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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
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. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

T^rotein molecules are synthesized rapidly (3-5 minutes) in vivo with 
a high degree of precision. The error level in the incorporation of spe

cific amino acids into a growing polypeptidyl chain to give the primary 
sequence of a specific protein is estimated at about one error in every 
104 to 105 amino acids incorporated. Unlike carbohydrates, every mole
cule of a given protein is identical in molecular weight, amino acid 
sequence, and secondary structure. When the proteins are released 
from the ribosomes they immediately are confronted with a hostile 
environment. Some protein
minutes while others las  years  example,
ornithine decarboxylase normally is about 11 minutes, while that of 
elastin is not readily measurable. 

Either while on the ribosome or immediately after release, many 
proteins undergo posttranslational modifications in which certain amino 
acid side chains are specifically modified (for example, conversion of 
proline and lysine to hydroxyproline and hydroxylysine) or derivatized 
(for example, glycosylated, acylated, or phosphorylated). When secreted 
from the cell, the cysteinyl residues are often oxidized to form disulfide 
bonds, or cross-links. Proteins are often synthesized in precursor, inactive 
forms and must undergo limited proteolysis in order to become biologic
ally active (for example, certain zymogens of hydrolytic enzymes, pro-
insulin, proelastin). Collagen and elastin molecules undergo extensive 
crosslinking via the action of lysyl oxidase and subsequent nonenzymatic 
condensation reactions of the allysine formed with amino and other 
nucleophilic groups of the same protein. While some 20 different amino 
acids are incorporated into proteins via translation, more than 150 different 
amino acids have been found in proteins long after biosynthesis. 

Following translation into the polypeptidyl chain, proteins undergo 
not only specific chemical modifications but also many nonspecific modifi
cations. Some modifications are the result of continual exposure of the 
proteins to the potential action of proteolytic enzymes. The level of a 
specific protein in vivo is the result of a balance achieved between the 
rate of biosynthesis of that protein and its rate of degradation by proteo
lytic enzymes. In part, the rate of degradation of a protein is a function 
of the relative levels of native (N) and reversibly (R) denatured protein 
( N ^ ± R ) under a given set of conditions. Nutritional state and health 
of the organism, the extent of posttranslational modification, and environ-
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mental damage to the proteins will influence their rates of turnover 
(probably by influencing the equilibrium between Ν and R). Other 
nonspecific protein modifications occur secondarily as a result of free 
radical reactions initiated by light, oxygen, ozone, hydrogen peroxide, 
nitrous acid, and other reagents. The rates of these reactions, and others, 
are enhanced by the presence of polyunsaturated lipids, especially at low 
levels of vitamin Ε and other antioxidants, and at low levels of glutathione 
peroxidase. A few proteins (polyphenol oxidase, ascorbic acid oxidase, 
etc. ) undergo substrate or product modification during the reaction. 

Proteins may also be subjected to harsh conditions leading to 
physical and chemical modification during the storage and processing of 
food materials. A few examples include the interaction of benzoquinones 
with proteins, the covalent interaction of reducing sugars with the amino 
groups of proteins during storage or processing (Maillard or nonenzymatic 
browning), interaction o
and the many changes whic
in order to solubilize them for texturization. Extensive changes in proteins 
may occur even during frozen storage (toughening and loss of water 
binding properties of fish muscle, for example). 

Proteins may also be intentionally modified, as in cooking, in order 
to increase their digestibility with proteolytic enzymes as a result of 
denaturation, to destroy certain antinutritional proteins (toxins, enzyme 
inhibitors), and to improve the flavor and texture. We already men
tioned the use of alkali in solubilization and texturization of proteins and 
the browning of bread. Modification of protein is induced in dough 
formation in order to improve the extensibility and carbon dioxide-holding 
properties of the dough. Proteins may also be deliberately treated with 
chemical reagents in order to improve the nutritional quality (by covalent 
incorporation of limiting essential amino acids), prevention of the Maillard 
reaction by protecting the amino groups, and modification of functional 
properties (solubility, and whipping, foaming, and emulsifying properties). 

These reactions, whether occurring in vivo or in vitro, unintentionally 
or deliberately, result in chemical and physical deterioration of the 
proteins. As noted by the examples above, chemical deterioration may be 
essential or nonessential, beneficial or detrimental. The same reaction can 
be detrimental in one case and beneficial in another. The purpose of this 
volume is to explore these reactions in detail in order to maximize their 
benefits in the processing and formulation of our food. 

JOHN R. WHITAKER 

University of California 
Davis, California 

September 1979 

MASAO FUJIMAKI 

Ochanomizu University 
Tokyo, Japan 
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1 

Overview on the Chemical Deteriorative Changes of 

Proteins and Their Consequences 

ROBERT E . FEENEY 

Department of Food Science and Technology, University of California, 
Davis, CA 95616 

The deteriorations and the deteriorative reactions of pro
teins have been studie
for many centuries. I  giv  prope
most ancient importance of proteins, it would be necessary to 
summarize the history of agriculture, medicine, food processing, 
and much of industry. Scientists and technologists have long 
recognized both the adverse and beneficial facets of deteriora
tive changes in proteins. 

Putrefactive and coagulative processes might be considered 
two of the oldest and perhaps most investigated areas of protein 
chemistry. The disgustingly bad odors from the breakdown prod
ucts of sulfur amino acids were, by perforce, of everlasting 
concern while the coagulative processes were probably part of 
ancient art, certainly of cooking, as well as of industrial and 
medical technologies. Most likely it is the ever obtrusive 
phenomenon of protein coagulation that even today may be re
sponsible for the difficulty in differentiating between the 
initial, more delicate, steps of protein denaturation and the 
extensively devastating processes surrounding coagulations re
sulting from extreme treatments such as boiling. 

The i s o l a t i o n , p reserva t ion , and ana lys i s of proteins were 
among the primary areas o f pro te in chemistry u n t i l the ea r ly 20th 
century. In nearly every step of i s o l a t i n g p ro te ins , workers 
encountered the problem of preventing de t e r i o r a t i ve react ions 
and, as a consequence, began to study the de t e r i o r a t i ve react ions 
themselves. Many of these e a r l i e r s tudies of de t e r i o r a t i ve 
react ions have now been described >n quan t i t a t ive chemical terms, 
but many s t i l l elude the e f fo r t s o f current workers using modern 
techniques. 

The immensity of t h i s subject at f i r s t made i t seem that an 
overview could only be done one of two ways, 1) e s s e n t i a l l y a 
many-page o u t l i n e of the d e t e r i o r a t i o n s , or 2) a s e l ec t ion of two 
or three d e t e r i o r a t i v e react ions and t h e i r coverage i n a compara
t i v e and i l l u s t r a t i v e way. There were suggestions from several 
sources that a more i l l u s t r a t i v e coverage could be based on the 

0-8412-0543-4/80/47-123-001$11.75/0 
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2 CHEMICAL DETERIORATION OF PROTEINS 

author ' s long i n t e r e s t i n d e t e r i o r a t i v e reac t ions . A t h i r d 
approach has therefore been taken: a general coverage, wi th more 
d e t a i l s fo r those studies wi th which the author has f i r s thand 
knowledge. Omissions o f c i t a t i o n s to many areas are a conse
quence o f these se lec t ions by the author as wel l as of the large 
amount o f m a t e r i a l . I t i s hoped that the many f ine a r t i c l e s i n 
t h i s volume w i l l compensate fo r these omissions. 

The Widespread Occurrence of Pro te in Deter iora t ions 

De te r io ra t ive react ions o f proteins are important i n almost 
every b i o l o g i c a l system, whether a l i v e or dead. U n t i l r e cen t l y , 
most s tudies dea l t wi th those d e t e r i o r a t i v e processes occurr ing 
on the death o f a system or i n i t s storage or handl ing, such as 
i n food products. Mor
publ ica t ions have appeare
d e t e r i o r a t i v e changes, both bene f i c i a l and de t r imenta l . 

Two b i o l o g i c a l l y r e l a ted processes which have received a t 
t en t ion for many years are the c l o t t i n g s of milk and blood. 
Blood c l o t t i n g , an exceedingly complex cascading system i n v o l v i n g 
numerous a c t i v a t i o n s of zymogens, and subsequent a m p l i f i c a t i o n of 
products , i s a se r ies o f syntheses v i a degradations, i n each case 
i n v o l v i n g breakdown of a precursor . Many other b i o l o g i c a l proc
esses are today under s t r ingent and extensive study. These 
processes include the ac t i va t i ons and i nac t i va t i ons that can 
occur by the addi t ions or removals of such substances as phos
phate groups, carbohydrates, or fragments of pept ides , as wel l as 
by the l i m i t e d s c i s s i o n ( c l i p p i n g ) of the peptide chains of 
p ro te ins . 

Denaturation 

The complex s t ruc ture o f proteins and the many d i f f e ren t 
kinds of prote in s t ructures are responsible for the d i f f e ren t re 
sponses o f proteins to environmental s t resses . Denaturation i s a 
term which has been used wi th many d i f f e r en t meanings. In i t s 
broadest sense i t means "away from the nat ive s ta te" . In i t s 
more s t r i c t thermodynamic sense, i t i s defined as "change from an 
ordered to a disordered s ta te - an increase i n entropy". A more 
p r a c t i c a l and everyday working d e f i n i t i o n i s "the change i n pro
t e i n s t ruc ture that i s not accompanied by, or caused by, any mak
ing or breaking of covalent bonds". Denaturation i s therefore a 
physica l process rather than a chemical one, although i t i s eas
i l y induced by chemical reagents, and consequently might be 
omitted from a d i scuss ion of chemical de t e r io ra t ion of p ro te ins . 
Any d i scuss ion of pro te in de t e r i o r a t i on must, however, include at 
l eas t a l i m i t e d d i scuss ion of denaturation because i t i s one of 
the most important d e t e r i o r a t i v e react ions of p ro te ins , and i t i s 
necessary to d i f f e r e n t i a t e between denaturation and chemical de
t e r i o r a t i o n s . Denaturation should thus always be considered. 
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1. FEENEY Deteriorative Changes and Their Consequences 3 

Denaturation i s almost always appl ied to changes i n g lobular 
p ro te ins . Fibrous p ro te ins , such as h a i r , can obviously be made 
to change t h e i r physical s ta te by physica l means, and such 
changes might therefore be c a l l e d denaturat ion, but these changes 
are usua l ly not described as denaturat ion. In t h i s d iscuss ion we 
w i l l r e s t r i c t the coverage to g lobular p ro te ins . 

Denaturation was ea r ly observed to be a r eve r s ib l e process. 
Indeed, Anson (1_) observed 35 years ago that hemoglobin could be 
heat denatured i n a v a r i e t y o f ways and could be converted back 
to a s ta te which had a l l the c h a r a c t e r i s t i c s of i t s o r i g i n a l 
na t ive s t a t e , as determined by methods a v a i l a b l e at that t ime. 
Almost a l l s tudies o f pro te in denaturation now revolve around not 
only the denaturation i t s e l f , but a l so i t s rena tura t ion; perhaps 
renaturat ion i s a more i n t e r e s t i n g and provocative f i e l d for 
modern research. 

There have been man
naturat ion {2,3) and the many re la ted theore t i ca l areas, such as 
the ef fec ts of amino a c i d composition and microenvironment on 
pro te in s t ruc ture (4 ) , the empir ica l p red ic t ion o f pro te in con
formation (5J , and the experimental and theo re t i ca l aspects of 
pro te in fo ld ing { § ) . 

The processes o f both denaturation and renaturat ion are i n 
t imate ly re la ted to the s t ructures of nat ive p ro te ins . Alpha h e l 
i ces and 3-pleated sheets cons t i tu te the main s t ructures i n most 
a l l na t ive p ro te ins . How the he l ices and sheets pack together de
pends on the geometrical c h a r a c t e r i s t i c s of t h e i r surfaces. Con
tac t s may e x i s t on a l l s ides and, although nonpolar (hydrophobic) 
s ide chains are buried i n s i d e , water may be present i n crevices 
as we l l as i n pools on the surface. I t i s through the disarrange
ment and rearrangement of a l l these, and more, s t ructures that 
the pathways of denaturation and renaturat ion are d i r ec t ed . 

Modern theor ies of pro te in s t ruc ture s ta te that the amino 
ac id sequence of the prote in d ic ta tes the f i n a l conformation of 
the p ro t e in . I f t h i s were so, exposing the prote in to a de
naturing environment should not destroy the d i c t a t o r i a l powers of 
the primary s t ruc tu re ; consequently, p lac ing the prote in back i n 
to i t s former environment should a l low the pro te in to resume i t s 
nat ive s t ruc tu re . This simple concept implies that the nat ive 
form of the pro te in i s at i t s lowest free energy s ta te . This i s 
i l l u s t r a t e d i n Figure 1. This simple thermodynamic p i c t u r e , how
ever , i s not completely i n l i n e wi th observed f a c t s . There ap
pear to be "structures w i t h i n s t ruc tures" i n the prote in which 
could introduce k i n e t i c pathways that might put the prote in i n a 
d i f f e r en t f i n a l s ta te than that represented by the minimal free 
energy. These "structures w i t h i n s t ruc tures" have been termed 
LINCS ( l oca l independently nucleated continuous segments) (7) . 
P ro te in fo ld ing would then be l i k e that shown i n Figure 2 , where 
the pro te in does not r o l l up in to i t s o r i g i n a l g lobular b a l l 
shape i n one process, but ra ther assumes small areas of n a t i v i t y , 
which then assume the f i n a l nat ive s t a t e . 
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4 CHEMICAL DETERIORATION OF PROTEINS 

-FOLDED STATES- -UNFOLDED STATES -
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REFOLDING 

CONFIGURATION SPACE 
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Figure 1. Highly schematic diagrams of the energy of a protein molecule as a 
function of chain conformation (4) 

Polypeptide chain 
as synthesized 

II. Local folding as 
dictated by local 
sequence - formation 
of LINCS 

Figure 2. Protein folding in terms of the 
LINCS hypothesis (4) 

III. Tertiary folding of 
chain at inter-LINC 
joints to minimize 
free energy of LINC 
structure 

Avi Publishing Company 
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1. FEENEY Deteriorative Changes and Their Consequences 5 

I t must be emphasized that denaturations are a l so poss ib le 
by many d i f f e r e n t routes , and the intermediate s t ructures through 
which the pro te in would pass i n assuming a completely denatured 
s ta te would be d i f f e r en t wi th d i f f e r en t denaturing cond i t ions . 

Denaturation i s a h igh ly cooperative process. This i s eas
i l y seen from the large values for the t r a n s i t i o n s ta te denatura
t i o n constants for proteins (Table I ) . Very large ASt va lues , 
the entropie term, are seen - the ea r ly phase of denaturation i s 

Table I . T rans i t i on State Denaturation Constants for 
Various Proteins {2) 

Pro te in aSt AFÎ(25°C) 

Trypsin 
Pepsin 
Hemoglobin 
Egg albumin 
Peroxidase, mi lk 

40,200 
55,600 
75,600 

132,000 
185,300 

44.7 
113.3 
152.7 
315.7 
466.0 

26,900 
21,800 
30,100 
37,900 
46,400 

a I n cal/mole/degree at 25°C. 
Avi Publishing Company 

a h igh ly cooperative process; l a t e r phases could be considered 
cascading processes. Once the c r i t i c a l temperature range for de
natura t ion i s reached, s l i g h t l y increased seve r i t y o f the condi 
t i o n s , such as a small increase i n temperature, g rea t ly increases 
the speed o f denaturat ion. I t i s probably for t h i s reason that 
prote ins are considered so s e n s i t i v e to denaturation i n commer
c i a l processing procedures. There i s a de l i c a t e temperature 
range, dependent on other environmental condi t ions as w e l l , be
yond which fur ther treatment may r e s u l t i n undesirable denatured 
products , frequently ending i n coagulums. 

In common wi th most l abora tor ies engaged i n fundamental re
search on p ro te ins , our laboratory has s tudied the denaturation 
and renaturat ion o f p ro te ins . Many of these studies have been 
wi th the two re la ted homologous i ron-b ind ing p ro te ins , human 
serum t r a n s f e r r i n and chicken ovo t r ans fe r r in . E a r l i e r s tudies 
showed that on the binding of i r o n these proteins were g rea t ly 
s t a b i l i z e d against denaturation by a va r i e ty of environmental 
s t resses as we l l as to chemical s c i s s i o n of t h e i r d i s u l f i d e bonds 
and to hydro lys i s by p r o t e o l y t i c enzymes ( 8 , 9 ) . Such a seemingly 
simple question as to why these i r o n complexes, as wel l as some 
other p ro t e ins , are much more s tab le than others i s s t i l l impos
s i b l e to answer wi th present ly a v a i l a b l e informat ion. 

