not o n l y b r e a k down c o a c e r v a t e l a y e r s and d r o p s , 
but a l s o promote t h e i r e n l a r g e m e n t . The e f f e c t o f s a l t s on t h e 
f o r m a t i o n o f c o a c e r v a t e s from l e c i t h i n and c a r r a g e e n i s seen i n 
F i g u r e 4. 

S a l t s can a l s o i n f l u e n c e c o a c e r v a t e s by c a u s i n g the pH at 
w h i c h a g i v e n c o a c e r v a t e i s formed t o change . F o r example , i n 
t h e absence o f s a l t s , t h e optimum f o r t h e f o r m a t i o n o f a c o a c e r 
v a t e from egg a l b u m i n and g e l a t i n i s a t pH 4 . 8 2 , and on t h e a d d i 
t i o n o f 20 m i l l i e q u i v a l e n t
f o r e , by a d d i n g d i f f e r e n
v a t e s a t d i f f e r e n t pH v a l u e s . 

In a d d i t i o n t o c h a n g i n g t h e pH o f t h e c o a c e r v a t e , t h e s a l t 
c o n c e n t r a t i o n may a l s o change t h e s i z e o f t h e c o a c e r v a t e d r o p s . 

ADP and o r t h o p h o s p h a t e , when added t o a c o a c e r v a t e system 
from h i s t o n e and gum a r a b i c , s t a b i l i z e t h e c o a c e r v a t e drops ( 1 4 ) . 
The a d d i t i o n o f ADP, ADP w i t h M g + ~ , o r o r t h o p h o s p h a t e l e a d s t o 
t h e c o n s e r v a t i o n o f t h e t o t a l volume o f t h e c o a c e r v a t e d r o p s , 
whereas w i t h o u t t h o s e a d d i t i v e s , t h e t o t a l volume o f t h e c o a c e r 
v a t e drops d e c r e a s e s v e r y s i g n i f i c a n t l y . The n a t u r e o f t h e s t a 
b i l i z i n g a c t i o n o f t h e phosphates on h i s t o n e - g u m a r a b i c c o a c e r 
v a t e drops i s n o t c l e a r . Because o f t h e p r e s e n c e o f phosphate 
groups i n t h e s y s t e m , t h e s t a b i l i z a t i o n may be a s s o c i a t e d w i t h 
t h e degree o f i o n i z a t i o n o f t h e phosphate groups and t h e p e c u 
l i a r i t i e s o f t h e d i s t r i b u t i o n o f charges i n t h e s e m o l e c u l e s ( 1 4 ) . 
P o s s i b l y t h e s t a b i l i z a t i o n o f drops by phosphates i s a s s o c i a t e d 
w i t h t h e degree o f h y d r a t i o n o f t h e phosphate groups o f t h e 
compounds. 

F u n c t i o n a l i t y o f C o a c e r v a t e s 

M i c e l l e s and P s e u d o c e l l s . The c h a r a c t e r i s t i c s and p r o p e r t i e s 
o f c o a c e r v a t e drops have s u g g e s t e d t o us the p o s s i b i l i t y o f u s i n g 
them as " p s e u d o c e l l s 1 1 t o u n i q u e l y r e s t r u c t u r e f o o d s . Our concept 
i s t h a t c o a c e r v a t e " p s e u d o c e l l s " may be b u i l t up i n t o s i m u l a t e d 
t i s s u e systems t h r o u g h i n t e r a c t i o n between c o a c e r v a t e d r o p s . 
These s i m u l a t e d t i s s u e - l i k e s t r u c t u r e s might t h e n be used t o r e 
s t r u c t u r e m a c e r a t e d f r u i t o r v e g e t a b l e t i s s u e . The use o f p r o 
t e i n s t o form c o a c e r v a t e s f o r r e s t r u c t u r i n g m a c e r a t e d p l a n t t i s 
sue would i n c r e a s e t h e t o t a l d i e t a r y p r o t e i n i n t a k e from p l a n t 
s o u r c e s s i n c e p r o t e i n would be added t o p l a n t t i s s u e s y s t e m s . 

F o r t h e f o r m a t i o n o f c o a c e r v a t e s , p r o t e i n s have been i n v e s t i 
g a t e d w h i c h p r o v i d e p o s s i b i l i t i e s f o r i n d u c e d i n t e r a c t i o n between 
t h e c o a c e r v a t e d r o p s . T a b l e I shows t h e c o m b i n a t i o n s o f m a c r o -

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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— — G E L A T I N 
GUM ARABIC 

100% 

Nauka Press 

Figure 3. Viscosity of equilibrium solutions after formation of coacervates from 
gelatin ana gum arabic at various pH values. Initial viscosity and concentrations 

of gelatin and gum arabic solutions taken as 100% (I). 

3 2 1 0 
LOG C OF SALT 

Nauka Press 

Figure 4. Effect of salts on the formation of coacervates from lecithin and carra
geen. The percentage of turbidity corresponds to the amount of coacervate (1). 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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T a b l e I 

C o m b i n a t i o n s w h i c h d i d n o t produce c o a c e r v a t e s under 
t h e c o n d i t i o n s and c o n c e n t r a t i o n s employed i n t h i s 
s t u d y . 

C o m b i n a t i o n P a r t s by w e i g h t pH O b s e r v a t i o n 

gum a r a b i c / a l k a l i n e g e l a t i n / 1 / 0 .6 /134 3 , 8 - 4 . 0 
pea p u r e e 

No s t r u c t u r e 
i m p a r t e d t o 
the p u r e e 

k a p p a - c a s e i n / a c i d g e l a t i n v a r i e d from 6 . 5 - 7 . 0 
1/7 t o 7/1 

No v i s i b l e 
e v i d e n c e 

gum a r a b i c / a c i d g e l a t i n 5 /3 6.2 No v i s i b l e 
e v i d e n c e 

gum a r a b i c / a c i d g e l a t i n / 3 3 / 1 9 / 1 
k a p p a - c a s e i n 

6.2 No v i s i b l e 
e v i d e n c e 

a c i d g e l a t i n / a l k a l i n e 
g e l a t i n 

1/1 6 .8 No v i s i b l e 
e v i d e n c e 

p e c t i n / g u m a r a b i c / 
k a p p a - c a s e i n 

4 / 1 / 3 - 1 / 4 / 3 2 .7 No v i s i b l e 
e v i d e n c e 

p e c t i n / k a p p a - c a s e i n 5 /3 2 , 3 , 4 , 5 No v i s i b l e 
e v i d e n c e 

gum a r a b i c / s o y p r o t e i n i s o l a t e 5 /3 2.5 No v i s i b l e 
e v i d e n c e 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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m o l e c u l e s under t h e c o n d i t i o n s and c o n c e n t r a t i o n s employed i n o u r 
s t u d i e s , w h i c h d i d not p r o d u c e c o a c e r v a t e s . Gum a r a b i c was c o n 
s i d e r e d f o r use i n c o a c e r v a t e systems because o f t h e r e p o r t e d 
ease w i t h w h i c h i t forms c o a c e r v a t e s w i t h o t h e r m a c r o m o l e c u l e s , 
and because i t has been u s e d e x t e n s i v e l y i n p r e v i o u s i n v e s t i g a 
t i o n s . A l k a l i n e g e l a t i n has a l s o been u s e d i n many p r e v i o u s i n 
v e s t i g a t i o n s . K a p p a - c a s e i n was c o n s i d e r e d f o r c o a c e r v a t e s b e 
cause o f t h e p o s s i b i l i t y o f u s i n g enzyme h y d r o l y s i s o f t h e k a p p a -
c a s e i n t o i n d u c e i n t e r a c t i o n between c o a c e r v a t e d r o p s . Because 
o f i t s h i g h ( b a s i c ) i s o e l e c t r i c p o i n t , a c i d g e l a t i n was c o n 
s i d e r e d . I t c o u l d p o s s i b l y be used t o form c o a c e r v a t e s i n t h e 
pH range o f n o n a c i d f o o d s . P e c t i n , a n o t h e r p o l y s a c c h a r i d e w i t h 
an i s o e l e c t r i c p o i n t s i m i l a r t o t h a t o f gum a r a b i c , was c o n 
s i d e r e d f o r use i n c o a c e r v a t e s because i t s p r o p e r t i e s a r e e a s i l y 
c h e m i c a l l y m o d i f i e d . Soy p r o t e i n i s o l a t e was c o n s i d e r e d because 
i t i s a r e a d i l y a v a i l a b l
e l e c t r i c p o i n t around 4 . 6
tems. K e r a t i n from wool was a l s o o f i n t e r e s t f o r use i n c o a c e r 
v a t e s because o f i t s h i g h c y s t e i n e and c y s t i n e c o n t e n t w h i c h 
c o u l d p o s s i b l y be u t i l i z e d t o form d i s u l f i d e b r i d g e s between 
c o a c e r v a t e d r o p s . 

As ment ioned p r e v i o u s l y , c o a c e r v a t e s a r e formed a t a pH 
between t h e i s o e l e c t r i c p o i n t s o f t h e m a c r o m o l e c u l e s o f w h i c h 
t h e y a r e composed. The d e s i r e d f i n a l pH o f t h e r e s t r u c t u r e d food 
d e t e r m i n e s what t h e range o f t h e i s o e l e c t r i c p o i n t s s h o u l d b e , 
and t h e r e f o r e what p r o t e i n s o r m a c r o m o l e c u l e s s h o u l d be used f o r 
t h e f o r m a t i o n o f c o a c e r v a t e s i n t h e s y s t e m . 

T i s s u e S i m u l a t i o n . I n o r d e r t o be a b l e t o s i m u l a t e a t i s s u e 
l i k e s y s t e m , we have a t t e m p t e d t o i n d u c e an i n t e r a c t i o n between 
c o a c e r v a t e drops by v a r i o u s means. P o l y v a l e n t c a t i o n s were i n 
v e s t i g a t e d t o d e t e r m i n e i f i o n i c s u r f a c e bonds c o u l d be formed 
between c o a c e r v a t e drops on t h e a d d i t i o n o f p o l y v a l e n t c a t i o n s , 
c a u s i n g a t e x t u r i z a t i o n o f t h e c o a c e r v a t e d r o p s . The a d d i t i o n 
o f sodium d o d e c y l s u l f a t e was i n v e s t i g a t e d t o see i f i n t e r a c t i o n 
between c o a c e r v a t e drops c o u l d be m o d i f i e d . E n z y m a t i c h y d r o l y s i s 
o f t h e p r o t e i n c o n t a i n e d i n t h e c o a c e r v a t e s was a l s o i n v e s t i g a t e d 
f o r i n d u c i n g an i n t e r a c t i o n between t h e c o a c e r v a t e d r o p s . We 
a l s o i n v e s t i g a t e d t h e p o s s i b i l i t y o f i n c o r p o r a t i n g m i c r o c r y s t a l -
l i n e c e l l u l o s e i n t o t h e c o a c e r v a t e s and s u b s e q u e n t l y c o m p l e x i n g 
the c o a c e r v a t e s w i t h c a t i o n s . 

P r a c t i c a l C o a c e r v a t e F o r m a t i o n . The c o m p o s i t i o n o f t h e 
v a r i o u s p a r t s o f t h e c o a c e r v a t e system was d e t e r m i n e d by u s i n g 
l ^ C - l a b e l l e d k a p p a - c a s e i n as one component o f t h e c o a c e r v a t e s , 
and t h e n p e r f o r m i n g a mass b a l a n c e on t h e s y s t e m . The l ^ C - k a p p a -
c a s e i n was p r e p a r e d by r e d u c t i v e m e t h y l a t i o n o f k a p p a - c a s e i n w i t h 
l ^ C - f o r m a l d e h y d e (15 ) . T h i s d é r i v â t i z a t i o n o f k a p p a - c a s e i n was 
found n o t t o m a t e r i a l l y a f f e c t i t s p h y s i c a l p r o p e r t i e s ( 1 6 ) . 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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A l t h o u g h c o a c e r v a t e s c o u l d n o t be formed under some c o n d i 
t i o n s i d e n t i f i e d a b o v e , s e v e r a l systems were d e v e l o p e d i n w h i c h 
c h a r a c t e r i s t i c c o a c e r v a t e drops were formed. T a b l e I I l i s t s 
t h e s e systems i n w h i c h c o a c e r v a t e s were formed. Gum a r a b i c -
a l k a l i n e g e l a t i n c o a c e r v a t e s , w h i c h have p r e v i o u s l y been h e a v i l y 
i n v e s t i g a t e d , were formed u s i n g 5 p a r t s gum a r a b i c t o 3 p a r t s 
g e l a t i n (w/w) , a t around pH 4 . 0 . C o a c e r v a t e s were formed from 
gum a r a b i c and k a p p a - c a s e i n , w i t h 5 p a r t s gum a r a b i c to 3 p a r t s 
k a p p a - c a s e i n , a t a r o u n d pH 2 . 7 . P h o t o m i c r o g r a p h s o f t h e c o a c e r 
v a t e s a r e shown i n F i g u r e 5. The gum a r a b i c - k a p p a - c a s e i n c o a c e r 
v a t e d r o p s were d e c i d e d l y s m a l l e r ( a p p r o x i m a t e l y 1 to 2 μ 
d i a m e t e r ) than gum a r a b i c - a l k a l i n e g e l a t i n c o a c e r v a t e s ( a p p r o x i 
m a t e l y 7 t o 10 μ ) . Gum a r a b i c - k a p p a - c a s e i n c o a c e r v a t e drops 
had s i g n i f i c a n t l y l e s s s u r f a c e i n t e r a c t i o n t h a n gum a r a b i c -
a l k a l i n e g e l a t i n c o a c e r v a t e s , as measured by t u r b i d i m e t r i c p r o 
cedures and shown i n F i g u r
gum a r a b i c , k a p p a - c a s e i n
were formed at a p p r o x i m a t e l y pH 3 . 7 , w i t h 5 p a r t s gum a r a b i c t o 
3 p a r t s p r o t e i n , where 5, 10 , 2 0 , 4 0 , and 60% o f t h e g e l a t i n was 
r e p l a c e d , on a w e i g h t - t o - w e i g h t b a s i s , by k a p p a - c a s e i n . I t was 
d i f f i c u l t to c o n c l u d e , from p r o t e i n d e t e r m i n a t i o n s and an attempt 
t o use l ^ C - l a b e l l e d k a p p a - c a s e i n , what amount o f k a p p a - c a s e i n was 
a c t u a l l y i n c o r p o r a t e d i n t o t h o s e c o a c e r v a t e s . T h e r e has a l s o been 
some e v i d e n c e o f an i n t e r a c t i o n between k e r a t i n and gum a r a b i c , 
when t h e y were mixed at pH 5 . 5 - 6 . 0 i n t h e r a t i o 3 p a r t s k e r a t i n 
(w/w) t o 5 p a r t s a c i d g e l a t i n , b u t f u r t h e r c h a r a c t e r i z a t i o n and 
u t i l i z a t i o n o f k e r a t i n f o r c o a c e r v a t e f o r m a t i o n was p o s t p o n e d 
because o f d i f f i c u l t y i n p r e p a r i n g k e r a t i n . I t c o u l d be t h a t 
S - s u l f o n a t i o n o f k e r a t i n by o x i d a t i v e s u l f i t o l y s i s might p r o d u c e 
a h i g h l y c h a r g e d s p e c i e s w h i c h c o u l d be i n c o r p o r a t e d i n t o c o a c e r 
v a t e s . Subsequent r e d u c t i v e c l e a v a g e o f t h e S - s u l f o n a t e f o l l o w e d 
by o x i d a t i o n o f t h e SH groups might l e a d t o s t r u c t u r e f o r m a t i o n . 