Our laboratory has recen t ly been concerned wi th the de
natura t ion o f chicken egg-white ovo t rans fe r r in by ac id or urea 
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6 CHEMICAL DETERIORATION OF PROTEINS 

and the renaturat ion processes from each of these treatments. 
When ovot rans fe r r in i s denatured by ac id or urea, there i s an ex
tensive change i n shape, r e s u l t i n g i n decreases i n both the s e d i 
mentation v e l o c i t y c o e f f i c i e n t and the d i f f u s i o n constant; these 
are accompanied by a corresponding increase i n the v i s c o s i t y 
(10). Ovot rans fe r r in , i n common wi th i t s homologous p r o t e i n , 
serum t r a n s f e r r i n , has two separate i ron-b ind ing s i t e s and i s 
reported to be the product of gene dup l i ca t i on (11), suggest ing, 
i n present day terms, that i t may cons i s t of two domains. The 
phys ica l changes observed on denaturation could be in terpre ted 
as being due to an unfolding of the molecule, a change which 
would perhaps be i n agreement wi th a model of two separate do
mains unfolding a t , or near, some poss ib le connecting l i n k . An 
equal p o s s i b i l i t y , however, would be a simple swe l l ing of the 
molecule. 

Our laboratory recent l
t i o n a l proper t ies o f ovo t r ans fe r r i n , i t s denatured form (by 
treatment wi th ac id or urea) and i t s renatured form. The samples 
were denatured i n 7.2 M urea or i n a c i d i c (pH 3) condi t ions for 
periods up to a few hours. Samples were renatured by d i l u t i o n 
and adjustment of the pH to n e u t r a l i t y , or by simple d i l u t i o n o f 
the urea. Combined data from q u a s i - e l a s t i c l i g h t s ca t t e r ing and 
t r ans ien t e l e c t r i c b i ref r ingence were used to estimate the mo
l e c u l a r dimensions under the various cond i t ions . A n a l y t i c a l 
u l t r a cen t r i f uga t i on was used to determine the changes i n s e d i 
mentation c o e f f i c i e n t , and changes i n h e l i c i t y were ca lcu la ted 
from c i r c u l a r dichroism data . The course of renaturat ion as 
measured by the increase i n d i f f u s i o n during renaturat ion o f ac id 
denatured ovot rans fe r r in i s seen i n Figure 3. S t ruc tu ra l changes 
from c i r c u l a r dichroism data of the n a t i v e , urea-denatured, and 
renatured sample are seen i n Figure 4. A summary o f the data and 
c a l c u l a t i o n s from the urea denaturation studies i s i n Table I I . 
The conclusion from these data was tha t , on denaturat ion, the 
pro te in assumed a more expanded g lobular form than the nat ive 
sample; i n other words, i t swe l l ed , ra ther than unfolded. 

Chemical Reactions of Amino Acids o f Concern i n Deter iora t ions 

Approximately 150 d i f f e r e n t amino ac id residues have been 
reported i n proteins (15). At l eas t h a l f o f these could undergo 
chemical de te r io ra t ions under the condi t ions of s t ress usua l ly 
encountered. Many o f these d e t e r i o r a t i v e react ions involve 
h y d r o l y t i c s c i s s i o n s , not only o f peptide bonds but o f the many 
d i f f e r e n t nonprotein substances added cova len t ly to proteins 
post r ibosomal ly . These suscept ib le s ide chain groups are i n d o l e , 
phenoxy, th ioe the r , amino, imidazole , s u l f h y d r y l , and de r iva t ives 
of ser ine and threonine (such as 0 -g lycosy l or 0-phosphoryl) , the 
d i s u l f i d e s o f c y s t i n e , and, of course, the amides (such as 
asparagine and glutamine). With strong ac id or a l k a l i , other 
res idues , such as ser ine and threonine, a lso are less s t ab le . 
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FEENEY Deteriorative Changes and Their Consequences 7 

Figure 3. Time development of the renaturation process of acid-denatured ovo
transferrin. Concentration of ovotransferrin in the denatured state (pH 3) was 
approximately 10 mg/ml. The sample was diluted 10:1 in Tris buffer at pH 7.8. 
Note comparison values of Dt for steady-state native (A), and renatured (O) sam

ples (12). 

210 220 230 240 

WAVELENGTH (nm) 

250 

Figure 4. Circular dichroism spectra 
from 200 to 250 nm for ovotransferrin. 
Mean residue weight of 112 is used. 
Native, c = 1.04 mg/mL ( ); 7.2M 
urea-denatured sample, c = 1.04 mg/mL 
( ); and renatured sample, c — 0.83 

mg/mL.(- · -)(12). 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



T
ab

le
 

II
. 

D
en

at
ur

at
io

n 
an

d 
R

en
at

ur
at

io
n 

o
f 

O
v

o
tr

an
sf

er
ri

n
: 

U
re

a 
D

en
at

ur
at

io
n 

(1
2)

 

Q
u

as
i-

el
as

ti
c 

L
ig

ht
 

S
ca

tt
er

in
g 

C
on

ve
rs

io
n9 

T
ra

ns
ie

nt
 

E
le

ct
ri

c 
B

ir
ef

ri
ng

en
ce

 

V
is

co
si

ty
 

C
or

re
ct

ed
 

to
 

w
, 

20
°C

 

Se
ns

e 
of

 
B

ir
ef

. 

Sa
m

pl
e 

<
D

t>
z 

χ 
1

0
7 

cm
2
s-

1 

<D
t>

 
χ 

10
7 

cm
2
s"

1 

<τ
> 

yS
 

<
[
¥

w
 

V
0

"
6 

N
at

iv
e 

4.
31

 
+0

.3
 

6.
14

+
0.

43
 

0.
82

+
0.

14
 

2.
17

+
0.

32
 

-
D

en
at

ur
ed

 
7.

2 
M

 u
re

a 
2.

70
+

0.
15

 
3.

86
+

0.
21

 
0.

81
+

0.
11

 
0.

72
+

0.
08

 
+ 

R
en

at
ur

ed
 

4.
21

+
0.

30
 

6.
00

+
0.

43
 

0.
93

+
0.

07
 

1.
91

+
0.

13
 

-

a
T

he
 

d
is

p
er

si
o

n 
fa

ct
o

r,
 

6 
= 

0.
1 

in
 

th
e 

fo
ll

ow
in

g 
eq

ua
ti

on
: 

<D
> w

 
« 

D
z
/(

l-
3

o
) 

w
er

e 

D 
an

d 
D

 
ar

e 
th

e 
w

ei
gh

t-
 

an
d 

z-
av

er
ag

ed
 

di
ff

us
io

n 
co

ef
fi

ci
en

ts
, 

re
sp

ec
ti

v
el

y
. 

W
 

L 
b
W

ei
gh

t 
av

er
ag

in
g 

is
 

ob
ta

in
ed

 
d

ir
ec

tl
y 

by
 t

ra
n

si
en

t 
e

le
c

tr
ic

 
b

ir
ef

ri
n

g
en

ce
. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



T
ab

le
 

II
. 

D
en

at
ur

at
io

n 
an

d 
R

en
at

ur
at

io
n 

of
 

O
v

o
tr

an
sf

er
ri

n
: 

U
re

a 
D

en
at

ur
at

io
n 

(1
2)

 
(c

on
ti

nu
ed

) 

c 
+3

 
P

er
ri

n 
eq

 
S

o
lv

at
io

n 
C

ir
cu

la
r f 

Fe
 

P
ro

la
te

 
E

ll
ip

so
id

 
F

ac
to

rd 
D

ic
hr

oi
sm

 
B

in
di

ng
 

Sa
m

pl
e 

a 

Â
 b 

Ρ 
6 

m
9 

1 
m

g 
so

in
 

α%
 

R
.C

.%
 

%
 

N
at

iv
e 

68
 

21
 

0.
31

 
0.

28
 

η (H
) 

32
 

57
 

86
 

D
en

at
ur

ed
 

7.
2 

M
 u

re
a 

84
 

42
 

0.
50

 
4

.1
6

e 
6 (0
) 

19
 

75
 

< 
5 

(0
) 

R
en

at
ur

ed
 

67
 

22
 

0.
33

 
0.

36
 

CNJ Ο 

29
 

59
 

82
 

O
bl

at
e 

el
li

p
so

id
 

va
lu

es
 

w
er

e 
d

is
c-

li
k

e,
 

in
co

m
pa

ti
bl

e 
w

it
h 

ot
he

r 
re

po
rt

ed
 

re
su

lt
s,

 

d—
 

ν 
= 

0.
73

, 
m

ol
ec

ul
ar

 w
ei

gh
t 

= 
77

,0
00

 
va

lu
es

 
us

ed
 

in
 

de
te

rm
in

in
g 

6
j.

 

e
R

ea
so

n 
fo

r 
la

rg
e 

va
lu

e 
is

 
no

t 
kn

ow
n 

at
 

th
is

 
ti

m
e.

 
^V

al
ue

s 
in

 
p

ar
en

th
es

is
 

ar
e 

ca
lc

u
la

te
d 

fr
om

 m
et

ho
d 

o
f 

C
he

n 
an

d 
Y

an
g 

(1
3)

, 
ot

he
r 

va
lu

es
 

by
 m

et
ho

d 
o

f 
G

re
en

fi
el

d 
an

d 
Fa

sm
an

 
(1

4)
. 

9
V

al
ue

s 
ar

e 
ca

lc
u

la
te

d 
fr

om
 

d
ir

ec
t 

co
lo

r 
de

te
rm

in
at

io
ns

 
on

 
so

lu
ti

o
n

s.
 

T
ru

e 
va

lu
es

 
sh

ou
ld

 
be

 
hi

gh
er

. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10 CHEMICAL DETERIORATION OF PROTEINS 

But even the r e l a t i v e l y r e s i s t a n t residues are attacked by free 
r a d i c a l s . 

When proteins are d e l i b e r a t e l y t reated wi th chemicals i n 
order to d e r i v a t i z e them, the reac t ion condi t ions may a lso cause 
chemical d e t e r i o r a t i v e s ide reac t ions . Some of the more common 
ones are l i s t e d i n Table I I I . Inspection of Table I I I shows that 
many of these effects are those found i n de t e r i o r a t i ve react ions 

Table I I I . Poss ib le Chemical Side Reactions during 
Prote in Mod i f i ca t ion 

Groups Treatment Effects 

Peptide bonds 
A c i d i c pH 
A l k , heat 

ΓΜ) acyl s h i f t 
Racemization 

Thio l groups Oxidat ion - S - S - , acids 

D i s u l f i d e bonds Reduction 
A l k a l i n e pH 

-SH, mispa i r ing 
H y d r o l y s i s , 3 

e l imina t ion 

Methionyl groups Oxidat ion Oxy su l furs 

Amide groups A l k a l i n e pH Hydrolys is 

O-Glycosyl A l k a l i n e pH 3 E l imina t ion 

O-Phosphoryl A l k a l i n e pH 3 E l imina t ion 

Biochemistry 

r e s u l t i n g from other treatments; i n other words, they are , i n 
some cases, environmentally produced rather than a d i r e c t r e s u l t 
o f the chemical procedure. An example of a va r i e ty o f react ions 
caused by a r e l a t i v e l y mi ld reagent are those wi th hydrogen per
oxide (Figure 5 ) . Hydrogen peroxide r e a d i l y reacts wi th three 
d i f f e r en t s ide chain groups under mi ld cond i t ions , and the extent 
o f the reac t ion i s influenced by the presence of other sub
stances, such as organic a c i d s , that can form more ac t ive o x i 
d i z i n g agents. 

As i s the case wi th some chemical changes occurr ing i n b i o 
l o g i c a l systems, such as the b l o o d - c l o t t i n g cascade system, de
t e r i o r a t i v e react ions considered to have a benef i c i a l e f fec t are 
found i n foods. For example, the M a i l l a r d react ion (17,18) i s 
used to produce f l avors and colors i n such foods as beverages and 
baked goods. Heat treatment ( i nvo lv ing denaturation) has been 
found to increase the n u t r i t i o n a l value of raw soybean meal by 
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FEENEY Deteriorative Changes and Their Consequences 

(i) ® _ s h M 
©-s-s-QJ^^-s-s-Gh 

.(?)-SO  - M ^ ^ - S O p H

[0] » ® - S 0 3 H 

(2) ® - S C H 3 + H 2 0 2 > ® - S i - C H 3 + H 20 

0 

(3) (P)-SH + 3 H-cf° > (P)-S0,H + 3 H-c t° 
0-OH J OH 

(4) ® - S C H - + 2 H-ct° > © - S - C H , + 2 H-cf 
0-OH Γ 3 

0 OH 

(5) ® - / j H + H 2 0 2 - ^ - > S e v e r a 1 products 

Holden-Day 

Figure 5. Oxidations of amino acids in proteins with peroxide (16) 
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12 CHEMICAL DETERIORATION OF PROTEINS 

i n a c t i v a t i n g the const i tuent i n h i b i t o r s (19,20) (Tables IV and 
V ) . 

Table IV. Pro te in N u t r i t i v e Value of Raw and 
Cooked Red Gram (20) 

Treatment Prote in Trypsin I n h i b i t o r 

E f f i c i e n c y Rat io (uni ts /100 mg) 

Raw 0.68 10.8 Χ 1 0 " 3 

Cooked 1.43 N i l 

Table V, Comparison of the Effects of Heating Methods on 
Pro te in N u t r i t i v e Value o f Soy Meal (20) 

Treatment Pro te in A v a i l a b l e 

E f f i c i e n c y Ratio Lysine (%) 

Unheated 0.63 58 

Dry heat 1.00 53 

Autoclave 1.75 46 

Microwave 1.86 58 

Avi Publishing Company 

Dete r io ra t ive Reactions Involving Lysine 

Amino groups are exce l l en t nuc leoph i les , and there are many 
eps i l on amino groups of l y s ines on pro te ins . Three of the most 
common types o f de te r io ra t ions i n v o l v i n g ly s ines are: non-
enzymatic browning (Mai l l a rd ) wi th reducing sugars, heat-induced 
damage i n v o l v i n g isopeptide formation with the carboxyl groups 
of a spar t i c and glutamic acids or t h e i r amides (Figure 6 ) , and 
formation of c r o s s - l i n k e d products by i n t e r a c t i o n wi th a l k a l i n e 
degradation products, such as dehydroalanine. 

The M a i l l a r d reac t ion involves at tack of the nitrogen of the 
amino group on the carbon atom of the carbonyl , sometimes fo l l ow
ed by removal of water to produce the S c h i f f base (17j (Figure 
7 ) . Deta i led coverage of the M a i l l a r d react ion i s given e l s e 
where i n t h i s volume by Hodges (18), so only a few examples, 
p a r t i c u l a r l y those wi th which the author has had some r e l a t i o n -
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A. By Amidation 

Prot-NH„ 

Prot-C 

Prot-NH 

+ H20 

B. By Transamidation 

Prot-NH 0 

II 
Prot-C-NH0 

Prot-NH 

Prot-C=0 

+ NH0 

Figure 6. Possible alternative reactions for formation of amide cross-linkages in 
proteins during heating 

r -h ?o r 
• R-NH0 ^ A-C-B ^ A-C-B 

2 ^ I ^ 
OH 

Advances in Protein Chemistry 

Figure 7. Reaction mechanism of a strongly basic amine like an aliphatic amine 
or hydroxylamine with a carbonyl group (17) 
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14 CHEMICAL DETERIORATION OF PROTEINS 

s h i p , w i l l be given here. 
M a i l l a r d react ions are often considered to occur only under 

condi t ions where heat i s appl ied or i n d r ied samples stored fo r 
considerable periods o f t ime. In some ma te r i a l s , however, such 
as l i q u i d chicken egg whi te , where there i s a high concentrat ion 
of glucose (0.5%) and an a l k a l i n e pH (greater than 9 ) , reac t ion 
of the amino groups of l y s i n e wi th glucose occurs w i t h i n a few 
days o f storage of the i n t a c t s h e l l egg at room temperature (21). 
These react ions r e s u l t i n changes i n e lec t rophore t i c patterns 
(Figure 8 ) , which caused confusion i n genetic studies u n t i l the 
nature o f the uncontrol led discrepancies was understood. 

The products of at l eas t one M a i l l a r d reac t ion caused the 
suf fe r ing of m i l l i o n s of non-sc ien t i s t s before the problem was 
unrave l led . This was the reac t ion occurr ing i n dr ied whole eggs, 
of which m i l l i o n s of pound  b  America  serviceme  i
World War I I . When d r ie
holds of ships to the South P a c i f i c Islands and stored i n jungle 
depots, the M a i l l a r d reac t ion usua l ly resul ted i n products that 
were so ex tens ive ly p h y s i c a l l y a l t e red and had such v i l e and 
nauseating odors and f l avors that many shipments had to be d i s 
carded. Much o f t h i s , consumed by agonizing army men who re
ceived a p i l e of such a disagreeable product as scrambled eggs i n 
t h e i r mess k i t s , was frequently s u f f i c i e n t l y bad to cause the men 
to vomit. 

The author fee l s a c lose k insh ip to the d r ied egg develop
ment because he was on the r ece iv ing end of the devastating de
t e r i o r a t i v e react ions when the products were dropped i n his mess 
k i t fo r many months i n New Guinea (now Papua and West I r i an ) and 
the P h i l i p p i n e s i n 1944-45, and because half-a-dozen years l a t e r 
he was nominally i n charge o f the research group at the U . S . 
Department o f A g r i c u l t u r e ' s Western Regional Research Laboratory 
responsible for unrave l l ing the cause. The research was l ed by 
Dr. Leo K l i n e . Before Dr. K l i n e ' s work the foul products had 
been a t t r i b u t e d to a M a i l l a r d reac t ion i nvo lv ing the amino groups 
o f the phospholipids and carbonyls formed by oxidat ions and 
hydrolyses o f the l i p i d s (23). As a r e s u l t of these f i n d i n g s , 
d r i ed eggs used by the m i l i t a r y for the Korean war were a c i d i f i e d 
before drying and were packed wi th added sodium bicarbonate. The 
a c i d i f i c a t i o n slowed the M a i l l a r d r e a c t i o n , and the bicarbonate 
served to neu t r a l i z e the ac id on r e c o n s t i t u t i o n . The r e s u l t was 
a more s tab le product, but some de t e r io r a t i on s t i l l occurred and 
the bicarbonate gave a soapy t a s t e . K l i n e ' s group showed there 
was a much simpler explanat ion for the source of the carbonyls -
the glucose (24). Glucose had been overlooked because the de
t e r i o r a t i v e reac t ion occurred i n the l i p i d phase. Today the 
p o s s i b i l i t y o f a reac t ion between the hydroph i l i c head o f a 
phosphol ipid and a water so luble component seems so obvious as to 
be t r i v i a l , but t h i r t y years prev ious ly i t was not. The glucose, 
accounting fo r nearly 95% of the reducing sugar, could be removed 
by fermentation (25) or by ox ida t ion wi th glucose oxidase (ca ta-
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A 37° 

Β Control 

C 37° 

D Control 

D 37° 

Ε Control 

F 37° 

Journal of Biological Chemistry 

Figure 8. Starch-gel electrophoretic patterns of incubated infertile eggs. Egg 
whites were all white Leghorn containing globulin At. Eggs were incubated at 
37°C for 6 days or stored at 2°C for 6 days (controls). Letters refer to hen (22). 
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16 CHEMICAL DETERIORATION OF PROTEINS 

lase added to remove HoOo) to give a s table product when packed 
i n the absence of a i r (Figure 9 ) . 

There a re , o f course, many carbonyl compounds formed by hy-
d r o l y t i c or ox ida t ive de te r io ra t ions of l i p i d cons t i tuen ts , and 
most o f these are p o t e n t i a l l y capable of entering in to M a i l l a r d 
react ions wi th pro te ins . One such product i s reputedly malon-
aldehyde (26) (Figure 10). 

Deter iora t ions Involving D i s u l f i d e Linkages 

Sul fhydryl groups and d i s u l f i d e bonds, and t h e i r i n t e r 
r e l a t i o n s h i p s , are important groups a f fec t ing the propert ies of 
the majori ty o f proteins and are under continuous study by pro
t e i n chemists. Indeed, the reduction of d i s u l f i d e s to form s u l f 
hydryl s , and the reoxida t io
pa i r ings (Figure 11), ar
j e c t o f pro te in conformation and conformational changes (27). 
One of the long-enduring problems inves t iga ted i n the author 's 
laboratory has been that of the de t e r i o r a t i ve breakdown of t h i ck 
egg white and the egg white proteins on the surface of the yo lk 
membrane during the storage and/or incubation of she l l eggs (10). 
The breakdown can be simulated by the add i t ion of mercaptans or 
other d i su l f ide -b reak ing agents (Figures 12 and 13). 

Reduction and reoxida t ion have a lso been used to fo l low re
ac t i va t i ons o f b i o l o g i c a l l y ac t ive p ro te ins . I t was found that 
an intermediate form of turkey ovomucoid (Figure 14) , before com
plete o x i d a t i o n , was a c t u a l l y s l i g h t l y more ac t ive as an i n h i b i 
t o r o f t r y p s i n than was e i t he r the nat ive prote in or the com
p l e t e l y reox id ized product. 

Hydro ly t i c s c i s s ions o f d i s u l f i d e s have been i n t e n s i v e l y 
s tud ied , p a r t i c u l a r l y by the laboratory of Schoberl i n Germany 
(30). I t has been shown that react ions such as these can occur 
on the add i t ion o f small amounts of metal i ons , such as copper or 
mercury (31). Lysozyme, for example, i s r ap id ly inac t iva ted by 
small amounts o f cupr ic ion (Figure 15). But i n many cases, 
r e su l t s of t h i s nature have not been d e f i n i t e l y shown to be due 
to d i s u l f i d e bond s p l i t t i n g . Other poss ib le causes, such as 
racemizat ion, must a l so be considered. 

Effec ts o f A l k a l i on Proteins 

A l k a l i has long been used on proteins for such processes as 
the r e t t i n g of wool and cur ing of co l l agen , but more recent ly i t 
has received in t e r e s t from the food indus t ry . A l k a l i can cause 
many changes such as the hydro lys i s of suscept ib le amide and 
peptide bonds, racemization of amino a c i d s , s p l i t t i n g of d i 
s u l f i d e bonds, beta e l i m i n a t i o n , and formation of c r o s s - l i n k e d 
products such as lys inoa lan ine and l an th ion ine . 

Our own laboratory has studied these react ions and, i n par
t i c u l a r , beta e l imina t ions i nvo lv ing d i s u l f i d e s (Figure 16) and 
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300 350 

WAVE LENGTH IN MILLIMICRONS 
500 

Food Technology (Chicago) 

Figure 9. Effect of glucose removal on storage-induced changes in absorption 
spectra of ether extracts of stored dried eggs. The two samples illustrated were 
spray-dried powders stored 5 weeks at 37.5°C (25). Left side, untreated;right side, 

glucose-free. Control ( ); air pack ( );Ntpack(- · -). 

Arachidonate or Linolenate 

NH2 

0=CHCH=CHOH + Enzyme^ ά 

Malonaldehyde active\ N H 

oxidation 
-> Malonaldehyde + Other products 

NHCH 
/ ^ 

w Enzyme CH Intramolecular 
N=CH cross-linking 

inactive 

0=CHCH=CHOH + 2 Enzyme-NH2 

active 
Enzyme-NHCH= CH-<:H=N-Enzyme 

inactive 
Intermolecular 

cross-linking 

Biochemistry 

Figure 10. The inactivation and cross-linking of RNase A by ethyl arachidonate 
and methyl linolenate (26) 
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Holden-Day 

Figure 11. Schematic illustration
tion and unfolding followed by renaturation and reoxidation (16) 

Poultry Science 

Figure 12. Effect of adding dilute thioglycol to broken-out eggs (top view). 
A, control after 4 hours at 25°C. B, egg with 30 ppm thioglycol shown after 4 
hours at 25°C. C, egg with 300 ppm thioglycol shown after 4 hours at 25°C. 
Essentially the same results were obtained by a 2-hour treatment with the same 

amounts of reducing agent (28). 
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Figure 13. The same conditions as in Figure 12, showing side view (28) 

250 270 290 310 
WAVELENGTH, mM 

Biochimica et Biophysica Acta 

Figure 14. Changes in ultraviolet absorption spectra of turkey ovomucoid after 
reduction and after various periods of reoxidation. Protein (0.7 mg/mL, contain
ing 8-10% water) was dissolved in 0.006M Tris buffer adjusted to pH 8.3. Incu
bation was at room temperature for the following times (hours): A, zero (starting); 

B, 4; C, 17; D, 29; E, 48 (29). 
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»t 100 

HOURS INCUBATED 

Archives of Biochemistry and Biophysics 

Figure 15. The influence of copper concentration on the inactivation of lysozyme. 
The lysozyme concentration was 3.3 X 10 6M; the temperature was 47°C; and the 

buffer was borate adjusted to give pH 9.3 at47°C (SI). 

:CH-CH2-S-S^CH2~CHC 

Θ 
Ĉ=CH2 <r 

S H20 

OH 

H20 

^ — ^CH-CH2-S <-

-> ^CH-CH0-S-S-CH0-CC 

Τ rCH-CH2-S-S 

^CH 2-C= 

1 Θ 

Figure 16. β-Elimination scheme for disulfides on alkali treatment 
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the formation o f de t e r i o r a t i ve products (32) (Table V I ) . A l k a l i 
treatment i s s u f f i c i e n t l y important that a separate chapter i s 
devoted to i t i n t h i s volume (33). 

Table V I . Ana lys i s of A l k a l i Treated Lysozyme 3 

Amino Acids Lost Products Formed (mole/mole) 
(mole/mole) 

Lanthionine Lys ino - β-Amino- S"2 s 
Cyst ine Lysine a lanine a lanine 

4 5 1 5 1 3 4 

a Data from reference 32
hours . Journal of Agriculture and Food Chemistry 

Photooxidation Reactions 

Photooxidations are not normally considered a prote in de
t e r i o r a t i v e reac t ion because they usua l ly go unseen or are found 
only when purposely con t r i ved , such as i n the chemical modi f ica
t i o n o f proteins (Figure 17) . However, the p o s s i b i l i t y of t h e i r 
occurrence i n foods, p a r t i c u l a r l y those containing added dyes, 
should not be overlooked. Several of the important amino a c i d 
s ide chains are r e a d i l y modif ied , i nc lud ing the s u l f h y d r y l , 
imidazole , phenoxy, i ndo l e , and th io ether (Figure 18). More 
general and d e t a i l e d coverage i s provided i n another a r t i c l e i n 
t h i s volume (34). 

Our own laboratory has s tudied the photooxidation of the 
imidazoles of h i s t i d i n e s i n the homologous p ro te ins , human serum 
t r a n s f e r r i n and chicken egg white ovo t r ans fe r r in . These proteins 
contain two separate s i t e s fo r binding i r o n , each o f which appar
en t ly involves two h i s t i d i n e s , three t y ro s ine s , and perhaps a 
bicarbonate bonded between the i ron and an a rg in ine (35) (Figure 
19). When the i ron- f ree pro te in was photooxidized wi th v i s i b l e 
l i g h t and methylene blue as the a c t i v a t i n g dye, the i ron-b ind ing 
a c t i v i t y was r a p i d l y l o s t , apparently wi th the des t ruc t ion of 
h i s t i d i n e s i n the i ron-b ind ing s i t e s (Table V I I ) . The r a t i o of 
the ra te o f loss of h i s t i d i n e to the rate of loss o f i ron-b ind ing 
capaci ty was found to be 2 . 2 , suggesting that there are two h i s 
t i d i n e s i n the i ron-b ind ing s i t e . The pH p r o f i l e fo r i n a c t i v a -
t i o n a l so ind ica ted that the des t ruc t ion of h i s t i d i n e was respon
s i b l e fo r the loss i n a c t i v i t y . Since the add i t ion of 10 mM 
NaN3 prevented the i n a c t i v a t i o n , s i n g l e t oxygen i s apparently i n 
volved i n the photooxidative i n a c t i v a t i o n . These r e su l t s from 
photooxidation i n d i c a t i n g the e s s e n t i a l i t y of h i s t i d i n e s were 
confirmed i n chemical modif icat ions using ethoxyformic anhydride, 
a reagent wi th reasonable s p e c i f i c i t y fo r h i s t i d i n e s (16). 
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DYE ^ > DYE* 

DYE* + 0 2 > DYE + 0*2 

0*2 + AMINO ACID > OXIDIZED PRODUCTS 

Figure 17. Dye-catalyzed photooxidation of amino acid side chains in proteins 

0 - C H £ S C H 3 0 - C H 2 S C H 8 (4) 
Ο 

Holden-Day 

Figure 18. Photooxidation pathways for histidine (1), tyrosine (2), tryptophan (3), 
and methionine (4) (16). Wavy lines through structures indicate ring scissions. 
Cysteine is oxidized to cystine, in some cases, without sensitizing dye; cystine may 

also be oxidized. 
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Figure 19. A model for the anion- and iron-binding sites of transferrin depicted 
assuming an interlocking-site hypothesis. The protein furnishes five ligands to the 
metal in the iron binding site; three tyrosines and two histidines. The carbonate 
ion binds to an arginine in the anion-binding site and functions as a sixth ligand 
to the metal center. The carbonate forms a bridge between the metal- and the 

anion-binding sites in the active center (36). 
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Table V I I . Loss o f A c t i v i t y o f Ovotransferr in on Photooxidation' 

Time (minutes) Loss i n A c t i v i t y (%) 

No azide Azide 

20 16 — 

40 31 < 5 

100 58 < 5 

a Data from reference 35 .̂ 
Biochemistry 

Undesirable Chemical Products Formed i n the Processing o f Foods 
and Feeds 

There have been a number o f wel1-documented examples o f the 
formation o f chemical de r iva t ives o f the amino ac id s ide chains 
i n proteins during the processing of foods and feeds. I t would 
be wrong to be l ieve that there are not many more examples o f at 
l e a s t minor amounts of undesirable substances introduced by s i m i 
l a r procedures, but , fo r tuna te ly , none of major importance have 
surfaced other than the two discussed below. 

The f i r s t o f these well-documented examples was the forma
t i o n o f a t o x i c product, methionine sulfoxamine. This was formed 
on the bleaching o f f l o u r wi th ni trogen t r i c h l o r i d e , popular ly 
known as agene (37) (Table V I I I ) . Agene was used u n t i l the ea r ly 
1940's fo r the bleaching o f f l o u r to produce the white f l o u r de
s i r e d by American consumers. When agenized f l o u r was fed at high 
l e v e l s to dogs, the dogs developed the cent ra l nervous d isorder 
popular ly c a l l e d "running f i t s " . In t h i s d i so rde r , the dogs were 
e x c i t a b l e and, on minor external s t i m u l i , would throw themselves 
about i n a way character ized by the name. When these observations 
were made known, the use of agene for bleaching f l o u r was immedi
a t e ly d iscont inued. There were no experiments on humans, o f 
course, and whether or not any damage to humans was ever ob
served remains unknown. 

The second major example o f a process-induced chemical s ide 
reac t ion was the formation of d i c h l o r o v i n y l cys te ine . D ich lo ro -
v i n y l c y s t e i n e was formed when soybean o i l meal was extracted wi th 
t r i ch lo roe thy lene for the removal o f the fa t i n the production of 
animal feedstuffs (39) (Table V I I I ) . The symptoms were f i r s t ob
served i n c a t t l e fed the extracted meal. The c a t t l e developed 
hemorrhagic symptoms and many d i ed . This process was d iscon
t inued . Although the t r ichloroethylene-processed soybean meal 
was e n t i r e l y designated fo r animal feed, there was the p o s s i b i l 
i t y that small amounts could have found t h e i r way in to human 
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food, but there are no records o f t h i s , and there are no records 
of any human ailment ascr ibed to t h i s agent. 

There i s always a p o s s i b i l i t y of at l eas t minor changes, im
portant or unimportant, creeping in to processes when chemicals 
are used. In the enzymatic ox ida t ion of glucose to gluconic ac id 
to remove the carbonyl groups o f glucose i n ce r t a in foods tuf fs , 
such as i n the preparat ion of d r i ed egg whi te , hydrogen peroxide 
i s a product o f the r eac t i on , r equ i r ing the add i t ion of cata lase 
for i t s decomposition. Hydrogen peroxide (see Figure 5) i s occa
s i o n a l l y used as a s t e r i l i z i n g agent and i s even added to food
s t u f f s . 