The a d d i t i o n o f p o l y v a l e n t c a t i o n s ( C a 4 4 " and A T 4 " 1 " 4 ) t o a 
c o a c e r v a t e system was o b s e r v e d t o i n d u c e s u r f a c e i n t e r a c t i o n s 
between t h e c o a c e r v a t e d r o p s . The amount o f s u r f a c e i n t e r a c t i o n s 
was e v a l u a t e d by t h e r a t e s o f s e t t l i n g o f t h e c o a c e r v a t e s u s i n g 
v i s u a l o b s e r v a t i o n . The maximum i n t e r a c t i o n was o b s e r v e d on t h e 
a d d i t i o n o f 4 .98 χ 10-7 moles C a 4 4 " p e r m i l l i g r a m o f p r o t e i n and 
4.98 χ 10~8 moles A l 4 4 4 " p e r m i l l i g r a m o f p r o t e i n . A l 4 4 4 * was 
about t e n t i m e s more e f f e c t i v e t h a n C a 4 4 " i n i n d u c i n g s u r f a c e 
i n t e r a c t i o n between c o a c e r v a t e d r o p s . However, t h e a g g r e g a t e d 
c o a c e r v a t e s were e a s i l y r e d i s p e r s e d , s u g g e s t i n g t h a t i o n i c s u r 
f a c e b o n d i n g was n o t s u f f i c i e n t f o r t e x t u r i z a t i o n o f t h e c o a c e r 
v a t e d r o p s . l 4 

To d e t e r m i n e t h e c o m p o s i t i o n o f t h e c o a c e r v a t e s , C - l a -
b e l l e d k a p p a - c a s e i n was i n c o r p o r a t e d i n t h e c o a c e r v a t e s and a 
mass b a l a n c e on t h e c o a c e r v a t e system was p e r f o r m e d . The r e s u l t s 
o f t h e s e s t u d i e s a r e shown i n T a b l e I I I . S i x t y p e r c e n t o f t h e 
k a p p a - c a s e i n i n t h e gum a r a b i c - k a p p a - c a s e i n c o a c e r v a t e system 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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T a b l e I I 

C o a c e r v a t e systems w h i c h were formed 
i n t h i s s t u d y . 

C o m b i n a t i o n P a r t s by weight pH O b s e r v a t i o n 

gum a r a b i c / a l k a l i n e g e l a t i n 

gum a r a b i c / k a p p a - c a s e i n 

gum a r a b i c / k a p p a - c a s e i n / 
a l k a l i n e g e l a t i n 

5 /3 4 .0 G e n e r a l l y about 
7-10 μ d i a m e t e r 

5 /3 2 .7 G e n e r a l l y about 
1-2 μ d i a m e t e r 

5 / 0 . 1 5 / 2 . 8 5 - 3.7 D i f f i c u l t t o 
5 / 1 . 8 0 / 1 . 2 0 c o n c l u d e how 

much k a p p a -
c a s e i n i s 
a c t u a l l y i n t h e 
c o a c e r v a t e s 

Figure 5. Photomicrographs of gum arabic/gelatin coacervate (left) and gum 
arabic/kappa-casein coacervate (right), each at ~ 470 χ 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



186 F U N C T I O N A L I T Y A N D P R O T E I N S T R U C T U R E 

Figure 6. Comparison of surface interactions of coacervate drops of various co
acervate systems, as measured by rates of settling of coacervate aggregates 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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T a b l e I I I 

Some c h a r a c t e r i s t i c s o f k a p p a - c a s e i n / g u m a r a b i c 
c o a c e r v a t e s u s i n g 1 4 C - l a b e l l e d k a p p a - c a s e i n . 

Treatment 

C o a c e r v a t e s ( c e n t r i f u g e d , 
washed t w i c e ) 

S u p e r n a t a n t o f c o a c e r v a t e s 

Washes o f c o a c e r v a t e s 

P e p t i d e s r e l e a s e d by r e n n e t 
t r e a t m e n t o f c o a c e r v a t e s 

% o f t h e t o t a l k a p p a - c a s e i n 

59% 

35% 

2% 

3% 

P e p t i d e s r e l e a s e d by r e n n e t 36% 
t r e a t m e n t o f c o n t r o l (no c o a c 
e r v a t e s f o r m e d , but same q u a n t i t y 
o f k a p p a - c a s e i n as c o a c e r v a t e 
system) 

P e p t i d e s r e l e a s e d by t r e a t m e n t 5% 
o f c o n t r o l as w i t h r e n n e t , but 
d e l e t i n g t h e r e n n e t 

b S o l u b l e i n 2-4% TCA. 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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T a b l e IV 

S t a b i l i t y o f c o a c e r v a t e s formed from 5 p a r t s 
gum a r a b i c / 0 .
a l k a l i n e g e l a t i

pH P e r c e n t t r a n s m i t t a n c e a t 550 nm 

2.0 95 .5 

3.0 46 .0 

4 .0 15 .0 

5 .0 44 .0 

6 .0 89 .0 

7.0 92 .0 

8.0 93 .0 

c o n t r o l , 3.95 12 .0 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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was i n c o r p o r a t e d i n t o t h e c o a c e r v a t e d r o p s , and 40% o f t h e k a p p a -
c a s e i n remained i n t h e e q u i l i b r i u m l i q u i d . 

G r a v i m e t r i c d e t e r m i n a t i o n s on c o a c e r v a t e systems have i n d i 
c a t e d t h a t about 35% o f t h e t o t a l m a c r o m o l e c u l e s i n t h e system 
were i n c o r p o r a t e d i n t o t h e c o a c e r v a t e d r o p s . T h i s i n f o r m a t i o n , 
combined w i t h t h e mass b a l a n c e d a t a a b o v e , i n d i c a t e s t h a t t h e 
c o a c e r v a t e s were a p p r o x i m a t e l y 66% k a p p a - c a s e i n and 34% gum 
a r a b i c . 

Treatment o f c o a c e r v a t e s w i t h enzymes d i d n o t i n d u c e an 
i n t e r a c t i o n between c o a c e r v a t e d r o p s . By u s i n g - ^ C - l a b e l l e d 
p r o t e i n and p e r f o r m i n g a mass b a l a n c e , we found t h a t e s s e n t i a l l y 
none o f t h e k a p p a - c a s e i n i n gum a r a b i c - k a p p a - c a s e i n c o a c e r v a t e s 
was r e l e a s e d by rennet h y d r o l y s i s . P e p s i n d i d n o t appear t o 
h y d r o l y z e t h e p r o t e i n i n c o a c e r v a t e s e i t h e r . A p p a r e n t l y t h e 
p r o t e i n s a r e s e q u e s t e r e d from enzymic a c t i v i t y as a r e s u l t o f 
c o a c e r v a t e f o r m a t i o n . 

V a r i o u s s u b s t a n c e s
t o o b s e r v e t h e i r e f f e c t s . Added sodium d o d e c y l s u l f a t e d i d not 
a f f e c t t h e c o a c e r v a t e s . M i c r o c r y s t a l l i n e c e l l u l o s e p a r t i c l e s , 
added t o t h e c o a c e r v a t e system b e f o r e and a f t e r t h e c o a c e r v a t e s 
were formed, were o b s e r v e d t o be t o o l a r g e t o be i n c o r p o r a t e d i n 
o r i n t e r a c t w i t h t h e c o a c e r v a t e d r o p s . C o a c e r v a t e s made i n g l u 
cose and s u c r o s e s o l u t i o n s were u n a f f e c t e d by t h e s u g a r . 

C o a c e r v a t e drops were q u i t e u n s t a b l e t o pH a l t e r a t i o n s o f 
t h e s y s t e m . The s t a b i l i t y o f c o a c e r v a t e systems to pH v a r i a t i o n s 
was e v a l u a t e d by m e a s u r i n g t h e t u r b i d i t y o f systems a d j u s t e d t o 
v a r i o u s pH v a l u e s s i n c e t u r b i d i t y o f t h e m i x t u r e s e r v e s as an 
i n d e x o f t h e degree o f c o a c e r v a t i o n ( 1 7 ) . The c o a c e r v a t e systems 
formed w i t h gum a r a b l e and p r o t e i n c o n s i s t i n g o f 10% k a p p a - c a s e i n 
and 90% g e l a t i n , a t pH 3 . 8 , were most s t a b l e a t pH 3 . 8 . Some o f 
t h e c o a c e r v a t e s p e r s i s t e d when t h e pH was v a r i e d one pH u n i t , 
but were c o m p l e t e l y d i s s o l v e d at pH 2.0 and b e l o w , and pH 6.0 
and a b o v e , as shown i n T a b l e I V . 

C o n c l u s i o n s 

In c o n c l u s i o n , c o a c e r v a t e s have been formed u s i n g f o o d p r o 
t e i n s , a t pH v a l u e s f e a s i b l e f o r some food s y s t e m s . We have 
a t t e m p t e d t o i n d u c e i n t e r a c t i o n s between c o a c e r v a t e p s e u d o c e l l s 
by s e v e r a l means, but o t h e r a l t e r n a t i v e s must be d e v e l o p e d . Ways 
o f s t a b i l i z i n g t h e c o a c e r v a t e p s e u d o c e l l s must a l s o be e x p l o r e d , 
so t h a t more complex s t r u c t u r e s may be more c o n v e n i e n t l y b u i l t . 
S e v e r a l p o s s i b i l i t i e s e x i s t . One i s t o i n c o r p o r a t e egg a l b u m i n 
i n t o t h e c o a c e r v a t e s t r u c t u r e and t h e r m a l l y s t a b i l i z e t h e c o a c e r 
v a t e s . A n o t h e r p o s s i b i l i t y i s t h a t a l g i n a t e may be i n c o r p o r a t e d 
i n t o t h e c o a c e r v a t e w i t h subsequent s t a b i l i z a t i o n o f t h e p s e u d o -
c e l l s w i t h C a + + . I t may be p o s s i b l e t o form a c o a c e r v a t e w i t h 
a l g i n a t e and a p r o t e i n such as a s i - c a s e i n , and t o t r e a t t h e 
c o a c e r v a t e w i t h Ca"*""*" to i n c r e a s e i t s s t a b i l i t y . A t h i r d p o s 
s i b i l i t y i s t o t r y t o form a p h o s p h o l i p i d membrane around p r e -
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formed coacervate drops. The techniques for forming liposomal 
particles from phospholipids might be employed. We are continu
ing to explore coacervates as potential systems for structuring 
food-related macromolecules. 
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Structure of Wheat Gluten in Relation to Functionality 

in Breadmaking 

K. KHAN and W. BUSHUK 
Department of Plant Science, University of Manitoba, Winnipeg, Canada R3T 2N2 

Gluten was first describe
(1) in 1745. He reported that gluten could be easily prepared by 
washing the starch and water-soluble components of flour from 
dough by kneading the dough under a gentle stream of water. The 
insoluble residue was a viscoelastic mass, later shown to contain 
about 80% of the total protein of the flour. About two thirds of 
the mass of gluten is water of hydration. The dry solids contain 
75 to 85% protein, depending on the thoroughness of washing, and 
5 to 10% lipids. Occluded starch makes up most of the remainder 
of the dry matter. 

Figure 1 shows, by a schematic diagram, how gluten and its 
major components can be prepared. 

Major Components of Gluten 

Gliadin. Gliadin is that portion of the gluten proteins that is 
soluble in 70% aqueous ethanol. It comprises approximately 35 to 
40% of the flour proteins. Gliadin imparts the viscous component 
to the viscoelastic properties of gluten. 

Gliadin contains about 50 components identified by a two
-dimensional electrofocusing-electrophoresis technique (2). The 
molecular weights (mol wt) of these components, determined by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
-PAGE), range from approximately 12,000 to 80,000, with the 
majority of the components having a mol wt of about 36,000 (3). 
Most gliadin components consist of single chains containing 
intra-polypeptide disulfide bonds. 

The amino acid composition of gliadin (Table 1) shows that 
approximately 35% of the total amino acid residues consist of 
glutamic acid. Almost all of the glutamic acid of gliadin is 
present as glutamine (note high ammonia nitrogen content in 
Table 1). The high glutamine content promotes hydrogen bonding 
in the gluten complex. Gliadin also contains a high proportion 

0-8412-0478-0/79/47-092-191$05.00/0 
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WHEAT 
[mill 

FLOUR 

Imix with 
water 

DOUGH 

Iwash with 
water 

GLUTEN 

Gliadin Glutenin 
low mol wt -high mol wt 

low elasticity -high elasticity 

T a b l e I . Amino a c i d c o m p o s i t i o n 1 o f wheat f l o u r components 

Amino A c i d G l i a d i n 2 G l u t e n i n 2 G l u t e n 3 F l o u r 4 

L y s i n e 5 12 .5 9 16 
H i s t i d i n e 14 .5 13 15 19 
A r g i n i n e 15 20 20 29 
A s p a r t i c a c i d 20 23 22 33 
T h r e o n i n e 18 26 21 22 
S e r i n e 38 50 40 42 
G l u t a m i c a c i d 317 278 290 318 
P r o l i n e 148 114 137 107 
G l y c i n e 25 78 47 27 
A l a n i n e 25 34 30 25 
C y s t e i n e 10 10 14 18 
V a l i n e 43 41 45 37 
M e t h i o n i n e 12 12 12 13 
I s o l e u c i n e 37 28 33 33 
L e u c i n e 62 57 59 58 
T y t o s i n e 16 25 20 24 
P h e n y l a l a n i n e 38 27 32 44 
T r y p t o p h a n 5 8 6 7 
Amide 301 240 298 230 

1 Amino a c i d r e s i d u e s p e r 100,000 g 
2 K a s a r d a e t a l . (10) ( T a b l e 1) 
3Wu and D i m l e r (38) 
^Tkachuk (39) 

Figure 1. Schematic of a procedure
the preparation of gluten and

components 
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o f p r o l i n e , a p p r o x i m a t e l y 15% o f the t o t a l amino a c i d r e s i d u e s . 
P r o l i n e c r e a t e s k i n k s o r bends wherever i t o c c u r s i n a p o l y p e p t i d e 
c h a i n , t h e r e b y d i s r u p t i n g t h e r e g u l a r s e c o n d a r y s t r u c t u r e o f the 
c h a i n . G l i a d i n a l s o c o n t a i n s low l e v e l s o f the b a s i c amino a c i d s 
l y s i n e , h i s t i d i n e , and a r g i n i n e , and low l e v e l s o f f r e e c a r b o x y l 
g r o u p s , p l a c i n g t h e g l i a d i n s among t h e l e a s t c h a r g e d p r o t e i n s 
known. 

From the u n i q u e amino a c i d c o m p o s i t i o n o f t h e g l i a d i n 
p r o t e i n s , one would e x p e c t a s t r u c t u r e t h a t i s q u i t e d i f f e r e n t 
from g l o b u l a r p r o t e i n s . However, o p t i c a l r o t a t i o n s t u d i e s have 
shown t h a t t h e g l i a d i n p r o t e i n s p o s s e s s compact t e r t i a r y s t r u c 
t u r e s s i m i l a r to those o f g l o b u l a r p r o t e i n s (4 >A) · 

G l i a d i n a p p e a r s to i n f l u e n c e the l o a f - v o l u m e ( i n d e x o f 
breadmaking q u a l i t y ) p o t e n t i a l o f a wheat f l o u r i n breadmaking 
( 6 ) . T h i s p r o p e r t y o f g l i a d i n was demonstrated t h r o u g h p r o t e i n 
f r a c t i o n a t i o n and r e c o n s t i t u t i o
the manner i n w h i c h g l i a d i n r e a c t s w i t h o t h e r g l u t e n components 
to i n f l u e n c e l o a f volume i s n o t y e t f u l l y u n d e r s t o o d . 