A c t i v e S i t e S e l e c t i v e Reagents - Na tu ra l ly Occurring Toxins and 
Laboratory Tools 

The term "ac t ive s i t
s c r ibe several d i f f e r en t kinds o f reagents that react cova len t ly 
i n the a c t i v e center o f an enzyme. The term i s widely used to 
include agents that react i n a p a r t i c u l a r part of a pro te in doing 
a s p e c i f i c task i n some kind o f biochemical process. With an 
enzyme the reagent usua l ly resembles a substrate and by some 
reac t ion remains i n the ac t i ve center , thereby i n a c t i v a t i n g the 
enzyme or leaving a piece o f the reagent i n the center . This 
procedure i s used to labe l or f i n d the groups that are i n the 
ac t ive center as we l l as to i n a c t i v a t e the enzyme, although i t i s 
not necessary that i n a c t i v a t i o n occur . 

There are many d i f f e ren t d e f i n i t i o n s descr ib ing the ac t i ve 
center , a c t i v e s i t e , combining s i t e s , and a l l o s t e r i c s i t e s of 
enzymes (16). One of the more commonly used d e f i n i t i o n s i s that 
the a c t i v e center o f the enzyme i s that area or that place i n the 
enzyme which contains the a c t i v e s i t e of an enzyme and everything 
e l se that i s i n tha t area , usua l ly meaning at l ea s t part of the 
binding s i t e fo r the substrate and other groups that are there i n 
order to maintain s t ruc tu re , react wi th water, or provide a hydro
phobic pocket, e t c . The ac t ive s i t e i n turn i s usua l ly taken as 
that part o f the enzyme which does the work, i . e . , the c a t a l y t i c 
process. The term "ac t ive s i t e s e l e c t i v e reagents" therefore 
r e a l l y should be "ac t ive area s e l e c t i v e reagents," but the former 
term i s so ex tens ive ly used that we w i l l continue to employ i t 
here. 

A c t i v e s i t e s e l e c t i v e reagents can be c l a s s i f i e d i n various 
manners. One way i s to d iv ide them according to how they react 
(Table I X ) . In such a c l a s s i f i c a t i o n one f inds substrates that 
can be cova len t ly attached by chemical treatment o f the enzyme 
whi le i t i s c a t a lyz ing some change i n the substra te . An example 
i s the reac t ion o f funct ional amino groups by the enzyme muscle 
a ldolase ac t ing on glyceraldehyde and reduced by cyanoboro-
hydride (16). 

A second type o f ac t ive s i t e s e l e c t i v e reagent i s when there 
i s a pseudosubstrate, such as d i isopropylf luorophosphate . Ac t ing 
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Table IX. A c t i v e S i t e Se l ec t ive Reagents 

Type 

Substrate Normal intermediate product can be 
cova len t ly at tached, e . g . , by re
duction 

Pseudosubstrate Product i s poor leaving group, e . g . , 
DFP 

A f f i n i t y Reagent: 
General "Double-headed" - one l i k e subs t ra te , 

other chemical ly reac t ive 

Pho toa f f in i ty "Double-headed" - one l i k e subs t ra te , Pho toa f f in i ty 
other converted to chemical ly reac
t i v e group by photoact ivat ion 

Product o f Enzyme Is a subst ra te , part of which i s con
React ion-"Suic ide" verted to chemical ly reac t ive group 
Reagent by enzyme c a t a l y s i s 
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on the enzyme t r y p s i n , such a pseudosubstrate may contain a poor 
leaving group and thereby remain on the ac t ive s i t e as a d i i s o -
propylphosphoryl es ter o f the ser ine i n t r y p s i n . 

A t h i r d type i s the one that includes a number o f s u b c l a s s i 
f i c a t i o n s , a l l o f which come under the general term " a f f i n i t y 
substrates (reagents)". The two types described above a lso have 
a f f i n i t y c h a r a c t e r i s t i c s , but these l a t t e r ones are d i f f e r e n t . A 
sketch o f an a f f i n i t y reagent i s shown i n Figure 20. In t h i s , 
the binding group i s what the enzyme recognizes and b inds , whi le 
the group marked X , the cova len t ly reac t ive group, now i s able to 
form a covalent bond somewhere i n the v i c i n i t y o f the ac t i ve 
center or a t i t s per iphery, p r o v i d i n g , of course, that there i s a 
s u i t a b l y suscept ib le amino a c i d s ide chain i n these l o c a t i o n s . 
The a f f i n i t y reagent i s therefore always a double-headed one, one 
head resembling the substrat
to form a covalent bond
a f f i n i t y reagents: those i n which the cova len t ly reac t ing group 
i s already present i n the reagent, those i n which the covalent 
r eac t ive group must be generated by an external ac t ion such as 
pho toac t iva t ion , and those i n which the enzyme i t s e l f generates 
the r eac t ive group. These l a t t e r have been termed " k c a t re
agents" because t h e i r i n t e r a c t i o n occurs as a r e s u l t o f the 
enzymatic c a t a l y s i s to form the reac t ive group, or " su ic ide re 
agent" because the enzyme k i l l s i t s e l f by a c a t a l y t i c ac t ion 
(41-44). These have a very much higher s p e c i f i c i t y than other 
a f f i n i t y reagents because they not only have the s p e c i f i c i t y of 
binding i n common wi th the o thers , but they a l so have the spec
i f i c i t y o f c a t a l y s i s which the others do not have. In t h i s 
respect they should thus be a "perfect drug". 

These " su ic ide reagents" w i l l be described i n d e t a i l e l s e 
where i n t h i s volume (44), so only one phase w i l l be b r i e f l y 
mentioned here. Of p a r t i c u l a r i n t e r e s t to food and n u t r i t i o n re 
searchers are the n a t u r a l l y occurr ing toxins which involve a 
" su i c ide" mechanism (42_). Some of these can be consumed i n foods 
or feeds and commonly occur i n a number of d i f f e ren t plant 
sources. A very common tox in i s the beta-aminopropioni tr i l e 
present i n l a t h y r i t i c legumes, and another i s the w i l d f i r e t ox in 
(42) (Figure 21) . 

Chemical Deter iora t ions to Purposely Der iva t i ze Proteins 

Under t h i s heading might be placed many of the react ions a l 
ready discussed, but there are several that f i t more appropriate
l y i n such a c l a s s i f i c a t i o n . One of these, wi th which the author 
has been assoc ia ted , i s the formation o f i nac t i ve de r iva t ives of 
p r o t e o l y t i c enzymes by a l k a l i n e beta e l imina t ion of a de r i va t i ve 
of the ac t i ve s i t e ser ine of t r y p s i n (45) (Figure 22) . This 
modi f ica t ion uses an a f f i n i t y reagent followed by a second chemi
ca l mod i f i ca t i on , the a l k a l i n e beta e l i m i n a t i o n , to form the 
product. The products of the reac t ion with t r y p s i n and chymo-
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Binding Group 

ovalently Reactive Group 

Figure 20. Diagram of principle of affinity labelling of a reactive site. In affinity 
labelling there is (a) a binding group that resembles the type of substance (sub
strate, antigen, etc.) with which the protein normally interacts specifically, and 
(b) an additional group, a covalently reactive group, capable of forming a covalent 
bond in the reactive site. Affinity reagents  usually classified into three different 

types: general affinity,
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Figure 21. Inhibition of glutamine synthetase by wildfire toxin (42) 
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X : ~ ^ C - ^ O S 0 2 A r > X — < \ + A T S 0 3 " (1 ) 

O H ~ 

H „ 

Κ / H \ / 
C — C • C = C + ArS0 3 ~ + H 2 0 (2) 
£ H O S 0 2 A r Η 

Holden-Day 

Figure 22. Displacement of an aromatic sulfonate (weakly basic) by (1) nucleo-
philic attack or (2) β elimination with alkali (16) 
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t r y p s i n are c a l l e d anhydrotrypsin and anhydrochymotrypsin, re
s p e c t i v e l y . The reac t ion i s s i m i l a r i n mechanism to the a l k a l i n e 
beta e l i m i n a t i o n o f O-phosphoryl or 0 -g lycosy l groups described 
above. The products, anhydrotrypsin or anhydrochymotrypsin, are 
very useful i n enzyme chemistry because the o v e r a l l s t ruc ture and 
conformation of an enzyme i s very l i t t l e a f fec ted . They have 
been used i n several d i f f e ren t s tud ie s , one of which i s the 
i n t e r a c t i o n o f p r o t e o l y t i c enzymes wi th s p e c i f i c prote in i n h i b i 
t o r s . The anhydro de r iva t ives w i l l form highly associated com
plexes wi th the i n h i b i t o r s i n a manner very s i m i l a r to that of 
the nat ive c a t a l y t i c a l l y ac t i ve enzymes (Table X ) . In f a c t , i n 
some cases they may be as e f f e c t i v e , or even be t t e r , i n combining 
wi th the i n h i b i t o r s than the nat ive enzyme. These data have been 
used as evidence that c a t a l y t i c a c t i o n , inc lud ing formation of a 
te t rahedral adduct or a
the formation o f the i n h i b i t o r

Another s i m i l a r type o f reac t ion has been the use of an 
a f f i n i t y reagent (2 1 ,3*-epoxypropyl 3-glycoside of d i - ( N - a c e t y l -
D-glucosamine) to react wi th a carboxyl group of an aspar t i c ac id 
i n the ac t i ve center of the enzyme lysozyme (48) (Figure 23) . 
Then t h i s reagent can be removed from the enzyme by reduct ion . 
Since the bond between the a f f i n i t y reagent and the carboxyl 
group of lysozyme i s an es ter bond, the carboxyl group of as
p a r t i c a c i d o f the enzyme i s now changed by reduction to an 
a l c o h o l . The new residue i s therefore an aspar t i c ac id wi th a 
carboxyl group changed to a hydroxyl to give 2-amino-4-hydroxy-
bu ty r i c ac id (homoserine). The homoserine lysozyme has proper
t i e s so s i m i l a r to those o f the o r i g i n a l enzyme that i t forms 
t i g h t complexes wi th substrates (Table X I ) . 

A modi f ica t ion embodying several o f the d i f f e ren t de t e r io r a 
t i v e react ions discussed i n t h i s a r t i c l e was recent ly s tudied i n 
our laboratory (50). Two d i f f e r en t avian ovomucoids wi th d i f f e r 
ent i n h i b i t o r y propert ies against p r o t e o l y t i c enzymes were modi
f i e d by the a l k a l i n e be ta -e l imina t ion reac t ion so as to form new 
covalent c r o s s - l i n k s cons i s t i ng of lan th ionine and l y s i n o a l a n i n e . 
One ovomucoid was turkey, which has a double-headed character 
wi th independent s i t e s fo r forming an i n h i b i t o r y complex wi th 
bovine t r y p s i n at one s i t e and bovine alpha-chymotrypsin at the 
other s i t e . Both of these s i t e s are r e l a t i v e l y strong binding 
s i t e s as compared to the strengths of binding of other i n h i b i 
t o r s . In a d d i t i o n , the alpha-chymotrypsin binding s i t e w i l l a l so 
accept the b a c t e r i a l enzyme s u b t i l i s i n , which has an a f f i n i t y fo r 
the i n h i b i t o r o f about the same order of magnitude as does alpha-
chymotrypsin. Consequently, the two enzymes compete about 
equal ly for the same s i t e . In con t ras t , penguin ovomucoid has 
the same two s i t e s as turkey ovomucoid, one fo r t r y p s i n and one 
fo r chymotrypsin, but the r e l a t i v e a f f i n i t y for the d i f f e ren t 
enzymes i s qui te d i f f e r e n t . The t r y p s i n s i t e i s r e l a t i v e l y weak, 
and the chymotrypsin s i t e i s qu i te strong for s u b t i l i s i n but much 
weaker f o r alpha-chymotrypsin. When penguin and turkey ovomu-
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Table X . Comparison o f Assoc ia t ion Equ i l i b r ium Constants 
for Inact ive and A c t i v e Enzymes (46) 

Inact ive Enzyme 

Inact ive a a c t i v e 
(kca l ) 

Anhydro Bovine pancreat ic >0.2 <0.9 
t r y p s i n (Kun i t z , BPTI) 

Reduced BPTI 2.0 -0 .4 
Bovine pancreat ic 0.097 1.4 

(Kazal) 
Chicken ovomucoid 0.025 2.2 
Soybean i n h i b i t o r 0.010 2.7 
Lima bean i n h i b i t o r 0.008 2.9 

(unfractionated) 

Anhydro Potato i n h i b i t o r 1.0 0.0 
chymotrypsin Lima bean ( I I I ) >200. <-3.0 

Bovine pancreat ic 1.0 0.0 
(Kunitz) 

Methy l - Turkey ovomucoid 0.010 2.7 
chymotrypsin Duck ovomucoid 0.014 2.5 

Golden pheasant 0.010 2.7 
ovomucoid 

Springer-Verlag 
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Journal of Biological Chemistry 

Figure 23. Structure of 2',3'-epoxypropyl β-glycoside of di-(N-acetyl-D~glycosa-
mine) (48) 
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Table X I . Enzymatic A c t i v i t i e s and Assoc ia t ion Constants o f 
Lysozyme and I ts Der iva t ives (49) 

Lysozyme Re la t ive Assoc ia t ion Constants (M~ ) , 

Enzymatic pH 6 .7 , 23°C a 

A c t i v i t y 0 Γ 
( G l c N A c ) 3

D (GlcNac-MurNAc) 2 

Native 1.00 1.1 X 10 5 4.2 X 10 3 

Regenerated^ 0.97 3.3 X 10 3 1.4 X 1 0 3 

5 2 e 

Hse 5 * 0.1

a The experimental e r ro r o f the values given i n the table i s + 
10%. 

b G l c N A c , N-acetyl-D-glucosamine. 
cMurNAc, N-acetylmuramic a c i d . 

Regenerated from the es ter by weak a l k a l i . 
eLysozyme i n which a spa r t i c acid-52 was replaced wi th homoserine 

by reduct ion Of the es te r . Proceedings National Academy of Science 

coids were t reated with a l k a l i or thiocyanate to form a new 
covalent c r o s s - l i n k , products were obtained which s t i l l re ta ined 
t h e i r biochemical a f f i n i t y for one or more of the enzymes, but 
wi th important differences (Figure 24, Table X I I ) . 

These r e su l t s a l so serve as an example of d i f f i c u l t i e s that 
can be encountered i n analyzing for de te r io ra t ions by determining 
losses o f biochemical a c t i v i t y of proteins on exposure to a l k a l i 
or merely to higher pH and moderate heat. Proteins l i k e the 
i n h i b i t o r s o f p r o t e o l y t i c enzymes, which have a c t i v i t i e s against 
several d i f f e r e n t enzymes, might then show large differences i n 
loss o f a c t i v i t y depending upon which enzyme and perhaps even 
which assay condi t ion was employed for the determination of t h e i r 
a c t i v i t i e s . Assays against one enzyme could show no losses i n 
a c t i v i t i e s , leading to a poss ib le deduction that there were no 
ef fec ts on the p r o t e i n , whi le use i n the assay of another enzyme 
could show as much as complete des t ruc t ion . 

Reversal o f Pro te in Deter iora t ions 

Although r e v e r s i b i l i t y o f the de t e r io r a t i ve react ions o f 
proteins i s usua l ly not a p r a c t i c a l p o s s i b i l i t y , p a r t i c u l a r l y 
wi th mixtures o f proteins and proteins i n complex b i o l o g i c a l 
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TIME (Min.) 

Figure 24. The effect of disulfide bond modification of turkey ovomucoid by 
alkali on inhibitory activity against trypsin (T), a-chymotrypsin (C), and subtilisin 
(S). Turkey ovomucoid (0.10 mM) was treated with alkali (100 m M NaOH) at 
23°C. Sulfhydryl content (moles per mole of protein) (-SH)is shown ( ) (50). 
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systems, i n some cases reversa l can be achieved. By the very 
nature o f the process o f denaturation and rena tura t ion , renatura
t i o n i s the one reversal that should be the eas ies t to achieve. 
In pure systems, and wi th many p ro te ins , t h i s i s now frequently 
and e a s i l y done. Descr ipt ions of t h i s have been given i n the 
previous sec t ion on denaturat ion. However, when the denaturation 
i s accompanied or followed by chemical r eac t ions , complexing with 
other substances, or even i n s o l u b i l i z a t i o n , r e v e r s i b i l i t y o f the 
denatured pro te in may be i m p r a c t i c a l . 