Recent s t u d i e s o f A - g l i a d i n (an α - g l i a d i n component w h i c h 
tends to a g g r e g a t e ) , the most c h a r a c t e r i z e d o f the g l i a d i n 
p r o t e i n s , has shed some i n s i g h t on t h e p o s s i b l e b e h a v i o u r o f 
g l i a d i n p r o t e i n s , and perhaps on g l u t e n p r o t e i n s i n g e n e r a l , i n 
the breadmaking p r o c e s s . In d i l u t e a c i d s o l u t i o n , below pH 3 
( .001M H C 1 ) , A - g l i a d i n e x i s t s i n i t s monomeric form w i t h a mol 

wt o f 31 ,000 . A t t h i s low p H , i t i s i n a p a r t i a l l y u n f o l d e d 
c o n f i g u r a t i o n . When the pH i s r a i s e d (to about 5 ) , a t v e r y low 
i o n i c s t r e n g t h , i t becomes c o m p a c t l y f o l d e d . However, when b o t h 
the pH and t h e i o n i c s t r e n g t h a r e r a i s e d , i t s monomers form 
a g g r e g a t e s w i t h p a r t i c l e w e i g h t s i n t h e m i l l i o n s (7_,8). F i g u r e 2 
(9) shows, i n s c h e m a t i c f o r m , the v a r i o u s c o n f o r m a t i o n a l s t a t e s o f 
A - g l i a d i n under d i f f e r e n t c o n d i t i o n s . E x a m i n a t i o n o f the 
a g g r e g a t e s w i t h t h e t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e ( F i g . 3) 
r e v e a l e d a m i c r o f i b r i l l a r s t r u c t u r e w h i c h c o n t a i n e d i n t e r t w i n e d 
f i b r e s w i t h d i a m e t e r s o f 70 to 80 A . The f o r m a t i o n o f the 
A - g l i a d i n a g g r e g a t e s i s c o m p l e t e l y r e v e r s i b l e and i n v o l v e s o n l y 
s e c o n d a r y f o r c e s s u c h as h y d r o g e n and i o n i c b o n d s , and h y d r o 
p h o b i c i n t e r a c t i o n s . T h i s a g g r e g a t i o n - d i s a g g r e g a t i o n b e h a v i o u r 
o f A - g l i a d i n may be a g e n e r a l phenomenon e x h i b i t e d by o t h e r g l u t e n 
p r o t e i n s (10) and may p l a y a key r o l e i n t h e f u n c t i o n o f g l u t e n 
p r o t e i n s i n dough d u r i n g t h e breadmaking p r o c e s s . 

G l u t e n i n . A c c o r d i n g to t h e c l a s s i c a l Osborne (11) d e f i n i t i o n , 
g l u t e n i n i s t h a t f r a c t i o n o f the g l u t e n p r o t e i n s t h a t i s 
i n s o l u b l e i n 70% aqueous e t h a n o l b u t s o l u b l e i n d i l u t e a c i d o r 
a l k a l i . I t c o m p r i s e s a p p r o x i m a t e l y 35 to 45% o f wheat endosperm 
p r o t e i n . G l u t e n i n i m p a r t s the e l a s t i c component to the v i s c o 
e l a s t i c p r o p e r t i e s o f g l u t e n . I t i s m a i n l y the g l u t e n i n t h a t 
undergoes e x t e n s i v e changes d u r i n g dough m i x i n g and the d e v e l o p 
ment o f optimum r h e o l o g i c a l p r o p e r t i e s r e q u i r e d f o r m a x i m i z a t i o n 
o f the breadmaking p o t e n t i a l ( l o a f volume) o f a s p e c i f i c f l o u r 
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Figure 3. Transmission electron micrograph of A-gliadin microfibrils; prepara
tion negatively stained with uranyl (9) 

In Functionality and Protein Structure; Pour-El, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



10. K H A N A N D B U S H U K Wheat Gluten and Breadmaking 195 

(12,13). 
The key to the functional behaviour of glutenin in bread-

making l i e s in i t s physical (molecular size and shape) and 
chemical (amino acid composition, sequence and tendency to 
aggregate) properties. G e l - f i l t r a t i o n (14) and ultra-centrifuga-
tion studies (15) revealed that glutenin i s a large molecule (or 
aggregate) with mol wts i n the millions. Although the mol wt of 
glutenin has not been accurately determined, there i s considerable 
evidence which suggests that this protein i s extremely poly-
disperse and that the mol wt d i s t r i b u t i o n may be a v a r i e t a l 
characteristic that i s important to breadmaking quality. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis of reduced glutenin (Fig. 4) has shown that 
bread (hexaploid) wheats contain approximately 17 polypeptide 
subunits, ranging i n mol wt from 12,000 to 134,000 (3,16), 
joined to one another b
long, concatenated structure
and hydrogen bonds to form highly stable micelles (18). Glutenin 
of durum (tetraploid) wheats (Fig. 4) lacks three of the 
largest subunits (134,000, 132,000 and 90,000) present i n the 
glutenin of bread wheats. The poor breadmaking quality of 
tetraploid wheats has been attributed partly to the lack of a l l 
or some of these three high mol wt components of glutenin which 
presumably play a key role i n the function of this protein i n 
dough formation and s t a b i l i t y during baking. 

Alkylated subunits of glutenin have been fractionated by 
g e l - f i l t r a t i o n (19,20,21) into three d i s t i n c t groups of subunits 
(Fig. 5). Peak I eluted with the void volume but contained 
subunits of the lowest mol wt group (68,000 to 12,000 by SDS-
PAGE) . Peak I subunits appear to exhibit a strong tendency to 
aggregate, a property which might be extremely important i n the 
functionality of glutenin i n breadmaking. Peak II contained 
the largest subunits (134,000 to 60,000) of glutenin while peak 
III contained those subunits with the same mobility, by SDS-
PAGE, as the two major g l i a d i n proteins (mol wts 35,000 and 
45,000). It i s presumed that each of the three d i s t i n c t groups 
of subunits contributes i t s unique properties to influence the 
overall functional properties of glutenin i n gluten and i n dough. 

The amino acid composition of glutenin (Table 1) shows a 
high content of glutamic acid. Essentially, a l l of the glutamic 
acid i s present as glutamine. Thus, there are numerous amide 
groups that can form i n t r a - and inter-molecular hydrogen bonds. 
This extensive hydrogen bonding i s considered to be a very 
important feature of the physical (rheological) properties of 
hydrated glutenin. Hydrogen bond-breaking substances (e.g. 
urea) have a marked influence on the physical properties of dough 
(22). Glutenin, together with g l i a d i n , are manifestations of the 
natural selection i n the evolution of wheat, which, based on an 
e f f i c i e n t storage of nitrogen for the new plant, has produced 
proteins with extremely useful functional properties for 
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Figure 4. Typical SDS-PAGE patterns of reduced glutenins of bread and durum 
wheats 
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G L U T E N I N 
I S-S REDUCTION 
\ (HSCH 2CH 20H) 

G L U T E N I N S U B U N I T S 
ALKYLÂTION 
(4-ViNYLPYRIDINE) 

A L K Y L A T E D G L U T E N I N S U B U N I T S 
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Figure 5. SDS-PAGE of alkylated glutenin subunits of bread wheat fractionated 
by gel filtration on Sephadex G-200 
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b r e a d m a k i n g . 
G l u t e n i n c o n t a i n s a r e l a t i v e l y h i g h p r o p o r t i o n o f h y d r o p h o b i c 

amino a c i d s s u c h as l e u c i n e . The n o n - p o l a r s i d e c h a i n o f l e u c i n e 
can i n t e r a c t w i t h each o t h e r , e s p e c i a l l y i n an aqueous e n v i r o n 
ment (as i n d o u g h ) , to form the s o - c a l l e d h y d r o p h o b i c b o n d s . A 
l a r g e number o f t h e s e r e l a t i v e l y weak b o n d s , a c t i n g c o l l e c t i v e l y , 
can c o n t r i b u t e s u b s t a n t i a l l y to s t a b i l i z i n g g l u t e n i n a g g r e g a t e s 
(23) . On the o t h e r h a n d , g l u t e n i n c o n t a i n s r e l a t i v e l y s m a l l 
p r o p o r t i o n s o f amino a c i d s w i t h a c i d i c o r b a s i c s i d e g r o u p s , 
hence i t s p o o r s o l u b i l i t y i n aqueous s o l v e n t s . 

A u n i q u e f e a t u r e o f t h e amino a c i d c o m p o s i t i o n o f the h i g h 
mol wt s u b - u n i t s o f g l u t e n i n ( e . g . Peak I I o f F i g . 5) i s t h e 
r e l a t i v e l y h i g h c o n t e n t s o f g l y c i n e , p r o l i n e , g l u t a m i n e and 
l e u c i n e ( T a b l e I I ) . G l y c i n e i s p r e s e n t i n h i g h p r o p o r t i o n s i n 
s t r u c t u r a l p r o t e i n s s u c h as c o l l a g e n . As a l r e a d y m e n t i o n e d , 
p r o l i n e d i s r u p t s t h e s e c o n d a r
h y d r o g e n b o n d i n g , w h i l e
These f o u r amino a c i d s a r e p r o b a b l y e x t r e m e l y i m p o r t a n t i n 
d e t e r m i n i n g the p h y s i c a l s t r u c t u r e (hence f u n c t i o n a l i t y ) o f 
g l u t e n i n i n g l u t e n and i n dough. 

R e l a t i v e t o s e c o n d a r y s t r u c t u r e , v i s c o s i t y , s e d i m e n t a t i o n 
v e l o c i t y , u l t r a v i o l e t d i f f e r e n c e s p e c t r a and o p t i c a l r o t a t o r y 
d i s p e r s i o n s t u d i e s ( 4 , 2 4 , 2 5 ) showed t h a t g l u t e n i n a p p e a r s to be 
an a s s y m e t r i c m o l e c u l e w i t h a low α - h e l i x c o n t e n t (10-15%). 
G l u t e n i n c o n t a i n e d more α - h e l i x s t r u c t u r e i n h y d r o c h l o r i c a c i d 
s o l u t i o n s and l e s s i n u r e a s o l u t i o n s . The amount o f α - h e l i x 
s t r u c t u r e i s a l s o i n f l u e n c e d by changes i n i o n i c s t r e n g t h (26 ) . 
The t e r t i a r y s t r u c t u r e o f g l u t e n i n i s s u c h t h a t i t promotes t h e 
f o r m a t i o n o f f i b r i l s under some c o n d i t i o n s (27) . The s e c o n d a r y , 
t e r t i a r y , and q u a t e r n a r y s t r u c t u r e s o f g l u t e n i n c a n a p p a r e n t l y 
be m o d i f i e d to advantage i n t h e breadmaking p r o c e s s (by o x i d i z i n g 
a g e n t s , r e d u c i n g a g e n t s ; m e c h a n i c a l development) to p r o d u c e b r e a d 
o f optimum l o a f volume and crumb s t r u c t u r e . 

M i n o r Components o f G l u t e n 

L i p i d s . B e s i d e s t h e two major components , the p r o t e i n s , g l i a d i n 
and g l u t e n i n , g l u t e n a l s o c o n t a i n s s u b s t a n t i a l amounts o f l i p i d s . 
L i p i d s form about 5 to 10% by w e i g h t o f the t o t a l s o l i d s o f 
g l u t e n . I t has been s u g g e s t e d (28) t h a t t h e f u n c t i o n o f l i p i d s 
i n g l u t e n i s to form a g l i a d i n - l i p i d - g l u t e n i n complex t h a t i s 
e s s e n t i a l f o r t h e f o r m a t i o n o f membranes needed f o r s a t i s f a c t o r y 
gas r e t e n t i o n i n dough d u r i n g t h e breadmaking p r o d e s s . I t was 
a l s o s u g g e s t e d (28) t h a t l i p i d - b i n d i n g t o g l i a d i n i s by h y d r o -
p h i l i c ( p r o b a b l y h y d r o g e n b o n d s ) , and to g l u t e n i n by h y d r o p h o b i c 
i n t e r a c t i o n s . 

C a r b o h y d r a t e s . C a r b o h y d r a t e s ( s t a r c h , p e n t o s a n s and s u g a r s ) make 
up most o f the r e m a i n i n g (5-15%) s o l i d s o f g l u t e n . The c a r b o 
h y d r a t e s a r e thought to m o d i f y t h e p r o p e r t i e s o f g l u t e n d u r i n g 
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T a b l e I I . Amino a c i d c o m p o s i t i o n 1 o f g l u t e n i n and the 
p r o t e i n f r a c t i o n s o b t a i n e d from g e l - f i l t r a t i o n o f 

r e d u c e d and a l k y l a t e d 2 g l u t e n i n (see F i g . 5) 

Amino a c i d 3 G l u t e n i n Peak I Peak I I Peak I I I 

L y s i n e 1.91 3.81 0 .73 0 .83 
H i s t i d i n e 1.66 2.02 0.73 1.59 
A r g i n i n e 4 .01 4.76 2.14 3.66 
A s p a r t i c a c i d 3.48 7.63 0 .69 2.32 
T h r e o n i n e 3.20 4 .06 3.03 2.66 
S e r i n e 6.26 6.45 6.34 6.49 
G l u t a m i c a c i d 32.24 19 .99 40.42 39.32 
P r o l i n e 12 .15 7.93 12 .30 14 .99 
G l y c i n e 9.04 9.75 17.72 3.59 
A l a n i n e 4 .06 6.96 2.97 2.72 
V a l i n e 4 .10 5.84 1.58 4 .25 
M e t h i o n i n e 1.57 1.82 0 .87 3.67 
I s o l e u c i n e 3.01 3.92 0.87 3.67 
L e u c i n e 6.79 8.25 4 .30 7.34 
T y r o s i n e 3.04 3.41 5 .41 1.42 
P h e n y l a l a n i n e 3.43 3.39 0 .63 4 .40 

•••Expressed as mole p e r c e n t 
^ A c c o r d i n g t o F r i e d m a n e t a l . ( 4 0 ) 
^ C y s t e i n e and t r y p t o p h a n were not d e t e r m i n e d 
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the breadmaking p r o c e s s by d i l u t i n g the o t h e r components (29 ) . 
I t has been s u g g e s t e d t h a t s p e c i f i c i n t e r a c t i o n s between wheat 
s t a r c h and o t h e r f l o u r components a r e i m p o r t a n t t o breadmaking 
q u a l i t y ; however , the n a t u r e o f t h e s e i n t e r a c t i o n s has not been 
i d e n t i f i e d . 

G e n e t i c s o f G l u t e n P r o t e i n s 

The b i o s y n t h e s i s o f e a c h p o l y p e p t i d e c h a i n i n a l i v i n g c e l l 
i s c o n t r o l l e d by a s p e c i f i c gene . The p o l y p e p t i d e c h a i n may be 
an i n d i v i d u a l p r o t e i n m o l e c u l e o r a p o r t i o n o f a much l a r g e r 
m o l e c u l e o r f u n c t i o n a l a g g r e g a t e . M i l l i o n s o f genes a r e o r g a n i z e d 
i n t o p a r t i c l e s c a l l e d chromosomes. The number o f chromosomes i n 
a c e l l i s c h a r a c t e r i s t i c o f t h e s p e c i e s . 

The chromosome number f o r b r e a d wheat i s 4 2 , c o m p r i s i n g 21 
p a i r s o f i d e n t i c a l chromosomes
t h r e e s e t s o f s e v e n chromosomes
( F i g . 6 ) . The t h r e e genomes o f b r e a d wheat a r e i d e n t i f i e d by the 
l e t t e r s A , Β and D ; t h u s , b r e a d wheat has t h e genomic c o m p o s i t i o n 
AABBDD. On t h e b a s i s o f t h e number o f genomes, w h i c h i s s i x , 
b r e a d wheats a r e a l s o c a l l e d h e x a p l o i d s . T h e r e i s c o n s i d e r a b l e 
s i m i l a r i t y among the t h r e e genomes. I t has been p o s t u l a t e d t h a t 
a l l t h r e e o r i g i n a t e d from t h e same p r i m i t i v e genome ( F i g . 7 ) . 
A c c o r d i n g l y , a h e x a p l o i d wheat c a n have as many as t h r e e genes 
f o r the same endosperm p r o t e i n . T h i s m u l t i p l i c i t y o f genes has 
e n s u r e d the s u r v i v a l o f t h e wheat p l a n t t h r o u g h the a g e s , b u t i t 
c o m p l i c a t e s the s t u d y o f t h e g e n e t i c s o f i t s components . 

Durum wheat (used f o r m a c a r o n i and s p a g h e t t i ) i s q u i t e 
d i f f e r e n t from b r e a d wheat . I t s chromosome number i s 28. I t has 
two o f t h e t h r e e genomes o f b r e a d wheat and l a c k s t h e D genome 
( l i k e T_. d i c o c c u m i n F i g . 7 ) . I t a l s o l a c k s the breadmaking 
q u a l i t y o f b r e a d w h e a t s . T h i s i s one r e a s o n why s t u d i e s o f the 
i n h e r i t a n c e o f breadmaking q u a l i t y have c o n c e n t r a t e d on t h e 
chromosomes o f t h e D genome. 

R e s e a r c h on t h e g e n e t i c s o f t h e g l u t e n p r o t e i n s has c o n c e n 
t r a t e d on the e f f e c t s o f r e m o v a l o f c e r t a i n genomes, chromosomes 
and p a r t s o f chromosomes. W r i g l e y (2) used s t a r c h - g e l e l e c t r o 
p h o r e s i s i n one d i m e n s i o n and i s o e l e c t r i c f o c u s i n g i n a second 
d i m e n s i o n , and l o c a t e d t h e genes f o r t h e s y n t h e s i s o f about 30 
o f the g l i a d i n p r o t e i n s . A l m o s t a l l o f t h e g l i a d i n components 
c o u l d be a s s i g n e d to homoeologous chromosomes o f group 1 and 6 
(30) . In a r e c e n t g e n e t i c s t u d y o f g l i a d i n , Baker and Bushuk 
(31) showed t h a t o f t h e 26 g l i a d i n bands i d e n t i f i e d by p o l y -
a c r y l a m i d e g e l e l e c t r o p h o r e s i s , n i n e bands were c o n t r o l l e d by 
s i n g l e genes and t e n o f t h e bands were c o n t r o l l e d by two g e n e s . 
T h i s s t u d y showed a l s o t h a t two g r o u p s , one c o m p r i s i n g f i v e bands 
and t h e o t h e r t h r e e b a n d s , were i n h e r i t e d as u n i t s and t h a t t h e r e 
a p p e a r s t o be a l i n k a g e between t h e genes c o n t r o l l i n g s e v e r a l 
b a n d s . 

Much o f t h e work on t h e g e n e t i c s o f g l u t e n p r o t e i n s r e l a t e d 
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HOMOEOLOGOUS 
GROUP GENOME 

A Β D 

1 I I 

II 
I I 

II 
11 

II 
2 II 

II 
II 
II 

I I 

II 
3 II 

II 
II 
II 

II 
II 

4 II 
II 

II 
II 

5 I I 

II 
II 
II 

11 

II 

6 II 
II 

I I 
I I 

II 
I I 

II 

7 ^ II 
5/1 11 

II 
II 

II 
II 

Figure 6. Idiogram of wheat chromo
somes based on the results of GUI et al. 
(41). Durum wheats have the A and Β 
genome chromosomes while common 
(bread) wheats have the A, B, and D 

genome chromosomes. 

AA 

T. monococcum 
BB 
? 

DD 
Ae. squarrosa 

A ABB 
T. dicoccum 

AABBDD 
T.aestivum 

Figure 7. Schematic of the origin of polyploid wheat species 
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to breadmaking q u a l i t y has c o n c e n t r a t e d on the e f f e c t s on the 
g l u t e n i n f r a c t i o n . I n one s t u d y , the D genome was removed from 
f o u r h e x a p l o i d v a r i e t i e s t o g i v e the s o - c a l l e d e x t r a c t e d AABB 
t e t r a p l o i d s ( 3 2 , 3 3 , 3 4 ) . SDS-PAGE o f t h e s u b u n i t s o f r e d u c e d 
g l u t e n i n ( F i g . 8) showed t h a t a t l e a s t two (maybe f o u r ) s u b u n i t s 
were d e l e t e d when the D genome was removed. The e x t r a c t e d AABB 
t e t r a p l o i d s showed p o o r breadmaking q u a l i t y ( 3 5 ) . I t appears 
t h a t e x t e n s i v e a l t e r a t i o n o f the s t r u c t u r e o f g l u t e n i n , due t o 
l o s s o f key s u b u n i t s , l e a d s t o a l o s s o f breadmaking q u a l i t y . 
I t has been shown (36) t h a t the genes f o r t h e key g l u t e n i n s u b -
u n i t s a r e l o c a t e d on the l o n g arm o f t h e ID chromosome. 

F o r m a t i o n and F u n c t i o n o f G l u t e n i n Dough 

When f l o u r and w a t e r a r e m i x e d , as i n t h e f i r s t s t a g e o f t h e 
breadmaking p r o c e s s , g l u t e
h y d r a t e , i n t e r a c t w i t h eac
( s t a r c h , p e n t o s a n s , l i p i d s , s u g a r s and s o l u b l e p r o t e i n s ) t o form 
a dough. Subsequent m i x i n g (and f e r m e n t a t i o n ) m o d i f i e s the 
v i s c o e l a s t i c p r o p e r t i e s o f t h e dough i n s u c h a way t h a t i t 
a c q u i r e s t h e c r i t i c a l b a l a n c e i n p h y s i c a l p r o p e r t i e s t o r e t a i n 
the a p p r o p r i a t e p r o p o r t i o n o f t h e l e a v e n i n g gas w h i l e e x p a n d i n g 
to p r o d u c e maximum l o a f volume and m a i n t a i n i n g s a t i s f a c t o r y crumb 
s t r u c t u r e . 

The v i s c o s i t y o f g l u t e n (and dough) i s g e n e r a l l y a t t r i b u t e d 
to t h e g l i a d i n component. T h i s p r o p e r t y d e r i v e s from the 
r e l a t i v e l y s m a l l m o l e c u l a r s i z e and compact t e r t i a r y s t r u c t u r e 
o f t h i s component. G l u t e n i n , on t h e o t h e r h a n d , c o n t r i b u t e s the 
e l a s t i c component t o t h e v i s c o e l a s t i c i t y o f g l u t e n (and d o u g h ) . 
T h i s p r o p e r t y o f g l u t e n i n i s d e r i v e d from i t s c h e m i c a l ( h y d r o 
p h o b i c i n t e r a c t i o n s by n o n p o l a r amino a c i d r e s i d u e s ) and p h y s i c a l 
s t r u c t u r e ( h i g h mol wt) o f i t s p o l y p e p t i d e c h a i n . Some p o l y 
p e p t i d e c h a i n s o f g l u t e n i n may be j o i n e d t o each o t h e r by 
i n t e r p o l y p e p t i d e d i s u l f i d e bonds to form l o n g , c o m p a c t l y f o l d e d 
c o n c a t e n a t i o n s ( 1 7 ) . I n t e r p o l y p e p t i d e d i s u l f i d e bonds i n the 
g l u t e n i n would w i t h s t a n d a h i g h degree o f s t r e t c h i n g , hence the 
e l a s t i c i t y o f g l u t e n i n . In a d d i t i o n , e l a s t i c i t y can a l s o r e s u l t 
from the c o o p e r a t i v e a c t i o n o f many s e c o n d a r y bonds and i n t e r 
a c t i o n s t h a t a r e known to e x i s t i n g l u t e n i n . 

Optimum development o f t h e v i s c o e l a s t i c i t y o f g l u t e n and 
dough can be b r o u g h t about by t h e p h y s i c a l a c t i o n o f dough 
m i x i n g o r f e r m e n t a t i o n ( g r a d u a l e x p a n s i o n and c o l l a p s e o f gas 
c e l l s ) . M i x i n g i s t h e most c r i t i c a l s t a g e i n the breadmaking 
p r o c e s s . I t s e r v e s t o form a 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 by 
t r a n s f o r m i n g p a r t i c l e s o f g l u t e n p r o t e i n s i n t o t h i n membranes 
w i t h i n w h i c h a r e embedded t h e s t a r c h g r a n u l e s and o t h e r f l o u r 
components . M i x i n g r e q u i r e s a c e r t a i n t i m e - l i m i t e d i n p u t o f 
e n e r g y f o r optimum development o f t h e g l u t e n s t r u c t u r e . I f the 
m i x i n g energy exceeds the optimum l e v e l r e q u i r e d , t h e n the g l u t e n 
membranes a r e d e s t r o y e d w h i c h i s s u b s e q u e n t l y m a n i f e s t e d as a 
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Figure 8. SDS-PAGE patterns of reduced glutenin of hexaploid wheats and 
their extracted AABB tetraploids: (A) Chinese Spring; (B) Prelude; (C) Tetra-
prelude; (D) Rescue; (E) Tetrarescue; (F) Stewart 63 (durum); (G) Thatcher; (H) 

Tetrathatcher (21) 
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l o s s o f breadmaking q u a l i t y . The p r e s e n c e o f many weak 
s e c o n d a r y bonds and i n t e r a c t i o n s f a c i l i t a t e s the f o r m a t i o n o f 
optimum g l u t e n s t r u c t u r e . However, s i n c e the s t r u c t u r e so formed 
i s n o t permanent , i t i s s u s c e p t i b l e to d e s t r u c t i o n by o v e r m i x i n g . 

The f u n c t i o n o f t h e 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 o f dough 
d e v e l o p e d by m i x i n g i s to r e t a i n the c a r b o n d i o x i d e p r o d u c e d by 
the y e a s t c e l l s d u r i n g t h e f e r m e n t a t i o n s tage o f t h e breadmaking 
p r o c e s s w h i l e a l l o w i n g f o r a c e r t a i n l i m i t e d e x p a n s i o n . S i n c e 
the g l u t e n p r o t e i n s p o s s e s s a c h a r a c t e r i s t i c v i s c o e l a s t i c i t y , i t s 
mambranes can expand to a c e r t a i n d e g r e e . The degree o f e x p a n 
s i o n o f the g l u t e n p r o t e i n s d e t e r m i n e s the l o a f volume o f t h e 
p a r t i c u l a r b r e a d . I t i s w e l l known t h a t f l o u r s o f c e r t a i n wheat 
v a r i e t i e s w i l l p r o d u c e b r e a d o f l a r g e r l o a f volume t h a n f l o u r s 
o f o t h e r v a r i e t i e s . The d i f f e r e n c e i n l o a f volume i s due to a 
d i f f e r e n c e i n g l u t e n q u a l i t y ; the f l o u r c o n t a i n i n g b e t t e r 
q u a l i t y g l u t e n w i l l expan
b r e a d o f l a r g e r l o a f v o l u m e
t h i s e x p a n s i o n appears to be g l u t e n i n ( 1 2 ) . In baked p r o d u c t s 
where l o a f volume i s not an i m p o r t a n t f a c t o r as i n c a k e s , c o o k i e s , 
c r a c k e r s and b i s c u i t s , a f l o u r o f d i f f e r e n t q u a l i t y can be u s e d . 
T h e r e f o r e , the t y p e o f f l o u r used i s d e t e r m i n e d by the end 
p r o d u c t . 

Durum w h e a t s , i n c o n t r a s t to b r e a d w h e a t s , form the b a s i s o f 
the p a s t a i n d u s t r y . Here a d i f f e r e n t " q u a l i t y " o f t h e g l u t e n 
p r o t e i n s i s i m p o r t a n t . The g l u t e n must have an a p p r o p r i a t e 
r a t i o o f g l i a d i n and g l u t e n i n (of a p p r o p r i a t e t y p e ) f o r s a t i s f a c 
t o r y f l o u r p r o p e r t i e s d u r i n g e x t r u s i o n (as i n s p a g h e t t i manufac 
t u r e ) and f o r t h e " a l d e n t e " b i t e a f t e r c o o k i n g . 

The many d i f f e r e n t p r o d u c t s t h a t c a n be made from g l u t e n 
p r o t e i n s demonstrate the v e r s a t i l i t y o f t h e s e p r o t e i n s . W i t h a 
b e t t e r u n d e r s t a n d i n g o f t h e s t r u c t u r e o f the g l u t e n p r o t e i n s , 
c e r e a l c h e m i s t s w i l l be a b l e to f u r t h e r t a k e advantage o f t h e 
enormous i n d u s t r i a l p o t e n t i a l t h a t t h e s e p r o t e i n s p o s s e s s . 

Summary 

G l u t e n c o n s i s t s o f two major p r o t e i n s , g l i a d i n and g l u t e n i n , 
the former s o l u b l e i n 70% aqueous e t h a n o l w h i l e t h e l a t t e r i s 
s o l u b l e i n a c i d s and b a s e s . G l i a d i n i m p a r t s the v i s c o u s 
component w h i l e g l u t e n i n i m p a r t s the e l a s t i c component to t h e 
v i s c o e l a s t i c p r o p e r t i e s o f g l u t e n and dough. B o t h p r o t e i n s a r e 
e x t r e m e l y i m p o r t a n t i n d e t e r m i n i n g t h e f u n c t i o n a l p r o p e r t i e s o f 
a wheat f l o u r . G l u t e n i n , however , i s m a i n l y r e s p o n s i b l e f o r t h e 
m i x i n g p r o p e r t i e s and l o a f volume p o t e n t i a l o f a wheat f l o u r 
(37) . These two p r o p e r t i e s , m i x i n g and l o a f v o l u m e , d e t e r m i n e 
t o a l a r g e e x t e n t , t h e f i n a l q u a l i t y o f a l o a f o f b r e a d . 
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The Mechanism of Enzyme Protein-Carrier Protein 

Binding: Physical Chemical Considerations 

J. R. GIACIN1 and S. G. GILBERT 
Food Science Department, Cook College, Rutgers University, P. O. Box 231, 
New Brunswick, NJ 08903 

It has been long recognize
living cell are bound to the membraneous structures of the cell. 
For example, Green et al. (1) described a pH-dependent binding of 
several glycolytic enzymes to the erythrocyte membranes and con
cluded that the entirety of the glycolytic system was associated 
with the membrane and is not free in solution. 

A similar conclusion was arrived at by Arnold and Pette (2) 
from studies carried out on the in vitro binding of aldolase 
glyceraldehyde phosphate dehyrogenase, fructose-6-phosphate ki
nase, phosphoglycerate kinase, pyruvate kinase and lactate dehy
drogenase to the structural proteins: F-actin, myosin, acto-
myosin and stromaprotein. 