The r e v e r s i b i l i t y of the reduct ive s c i s s i o n of d i s u l f i d e 
l inkages has a l so been discussed i n a previous s e c t i o n . Such a 
reversa l i s i n t ima te ly re la ted to the renaturat ion process be
cause the t h i o l groups must accept t h e i r cor rec t o r i g i n a l par t 
ners i n the formation o f the d i s u l f i d e l i nkage . In mixtures o f 
d i f f e r en t proteins or wi t
may be prevented. 

R e v e r s i b i l i t y o f the chemical modif ica t ions of proteins i s 
frequently a des i red ob jec t ive of the s c i e n t i s t using chemical 
modi f ica t ion as a tool (16,51). The objec t ive here i s to chemi
c a l l y change the pro te in so as to a f fec t i t s physical or b i o 
chemical proper t ies and then to reverse t h i s change so as to 
obtain the o r i g i n a l pro te in again . In chemical de te r io ra t ions 
which occur inadver ten t ly or " n a t u r a l l y " , however, r e v e r s i b i l i t y 
i s u sua l ly hard to a t t a i n . An example o f one that i s o f a prac
t i c a l nature i s the ox ida t ion o f the th io ether of methionine to 
the su l fox ide (Figure 5 ) . This type o f reac t ion could be en
countered i n the use o f hydrogen peroxide as a s t e r i l i z i n g agent. 
This r e v e r s i b i l i t y i s e a s i l y achieved by treatment wi th low 
concentrations o f a reducing agent. 

Detection and Determination o f Deter iorated Proteins 

The detec t ion and determination of de ter iora ted proteins are 
two areas that plague the basic researcher , the c l i n i c i a n , and 
the p r a c t i c a l food t echno log i s t . Simple, workable methods are 
usua l ly j u s t not a v a i l a b l e . Of a l l the questions put to the 
author by members o f the food indus t ry , those on t h i s area head 
the l i s t i n frequency. 

The detect ion and determination of de ter iora ted proteins i s 
probably one o f the most d i f f i c u l t problems i n pro te in chemistry 
today. The main reason i s that i t i s usua l ly eas ie r to determine 
na t ive p roper t i e s , p a r t i c u l a r l y when those propert ies include a 
biochemical func t ion , than i t i s to determine a de ter iora ted and 
i n a c t i v e p r o t e i n . In a d d i t i o n , there are almost always no stand
ards to use as a measuring s t i c k for the de ter iora ted p r o t e i n . 
When the d e t e r i o r a t i v e react ions are extensive and more than a 
f r a c t i o n (30-40%) o f the pro te in undergoes d e t e r i o r a t i o n , the de
t e r i o r a t i o n can frequently be monitored by determining the amount 
of na t ive pro te in remaining, p rov id ing , of course, that the de
t e r i o r a t e d pro te in does not i n t e r f e r e wi th the determination o f 
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the na t ive one. However, s ince many de t e r i o r a t i ve react ions may 
involve only a minor f r a c t i o n of the t o t a l p r o t e i n , or even of an 
i n d i v i d u a l p r o t e i n , i t i s usua l ly impossible to determine the 
amount o f pro te in de t e r io r a t i on by determining the amount o f un
modified p ro t e in . Furthermore, de t e r i o r a t i ve react ions frequent
l y invo lve such a minor change i n the physical and chemical prop
e r t i e s o f the pro te in that su i t ab l e methods are not a v a i l a b l e to 
e a s i l y monitor these minor changes. 

In s p i t e o f these many l i m i t a t i o n s , there are a number of 
approaches that have been success fu l ly used for ce r t a in de te r io 
r a t i v e react ions (Table X I I I ) . The most obvious approach i s to 
determine the biochemical or b i o l o g i c a l a c t i v i t y of a pro te in 
when the pro te in has such a property. The d i f f i c u l t y i n these 
determinations i s that the de ter iora ted prote in may have a b i o 
chemical a c t i v i t y that
a c t i v i t y . In such a hypo the t i ca l l
ca l determination might show that there i s only 50% a c t i v i t y 
present. However, such a determination could not d i f f e r e n t i a t e 
between complete i n a c t i v a t i o n of 50% of the molecules or a 50% 
reduct ion i n a c t i v i t y o f 100% of the molecules by an at tenuat ion 
rather than an i n a c t i v a t i o n . A d i f f e r en t t e s t would be necessary 
i n order to "count" the number of b iochemical ly ac t ive molecules. 
For t h i s purpose, the enzyme chemist sometimes uses an ac t i ve 
s i t e t i t r a n t , which i s a type o f an a f f i n i t y reagent (16). 

Probably the o ldes t physica l method used for changes i n pro
t e ins i s the measurement o f s o l u b i l i t y . Deter iorated proteins 
have t r a d i t i o n a l l y been thought to show decreases i n s o l u b i l i t y , 
although frequently increased s o l u b i l i t y may a l so occur , such as 
i s u sua l ly found wi th p r o t e o l y s i s . Along wi th s o l u b i l i t y changes 
go changes i n v i s c o s i t y , a physical change tha t , i n c e r t a i n 
systems, i s e a s i l y determined. With more p u r i f i e d systems, 
u l t r a v i o l e t absorption and o p t i c a l r o t a t i on ( c i r c u l a r dichroism) 
are valuable procedures. U l t r a v i o l e t absorption i s a simple 
t e s t , and changes i n absorption are a r e f l e c t i o n of changes i n 
p ro te in conformation o r , i n some cases, the formation or destruc
t i o n of chromogens. 

A more general method that i s app l i cab le fo r many changes i n 
p ro te in proper t ies i s that of e l ec t rophores i s , using the more 
modern and s i m p l i f i e d gel e l ec t rophore t i c techniques (52,53). 
Micro gel e lec t rophores is can be used to show changes i n a charge 
on a p r o t e i n , changes i n conformation, and the s c i s s i o n of pep
t i d e bonds. Di rec t gel e lec t rophores is w i l l show charge changes, 
as used i n s tudies on the M a i l l a r d reac t ion i n which the amino 
groups o f proteins lose t h e i r charge or have charge changes 
on formation of the reac t ion products wi th glucose (Figure 8 ) . 
E lec t rophores is wi th denaturing add i t ives and d i s u l f i d e bond 
s c i s s i o n agents, such as t h i o l s , i s useful i n t e s t ing for the 
s p l i t t i n g o f peptide bonds. Aggregations and c r o s s - l i n k i n g s can 
be shown i n sodium dodecylsulfa te gels wi th or without add i t ion 
of t h i o l compounds, depending upon the purpose of the experiment. 
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Table X I I I . S i m p l i f i e d Out l ine fo r Detections o f Some Pro te in 
Deter iora t ions 

Deter iora t ions Effect Method

Denaturation S o l u b i l i t y changes, 
release of l i p i d , 
e t c . , racemization 

P h y s i c a l - e i t h e r s imple , 
l i k e s o l u b i l i t y , or 
more soph i s t i c a t ed , 
l i k e CD 

Chemical Hydrolys is o f peptides 
or amides, release 
o f sugars, e t c . 

D i rec t physical or 
chemical a n a l y s i s , 
e . g . , t i t r a t i o n s ; 
free substances 

Formation o f i n t e rna l 
isopeptides 

T i t r a t i o n s and peptide 
mapping 

3 El imina t ions and 
c r o s s - l i n k i n g 

Di rec t spectrophotom
e t r y , v o l a t i l e and 
amino a c i d ana lys i s 

Oxidations Di rec t spectrophotom
e t r y , chemical modi
f i c a t i o n , amino ac id 
a n a l y s i s , peptide 
mapping 

Interact ions wi th 
substances, e . g . , 
sugars 

Spectrophotometry, 
e l ec t rophores i s , 
amino ac id ana lys i s 
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The power of these r e l a t i v e l y simple techniques i s seen i n the 
determination o f e q u i l i b r i a between denatured and nat ive states 
by e lec t rophores is i n d i f f e r en t concentrations o f urea (54). 
Since unfolding o f a pro te in i s usua l ly accompanied by a de
crease i n m o b i l i t y through a g e l , conformational propert ies can 
be obtained as a continuous function of urea concentration. 
Other refinements using more sophis t i ca ted detect ion procedures 
involve Immunoelectrophoresis and procedures for the development 
and detect ion o f enzymes i n gels wi th enzyme s t a in ing procedures. 

Because t h i o l groups of cys te ine are e a s i l y determined by 
micro methods and the r e a c t i v i t y o f the t h i o l groups of proteins 
i s f requently affected by the p r o t e i n ' s conformation, the de
terminat ion o f su l fhydry l groups has been used extens ive ly as a 
de tec t ion procedure fo r changes i n prote in conformation. In 
complex systems ( e . g . , a
often useless . 

Changes i n o p t i c a l r o t a t i on of the i n d i v i d u a l amino acids as 
a r e s u l t o f racemization can now be determined by several micro 
methods (55_). More advances i n these procedures w i l l undoubtedly 
be forthcoming soon. 

Sometimes an i n v e s t i g a t i o n o f the de t e r i o r a t i ve reac t ion has 
necess i ta ted the development o f new methods, or at l eas t the re 
finement o f o lder methods, i n order to quant i ta te the de t e r io ra 
t i o n s . This was found necessary i n studies i n the author 's 
labora tory on the treatment o f proteins wi th a l k a l i (56) . In 
these s tud ie s , the quan t i t a t ion of su l fu r balances showed that 
not a l l the su l fu r was accounted fo r i n the form of organic 
products. A probable product was H 2 S , wi th the p o s s i b i l i t y o f 
some elemental su l fu r a l so being formed. The determination o f 
these two substances i n the small concentrations i n which they 
would be found i n proteins used i n tes t tube experiments was 
d i f f i c u l t by the methods a v a i l a b l e at that t ime. Adaptations of 
e x i s t i n g methods fo r hydrogen s u l f i d e , combining the d i s t i l l a 
t ion-purging procedures used fo r inorganic s tudies wi th the 
mic roana ly t i ca l procedures fo r t h i o l s and proteins employing DTNB 
( 5 , 5 ' - d i t h i o b i s - ( 2 - n i t r o b e n z o i c a c i d ) ) , were used to make a 
s a t i s f a c t o r y method (56). Very low concentrations o f hydrogen 
s u l f i d e (0.14 pg/ml; 4.4 X 1 0 - ° M) could e a s i l y be determined 
wi th DTNB. In the presence o f proteins conta ining d i f f e r en t 
amounts o f su l fhydry l groups reac t ing wi th DTNB, approximately 80 
to 95% of the hydrogen s u l f i d e could be recovered. The deter
mination o f su l fu r was based on i t s high s o l u b i l i t y i n hydrocar
bons and i t s e x t i n c t i o n i n the near u l t r a v i o l e t (Figure 25) . I ts 
high s o l u b i l i t y i n η - h e p t a n e , together wi th i t s very low s o l u 
b i l i t y i n water and i t s absence o f a charge, a l low for easy 
removal o f i n t e r f e r i n g colored agents. Amounts as low as 0.2 
yg/ml are e a s i l y determined i n the presence of p ro te ins . This 
has been one example o f the need to delay a research project i n 
order to develop or adapt methods for studying prote in de t e r io ra 
t i o n . 
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Analytical Biochemistry 

Figure 25. Quantitation of sulfur. Sulfur was extracted with η-heptane from the 
reaction mixture, and the heptane was washed twice by extraction with phosphate 
buffer. The absorbance of sulfur (14.3 μg/mL) in η-heptane was plotted as a 
function of wavelength. The absorption at 225 nm was used for calculation of the 

amount of sulfur present (56). 
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The f r a c t i o n a t i o n and p u r i f i c a t i o n o f deter iora ted proteins 
i s undoubtedly one of the l ea s t successful techniques. This i s 
simply because a l l o f the methods that have been developed, wi th 
very few except ions , are d i rec ted toward pur i fy ing the unde-
t e r i o r a t e d p ro t e in . The methods a v a i l a b l e are usua l ly based on 
some p a r t i c u l a r biochemical a c t i v i t y o f the p r o t e i n , usua l ly en
zyme a c t i v i t y , and sometimes an a f f i n i t y column or a f f i n i t y ad
sorbent could be used to separate the nat ive prote in from the 
de ter iora ted one. Quite often a good a f f i n i t y adsorbent i s 
unava i lab le . This procedure, however, does not always work 
proper ly even when an adsorbent i s a v a i l a b l e , because the de
t e r i o r a t ed prote in may possess some a c t i v i t y or an a f f i n i t y for 
the adsorbent even though i t has l o s t i t s natural enzyme a c t i v i t y 
(see Figure 24) . The antigen-antibody react ion can a lso be used 
by means o f p r e c i p i t a t i o
proteins or adsorption
aga in , the s p e c i f i c antibody must be a v a i l a b l e , and the de t e r io 
rated pro te in may r e t a in so much a f f i n i t y for the antibody that 
d i f f e r e n t i a l separations w i l l be imprac t ica l i n some cases. 

Conclusions 

There are many poss ib le conclusions to draw from an examina
t i o n and summarization o f what i s known about prote in de t e r io ra 
t i o n s . Two main conclusions are: 
1) S c i e n t i s t s are present ly using methods which d i sc r imina te 
against de ter iora ted p ro te ins . Almost a l l the techniques de
veloped are aimed at pu r i fy ing nat ive proteins or ge t t ing r i d of 
de ter iora ted ones. In current p u r i f i c a t i o n procedures, de t e r io 
rated proteins are usua l ly e l iminated o r , at best , are separated 
only i n small quan t i t i e s and as mixtures of more than one de
t e r io r a t ed product. 
2) Deter iora t ions of proteins should receive greater a t t en t ion 
i n the future . Medical s c i e n t i s t s are becoming inc reas ing ly 
aware o f the importance o f de te r io ra ted , or at l eas t modif ied , 
prote ins i n aging processes (such as connective t i s sue) (57 ,58) 
and i n other changes re la ted to pro te in synthesis and t i s sue de
velopment (59J . Pro te in de te r io ra t ions should f i n d more use i n 
other areas, such as the est imation of the age of bones and eyes 
and i n diseases o f the eye, as shown i n the novel f indings o f the 
laboratory o f J . L . Bada on the racemization of amino acids 
(60,61) . These de te r io ra t ions have even been used for the e s t i 
mation of geologica l age (62). 

Some P a r t i c u l a r Areas for Future Inves t iga t ions on Pro te in 
Deter iora t ions 

The subject o f pro te in de te r io ra t ions encompasses most o f 
p ro te in chemistry and i s a wide-ranging and d i f f i c u l t t o p i c . I t 
i s hoped that from t h i s a r t i c l e and the other a r t i c l e s i n t h i s 
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monograph i t i s evident that the importance of de t e r i o r a t i ve 
react ions i s great , and future research w i l l be an ambitious 
undertaking. 

The fo l lowing are some poss ib le areas for future i n v e s t i 
gations o f p ro te in de t e r io ra t i ons : 
A. L i v i n g systems 

1) Biochemical control systems ( i . e . , zymogens, a c t i v a t o r s , 
e t c . ) . I t i s i n t h i s area that large advances should be f o r t h 
coming i n the next decade or so. The sophis t i ca ted s e l e c t i v e 
breakdowns o f proteins to form funct ional products are among the 
most important biochemical cont ro l react ions found i n t i s s u e s . 

2) Aging . The biochemistry o f senescence i s a very imma
ture subject a t t h i s t ime. The majori ty of the changes that 
occur are not known, inc lud ing the reason for the time c l o c k s , 
but some advances have
aging process are the re la te

3) Environmentally induced de t e r i o r a t i ons . Current ly most 
emphasis i n s tudies o f environmental ef fects on b i o l o g i c a l sys
tems i s on t o x i c i t y and the onset of malignancy. Malignancy i s 
usua l ly d i r e c t l y associated wi th nuc le i c a c i d s , but, at l eas t i n 
some cases, nuclear and other proteins may be involved as w e l l . 
This i s an area r equ i r ing in tens ive research. T o x i c i t i e s usua l ly 
involve the i n t e r a c t i o n o f the t o x i c agents wi th some prote in 
system, p a r t i c u l a r l y enzyme systems. 