A number of enzymes appear therefore to be localized in a 
specific micro-environment, which can influence their biocatalytic 
activity. Because of the complexity of biologial membranes, our 
understanding of the influence of micro-environmental effects on 
membrane-bound enzyme is minimal. An important contribution to 
better understanding the mode of action of membrane-bound enzyme 
has been the development of the concept of heterogeneous catalysis 
by enzymes synthetically bound to water-insoluble supports. These 
immobilized enzymes were viewed as models for the cellular bound 
enzyme (3,4.). 

In 1972, Vieth, Gilbert and Wang (5) reported the use of the 
structural protein collagen as a carrier for the immobilization 
of enzymes. Subsequent studies by these and other workers have 
established the general utility of reconstituted collagen as a 
carrier for enzyme and whole microbial cell binding. (The follow
ing references and the references cited therein provide a useful 
review of the literature on enzyme and whole microbial cell 
attachment to collagen) : (6, 7, 8, 9, 10). 

1 Current address: School of Packaging, Michigan State University, East Lansing, MI 48824. 
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E l u c i d a t i o n o f the mechanism i n v o l v e d i n c o l l a g e n - e n z y m e 
complex f o r m a t i o n ( c a r r i e r p r o t e i n - e n z y m e p r o t e i n b i n d i n g ) has 
b o t h t h e o r e t i c a l and p r a c t i c a l s i g n i f i c a n c e . C o l l a g e n - b o u n d 
enzymes c a n p r o v i d e a r e a s o n a b l e model f o r s t u d y i n g i n t e r a c t i o n s 
between enzymes and c e l l u l a r membrane and f o r d e t e r m i n i n g t h e i n 
f l u e n c e o f s u c h a m i c r o e n v i r o n m e n t on the a c t i v i t y o f the enzyme. 
Enzymes c o v a l e n t l y bound t o c h e m i c a l l y a c t i v a t e d c o l l a g e n f i l m s 
had p r e v i o u s l y been p r o p o s e d as s i m p l i f i e d models f o r m i t o c h o n 
d r i a l membrane bound enzymes (V[>12). R e a c t i o n s i n v o l v i n g c o -
v a l e n t bond f o r m a t i o n a r e n o t c h a r a c t e r i s t i c o f a b i o l o g i c a l 
s y s t e m . On the o t h e r h a n d , c o l l a g e n bound enzyme o b t a i n e d by 
c o m p l e x a t i o n (enzyme p r o t e i n - c a r r i e r p r o t e i n b i n d i n g ) can p r o v i d e 
a more r e a s o n a b l e m o d e l . I n a d d i t i o n , knowledge o f t h e b i n d i n g 
mechanism s h o u l d be u s e f u l i n t h e d e s i g n o f more e f f i c i e n t immo
b i l i z e d enzyme r e a c t o r s f o r p r a c t i c a l a p p l i c a t i o n o f i m m o b i l i z e d 
enzyme c a t a l y s i s . 

In e l u c i d a t i n g the
i t i s n e c e s s a r y t o e s t a b l i s h b o t h the l o c i o f b i n d i n g s i t e s and 
the n a t u r e o r t y p e s o f i n t e r a c t i o n s i n v o l v e d . In a r e c e n t paper 
G i a c i n and G i l b e r t (10) p r e s e n t e d d a t a w h i c h e s t a b l i s h e d t h a t 
c o l l a g e n - e n z y m e c o m p l e x a t i o n i n v o l v e s r e g i o - s p e c i f i c b i n d i n g o f 
the enzyme w i t h i n t h e c r y s t a l l i n e domain o f the c o l l a g e n m i c r o -
s t r u c t u r e . F u r t h e r , t h e c o n t r i b u t i o n o f i o n i c i n t e r a c t i o n s i n 
v o l v i n g the Ε-amino group o f l y s y l s i d e c h a i n s o f c o l l a g e n was 
d e t e r m i n e d by a c h e m i c a l m o d i f i c a t i o n p r o c e d u r e ( 1 3 ) . Such a 
p r o c e d u r e had been d e s c r i b e d by G r o s s b e r g and Pressman i n s t u d i e s 
on a n t i g e n - a n t i b o d y b i n d i n g ( 1_4). 

In the l a t t e r s t u d i e s , t h r e e r e a g e n t s w h i c h m o d i f y l y s y l E -
amino r e s i d u e s i n p r o t e i n s were used t o c h e m i c a l l y modi fy c o l l a 
g e n . T h e i r e f f e c t on t h e b i n d i n g o f 3 - g a l a c t o s i d a s e (E. c o l i K ^ ) 
t o membraneous c o l l a g e n was e v a l u a t e d by d e t e r m i n a t i o n o f the 
c a t a l y t i c a c t i v i t y o f t h e r e s u l t a n t c o l l a g e n - e n z y m e c o m p l e x . Mod
i f i c a t i o n o f t h e l y s y l r e s i d u e s was found t o have a s i g n i f i c a n t 
e f f e c t on enzyme b i n d i n g , as t h e a p p a r e n t s p e c i f i c a c t i v i t i e s o f 
the r e s u l t a n t c o l l a g e n - e n z y m e complexes d e c r e a s e d i n p r o p o r t i o n 
t o the p e r c e n t (mole p e r c e n t ) amino g r o u p s m o d i f i e d . These f i n d 
i n g s i m p l i e d t h a t , u n d e r t h e e x p e r i m e n t a l c o n d i t i o n s o f pH e t c . 
employed i n t h e s e s t u d i e s , l y s y l Ε-amino groups f u n c t i o n as 
a c t i v e b i n d i n g s i t e s f o r enzyme p r o t e i n - c a r r i e r p r o t e i n b i n d i n g . 

In t h i s p a p e r , we p r e s e n t the e f f e c t o f c a r b a m y l a t i o n on t h e 
b i n d i n g o f a p u r i f i e d s o u r c e o f g - g a l a c t o s i d a s e ( E . c o l i K ^ ) t o 
membraneous c o l l a g e n . The e f f e c t o f c a r b a m y l a t i o n on membraneous 
c o l l a g e n has been a n a l y z e d i n terms o f the p r o p o r t i o n o f enzyme 
b i n d i n g s i t e s and the b i n d i n g c o n s t a n t s o f the s i t e s r e m a i n i n g . 
B i n d i n g c o n s t a n t s were d e t e r m i n e d by the method o f e q u i l i b r i u m 
s o r p t i o n . R e l a t e d s t u d i e s w i t h β - g a l a c t o s i d a s e i s o l a t e d from A . 
n i g e r a r e c u r r e n t l y under i n v e s t i g a t i o n i n our l a b o r a t o r y . P r e 
l i m i n a r y r e s u l t s o f t h i s s t u d y a r e a l s o d e s c r i b e d . 
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M a t e r i a l s and Methods . 

Enzymes. β - g a l a c t o s i d a s e ( E . c o l i Κη2) w a s o b t a i n e d from 
W o r t h i n g t o n C o r p o r a t i o n , F r e e h o l d , New J e r s e y . 

C o l l a g e n . C a t t l e - h i d e c o l l a g e n was o b t a i n e d from D e v r o , Inc. 
S o m e r v i l l e , New J e r s e y . The f i b r o u s c o l l a g e n was washed w i t h 10% 
sodium c h l o r i d e s o l u t i o n , f o l l o w e d by washing w i t h d i s t i l l e d 
w a t e r . The c o l l a g e n was f r e e z e - d r i e d and s t o r e d a t 2 0 ° C . 

S u b s t r a t e . 0.15M L a c t o s e i n 0.02M sodium phosphate b u f f e r 
a t pH 7.0 was used as a s u b s t r a t e f o r β - g a l a c t o s i d a s e . 

P u r i f i c a t i o n o f β - g a l a c t o s i d a s e . β - g a l a c t o s i d a s e c o l i 
K12) was p u r i f i e d by a f f i n i t y c h r o m a t o g r a p h y . The i n h i b i t o r a n a 
l o g p - a m i n o p h e n y l - 3 - D - g a l a c t o p y r a n o s i d
L a J o l l a , C a l i f o r n i a 92037
B i o - R a d L a b o r a t o r i e s , Richmond, C a l i f o r n i a 94804) a c c o r d i n g t o 
the method o f C u a t r e c a s a (15) . A m o d i f i e d s t e p w i s e e l u t i o n p r o 
c e d u r e was employed i n which the p u r i f i e d enzyme was e l u t e d w i t h 
0.001 M T r i s - b u f f e r c o n t a i n i n g 0.01 M NaCl and 0.01 M M g C l 2 , pH 
7.5 (]_£)· D i s c e l e c t r o p h o r e s i s a n a l y s i s o f the p u r i f i e d enzyme 
p r e p a r a t i o n showed one major band and a v e r y f a i n t zone o f an i m 
p u r i t y t o be p r e s e n t . The p u r i t y o f t h e enzyme was e s t i m a t e d t o 
be a p p r o x i m a t e l y 90% by i n t e g r a t i o n o f the t o t a l a b s o r p t i o n a r e a 
o f the e l e c t r o p h o r e s i s g e l s c a n s . The g e l s were scanned a t 280nm. 
G e l s s t a i n e d w i t h Ceomasie b l u e were scanned a t 550nm. 

The s p e c i f i c a c t i v i t y o f the enzyme was d e t e r m i n e d i n 0.15M 
l a c t o s e s o l u t i o n (0.02M phosphate b u f f e r , pH 7 . 0 ) . The a c t i v i t y 
o f the enzyme was e x p r e s s e d i n terms o f u n i t s o f a c t i v i t y p e r mg 
o f enzyme. A u n i t o f a c t i v i t y was d e f i n e d as a μ mole o f g l u c o s e 
produced per m i n u t e . The s o l u b l e l a c t a s e a c t i v i t y f o l l o w i n g 
a f f i n i t y chromatography p u r i f i c a t i o n was 37.1 u n i t s / m g . T h i s 
r e p r e s e n t e d a 4 f o l d i n c r e a s e i n c a t a l y t i c p o t e n c y o v e r the s p e 
c i f i c a c t i v i t y o f the c r u d e enzyme p r e p a r a t i o n (8 .9 u n i t s / m g ) . 

P r e p a r a t i o n o f C o l l a g e n Membranes. C o l l a g e n d i s p e r s i o n was 
p r e p a r e d from h i d e c o l l a g e n by d i s p e r s i n g f r e e z e - d r i e d c o l l a g e n in 

aqueous l a c t i c a c i d s o l u t i o n a t pH 2 . 8 . The c o l l a g e n d i s p e r s i o n 
was c a s t to form a membrane ( 1 ? ) . The t h i c k n e s s o f the d r i e d 
membrane was between 0.028 and 0.033 mm. 

P r e p a r a t i o n o f C h e m i c a l l y M o d i f i e d C o l l a g e n Membranes. C o l l 
agen membrane was p r e p a r e d by the above p r o c e d u r e . The l y s y l E -
amino r e s i d u e s o f c o l l a g e n , i n membrane f o r m , were m o d i f i e d t o 
v a r y i n g degree by r e a c t i o n w i t h p o t a s s i u m c y a n a t e . The c o l l a g e n 
membrane was c a r b a m y l a t e d by immers ing p r e s w o l l e n f i l m s i n 0.4M 
p o t a s s i u m c y a n a t e s o l u t i o n , pH 8 .5 f o r d i f f e r e n t p e r i o d s o f t ime* 
The c a r b a m y l a t i o n r e a c t i o n was c a r r i e d out a t ambient t e m p e r a t u r e 
( a p p r o x . 2 0 ° C ) . The pH o f the r e a c t i o n m i x t u r e was m o n i t o r e d with 
a pH meter and the pH m a i n t a i n e d a t 8 .5 by the a d d i t i o n o f 0.05N 
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HC1 s o l u t i o n . A f t e r t r e a t i n g t h e membrane f o r t h e s p e c i f i e d t i n e , 
the membrane was washed t h o r o u g h l y w i t h d i s t i l l e d water and the 
r e s u l t i n g membranes were s w o l l e n i n 0.02M phosphate b u f f e r , p H 7 . 0 . 

P r e p a r a t i o n o f C o l l a g e n - E n z y m e Complexes . C o l l a g e n - e n z y m e 
complexes were p r e p a r e d by t h e membrane i m p r e g n a t i o n method ( £ , 
18) . In t h i s p r o c e d u r e , c o l l a g e n membrane was formed and t h e n 
impregnated w i t h the p u r i f i e d enzyme. A s o l u t i o n c o n t a i n i n g 
0 . 0 2 3 μ m o l e / m l o f enzyme i n 0.02M phosphate b u f f e r a t pH 7.0 was 
employed as the i m p r e g n a t i o n b a t h . A l l enzyme i m p r e g n a t i o n r e a c 
t i o n s were c a r r i e d o u t a t 4 °C f o r a t w e n t y - f o u r hour p e r i o d . A t 
the end o f the i m p r e g n a t i o n p e r i o d , the membrane was removed and 
d r i e d a t ambient t e m p e r a t u r e f o r e i g h t e e n h o u r s . The r e s u l t a n t 
complex was washed w i t h 0.02M phosphate b u f f e r a t pH 7 . 0 . The 
a c t i v i t y o f the c o l l a g e n - e n z y m e complex was d e t e r m i n e d i m m e d i a t e 
l y a f t e r w a s h i n g . The
from c h e m i c a l l y m o d i f i e
manner. 

E q u i l i b r i u m S o r p t i o n P r o c e d u r e . The s o r p t i o n ( b i n d i n g ) o f 
β - g a l a c t o s i d a s e by the v a r i o u s m o d i f i e d and u n r e a c t e d c o l l a g e n 
membranes was measured by the method o f e q u i l i b r i u m s o r p t i o n (18, 
13) . I n t h i s p r o c e d u r e , c o l l a g e n membrane was impregnated w i t h 
t h e p u r i f i e d enzyme ( β - g a l a c t o s i d a s e , E . c o l i K ^ 2 ) as a f u n c t i o n 
o f enzyme b a t h c o n c e n t r a t i o n s . Enzyme s o l u t i o n s c o n t a i n i n g 0.023» 
0 .012 , 0 .0074 , 0 .0047 , 0.0031 and 0.0021 u m o l e / m l o f enzyme i n 
phosphate b u f f e r (0.02M) a t pH 7 . 0 were employed as the s o r p t i o n 
b a t h s . A l l s o r p t i o n s t u d i e s were c a r r i e d o u t a t 4 °C f o r a twenty 
f o u r h o u r p e r i o d . T r a n s i e n t s t a t e s o r p t i o n d a t a e s t a b l i s h e d t h a t 
the s y s t e m had e q u i l i b r a t e d w i t h i n the twenty f o u r h o u r p e r i o d . 

The i n i t i a l and e q u i l i b r i u m c o n c e n t r a t i o n o f s o l u b l e enzyme 
was d e t e r m i n e d s p e c t r o p h o t o m e t r i c a l l y by measurement o f o p t i c a l 
d e n s i t y a t 280nm ( E 1 ° / ° l c m = 20 .9 ) (19 ) . The c o n c e n t r a t i o n o f 
s o r b e d enzyme was d e t e r m i n e d by d i f f e r e n c e . F o r t h e d e t e r m i n a 
t i o n o f s o l u b l e enzyme c o n c e n t r a t i o n , a 50 μΐ a l i q u o t was w i t h 
drawn from t h e i m p r e g n a t i o n b a t h . The volume was a d j u s t e d t o 5ml 
w i t h 0.02M phosphate b u f f e r , pH 7.0 and t h e o p t i c a l d e n s i t y r e 
c o r d e d a t 280nm. 

A p p r o p r i a t e c o n t r o l e x p e r i m e n t s were c a r r i e d o u t , when b o t h 
m o d i f i e d and u n r e a c t e d c o l l a g e n membrane was immersed i n b u f f e r 
s o l u t i o n (0.02M phosphate b u f f e r , pH 7.0) and s t o r e d a t 4 °C f o r 
twenty f o u r h o u r s . S p e c t r o p h o t o m e t r i c a n a l y s i s o f t h e b u f f e r 
media showed no a b s o r b a n c e from i m p u r i t i e s a n d / o r c a r r i e r p r o t e i n 
a t 280nm. T h u s , the d e c r e a s e i n a b s o r b a n c e a t 280 nm was a d i r e c t 
measure o f the b i n d i n g o r s o r p t i o n o f enzyme t o t h e c o l l a g e n 
m a t r i x . 

Measurement o f L y s y l Group M o d i f i c a t i o n . The c o n c e n t r a t i o n 
o f l y s y l Ε-amino g r o u p s i n c o l l a g e n was d e t e r m i n e d by the method 
o f P o r t e r e t a l . ( 2 0 ) . A f i f t e e n mg sample o f a i r d r i e d c o l l a g e n 
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f i l m was p r e s w o l l e n i n 10ml o f 10% sodium b i c a r b o n a t e s o l u t i o n . 
Twenty ml o f a 10% (wt /v ) s o l u t i o n o f d i n i t r o f l u o r o b e n z e n e (DNFB) 
i n e t h a n o l was added and the r e a c t i o n m i x t u r e s t i r r e d f o r two 
h o u r s a t ambient t e m p e r a t u r e . The membrane was removed from the 
r e a c t i o n m i x t u r e , washed w i t h w a t e r , e t h a n o l and d i e t h y l e t h e r 
r e s p e c t i v e l y and d r i e d . The DNFB t r e a t e d f i l m s were h y d r o l y z e d 
w i t h 6N HC1 f o r e i g h t e e n h o u r s a t 105°C i n a capped t e s t tube 
f l u s h e d w i t h n i t r o g e n . A f t e r d i g e s t i o n , the h y d r o l y z a t e was e x 
t r a c t e d t h r e e ( 3 ) t i m e s w i t h e t h e r . The aqueous phase was d i l u t e d 
t o 100ml w i t h 1N HC1 and the a b s o r b a n c e a t 363nm r e c o r d e d . The 
c o n c e n t r a t i o n o f f r e e l y s y l r e s i d u e s i n c h e m i c a l l y m o d i f i e d c o l 
l a g e n was c a r r i e d out i n an a n a l o g o u s manner. 

Enzyme Assay P r o c e d u r e . The c a t a l y t i c p o t e n c y o f the i m 
m o b i l i z e d β - g a l a c t o s i d a s e was d e t e r m i n e d i n a p l u g f l o w r e a c t o r 
09). G l u c o s e l i b e r a t e d
dase on l a c t o s e was d e t e r m i n e
method (22) w i t h some m o d i f i c a t i o n s . 

C h e m i c a l a n a l y s i s f o r bound enzyme, f o l l o w i n g s t e a d y s t a t e 
p l u g f low r e a c t o r o p e r a t i o n , was based on the t r y p t o p h a n c o n t e n t 
o f the c o m p l e x . A m o d i f i c a t i o n o f the method o f D a i b y et_ a l . ( 2 2 ) 
was employed . 

R e s u l t s and D i s c u s s i o n . 

Enzyme B i n d i n g C a p a c i t y D e t e r m i n a t i o n . Two s t e p s o r s t a g e s 
a r e i n v o l v e d i n f o r m a t i o n o f a s t a b l e c o l l a g e n / e n z y m e complex . 
The i n i t i a l s t e p i n v o l v e s the s o r p t i o n o f enzyme from a f r e e 
enzyme s o l u t i o n by e i t h e r a d i s p e r s i o n o r a f i l m o f c o l l a g e n (5», 
9). The p r e s e n t s t u d y d i f f e r s from p r e v i o u s i n v e s t i g a t i o n s i n 
t h a t i n a d d i t i o n t o d e t e r m i n a t i o n o f enzyme b i n d i n g c a p a c i t y o f 
c o l l a g e n membrane by b o t h c h e m i c a l and a p p a r e n t a c t i v i t y a s s a y s , 
the i n i t i a l b i n d i n g r e l a t i o n s h i p was a l s o d e t e r m i n e d by c l a s s i 
c a l s o r p t i o n i s o t h e r m t h e o r y . A g e n e r a l agreement between t h e 
two p r o c e d u r e s was o b t a i n e d . However, t h e s p e c i f i c r e l a t i o n s h i p s 
d i f f e r i n t h a t t h e e q u i l i b r i u m s o r p t i o n r e l a t i o n s h i p i s l i n e a r 
w i t h r e s p e c t t o l y s y l group m o d i f i c a t i o n w h i l e t h e amount o f 
bound enzyme a f t e r the membrane has a c h i e v e d s t e a d y s t a t e c o n d i 
t i o n s i n the r e a c t o r i s n o n - l i n e a r . 

U n l e s s o t h e r w i s e s t a t e d , the enzyme b i n d i n g c a p a c i t y o f mem
braneous c o l l a g e n was measured by t h e e q u i l i b r i u m s o r p t i o n method 

In d e t e r m i n i n g the c o n t r i b u t i o n o f i o n i c i n t e r a c t i o n s , i n 
v o l v i n g the Ε-amino group o f l y s y l r e s i d u e s o f c o l l a g e n , t o t h e 
b i n d i n g o f enzyme by c o l l a g e n , a p u r i f i e d s o u r c e o f β - g a l a c t o s i 
dase was u s e d . S i n c e a s p e c t r o p h o t o m e t r i c p r o c e d u r e was developed 
t o m o n i t o r the s o r p t i o n o f enzyme by membraneous c o l l a g e n , i t i s 
c r i t i c a l t h a t the enzyme p r e p a r a t i o n be homogeneous and t h e r e be 
no a b s o r b a n c e by i m p u r i t i e s . Absorbance by i m p u r i t i e s a t 280nm 
would i n t e r f e r e w i t h q u a n t i t a t i o n o f s o r b e d enzyme and l e a d t o 
e r r o n e o u s r e s u l t s . F u r t h e r , i m p u r i t i e s p r e s e n t i n t h e enzyme 
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p r e p a r a t i o n c o u l d compete w i t h the enzyme f o r a c t i v e b i n d i n g 
s i t e s on c o l l a g e n , l e a d i n g t o i n a c c u r a t e e s t i m a t e s f o r t o t a l b i n d 
i n g s i t e c o n c e n t r a t i o n ( A 0 ) and b i n d i n g c o n s t a n t ( K Q ) o f t h e 
s i t e s r e m a i n i n g . 

C h e m i c a l M o d i f i c a t i o n o f C o l l a g e n - The E f f e c t o f C a r b a m y l a 
t i o n on the E n z y m e - B i n d i n g C a p a c i t y o f Membraneous C o l l a g e n . 

A . T h e o r e t i c a l C o n s i d e r a t i o n s . The mass a c t i o n e x p r e s s i o n 
f o r the c o m b i n a t i o n o f enzyme p r o t e i n w i t h a homogeneous p o p u l a 
t i o n o f b i n d i n g s i t e s on the c a r r i e r p r o t e i n , c o l l a g e n , may be 
t r e a t e d i n terms o f a L a n g m u i r i a n i s o t h e r m , where the i s o t h e r m i s 
e x p r e s s e d i n t h e f o l l o w i n g form (18, 2 3 ) : 

b = K Q C ( A 0 - b) o r (1) 

1 1 , 1 . 1 ( 0

b = A K~C + Aο ο ο 

when A Q = t o t a l c o n c e n t r a t i o n o f b i n d i n g s i t e s on the c a r r i e r 
p r o t e i n ; b = c o n c e n t r a t i o n o f enzyme p r o t e i n s o r b e d t o c a r r i e r 
p r o t e i n a t e q u i l i b r i u m ; C = c o n c e n t r a t i o n o f s o l u b l e enzyme p r o 
t e i n a t e q u i l i b r i u m ; and Κ = b i n d i n g c o n s t a n t f o r the c o m b i n i n g 
o f enzyme t o the b i n d i n g s i t e s on the c a r r i e r p r o t e i n , c o l l a g e n . 

Some a p p r o x i m a t i o n s can be made as t o the c o n c e n t r a t i o n o f 
a c t i v e b i n d i n g s i t e s (A Q ) on c o l l a g e n and the b i n d i n g c o n s t a n t 
( K 0 ) from the L a n g m u i r i a n i s o t h e r m . Assuming t h a t one enzyme 

m o l e c u l e i s bound p e r one b i n d i n g s i t e , E q u a t i o n (2) p r e d i c t s 
t h a t when ^ i s p l o t t e d a s a f u n c t i o n o f 1 / C , a s t r a i g h t l i n e w i l l 
be o b t a i n e a and the i n t e r c e p t on the 1 /b a x i s , t h a t i s a t i n f i n i t e 
f r e e enzyme c o n c e n t r a t i o n , i s e q u a l t o 1 / A Q . F r o m A 0 > the b i n d 
i n g c o n s t a n t K Q can be o b t a i n e d from the s l o p e o f the d o u b l e 
r e c i p r o c a l p l o t . 

I f the b i n d i n g s i t e s a r e h e t e r o g e n e o u s , t h a t i s , more t h a n 
one b i n d i n g c o n s t a n t , the c o r r e s p o n d i n g e q u a t i o n (3) i s : 

1 1 , 1 χ a 1 ( . 
b = A 0

 ( K ^ C ) + I 0
 ( 3 ) 

where (a) i s t h e h e t e r o g e n e i t y i n d e x and i s the a v e r a g e f b i n d 
i n g c o n s t a n t . F o r a homogeneous group o f s i t e s , a=1 and K 0 = K § . 
D e c r e a s i n g v a l u e s o f (a) c o r r e s p o n d t o an i n c r e a s i n g h e t e r o g e n e 
i t y o f b i n d i n g s i t e s . 

The f r e e energy o f b i n d i n g (AG 0 ) o f enzyme p r o t e i n t o c a r 
r i e r p r o t e i n i s a l s o e s t i m a t e d from the r e l a t i o n s h i p : 

A G 0 = - R T l n Κ (A) 
ο 

Β. E f f e c t o f C a r b a m y l a t i o n on Enzyme B i n d i n g . F i g u r e 1. 
shows the e f f e c t i v e n e s s o f c h e m i c a l m o d i f i c a t i o n (cambamylation) 
i n r e d u c i n g t h e enzyme b i n d i n g a c t i v i t y o f membraneous c o l l a g e n , 
where t h e q u a n t i t y o f enzyme s o r b e d i s p l o t t e d as a f u n c t i o n o f 
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PERCENT LYSYL E-AMINQ GROUPS MODIFIED 

Figure 1. The effect of chemical modification of lysyl Ε-amino groups on the 
sorption of β-gahcatosidase (28 iimol/h) to collagen membrane. Solution equi

librium and steady-state reactor conditions. 
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the p e r c e n t (mole p e r c e n t ) Ε-amino groups m o d i f i e d . The e q u i l i 
b r i u m s o r p t i o n s t u d i e s d e s c r i b e d i n F i g u r e 1. were c a r r i e d out a t 
a c o n s t a n t enzyme b a t h c o n c e n t r a t i o n ( i . e . 0 . 0 2 3 μ m o l e / m l ) . As 
shown, c h e m i c a l m o d i f i c a t i o n o f the l y s y l r e s i d u e s i n c o l l a g e n 
had a marked e f f e c t on the b i n d i n g o r s o r p t i o n o f l a c t a s e ( £ -
g a l a c t o s i d a s e , E . c o l i Κ12) t o t h e m o d i f i e d membrane. A c o l l a g e n 
membrane i n which 15% (mole%) o f the a v a i l a b l e Ε-amino groups had 
been c o n v e r t e d t o the carbamate d e r i v a t i v e s o r b e d 35% l e s s enzyme 
t h a n t h e u n m o d i f i e d c o n t r o l membrane. A 78% d e c r e a s e i n s o r b e d 
enzyme was o b s e r v e d when 40% (mole %) o f the l y s y l Ε-amino g r o u p s 
had been m o d i f i e d . 

The d e c r e a s e i n enzyme s o r p t i o n by t h e c h e m i c a l l y m o d i f i e d 
membrane i m p l i e s t h a t under t h e s e e x p e r i m e n t a l c o n d i t i o n s , the 
l y s y l Ε-amino groups f u n c t i o n as p r i n c i p l e r e c e p t o r o r b i n d i n g 
s i t e s f o r enzyme p r o t e i n (at l e a s t f o r E . c o l i β - g a l a c t o s i d a s e ) 
and t h a t the c o m p l e x a t i o
l y s y l r e s i d u e s o f c o l l a g e
i n i t i a l s t e p i n the f o r m a t i o n o f a s t a b l e network o f p h y s i c o -
c h e m i c a l b o n d s . 

The g e n e r a l r e l a t i o n s h i p o f enzyme b i n d i n g t o l y s y l group 
c o n t e n t i s a l s o found f o l l o w i n g s t e a d y s t a t e p l u g f l o w r e a c t o r 
o p e r a t i o n , as shown by the lower c u r v e i n F i g u r e 1. The l e v e l o f 
bound enzyme r e p o r t e d i n the lower c u r v e ( F i g u r e 1.) i s based on 
the t r y p t o p h a n c o n t e n t o f t h e complex and r e p r e s e n t s the amount 
o f enzyme p r o t e i n t h e r m o d y n a m i c a l l y i m m o b i l i z e d f o l l o w i n g s t e a d y 
s t a t e p l u g f l o w r e a c t o r o p e r a t i o n . In c o n t r a s t t o t h e l i n e a r r e 
l a t i o n s h i p o f l y s i n e c o n t e n t t o s o r p t i o n e q u i l i b r i u m ( L a n g m u i r i a n 
s o r p t i o n i s o t h e r m ) b i n d i n g , the s t e a d y s t a t e o n t h e r m o d y n a m i c a l l y 
bound s p e c i e s i s n o n l i n e a r l y r e l a t e d . 