4) Pharmaceutical e f f e c t s . Most pharmaceutical agents i n 
volve drugs which act e i t h e r at c e l l receptor s i t e s or d i r e c t l y 
on enzymes. In both cases proteins are invo lved . With many 
drugs, there i s a man-directed de t e r i o r a t i ve reac t ion to i n a c t i 
vate a p a r t i c u l a r target (43) . U s u a l l y , the greater the spec i 
f i c i t y o f i n a c t i v a t i o n , the more s p e c i f i c the drug. 

5) Tissue and organ preserva t ion . The preservat ion of 
t i s sues and organs fo r future use i s becoming an important part 
o f the armament o f medical technology (63) . With most proce
dures, low temperatures, or even f reezing procedures, are re 
qu i red . Many physical and chemical changes occur during the 
f reezing and thawing o f t i s sues (64) , most of which are unknown 
o r , a t best , are handled by empir ica l procedures (such as the 
add i t i on o f s t a b i l i z i n g substances). There i s a need here for 
ex tens ive , fundamental researches on low temperature preservat ion 
of t i s sues and organs, as we l l as the development of m i l i e u fo r 
t h e i r storage and preservat ion at higher temperatures. 
B. Foods and feeds 

The post-harvest or post-s laughter changes that occur i n 
plant and animal mater ia ls are ex tens ive , but they are poorly 
understood. This comparative lack of information necessi tates a 
technology o f processing and storage which i s ex tens ive , cum
bersome, and frequently e m p i r i c a l . Food and feed material must 
be preserved without microbia l spo i l age , and the physical changes 
i n the products that r e s u l t i n unwholesome or undesirable charac
t e r i s t i c s must be e l imina ted . Many of the procedures used i n -
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volve d r y i n g , but t h i s uses vast expenditures o f energy and can 
cause extensive chemical changes i n proteins as wel l as extensive 
denaturation ( 6 5 J , as wi th da i ry or poul t ry products such as 
d r i ed eggs. The global involvement o f World War II resu l ted i n 
an e n t i r e l y new research e f f o r t i n the United States - a very 
extensive program under the Army Quartermaster Corps for improve
ments i n the preserva t ion , s torage, and t ransport o f foods, which 
frequently involved very harsh environmental cond i t ions . 

Most o f t h i s type o f research has now been taken over by the 
fas t food indus t ry . There i s a great add i t iona l need fo r funda
mental s tudies i n these areas to develop processes based on sound 
p r i n c i p l e s ra ther than the empir ica l measures necessary during 
World War I I , and to produce s table foods for feeding the wor ld ' s 
m i l l i o n s ra ther than j u s t the a f f luen t purchasers o f fas t foods. 

The author discusse
areas two decades ago
does not appear to have changed much s ince that time (66). 
Fundamental research on the preservat ion of food i s supported to 
only a l i m i t e d degree by research grants . Most o f the high qua l 
i t y research has been i n d i r e c t l y supported by grants from the 
National In s t i t u t e s of Hea l th , frequently on d isease- re la ted 
p ro jec t s . This i s a shameful r e f l e c t i o n o f p r i o r i t i e s on the 
value of basic food research. 
C. Methods fo r de tec t ion , c h a r a c t e r i z a t i o n , quan t i t a t ion and 
p u r i f i c a t i o n of de ter iora ted proteins 

Methods fo r the study o f p ro te in de te r io ra t ions should have 
increas ing a t t e n t i o n . U s u a l l y , methods have been developed i n 
response to a p a r t i c u l a r problem and not as part o f a program i n 
t h e i r own r i g h t . Obviously , a method fo r studying de ter iora ted 
prote ins cannot be developed u n t i l something i s known about the 
d e t e r i o r a t i o n fo r which the method i s to be developed. From the 
broad approach, cons idera t ion should be given to general methods 
fo r detect ing a l l types of de t e r i o r a t i on and, c e r t a i n l y , for the 
separat ion and p a r t i a l p u r i f i c a t i o n of the products to a l low for 
be t te r study. 
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Posttranslational Chemical Modification of Proteins 
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It is now well established that the poly-(amino acid) chains 
assembled from the 20 amino acids specified by the genetic code 
undergo extensive processing before the biologically active final 
products of protein biosynthesis are obtained. Most of this 
processing involves covalent modification, either by making or 
breaking peptide bonds or by derivatizing the free α-NH2 or α-
COOH groups or the amino acid side chains. These covalent modi
fications, which may take place immediately after the formation 
of the amino acyl-tRNA, during the elongation of the nascent 
polypeptide chain on the polysomes or after the polymer has been 
completed and is being transported through intracellular or 
extracellular space, can al l be considered as posttranslational 
modifications. A recent refinement on this terminology has been 
to distinguish between cotranslational modifications (all events 
taking place during polymerization on the polysomes) and post-
translational modification (all events after the release of the 
protein precursor from the polysomes). In this system of 
designation, the amino acid modifications that take place at the 
l e v e l of amino acyl-tRNA (e.g. the formation of N-formyl Met
-tRNA) should presumably be referred to as pre trans la t iona l modi
fications. There is probably some merit in this system from the 
point of view of economy of communication, but i t i s also probably 
safe to say that at the current state of knowledge the assignment 
of a given modification react ion to p r e - , co- or posttranslat ional 
status w i l l be mostly speculat ive, and i n this paper the s ingle 
designation post trans lat ional w i l l be used for a l l these reac
t ions . 

The b i o l o g i c a l function of many of these pos t trans la t ional 
modif icat ion reactions i s also tenuous at th i s stage, even i f we 
can r a t i o n a l i z e some of them as components of wel l understood 
processes. The most obvious example of such established pro
cesses i s the oxidation of su l fhydry l groups resu l t ing i n the 
formation of d i s u l f i d e bridges which are essent ia l s t r u c t u r a l 
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features of most extracellular native proteins. Similarly, i n 
the case of r i g i d proteins such as collagen and e l a s t i n f i b e r s , 
several chemical reactions consisting of hydroxylation, oxida
tion, and deamination occur. These subsequently lead to the 
characteristic covalent crosslinking which provides the molecular 
basis for the structural and e l a s t i c properties of connective 
tissues (_1). It has also been established that peroxidase-
catalyzed halogenation of thyroglobulin i s an essential step i n 
the biosynthesis of thyroxine, and that several of the reversible 
modification steps (e.g. phosphorylation) are involved i n the 
regulation of metabolic reactions through the activation or inac
t i v a t i o n of enzymes and regulatory proteins (histones). F i n a l l y , 
recent studies i n the area of glycoprotein structure and function 
suggest an important role of the glycosylation reactions i n 
b i o l o g i c a l communications

Even when the purpos
tion i s understood, an examination of how and where i t occurs i s 
also l i k e l y to y i e l d only limited information. The c e l l b i o l o g i 
cal s i t e s and processes involved i n the reactions, the s p e c i f i 
c i t y by which certain amino acid residues or s p e c i f i c peptide 
bonds are selected for chemical modification and the mechanism by 
which the transformations are carried out remain obscure for a 
large number of these reactions. 

The f i e l d of posttranslational modification of proteins has 
been reviewed (2, 3), and the main purpose of this a r t i c l e i s to 
bring e a r l i e r reviews up to date, and to explore some of the most 
recent developments i n the f i e l d . Figure 1 summarizes our 
current knowledge of posttranslation modification reactions. 
Since the detailed l i s t i n g of most of these reactions has been 
reported before, the reader i s referred to the o r i g i n a l tabula
tion for proper nomenclature and l i t e r a t u r e references. 

If one considers a l l known covalent alterations of the poly-
amino acid chains produced by l i v i n g c e l l s , the t o t a l number and 
types of reaction become rather unwieldy, and i t i s useful to 
c l a s s i f y them into three broad groups: 1) modification (cleavage 
and formation) of the peptide bond, 2) modification of the 
terminal a-NU2 and α-COOH groups and 3) modification of amino 
acid side chains. The f i r s t of these three w i l l not be con
sidered i n this discussion beyond the reminder that limited 
proteolysis i s an essential and very broadly observed phenomenon 
i n a l l l i v i n g systems. Ever since i t was realized that, although 
the i n i t i a t i o n of protein synthesis requires N-formylmethionine 
as the N-terminal residue the finished product i s rarely, i f ever, 
found with that residue s t i l l attached, i t was clear that most, 
perhaps even a l l , b i o l o g i c a l l y active proteins have undergone 
proteolytic cleavage. The recent signal peptide hypothesis has 
added another dimension to this processing step i n proposing that 
a hydrophobic N-terminal sequence demonstrated for a large number 
of protein precursors i s essential i n directing a given protein 
to or through the membranes of the c e l l . This signal peptide i s 
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subsequently removed i n the processing of the precursor to y i e l d 
the f i n a l protein product. In addition to these v i r t u a l l y uni
versal peptide bond cleavage reactions, a number of s p e c i f i c 
b i o l o g i c a l processes also involve limited proteolytic cleavage. 
Notable examples of such processes are activation of zymogens 
and prohormones (4, 5), virus and ribosome assembly (6), the 
blood coagulation cascade (7), and complement activation (8). 

Modification of N- and C-Terminal Amino Acid Residues 

The second category of reactions, those involving modifi
cation of the terminal C1-NH2 and α-COOH groups of proteins, con
tains a r e l a t i v e l y short l i s t of different derivatives. The 
carboxy-terminal end of some proteins (mostly r e l a t i v e l y low 
molecular weight physiologicall
been found to be an amid
function; i n other proteins the α-COOH i s found to be methylated 
and recently i t has been reported that the amino acid tyrosine 
can be added to the C-terminal end of tubulin (9). The l a t t e r 
reaction requires ATP and the new derivatized C-terminus, con
taining a regular α-amino acid, just l i k e any protein, can only 
be recognized as a posttranslational modification, i f the pre
cursor had f i r s t been characterized or i f the DNA sequence had 
been established not to include the codon for the C-terminal 
tyrosine. 

The N-terminal 01-NH2 group appears to be involved i n more 
modification than does the C-terminus. Acetylation, formylation 
and methylation are three quite common N-terminal derivatives, 
and just l i k e i n the case of the C-terminal end, amino acids can 
be added to the N-terminus of the finished polypeptide chain i n 
the absence of ribosomes, but i n this case the donor i s amino 
acyl-tRNA. 

One interesting modification at the N-terminal end i s the 
reaction by which the protein acquires an α-keto acyl terminus 
(10-13). In the processing of pro-histidine decarboxylase as 
shown i n Figure 2, an i n t e r i o r Ser-Ser bond can be cleaved, 
leading to the formation of two polypeptide chains, a 3 subunit 
with serine as i t s C-terminal and an α subunit with serine as i t s 
N-terminal end. This l a t t e r serine i s presumably f i r s t converted 
to dehydroalanine through dehydration, and subsequently, the 
release of one mole of ammonia results i n the formation of a 
pyruvoyl group on the N-terminal of the α subunit. There i s also 
a p o s s i b i l i t y that the dehydration of serine (or dehydrosulfation 
of cystine) can take place i n t e r n a l l y without peptide bond 
cleavage). Dehydroalanine i t s e l f has actually been observed as a 
prosthetic group i n enzymes (14). The N-terminal of urocanase 
i s presumably modified i n a similar fashion from threonine to 
form α-ketobutyrate through a dehydroaminobutyrate intermediate 
(15, 16). The function of pyruvate and α-ketobutyrate appears 
to provide an essential carbonyl group for a c t i v i t y . Similar 
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Figure 2. Activation of pro-histidine decarboxylase 
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carbonyl functions can be provided by pyridoxal phosphate i n 
other enzymes. 

The direct acylation and methylation of the free 01-NH2 

groups of proteins have been proposed to be useful i n providing 
resistance toward proteolytic attacks. Although the basis for 
this explanation i s not always readily apparent from the known 
s p e c i f i c i t i e s of proteases, i t may be v a l i d i n some cases. Thus, 
the acetylated N-terminus of a - c r y s t a l l i n , the major protein 
found i n eye lens (17), i s presumably important for the protein 
to survive i n an environment r i c h i n leucine aminopeptidase. On 
the other hand, i t i s d i f f i c u l t to ratio n a l i z e that the acetyla
ted N-terminus of bovine pancreatic α-amylase i s i n any way 
responsible for the fact that the enzyme i s exceedingly stable 
against t r y p t i c and chymotryptic digestion (18). The function of 
the acetylation i s , i n
which α-amylase i s selecte
acetylated companion pancreatic proteins. 

The mechanism of N-acetylation of a - c r y s t a l l i n i s quite 
interesting. The N-terminal residue has been i d e n t i f i e d as N-
a c e t ^ l methionine. This methionine residue i s derived from Met-
tRNA f

e t which i s responsible for the i n i t i a t i o n of the polypep
tide chain and not Met-tRNA m e C which incorporates the methionine 
residue i n the growing polypeptide chain. It i s clear that the 
N-acetylation i s a true posttranslational process since acetyl 
Met-tRNA cannot replace formyl Met-tRNAf e t. Moreover, N-acetyla
tion occurs when the polypeptide chain has reached a length con
s i s t i n g of approximately 25 amino acid residues. Other proteins, 
such as ovalbumin, are also acetylated during the early stages of 
polymerization on the polysome, and the protein acetyltransferase 
a c t i v i t y must therefore be associated with the protein-synthe
s i z i n g apparatus. 

Modification of Amino Acid Side Chains 

The t h i r d category of posttranslational reactions, those 
involved i n covalent modification of the amino acid side chains, 
i s by far the largest. According to the data i n Fig. 1 (and Ref. 
2) there are about 98 known derivatives of amino acid side chains 
i n proteins. In the following paragraphs some of these w i l l be 
discussed b r i e f l y . 

A number of proteins such as histones, cytochrome c and 
certain f l a g e l l a r proteins are found to contain methylated amino 
acids (19). Three different methylases have been characterized 
and a l l require S-adenosylmethionine (SAM) as the methyl donor 
(20-23). Protein methylase I (SAM-protein arginine methyl trans
ferase) methylates the guanidine side chain of arginine residue; 
protein methylase II (SAM-protein carboxyl methyltransferase) 
transfers methyl groups only to 3- and γ-carboxyl groups i n the 
peptide chain. Carboxyl groups i n the α position cannot serve as 
acceptors. Protein methylase III (SAM-protein lysine 
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methyltransferase) i s involved i n the methylation of the Ν ε of 
the lysine residue. The presence of monomethyl, dimethyl and 
trimethyl lysine suggests that methylation of lysine may involve 
more than one enzyme. An S-adenosylmethionine:protein-lysine 
transferase was p u r i f i e d recently from Neurospora crassa (24). 
The enyzme recognized the sequence X-lys-lys-Y, where X and Y can 
vary but the two adjacent lysines i n the sequence are an absolute 
requirement. The length of the peptide acting as substrate i s 
also important. 

A methylesterase which catalyzes the hydrolysis of γ-glu-
tamyl methyl esters of membrane bound proteins i n Salmonella 
typhimurium and JS. c o l i has recently been i d e n t i f i e d (25). 
Apparently, these membrane-bound proteins undergo methylation by 
a S-adenosylmethionine requiring methyltransferase (similar to 
transferase I I ) . In thi
are d i r e c t l y associate
microorganisms. When the c e l l s are exposed to a chemotactic 
attractant, methylation of the membrane-bound proteins increases 
and s t r a i g h t - l i n e movement up the gradient i s induced. When the 
attractant i s removed or a repellent substituted, the esterase 
decreases the methylation and random movement resul t s . These 
control mechanisms are analogous i n regulation to some of the 
reversible processes such as adenylation (26), uridylation (27) 
and phosphorylation (28). 

The molecular basis for regulation of enzymatic a c t i v i t y 
through phosphorylation and dephosphorylation has been estab
lished i n many enzyme systems (29). The significance of these 
reactions i n histones, ribosomal proteins and RNA polymerase i s 
not known. In an attempt to establish the s p e c i f i c i t y of the 
c y c l i c AMP-dependent protein kinases, the structure of several 
substrates have been determined (30). The data indicate that the 
sequence around the phosphorylated serine residue a l l contain two 
basic amino acids separated by no more than two residues from the 
N-terminal of the susceptible serine (e.g. -Arg-Arg-X-Y-Ser-). 
In synthetic peptides, the presence of the two adjacent basic 
amino acids i s an essential requirement for the peptide to be 
phosphorylated with k i n e t i c constants comparable to those of the 
physiological substrates (31). I t has also been observed that i n 
addition to the requirement for the two adjacent basic residues, 
the nature of the amino acid C-terminal to the phosphoserine i s 
involved as a s p e c i f i c i t y determinant. When serine was replaced 
by threonine, the synthetic peptides were no longer active as 
substrate. 