The r e l a t i o n s h i p between l y s y l group c o n c e n t r a t i o n and t h e 
l e v e l o f enzyme p r o t e i n bound ( f o l l o w i n g s t e a d y s t a t e p l u g f l o w 
r e a c t o r o p e r a t i o n ) i s f u r t h e r s u b s t a n t i a t e d by the r e s u l t s shown 
i n F i g u r e 2 . , where t h e c a t a l y t i c a c t i v i t y o f the c o l l a g e n - e n z y m e 
complex i s p l o t t e d as a f u n c t i o n o f the p e r c e n t Ε-amino groups 
m o d i f i e d . As shown, a c o l l a g e n - l a c t a s e complex p r e p a r e d from a 
f i l m i n w h i c h 15% (mole p e r c e n t ) o f the a v a i l a b l e Ε-amino groups 
had been c o n v e r t e d t o t h e carbamate d e r i v a t i v e had an enzyme 
a c t i v i t y 29% l e s s t h a n the complex p r e p a r e d from t h e u n m o d i f i e d 
c o n t r o l f i l m . A 74% d e c r e a s e i n r e l a t i v e a p p a r e n t a c t i v i t y was 
o b s e r v e d f o r a complex p r e p a r e d from a membrane i n w h i c h 40 mole 
p e r c e n t o f the l y s y l groups had been m o d i f i e d . 1 

As p r e v i o u s l y d i s c u s s e d , the d e c r e a s e i n enzyme b i n d i n g c a 
p a c i t y o f the c h e m i c a l l y m o d i f i e d membrane i m p l i e s t h a t the com
p l e x a t i o n mechanism i n v o l v e s i o n i c i n t e r a c t i o n s o f l y s y l E - a m i n o 
g r o u p s o f c o l l a g e n w i t h enzymic amino a c i d s i d e c h a i n s a s a p r i n 
c i p l e s t e p i n the f o r m a t i o n o f a s t a b l e network o f p h y i c o - c h e m i c a l 
bonds . However, p a r t o f the e f f e c t o f c a r b a m y l a t i o n c o u l d be due 
t o a r e d u c t i o n i n t h e a v e r a g e b i n d i n g c o n s t a n t ( K Q ) o f a l l t h e 
s i t e s r a t h e r t h a n t h e complete b l o c k i n g o f a c t i v e s i t e s . 
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PERCENT LYSYL Ε-AMINO GROUPS MODIFIED 

Figure 2. The effect of chemical modification of lysyl Ε-amino groups on the 
amount of bound enzyme at steady-state reactor conditions 
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a l t e r n a t i v e l y , the o b s e r v e d d e c r e a s e i n enzyme b i n d i n g a c 
t i v i t y may be a t t r i b u t e d t o t h e d e s t r u c t i o n o f a l i m i t e d number 
o f s i t e s h a v i n g a h i g h b i n d i n g c o n s t a n t . In o r d e r t o a s c e r t a i n 
how much l o s s o f b i n d i n g a c t i v i t y was due t o r e d u c t i o n o f K Q and 
how much was due t o c o m p l e t e l o s s o f a c t i v e s i t e s , s o r p t i o n i s o 
therms f o r β - g a l a c t o s i d a s e on c h e m i c a l l y m o d i f i e d c o l l a g e n mem
b r a n e s and f o r t h e c o r r e s p o n d i n g u n m o d i f i e d c o n t r o l were d e t e r 
mined a t s e v e r a l enzyme c o n c e n t r a t i o n s . C o l l a g e n membranes i n 
w h i c h 15, 30, and 40 mole p e r c e n t o f the l y s y l Ε-amino g r o u p s had 
been b l o c k e d were u s e d . 

S o r p t i o n i s o t h e r m s f o r β - g a l a c t o s i d a s e on the m o d i f i e d mem
b r a n e s and t h e c o r r e s p o n d i n g u n m o d i f i e d c o n t r o l a r e p r e s e n t e d i n 
F i g u r e 3. As shown, s o r p t i o n f o l l o w e d a common L a n g m u i r i a n - t y p e 
i s o t h e r m , where t h e amount o f β - g a l a c t o s i d a s e s o r b e d on the 
c o l l a g e n membranes i n c r e a s e d w i t h i n c r e a s i n g b a t h c o n c e n t r a t i o n , 
a p p r o a c h i n g a s a t u r a t i o
S i m i l a r r e s u l t s have bee
l a c t a s e (24,25)· In t h e s e e a r l i e r s t u d i e s , the enzyme b i n d i n g 
c a p a c i t y o f t h e membraneous c o l l a g e n was e v a l u a t e d by d e t e r m i n a 
t i o n o f t h e c a t a l y t i c a c t i v i t y o f t h e r e s u l t a n t c o l l a g e n - e n z y m e 
c o m p l e x . Our r e s u l t s from c h e m i c a l m o d i f i c a t i o n o f c o l l a g e n and 
the a f f e c t on s o r p t i o n o r enzyme b i n d i n g a r e c o n s i s t e n t w i t h the 
s u g g e s t e d mechanism o f e n z y m e - c o l l a g e n c o m p l e x a t i o n i n v o l v i n g a 
f i n i t e number o f a c t i v e b i n d i n g s i t e s on c o l l a g e n and t h a t t h e 
number o f p o t e n t i a l b i n d i n g s i t e s were d e c r e a s e d by c h e m i c a l 
m o d i f i c a t i o n o f t h e l y s y l r e s i d u e s . 

C . Thermodynamic C o n s i d e r a t i o n s : The E f f e c t o f C h e m i c a l 
M o d i f i c a t i o n on B i n d i n g C o n s t a n t s and t h e F r e e E n e r g y o f 
B i n d i n g . I n F i g u r e 4 . , t h e s o r p t i o n d a t a a r e p r e s e n t e d 

as the r e c i p r o c a l o f bound o r s o r b e d enzymic p r o t e i n (mole/gm 
c o l l a g e n ) v e r s u s t h e r e c i p r o c a l o f f r e e o r s o l u b l e s o r b a t e c o n 
c e n t r a t i o n ( m o l e / l i t e r ) under e q u i l i b r i u m c o n d i t i o n s . The o b 
s e r v e d l i n e a r r e l a t i o n s h i p o b t a i n e d f o r the r e s p e c t i v e m o d i f i e d 
and u n m o d i f i e d membranes i s s u g g e s t i v e o f a h e t e r o g e n e i t y i n d e x 
(a) o f o n e . T h i s i m p l i e s t h a t t h e c o m b i n i n g s i t e s on c o l l a g e n 
a r e a homogeneous p o p u l a t i o n , and the b i n d i n g e n e r g i e s f o r the 
a c t i v e s i t e s a r e e q u i v a l e n t . I f t h e a s s u m p t i o n i s made t h a t one 
enzyme m o l e c u l e i s bound p e r one b i n d i n g s i t e , e x t r a p o l a t i o n o f 
s u c h c u r v e s t o i n f i n i t e f r e e enzyme c o n c e n t r a t i o n , i . e . t h e o r 
d i n a t e i n t e r c e p t , p r o v i d e s a measure o f the maximum l e v e l o f 
enzyme b i n d i n g and t h u s an e s t i m a t e d measure o f t h e t o t a l c o n c e n 
t r a t i o n o f b i n d i n g s i t e s ( A Q ) . 

In T a b l e I , t h e r e s u l t a n t v a l u e s f o r t o t a l b i n d i n g s i t e c o n 
c e n t r a t i o n ( A 0 ) , a v e r a g e b i n d i n g c o n s t a n t ( K Q ) and t h e h e t e r o 
g e n e i t y i n d e x (a) f o r t h e r e s p e c t i v e m o d i f i e d and u n m o d i f i e d 
membranes a r e p r e s e n t e d . From T a b l e I , i t i s seen t h a t c a r b a m y 
l a t i o n o f the l y s y l r e s i d u e s o f c o l l a g e n r e s u l t s i n t h e l o s s o f 
enzyme b i n d i n g s i t e s ( A Q ) w i t h l i t t l e o r no change i n t h e a v e r a g e 
b i n d i n g c o n s t a n t (K^) f o r the r e m a i n i n g b i n d i n g s i t e s . T h i s i s 
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Figure 3. Sorption of β-galactosidase (E. coli K12) by collagen preparations at 
different levels of lysyl group modification 
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7μ 

.2 .4 .6 .8 10 1.2 1.4 1.6 18 2.0 2.2 

FREE ENZYME CONCENTRATION (MOLE/L) Χ 1 0 - 5 

Figure 4. Sorption of β-galactosidase by collagen preparations (samples as in 
Figure 2) at different degrees of lysine content as a double reciprocal plot; for 
control, A0 — 14 X 10~6;for 15% modification, A0 = 0.53 X JO" 6 ; for 30% modi
fication, A0 = 0.41 χ JO" 6 ; for upper curve, A0 = 0.J8 X JO" 6 mol/g collagen, 

respectively 
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TABLE I 

T o t a l A v a i l a b l e B i n d i n g S i t e s , 

B i n d i n g C o n s t a n t s and F r e e E n e r g y o f B i n d i n g 

T o t a l A v a i l a b l
B i n d i n g S i t e s C o n s t a n t o f B i n d i n g 

C o l l a g e n . , 
Membrane 
( P e r c e n t 
M o d i f i c a t i o n ) 

( K o> 

(Mole/Gm C o l l a g e n (JWfole χ 10 Ί 
. . - 6 ) 

χ 10 

(AG°) 

( K c a l / M o l e ) 

C o n t r o l 

15 

30 

40 

1.4 

0.53 

0.4 

0.2 

0.73 

1.7 

0.9 

1.2 

-6.2 

-6.5 

-6.3 

-6.5 

(a) Mole p e r c e n t l y s y l Ε-amino g r o u p s m o d i f i e d 
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consistent with the above discussion. Further, these binding 
s i t e s appear to be unaffected by d i s t o r t i o n of the collagen 
microstructure as a result of carbamylation of other l o c i with
in the tropocollagen molecule. 

The estimated free energies of binding (AG) are also tabu
lated i n Table 1. As shown, the free energy of binding of enzyme 
protein to the respective modified and unmodified collagen 
membranes i s equivalent. This i s consistent with our previous 
discussion on the heterogeneity index, which indicated that the 
combining s i t e s on collagen are a homogeneous population and the 
binding energies for the s i t e s are equivalent. 

D. Nature of Active Binding Sites of Collagen. The nega
tive values for the free energies of binding (AG) show that the 
sorption process i s energetically favorable and spontaneous
Further, the estimated
enzyme protein-carrier
values reported i n the l i t e r a t u r e for protein-protein associa
tion. The value of -6.4 Kcal/mole i s comparable to that for 
association of the subunits of bovine l i v e r glutamate dehydro
genase into active enzyme (26) and the binding of human hemo
globin a, 3-dimer into the tetramer (27). Similar association 
energies have been reported for the dimerization of a-chymo-
trypsin (28), i n s u l i n (29) and lysozyme (30)· These findings are 
summarized i n Table I I . 

Based on x-ray crystallographic data, Fermi (31) concluded 
that the binding of the a, β-dimer of human hemoglobin into the 
tetramer involved 27 amino acid residues, including six (6) 
hydrogen bonds, hydrophobic and Van der Waals interactions and 
one possible s a l t bridge between the side chains of arginine and 
glutamic acid. The c r y s t a l l i n e structure of the i n s u l i n dimer 
showed that 20 amino acid residues are involved i n the dimeriza
tion (10 amino acid residues per monomer u n i t ) . These interac
tions included four (4) hydrogen bonds and Van der Waals forces 
(32). Although Fermi (31) proposed the involvement of ionic 
bonding i n the formation of the hemoglobin tetramer, other 
investigators (27 , 33) have suggested that both the hemoglobin 
tetramer and the i n s u l i n dimer are s t a b i l i z e d by hydrophobic 
interactions. This assumption was based on the fact that these 
moieties ( i . e . hemoglobin tetramer and i n s u l i n dimer) were d i s 
sociated more readily by non-polar reagents. 

By comparing the sorption data and the free energy values 
for collagen-enzyme binding with the binding data for hemoglobin 
and i n s u l i n , some approximations can be made as to the number 
and the type of interactions involved i n collagen-enzyme binding. 
It i s possible that the sorption or binding of (3-galaetosidase 
to collagen may involve 20 to 30 amino acid residues. However, 
our findings showed such an association to involve ionic i n t e r 
actions of l y s y l Ε-amino groups of collagen with enzymic amino 
acid side chains ( i . e . carboxyl groups) as the primary step i n 
the binding of enzyme protein to the c a r r i e r protein, 
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TABLE I I 

F r e e Energy o f B i n d i n g F o r 

V a r i o u s P r o t e i n - P r o t e i

P r o t e i n s I n v o l v e d N a t u r e o f B i n d i n g F r e e E n e r g y (AG 0 ) 
K c a l / m o l e 

C o l l a g e n - L a c t a s e C o m p l e x a t i o n - 6 . 4 

Glutamate Dehydrogenase Subunits^t a c t i v e - 7 . 2 
enzyme 

Human Hemoglobin α , β - d i m e r î t e t r a m e r - 7 . 1 

α - C h y m o t r y p s i n Monomer Î d imer - 5 - 7 

I n s u l i n Monomer ΐ d imer - 5 . 3 

Lysozyme Monomer Î d imer -3 .9 
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c o l l a g e n . The e q u i v a l e n c y o f the f r e e energy f o r c o l l a g e n - e n z y m e 
s o r p t i o n , i r r e s p e c t i v e o f c o l l a g e n t r e a t m e n t , f u r t h e r s u p p o r t s 
the a s s u m p t i o n t h a t t h e r e a r e s p e c i f i c b i n d i n g s i t e s on the enzyme 
m o l e c u l e w h i c h form s t r o n g b o n d i n g i n t e r a c t i o n s w i t h l y s y l r e s i 
dues o f c o l l a g e n . 

As we have p r e v i o u s l y p o i n t e d o u t , a minimum o f f o u r s u c h 
i o n i c i n t e r a c t i o n s p e r t r o p o c o l l a g e n m o l e c u l e would p r o v i d e a 
c u m u l a t i v e bond energy o f a p p r o x i m a t e l y 100 K c a l / m o l e (10_). 

Enzyme B i n d i n g Mechanism. 

Our f i n d i n g s on the e f f e c t o f s t r u c t u r a l and c h e m i c a l m o d i 
f i c a t i o n o f c o l l a g e n on enzyme b i n d i n g p e r m i t c e r t a i n g e n e r a l 
c o n c l u s i o n s r e g a r d i n g the mechanism o f enzyme p r o t e i n - c a r r i e r 
p r o t e i n b i n d i n g . 

1 . The b i n d i n g mechanis
s p e c i f i c b i n d i n g o f the
the c o l l a g e n m i c r o s t r u c t u r e . The l y s y l Ε-amino g r o u p s , l o c a l i z e d 
w i t h i n the h e l i c a l p o r t i o n o f the t r o p o c o l l a g e n m o l e c u l e , f u n c t i o n 
as p r i n c i p l e r e c e p t o r s i t e s f o r enzyme b i n d i n g . The c o m p l e x a t i o n 
mechanism i n v o l v e s i o n i c i n t e r a c t i o n s o f the l y s y l Ε-amino group 
w i t h enzyme amino a c i d s i d e c h a i n s ( e . g . c a r b o x y l g r o u p s ) as a 
p r i n c i p l e s t e p i n the f o r m a t i o n o f a s t a b l e c o l l a g e n - e n z y m e s u p r a -
s t r u c t u r e . 

2. An e s s e n t i a l s t e p i n the f o r m a t i o n o f a s t a b l e enzyme-
c a r r i e r p r o t e i n complex i n v o l v e s d r y i n g o f the impregnated mem
brane ( 17 ) . T h i s d r y i n g s t e p i s t h o u g h t t o r e d u c e t h e i n t e r -
m o l e c u l a r d i s t a n c e between enzyme amino a c i d s i d e c h a i n s and 
a c t i v e b i n d i n g s i t e s on c o l l a g e n , t h e r e b y f a c i l i t a t i n g the f o r m a 
t i o n o f a s e r i e s o f s e c o n d a r y p h y s i c o - c h e m i c a l b o n d s . I t i s t h i s 
c u m u l a t i v e b i n d i n g which r e s u l t s i n the f o r m a t i o n o f a s t a b l e 
enzyme p r o t e i n - c a r r i e r p r o t e i n c o m p l e x . The e l i m i n a t i o n o f the 
d r y i n g s t e p r e s u l t s i n e x c e s s i v e l e a c h i n g o f t h e enzyme from the 
s u p p o r t i n g m a t r i x , f o l l o w i n g r e p e a t e d c o n t a c t w i t h s u b s t r a t e 
s o l u t i o n . The b i n d i n g o f enzymic p r o t e i n t o t h e c a r r i e r p r o 
t e i n c o l l a g e n t h e r e f o r e i s assumed t o i n v o l v e two s t e p s o r s t a g e s . 
The i n i t i a l s t e p i n v o l v e s i n t e r a c t i o n o f enzymic amino a c i d s i d e 
c h a i n s w i t h l y s y l r e s i d u e s o f c o l l a g e n w h i c h a f f i x e s the enzyme 
t o the c o l l a g e n m a t r i x . T h i s i s f o l l o w e d by the f o r m a t i o n o f a 
s e r i e s o f s e c o n d a r y n o n - c o v a l e n t bonds d u r i n g the d r y i n g s t e p . 

C o n c l u s i o n s . 

The r e s u l t s o f t h i s s t u d y have d e l i n e a t e d t h e mechanism o f 
enzyme p r o t e i n - c a r r i e r p r o t e i n b i n d i n g i n terms o f t h e n a t u r e o f 
t h e f u n c t i o n a l group a n d / o r g r o u p s w i t h i n the h e l i c a l r e g i o n o f 
the c o l l a g e n m o l e c u l e i n v o l v e d i n b i n d i n g . S p e c i f i c a l l y t h e 
r o l e o f l y s y l Ε-amino g r o u p s o f c o l l a g e n has been e s t a b l i s h e d . 
F u r t h e r s t u d i e s a r e i n p r o g r e s s i n o u r l a b o r a t o r y t o d e t e r m i n e 
the e q u i v a l e n c y o f the b i n d i n g mechanism i n v o l v e d i n the immo
b i l i z a t i o n o f enzymic p r o t e i n t o c o l l a g e n . 
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Alkali-Induced Lysinoalanine Formation in Structurally 

Different Proteins 

MENDEL FRIEDMAN 

Western Regional Research Center, Science and Education Administration, 
U.S. Department of Agriculture, Berkeley, CA 94710 

Crosslinked amino acids have been identified in acid hydroly
sates and enzyme digests of alkali-treated and heat-treated prote
ins. (Papers in references 1 and 2 cover this subject comprehen
sively). One such crosslinking derivative, lysinoalanine, has 
been found to cause histological (pathological) changes in rat 
kidneys (3, 4). These observations cause concern about the nutri
tional 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, 
and strategies to minimize or prevent these reactions need to be 
developed. 

In previous papers, we have (a) reviewed elimination reactions 
of disulfide bonds in amino acids, peptides, and proteins under 
the influence of alkali (5); (b) analyzed factors that may operate 
during alkali-induced amino acid crosslinking and its prevention 
(6); (c) demonstrated inhibitory effects of certain amino acids 
and inorganic anions on lysinoalanine formation during alkali 
treatment of casein, soy protein, wheat gluten, and wool and on 
lanthionine formation in wool (7, 8, 9); (d) demonstrated that 
protein acylation inhibits lysinoalanine formation in wheat gluten 
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and soy protein (8, 9); (e) studied the transformation of lysine 
to lysinoalanine, and of cystine to lanthionine residues in 
proteins and polyamino acids (10); and (f) examined effects of 
lysine modification on chemical, nutritional, and functional 
properties of proteins (11). 

In this paper I report and discuss the susceptibilities of 
alkali-labile amino acid residues in three proteins to degradation 
as a function of pH. 

EXPERIMENTAL 

Commercial casein was obtained from International Casein 
Corporation, San Francisco, California; commercial wheat gluten 
and lactalbumin from Unite
Cleveland, Ohio. 

Alkali Treatments. The following procedure, illustrated with 
casein, was also used with the other food proteins. A solution 
or suspension of casein (usually 0.5 gram per 50 cc of solvent 
or 1% w/v) in borate buffer of appropriate pH in a glass-stoppered 
Erlenmeyer flask was placed in a 65°C water bath. After the 
indicated time, the solution was dialyzed against 0.01N acetic 
acid with frequent changes of water plus acetic acid for about 
two days and then lyophilized. 

Amino Acid Analyses. A weighed sample (about 5 mg) of protein 
was hydrolyzed in 15 cc of 6N HC1 in a commercial hydrolysis tube. 
The tube was evacuated, placed in an acetone-dry ice bath, evacu
ated and refilled with nitrogen twice before being placed in an 
oven at 110°C for 24 hours. The cooled hydrolysate was filtered 
through a sintered disc funnel, evaporated to dryness at 40°C 
with the aid of an aspirator, and the residue was twice suspended 
in water and evaporated to dryness. Amino acid analysis of an 
aliquot of the soluble hydrolysate was carried out on a Durrum 
Amino Acid Analyzer, Model D-500 under the following conditions: 
single column Moore-Stein ion-exchange chromatography method; 
Resin, Durrum DC-4A; buffer pH, 3.25, 4.25, 7.90; photometer, 
440 nm, 590 nm; column, 1.75 mm X 48 cm; analysis time, 105 min. 
Norleucine was used as an internal standard. 

In this system, lysinoalanine (LAL) is eluted just before 
histidine. The color constant of LAL was determined with an 
authentic sample purchased from Miles Laboratories. 

Some typical results are shown in Figures 1-4. 
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1% CASEIN, H 2 0 , 

3 HRS, 6 5 ° C 

Figure 1. Amino acid analysis of a hydrolysate of casein heated in water 

Figure 2. Amino acid analysis of a hydrolysate of casein heated in a pH 10.6 
buffer. Note lysinoalanine peak. 
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Figure 3. Amino acid analysis of a hydrolysate of casein heated in a pH 11.2 
buffer. Note lysinoalanine peak. 

CASEIN, 0.1 IN N a O H , 
3 HRS, 6 5 ° C 

ι ι > I I I 1 1 1 
10 20 30 40 50 60 70 80 90 

MIN. 

Figure 4. Amino acid analysis of a hydrolysate of casein heated in a 0.1N NaOH 
solution. Note lysinoalanine peak. 
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RESULTS AND DISCUSSION 

The amino acid composition of alkali-treated casein, laetal-
bumin, and wheat gluten are given in Tables I-III. The results 
show that the following amino acids are destroyed to various 
extents under basic conditions: threonine, serine, cystine, lysine, 
and arginine, and possibly also tyrosine and histidine. The losses 
of these amino acids is accompanied by the appearance of lysinoala
nine and other ninhydrin-positive compounds. 

Inspection of the Tables reveals several interesting points. 
First, loss of lysine appears to level off or go through a mini
mum with increasing pH. A possible explanation is that lysinoala
nine is destroyed (besides being formed) during alkali treatment, 
regenerating lysine. A
been shown to occur whe
subjected to alkaline conditions (12). This possibility is 
supported by the following observations, (a) Time studies show 
that lysinoalanine formation appears to level off after about 
one hour when lactalbumin or soy protein is exposed to IN NaOH 
at 65°C up to 8 hours (9). (b) Exposure of free- and protein-
bound lysinoalanine to alkaline conditions appears not to always 
give quantitative recovery of lysinoalanine (13). 

Comparison of lysinoalanine values for wheat gluten, casein 
and lactalbumin treated at various pH's shows large differences 
in the amounts of lysinoalanine formed in the three proteins. 
For example, the respective values at pH 10.6 are 0.262, 0.494, 
and 1.04 mole per cent (ratio of about 1:2:4); at pH 11.2 the 
values are 0.420, 0.780, and 1.52 mole per cent; and at pH 12.5 
(pH of 1% protein solution in 0.IN NaOH), the respective values 
are 0.762, 0.780, and 2.62 mole per cent. (Note that the value of 
casein approaches that of gluten at this pH). The observed 
differences in lysinoalanine content of the three proteins at 
different pH values are not surprising since the amino acid compo
sition, sequence, protein conformation, molecular weights of 
protein chains, i n i t i a l formation of intra- versus intermolecular 
crosslinks may a l l influence the chemical reactivity of 
a particular protein with alkali. Therefore, i t is not surprising 
to find differences in lysinoalanine content in different proteins 
treated under similar conditions. These observations could have 
practical benefits since, for example, the lower lysinoalanine 
content of casein compared to lactalbumin treated under the same 
conditions suggests that casein is preferable to lactalbumin 
in foods requiring alkali-treatment. 

The postulated mechanism of lysinoalanine formation (Figure 5) 
is at least a two-step process. First, hydroxide ion-catalyzed 
elimination reactions of serine, threonine, and cystine (and to 
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TABLE I 

E f f e c t o f pH on amino a c i d c ompo s i t i o n o f wheat g l u t e n . 
C o n d i t i o n s : 1% wheat g l u t e n ; 65°C; 3 hou r s . 
Numbers a re mole ( r e s i d u e ) per c e n t f o r each amino a c i d . 

pH 

Amino 
A c i d C o n t r o l 9.6 10.6 11.2 12.5 13.9 

ASP 3.20 3.2

THR 3.19 3.10 3.05 3.01 2.67 1.20 

SER 6.81 6.75 6.64 6.55 5.30 2.24 

ALA 3.91 3.95 4.07 3.86 4.40 3.78 

CYS 0.976 0.691 0.00 0.00 0.00 0.00 

MET 1.35 1.25 1.18 1.33 1.68 1.17 

TYR 2.49 2.55 2.43 2.49 2.43 1.85 

PHE 4.35 4.29 4.52 4.35 4.29 4.93 

LAL 0.00 0.00 0.262 0.420 0.762 0.884 

HIS 1.87 1.80 1.83 1.78 1.74 1.71 

LYS 1.33 1.40 1.16 0.963 0.945 0.948 

ARG 2.75 2.70 2.66 2.68 2.61 1.79 
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TABLE I I 

E f f e c t o f pH on amino a c i d c o m p o s i t i o n o f c a s e i n . C o n d i t i o n s : 
1% commercia l c a s e i n ; 65°C; 3 hou r s . Numbers a re mole pe r c en t 
f o r each amino a c i d . 

Amino C o n t r o l s ( i n t r i p l i c a t e ) pH 
A c i d No 1 No 2 No 3 10.6 11.2 12.5 

ASP 6.85 6.81 6. .85 6.93 6.96 7.04 

THR 4.61 4.5

SER 7.12 7.07 7. ,27 7.09 6.94 4.60 

GLU 18.84 18.76 19. .18 19.14 19.46 20.83 

PRO 11.97 12.08 12. .28 12.20 12.30 12.56 

GLY 3.18 3.17 3. .05 3.05 3.08 3.44 

ALA 4.34 4.36 4. .25 4.28 4.20 4.49 

VAL 6.81 6.89 6. .71 6.66 6.60 6.88 

MET 2.43 2.46 2. .43 2.36 2.00 2.74 

I LEU 4.73 4.80 4. .72 4.71 4.78 4.70 

LEU 9.37 9.42 9. .21 9.28 9.48 9.11 

TYR 3.87 3.87 3. .86 3.89 3.82 3.88 

PHE 4.02 3.96 3. .95 4.04 4.09 4.21 

LAL 0.00 0.00 0. .00 0.494 0.780 2.43 

HIS 2.40 2.39 2. .42 2.48 2.43 2.39 

LYS 6.86 6.76 6. .89 6.46 6.03 4.48 

ARG 2.59 2.60 2. .49 2.53 2.50 2.21 
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TABLE III 

E f f e c t o f pH on amino a c i d c o m p o s i t i o n o f l a c t a l b u m i n . C o n d i t i o n s : 
1% l a c t a l b u m i n : 65°C, 3 hou r s . Numbers a re mole ( r e s i d u e ) p e r c e n t 
v a l ue s o f the t o t a l accounted f o r . 

Amino 
A c i d 

PH Amino 
A c i d C o n t r o l 9.60 10.60 11.20 12.50 13.90 

ASP 12.02 11.68 11.34 12.31 12.14 15.55 

THR 6.01 6.04 6.00 5.95 5.33 2.75 

SER 6.18 6.1

ALA 7.40 7.78 7.74 7.50 7.97 8.22 

CYS 0.952 0.558 0.190 0.00 0.00 0.00 

MET 1.84 1.96 2.12 2.06 1.92 2.14 

TYR 2.59 2.56 2.75 2.70 2.90 2.42 

PHE 2.93 2.91 3.04 3.00 3.21 2.72 

LAL 0.00 0.255 1.04 1.52 2.62 3.87 

HIS 1.66 1.60 1.67 1.64 1.51 1.20 

LYS 8.94 8.57 7.47 7.45 6.48 7.19 

ARG 2.14 2.22 2.15 2.12 1.61 1.32 
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P i 
O H U H 
C H n - C - P 
I · 
γ N H - C - P 

It 
Ο 

± H« 

Θ 

1. RACEMIZATION 

2. ̂ -ELIMINATION 

C H o - C - P 
Cx 1 

M N H - C -

C H 2 = C - P 

+ Υ θ N H - C - P 

DEHYDROPROTEIN 

it 
± C - H 2 N - P 3 C R O S S L | N K 

Η FORMATION 
P _ C H 2 - C - P 

N H - C - P 
II 
Ο 

ι 
HCI 

N H 2 
4.HYDROLYSIS 

C H 2 - ( C H 2 ) ~ - C H - C O O H 

N H - C H 2 - C H - C O O H 

P= PROTEIN N H 2 LYSINOALANINE 
SIDE CHAIN m 

Y=OH, OR, SH, SR, S(R) 2, 
Φ 

SSR, N(R) 3 > Ο Ρ Ο 3 Η , etc. 

Figure 5. Transformation of reactive protein side chains to lysinoalanine side 
chains via elimination and crosslinking formation. 

Hydroxide ion abstracts an acidic hydrogen atom (proton) from an α-carbon atom of an 
amino acid residue to form an intermediate carbanion. The carbanion, which has lost 
the original asymmetry of the amino acid residue, can either recombine with a proton to 
reform a racemized residue in the original amino acid side chain or undergo the indicated 
elimination to form a dehydroahnine side chain. The dehydroalanine then combines 
with an ε-amino group of a lysine side chain to form a crosslinked protein which on 

hydrolysis yields free lysinoahnine (6, 9). 
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a lesser extent probably also cysteine) give rise to a dehydroala-
nine intermediate. Since such elimination reactions are second-
order reactions that depend directly on the concentration of both 
hydroxide ion and susceptible amino acid, the extent of lysino
alanine formation should vary directly with hydroxide ion concen
tration. Results in Tables I-III show that 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 crosslink. This step is governed not 
only by the number of available amino groups but also by the 
location of the dehydroalanine and amino group potential partners 
in the protein chain. Only residues favorably situated to form 
crosslinks can do so. When convenient sites have reacted, 
additional lysinoalanine (or other) crosslinks form less readily 
or not at a l l . Each protein
fraction of potential site
The number of such sites is presumably dictated by the protein's 
size, composition, conformation, chain mobility, steric factors, 
extent of ionization of reactive amino (or other) nucleophilic 
centers, etc. 

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, threonine, and cystine residues but by their relative 
susceptibilitities to base-catalyzed eliminations. Thus, results 
in Tables I-III show that although serine and threonine destruc
tion begins to take place between pH 11 and 12, cystine residues 
are much more sensitive to alkali, since in the case of lactalbu
min, significant amounts of cystine are destroyed even at pH 9.6 
(Table III). On the other hand, reaction of the ε-amino groups 
with dehydroalanine to form lysinoalanine depends not only on the 
cited steric 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-amino groups of lysine residues 
is near 10 for most proteins, complete ionization of a l l amino 
groups does not occur until pH 12. At pH 9 only about 10% of the 
amino groups are ionized, and thus available for reaction (Cf. 14) 
(All of the amino groups can eventually react, however, since 
additional amino groups are formed by dissociation of the proto-
nated ammonium ions as the nonprotonated amino groups are used up) 

These results, therefore, imply that the extent of lysinoala
nine formation may vary from protein to protein. Factors that 
favor or minimize these reactions need to be studied seprately 
with each proteins. 

ABSTRACT 
Lysinoalanine formation in casein, lactalbumin, and wheat 

gluten was measured at 65°C at various pH's for 3 hours. Factors 
that control the extent of formation of the unnatural amino acid 
lysinoalanine during food processing and thus the degree of 
crosslinking in structurally different proteins are discussed. 
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