A f a i r l y recent and fascinating family of reactions i s the 
incorporation of ADP-ribosyl into proteins as shown i n Figure 3. 
In the ADP-ribosylation of IS. c o l i DNA dependent RNA polymerase 
upon infection with bacteriophage T4 (32, 33), the reaction 
requires NAD+ and proceeds with the concomitant release of nico
tinamide and a proton. The effect of the modification reaction 
i s to turn off host transcription. Two arginine residues were 
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found to be involved i n the l i n k to the ADP-ribose through a C-N 
bond (34, 35). In contrast to phosphorylation, where a s p e c i f i c 
primary amino acid sequence i s recognized during modification, 
ADP-ribosylation appears to have broad s p e c i f i c i t y . The ADP-
ribose linkage found i n elongation factor a after exposure to 
diptheria toxin has been proposed to involve a linkage to a basic 
residue such as h i s t i d i n e , lysine or tyrosine (36-39). Repeating 
units of ADP-ribose linked together by ribose residues which form 
poly-(ADP-ribose) have been established to be the modifying 
reagent i n the case of histones. Based on the i n s t a b i l i t y of the 
poly-(ADP-ribose)-protein towards neutral hydroxylamine treatment 
and a l k a l i , an ester linkage involving the carboxyl group of 
either glutamate or an aspartate residue has been proposed to be 
the s i t e of modification (40). In histones F1(H1), the ADP-
ribosy 1 group was foun
(41). 

The b i o l o g i c a l function of ADP-ribosylated nuclear proteins 
i s not clear. Poly-(ADP-ribose) synthetase has been reported to 
be stimulated by histones, but histones themselves do not serve 
as acceptors i n v i t r o (42). The endogenous acceptor i n vivo 
might involve proteins other than histones. Recently an enzyme 
that cleaves the ADP-ribosyl histone linkage has been pu r i f i e d 
from rat l i v e r (43). 

Protein glycosylation i s receiving a good deal of attention 
at present both as a well-defined example of posttranslational 
modification, and as an important step i n key b i o l o g i c a l pro
cesses leading to s p e c i f i c links of c e l l - c e l l and cell-molecule 
communication. The mechanism of synthesis of the asparagine-
linked oligosaccharides has been studied extensively. Apparently, 
glycosylation occurs i n a multistep process as shown i n Figure 4. 
The oligosaccharide moiety i s f i r s t b u i l t up on a l i p i d c a r r i e r 
(-pyrophosphoryl-dolichol) and i s then transferred to the aspara-
gine residue of the newly synthesized peptide. The glycopeptide 
i s further modified by the removal and addition of monosacchar
ides. I t has been demonstrated that glucose i s present i n the 
lipid-oligosaccharide and i s subsequently trimmed off during the 
processing (44). F i n a l attachment of terminal sugars such as 
s i a l i c acid and fucose residues presumably occurs i n the Golgi 
apparatus where the s p e c i f i c enzymes are localized i n high con
centration. 

An examination of the s p e c i f i c i t y of the Asn-linked glyco
proteins indicate that the sequence Asn-X-Ser (Thr) i s an essen
t i a l feature for glycosylation. Various proteins such as oval
bumin, a-lactalbumin and RNAse A which have this common sequence 
serve as substrates but i n some instances only after denatura
tion (45). RNAse A can be converted to a species which i s 
electrophoretically i d e n t i c a l to RNAse Β (the natural glycosyla
ted form of the enzyme). The length of the Asn-X-Ser sequence 
does not seem to affect the rate of glycosylation. The (acetyla
ted) tripeptide i t s e l f i s as good a substrate as longer peptides 
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which contain the s p e c i f i c tripeptide residue, provided the 
asparaginyl residue does not have a free α-amino group (46). The 
fact that denaturation may be required before a protein becomes 
an acceptor for the incorporation of the oligosaccharide to the 
Asn-X-Ser (Thr) region suggests that three-dimensional folding 
determines the a c c e s s i b i l i t y of this sequence to the s p e c i f i c 
oligosaccharide transferase, and i t i s therefore quite l i k e l y 
that the i n i t i a l glycosylation occurs after polymerization and 
folding of the protein into i t s f i n a l conformation. 

The s p e c i f i c i t y and mechanism of O-glycosylation have not 
been clearly established. A comparison of the sequences around 
the 28 known O-glycosidically substituted s e r y l and threonyl 
residues i n ovine submaxilliary mucin did not show any homolo
gies (47). 

It was o r i g i n a l l y though
glycoproteins provided th
teins synthesized for secretion from those synthesized for i n t r a 
c e l l u l a r use (48). This idea i s no longer v a l i d . In bovine 
pancreatic j u i c e , for example, only ribonuclease B, C, D and 
deoxyribonuclease are secreted as glycoproteins. From the n u t r i 
t i o n a l point of view, approximately 60% of the secreted bovine 
milk proteins are glycosylated and i n human plasma, although the 
majority of the proteins are glycosylated, these represent only 
50% of the t o t a l protein mass. There i s also increasing evidence 
suggesting that the glycosyl moiety can serve as a " b u i l t - i n " 
signal for i n t r a - and i n t e r c e l l u l a r communications. 

Modification by Non-Enzymatic Reactions 

Proteins can also undergo spontaneous chemical modification 
through changes i n the external environment. The oxidation and 
reduction of SH groups can occur readily and some of the cross-
linking reactions i n connective tissues can also occur spontane
ously without the participation of an enzyme. Under alkaline 
conditions, the formation of dehydroalanine i s favored through 
the 3-elimination of serine, cystine or cysteine residues. The 
hydrolysis of γ-glutamyl methyl ester can probably occur without 
the presence of methylesterase since this derivative i s quite 
l a b i l e at neutral pH, and glutamine and asparagine w i l l also 
slowly hydrolyze under physiological conditions. 

The rates of nonenzymatic deamination of glutaminyl and 
asparaginyl residues have been examined i n 42 peptides (49). It 
was demonstrated that the intramolecular s t e r i c hindrance and the 
charge on residues i n close proximity to the glutaminyl or aspara
gi n y l residue play an important role i n determining the rate of 
the deamination reaction. During the aging of a - c r y s t a l l i n , 
asparagine i s progressively deaminated to aspartic acid. This 
modification step does not seem to be mediated by a s p e c i f i c 
enzyme since deamination can be induced jLn v i t r o by incubating 
pure α-crystallin i n solution. The deamination reaction i n a-
c r y s t a l l i n might be a phenomenon of aging. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2. UY AND WOLD Posttranslational Modification 59 

Although several enzymes which catalyze the conversion of 
glutamic acid to pyrrolidone carboxylic acid have been i d e n t i f i e d 
(50), pyrrolidone carboxylic acid i s also formed nonenzymatically 
from free glutamine or from glutamine-terminated peptides and 
proteins during prolonged incubation. In aqueous solutions, the 
formation of pyrrolidone carboxylic acid depends on the concen
tration of the ionic species of glutamic acid. At 37°, 10% of 
the glutamine i s converted to pyrrolidone carboxylate i n 24 
hours. Peptides that possess glutamine i n the N-terminal posi
tion exhibit a l a b i l i t y similar to that of glutamine (51). 

The ADP-ribosylation of proteins i s also feasible i n the 
absence of the s p e c i f i c enzymes. Covalent adducts of polylysine, 
bovine serum albumin, lysine r i c h histone (Fl) and DNase with 
ADP-ribose and ribose-5-phosphate have been prepared at pH 7.4 
and 9.5 (52). The formatio
the incorporation of % int
NaB%/. 

In a similar reaction, incubating proteins i n the presence 
of glucose or lactose leads to the direct attachment of glucose 
to amino groups. Hemoglobin A I C, a naturally-occurring hemo
globin derivative, i s presumably formed this way from hemoglobin 
A through the glycosylation of the N-terminal valine of the 3 
chain (53). The reaction i s i r r e v e r s i b l e and the rate i s a func
tion of the environment (glucose concentration) of the erythro
cytes. The addition of the sugar group to the hemoglobin mole
cule occurs non-enzymatically through the reaction of the alde
hyde group of the glucose to form a Schiff base adduct with the 
N-terminus. The linkage subsequently undergoes an Amadori 
rearrangement as shown in Figure 5. 

Several different g l y c o l y t i c intermediates such as glucose-
6-phosphate, fructose-6-phosphate, fructose 1,6-diphosphate and 
glyceraldehyde-3-phosphate were proposed to serve as substrates. 
The direct reaction of hemoglobin with glucose i s much slower and 
less s p e c i f i c than that with glucose-6-phosphate. 

Recently, a similar glycosylation has also been reported i n 
human serum albumin. Approximately 6-15% of the albumin was 
found to exist naturally i n the glycosylated form (54). In this 
case lysine residues rather than just the N-terminal a-NH2 

groups were shown to be involved i n the reaction. Since the 
extent of these reactions appears to r e f l e c t the glucose concen
tratio n i n the environment of the glycosylated proteins, their 
use as diagnostic indicators i n diabetes i s being explored. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



60 C H E M I C A L DETERIORATION OF PROTEINS 

H 3 C \ C / C H 3 H 3 C \ C / C H 3 

i n H I 9 H I ζ 
Ç * 0 H . C C H , C » N - C - C - H b A l c H C - N H - C - C - H b A l c 

I π 3 \ / ^ " 3 I H I H I C 

H ? " 0 H + ? 0 • HÇ-0H Amodofi Ç - 0 
H O - C H N H 2 - C - i - H b A t r H O - C H rear range ment H O C H 

I Η ι I 
H Ç - O H H C - O H H C - O H 

H Ç - O H H C - O H H C - O H 
• I I 

C H 2 0 R C H 2 O R C H 2 O R 

Figure 5. The reaction of glucose with hemoglobin 
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This review focuse
and chemical changes that occur in elastin. Outlined are the 
steps currently recognized as important in the assembly of pro-
fibrillar elastin subunits into mature fibers. Descriptions of 
some of the proposed mechanisms that appear important to the 
process are also presented. It will be emphasized that from the 
standpoint of protein deterioration, elastin is a very novel 
protein. Under normal circumstances, the final product of elastin 
metabolism, the elastin fiber does not undergo degradation that 
is easily measured. Unlike the metabolism of many other proteins, 
deterioration or degradation is most evident biochemically in the 
initial stages of synthesis rather than as a consequence of 
maturation. Since the presence of crosslinks is an essential 
component of mature elastin, a section of this review also 
addresses important features of crosslink formation. 

For purposes of definition, we will use the following terms 
to designate the various forms of elastin. The term, non-cross-
l inked e l a s t i n , w i l l be used as a general descr ipt ion for pro
posed precursors to mature e la s t in that appear to be rap id ly 
modified during the initial stages of e l a s t i c f iber formation. 
With respect to one of these precursors, the term, tropoe las t in , 
has been used as a designation for a non-crosslinked e l a s t i n 
precursor of approximately 70,000 daltons (1). Since i t i s 
current ly the best characterized of the non-crossl inked e las t ins 
and i s used extensively by those fami l iar with e l a s t i n , th i s 
term w i l l be retained. E l a s t i n w i l l be used to designate the 
prote in i n i t s crossl inked form. This term, however, i s at best 
operat ional , since e la s t in i s only i so lated from tissues or c e l l 
cul ture by procedures that would be offensive to most prote in 
chemists. As a component of ex trace l lu lar matrices, e l a s t i n i s 
extremely insoluble and i n close associat ion with many other 
e x t r a c e l l u l a r components (2). In order to remove these components, 
harsh treatments such as autoclaving, extract ion with a l k a l i or 
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organic acids, extraction with non-elastolytic enzymes, or repeat
ed extraction with dénaturants are required (1,3-7). F i n a l l y , 
when the term, e l a s t i c f i b e r i s used, the context w i l l also be 
operational, since e l a s t i c fibers appear to be composed of 
several components (elast i n , collagen and other f i b r i l l a r 
proteins) i n varying amounts (2). 

Models for E l a s t i n and E l a s t i c i t y 

Before describing the major steps i n e l a s t i n biosynthesis, a 
general consideration of the function of e l a s t i n i s pertinent. 
When hydrated, e l a s t i n fibers possess some of the mechanical prop
erties of polymeric rubbers (1,2,8,9). Skin, lung, ligaments, 
and major blood vessel
because of the need i
e x t e n s i b i l i t y (9). When e l a s t i c fibers are observed, they are 
often found branched and fused i n the form of a complex network. 
However, there i s a degree of order in tissues that are subjected 
to unidirectional stress, such as the ligamentum nuchae of un
gulates, with the orientation of the fibers p a r a l l e l to the d i 
rection of stress. In major blood vessels, e l a s t i c fibers take 
on a lamellar arrangement i n the form of concentric sheets (10,11). 

Serafini-Fracassini et a l . (12) and Cleary and C l i f f (13) 
have recently proposed t h a t c e l a s t i n i n fibers appears to be 
present as filaments (15-25A i n diameter). Serafini-Fracassini 
et a l . (12) argue that only the polymeric chains making up the 
filaments are crosslinked. There i s now s u f f i c i e n t data to 
suggest that the filaments may contain a degree of ordered struc
ture (1,8,12-14). The ordered structure, however, i s quite d i f 
ferent from that for other structural proteins, such as collagen. 
The polymeric chains making up e l a s t i n appear to exist i n the 
form of 3-spirals (3-turn structures) separated every 6000-8000 
daltons by α-helical segments containing a high concentration of 
crosslinks (14). 

This i s an important point, since a highly ordered network 
for e l a s t i n would be incompatible with the entrophic interpreta
tion of an e l a s t i c r e c o i l ; p a r t i c u l a r l y the c l a s s i c a l view which 
requires that the crosslinked polymeric chains be i n random con
formation. Serafini-Fracasini et a l . (12) argue that the f i l a 
ments possess such small diameters that they may act, however, as 
random chains. Morphological evidence suggests that the filaments 
are bonded by non-covalent interactions to form a reticulum or 
three-dimensional network as shown i n Figure 1. We feel that the 
filament model i s attractive from a bi o l o g i c a l point of view, 
since a degree of molecular organization would be expected i n 
order to form e l a s t i c fibers that interact intimately with the 
other filamentous elements that comprise the extracellular matrix. 
It should be noted, however, that other models have been proposed 
for e l a s t i n . A description of these models may be found i n re
views by Gosline (£) and Sandberg ( 1). 
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Special features of e l a s t i n structure are i t s unique amino 
acid composition (Table I) and amino acid sequences (Table I I ) . 
El a s t i n i s one of the most apolar proteins i n nature. The high 
concentration of val-pro sequences as well as the crosslinks 
represented by amino acids such as desmosine (Des), isodesmosine 
(Ide) and lysinonorleucine (LNL) confer chemical s t a b i l i t y (In
considerable e f f o r t over the last few years has been directed to
ward sequencing portions of el a s t i n . Data from these studies have 
provided much of the basis for the f i b r i l l a r model given i n Figure 
1. It i s now well established that the polymeric chains of 
el a s t i n are composed of alternating segments different i n amino 
acid composition (19-24). What are viewed as the extendable 
segments contain repeating short peptide units characterized by 
the i r high content of valine  proline and glycine  Further  from 
data for amino acid sequence
amino acids (19,20,23) i
regions f a l l into two major categories based upon the amino acid 
residues following lysine. In one group of peptides, an aromatic 
amino acid residue i s usually found adjacent to lysine, whereas 
i n the other group of peptides an alanine i s usually found. This 
i s an important finding, because, as w i l l be pointed out la t e r , 
lysine i s the precursor of the crosslinking amino acids i n 
elastins. The presence or absence of an aromatic amino acid 
residue adjacent to lysine appears to determine whether or not 
i t w i l l be enzymatically modified. In addition, interactions i n 
volving aromatic rings may f a c i l i t a t e the transfer of electrons 
i n the ultimate oxidation or reduction of certain crosslinking 
amino acids (19-21,23). 

Biosynthesis of E l a s t i n 

E l a s t i c fibers are usually found i n tissues r i c h i n smooth 
muscle or tissues containing fibroblasts possessing some of 
characteristics of smooth muscle c e l l s (4). There i s a recent 
report, however, that suggests e l a s t i n - l i k e proteins may be 
secreted from chondrocytes (25). When el a s t i n i s secreted, i t i s 
accompanied by other proteins that appear to be important to i t s 
alignment into f i b r i l s . One of these proteins i s referred to as 
m i c r o f i b r i l l a r protein (cf. Table I, ref. 2). When el a s t i n i s 
secreted, i t combines with the m i c r o f i b r i l l a r protein to form a 
complex which i s i n i t i a l l y r i c h i n the m i c r o f i b r i l l a r protein. 
The r a t i o of m i c r o f i b r i l l a r protein to el a s t i n , however, appears 
to decrease upon maturation (2). Other proteins are also 
secreted with m i c r o f i b r i l l a r protein and el a s t i n . It i s now 
clear that bound to e l a s t i n i n i t s non-crosslink form(s) i s a 
tryp s i n - l i k e neutral proteinase (26). This proteinase effects 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



C H E M I C A L DETERIORATION OF PROTEINS 

Figure 1. A model for elastin. The basis for the various figures are taken from ref
erences 8 and 12-18. At 2000-3000 magnification, mature elastin fibers appear rope-like 
as shown in A. The fibers are often branched and interconnected. At higher magnifica
tion, the fibers appear amorphous and smaller interconnecting fibers are observed to 
bridge the larger fibers (B). At extremely high magnification the amorphous fibers appear 
to be made up of filaments containing systematically spaced striations (C). Models 
corresponding to the morphological features of the filaments have been proposed by 
Gotte (16). Three potential arrangements are given in D. The arrangements from left 
to right correspond to elastin in its stretched, relaxed and highly relaxed states. Figure 
Ε is our attempt to integrate the morphological features with chemical structure (14). 
The polymeric chains comprising elastin appear to be ordered in the form of β-spiral 
and α-helical segments. It is proposed that two polypeptide chains are cross-linked to 
comprise the filaments. The fihments in turn may be a reticulum of randomly cross-
linked chains, if the bonding between the fihments arises from non-covalent forces (12). 
A possibility for the non-covalent cross-linking of the fihments is interactions involving 

calcium ions (14, 17, 18). 
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Table I 

AMINO ACID COMPOSITION (EXPRESSED AS RESIDUES PER 1000 TOTAL 
RESIDUES) OF TYPICAL MATURE ELASTIN, MATRIX COLLAGEN AND 

MICROFIBRILLAR PROTEIN PREPARATIONS. 

Amino A c i d a 

Crosslinked 
E l a s t i n 0 

Bone Matrix 
Collagen 0 

M i c r o f i b r i l l a r 
Protein** 

Gly (G) 332 338 110 
Ala (A) 228 112 65 
Val (V) 138 20 56 
Pro (P) 117 121 64 
Hypro (P) 16 107 — 

l i e (I) 25 12 48 
Leu (L) 60 23 69 
Tyr (Y) 6 2 36 
Phe (F) 29 13 38 
Thr (T) 10 14 56 
Ser (S) 10 39 62 
Asp+Asn (D+N) 8 36 114 
Glu+Gln (E+Q) 16 82 114 
Met (M) 6 16 
1/2 Cys (C) -- — 48 
His (H) — 5 15 
Arg (A) 5 39 45 
Lys CO 3 27 45 
Ides e 1 
Des e 1.5 --
LNL e 1.2 N.C. --
Hexose % 0 1 N.C. 

Common single l e t t e r abbreviations are given i n parenthesis. 
Isolated from bovine ligamentum. Bovine bone matrix collagen 
The lysine-derived crosslinking amino acids are not calculated 
(N.C). ^Composition taken from ref. 2. eSee text and Figure 
4. 
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Table II 

COMMON AMINO ACID SEQUENCES IN NON-CROSSLINKED ELASTIN. 

Repeating units 

Tetrapeptides: GGVPGAVPGGVPGGVFFPGAG LGG LG 

Pentapeptides: YGAAGGLVPGAPGF
PGV(G)(V

Hexapeptides: AAQFGLGPGIGVAPGVGVAPGV(G)VAPGVGV(A)PGVGVA 
PCX) I 

Examples of small t r y p t i c peptides containing Ala- and Lys-rich 
sequences^ 

Sequence Moles/mole protein 
AAAK 6 
AAK 6 
SAK 2 
APGK 2 
AK 1 
YGAK 2 

'Amino acid sequences of s p e c i f i c t r y p t i c peptides found i n 
porcine tropoelastin. When tentative assignments are given, the 
designations are i n parentheses. The common repeating units are 
underlined. In certain instances l i b e r t y was taken i n defining 
a common repeating unit when there was only amino acid difference. 
These sequences are common to the extensible regions in e l a s t i n . 
The tetra, penta or hexa repeats appear to correspond to 15 to 
25 percent of the tot a l residues i n the protein. The source for 
the sequence data i s reference JL. 

'Sequences commonly found i n the regions of e l a s t i n that are 
eventually involved in crosslinking (cf. Figure 4). 
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cleavage of the non-crosslinked forms of el a s t i n into discreet 
subunits ranging i n molecular weights from 12,000 to 70,000 
(26,27). In addition the enzyme, l y s y l oxidase, which i s involved 
i n the crosslinking of el a s t i n i s also secreted (cf. refs. 28-35 
and the section on Formation of Stable E l a s t i n F i b r i l s ) . 

The exact form i n which non-crosslinked e l a s t i n i s secreted 
from smooth muscle c e l l s i s yet to be cle a r l y defined. Foster et 
a l . (36) have suggested that a non-crosslinked e l a s t i n (pro-
elastin) i s secreted from smooth muscle c e l l s i n a form that i s 
approximately 120,000 to 140,000 daltons. They have suggested 
that proelastin i s cleaved to smaller molecular weight forms of 
non-crosslinked e l a s t i n . It should be noted, however, that this 
view i s not en t i r e l y supported by data from other laboratories. 
There are two reports on the use of isolated mRNA from chick aorta 
suggesting only a 70,00
major product of translatio
report suggesting that aortic mRMA translates a 200,000 dalton 
putative e l a s t i n product (39). We have recently isolated a non-
crosslinked e l a s t i n from the aortas of copper deficient chicks 
that appears to be 100,000 daltons (27). Its amino acid composi
tion i s similar to that for tropoelastin (Table I I I ) . A major 
problem i n resolving these points i s that the tr y p s i n - l i k e 
proteinase associated with e l a s t i n i s not easily denatured or 
separated from the non-crosslinked forms of el a s t i n . The 
proteinase i s also not readily inhibited by commonly used 
inhibitors for t r y p s i n - l i k e proteinases (26). 

In keeping with the concept of several forms of soluble 
e l a s t i n , Figure 2 outlines the various steps which are envisioned 
to be involved i n the formation of the e l a s t i n f i b r i l associated 
with the m i c r o f i b r i l l a r components. The process, at least i n 
concept, i s not entirely dissimilar to the processing and 
synthesis of collagen f i b r i l s (40). Once released from ribosomes, 
i t appears that non-crosslinked e l a s t i n i s incorporated into 
f i b r i l s i n a matter of minutes (27). Although i t i s not clear 
what exact role the proteinase(s) plays, limited proteolysis could 
act as signals for other post-translational events, such as cross-
linking. Alternately, proteolysis may control the net amounts of 
el a s t i c fibers synthesized during given periods of development. 
Nevertheless, unique with regard to other examples where 
proteinases play a role i n protein regulation, e l a s t o l y t i c 
proteinase(s) appears to function i n normal development at early 
steps i n elastogenesis. It i s of interest to note that, to date, 
no true elastinase that readily degrades mature e l a s t i n i n i t s 
crosslinked state has been isolated from elastin-secreting c e l l s . 
Although the enzyme elastase has been studied extensively, one 
should keep i n mind that i t has only been isolated from organs, 
such as the pancreas, involved in digestive functions and 
phagocytic c e l l s , such as macrophages and leucocytes. 

With respect to factors that cause stimulation of ela s t i n 
synthesis i n tissues, there i s some evidence to suggest that 
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Figure 2. Synthesis of mature elastin fibers. Some evidence suggests the possibility 
for proforms to elastin that appear as the first products of transition. These products 
are cleaved to tropoelastin (27), which appears to combine with microfibriUar protein. 
Although post-translational events important to the synthesis of the microfibrillar protein 
have not been defined, it is clear that it is a major component on which is organized or 
assembled the profbriUar forms of elastin. Cross-linking is catalyzed by lysyl oxidase, a 
copper-requiring protein (30). Recent information on the elastin proteinase(s) involved 
in tropoelastolysis would suggest that proteolysis may also play a role in elastin fiber 

formation (24). 
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Table III 

AMINO ACID COMPOSITION OF TROPOELASTIN AND A PUTATIVE TROPO-
ELASTIN PRECURSOR (EXPRESSED AS MOLES PER 1000 MOLES OF AMINO 
ACID RESIDUE). 

Tropoelastin 
Amino Acid Precursor Tropoelastin 

(90,000-100,000 (72,000 
daltons) daltons) 

Lys 40 42 
His 
Arg 
Hypro 8 8 
Asp+Asn 15 5 
Thr 17 10 
Ser 13 8 
Glu+Gln 23 13 
Pro 121 127 
Gly 315 335 
Ala 165 175 
1/2 Cys 0 0 
Val 169 177 
Met 0 0 
H e 16 18 
Leu 44 54 
Tyr 12 11 
Phe 25 30 

certain steroid hormones may a l t e r net synthesis (41-43). Also, 
there i s evidence that suggests i n certain tissues e l a s t i n 
synthesis occurs i n response to mechanical a c t i v i t y (44). Cells 
that produce e l a s t i n when grown on preformed insoluble e l a s t i c 
fibers w i l l secrete greater quantities of matrix proteins i f the 
fibers are stretched and relaxed i n culture than i f they are 
stationary or minced and agitated. In lung, new e l a s t i n synthesis 
also follows the acute destruction of e l a s t i n caused by inhalation 
of elastase or papain (45). None of these observations, however, 
has been put on a firm basis at the molecular l e v e l . 

Formation of Stable E l a s t i n F i b r i l s 

One of the most important steps i n s t a b i l i z i n g e l a s t i n 
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f i b r i l s i s the formation of crosslinks. The crosslinks result 
from the oxidation of s p e c i f i c l y s y l residues. As mentioned above, 
these residues are located within what appear to be defined cross-
linking regions i n the polypeptide chains making up the f i b r i l s 
(28-35,46,47). The enzyme responsible for the oxidation i s l y s y l 
oxidase. The mechanism of oxidation i s probably similar to an 
oxidative deamination (28,^£) · Lysyl oxidase requires copper 
(30) and i s inhibited by a family of lathyrogens, such as 
3-aminopropionitrile (31). It has been p u r i f i e d from a variety 
of connective tissue sources. However, there i s s t i l l no clear 
d e f i n i t i o n regarding i t s s p e c i f i t y towards s p e c i f i c substrates 
(32,33). For example, e l a s t i n may serve as a substrate for l y s y l 
oxidases obtained from collagen-rich sources that do not contain 
e l a s t i n (28-35). 

Recently i t has bee
that the role of copper
cofactor, i s related to the induction of l y s y l oxidase. 
Cycloheximide, but not actinomycin D, completely i n h i b i t s the 
incorporation of ^ C u 1 1 into l y s y l oxidase. They suggest that the 
mechanism may be similar to the induction of f e r r i t i n by iron. 
It i s also of interest that when copper bound to serum proteins i s 
added to cultures of minced aorta obtained from copper-deficient 
chicks, the amount of copper required for induction of l y s y l 
oxidase i s one-tenth to one-twentieth of that required when 
copper salts are added. Homogenizing the tissue or incubating 
i t under ^ or i n the cold blocks the appearance of the enzyme. 

Under normal conditions i t would appear that the enzyme i s 
secreted from c e l l s i n close association with i t s substrate. By 
conventional extraction methods (physiological buffers), most of 
the l y s y l oxidase a c t i v i t y i s not released from insoluble con
nective tissue fibers (33,34). It i s only released after extrac
tion with dénaturants, such as urea. Further, i t i s d i f f i c u l t to 
handle i n solution because of i t s tendency to form aggregates. 
Lysyl oxidase i s r i c h i n cysteine residues which may f a c i l i t a t e 
formation of polymeric forms (33). 

It has also been d i f f i c u l t to study the enzyme because 
native substrates and inhibitors of the enzyme are extracted with 
i t into urea and thus must f i r s t be dissociated and removed before 
an estimation of true a c t i v i t y can be obtained (44,45). Further, 
there are no well-characterized substrates available for the 
routine assay of l y s y l oxidase. The standard assay i s a procedure 
described by Pinnell and Martin (31). The substrate i s prepared 
from embryonic chick aortas after culture i n v i t r o i n the presence 
of 4,5- or 6- 3H-lysine and inhibitors of endogenous l y s y l 
oxidase (cf. Figure 3). 

With such an i l l - d e f i n e d substrate, and the requirement of 
a p a r t i a l p u r i f i c a t i o n of l y s y l oxidase before assay (46,47), the 
examination of the enzyme's role i n maturation or pathological 
processes has been less than quantitative. However, the a v a i l 
a b i l i t y of the p u r i f i e d enzyme has allowed several investigators 
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to examine the interaction of l y s y l oxidase with i t s substrates. 
It i s now clear that the enzyme only acts on collagen and perhaps 
e l a s t i n when these proteins are i n the form of f i b r i l s 
(28>22~>]&>46). For example, only tropocollagen serves as a 
substrate, not dissociated subunits, such as collagen α-chains 
(35). 

Following the oxidation of peptidyl lysine there i s l i t t l e 
evidence to date to suggest a role for other enzymes i n cross-
linking. The conversion of peptidyl lysine to peptidyl a l l y s i n e 
(Figure 3) appears to set the stage for the spontaneous formation 
of crosslinks. The major requirements are probably most related 
to the conformational state of the protein, the location and 
juxaposition of l y s y l derivatives, and what might be viewed as 
environmental factors, e.g., oxygen tension (28,29). 

For purposes of thi
on the steps leading t
found predominantly i n e l a s t i n . With respect to their formation, 
the following suggests their spontaneous formation from peptidyl 
lysine and the oxidation product, peptidyl a l l y s i n e . Narayanan 
et a l . (28>:29) have shown that when pu r i f i e d l y s y l oxidase and 
non-crosslined e l a s t i n , s p e c i f i c a l l y tropoelastin, are incubated 
together, the desmosines are formed. Desmosine formation, how
ever, only occurs at temperatures that favor f i b r i l l a r arrange
ments of tropoelastin. Subsequently, i t i s f e l t that the 
maturation of non-crosslinked e l a s t i n into cross-linked e l a s t i n 
appears to involve only two major steps, namely insolublization 
through the formation of f i b r i l s and f i x a t i o n of the f i b r i l s by 
crosslinking. 

To form the desmosines, three peptidyl a l l y s i n e molecules 
and a molecule of peptidyl lysine must condense. The steps i n 
condensation probably involve the formation of 1,2-dihydropyridines 
and 1,4-dihydropyridines as shown i n Figure 4 (19-24,46,48). 
Several kinds of chemical evidence (46,48) suggest that the 
hydropyridines are easily oxidized under normal oxygen tension to 
corresponding pyridinium ions, such as the desmosines 
(isodesmosine or desmosine). The exact pathway by which the 
desmosines are formed, however, i s s t i l l not clear. 

Currently, there are at least two views related to the mecha
nism by which the desmosines are formed (19). These include the 
direct reaction of the so-called a l l y s i n e aldol (cf. Figure 4) 
with dehydrolysinonorleucine to form desmosines, or alternatively, 
the reaction of dehydromerodesmosine with an a l l y s i n e residue. 
The f i r s t mechanism would require the formation of the a l l y s i n e 
aldol and dehydrolysinonorleucine as intramolecular crosslinks. 
The second mechanism would result from the stepwise addition of 
two allysines and lysine to form dehydromerodesmosine (via Michael 
additions) and then condensation with a fourth a l l y s i n e residue. 
The major problem i n resolving these points i s the d i f f i c u l t y of 
sequencing around i n t r a - and intermolecular crosslinks i n a manner 
to provide d e f i n i t i v e information. 
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ala-lys — αία-αΐα- lys-tyr 

H-C-H H-C-H 

Lysyl Oxidase 
/ [Cu*] 

ala-allys-ala-ala-lys-tyr 

H'C*0 

Figure 3. Lysyl oxidase. The enzyme, lysyl oxidase, appears to seek out lysyl resi
dues in alanyl- and lysyl-rich regions in the profibrilhr forms of elastin. The presence of 
an aromatic amino acid residue adjacent to lysine appears to block its oxidation. The 
product of oxidation is peptidyl a-aminoadipic-h-semialdehyde. Assays for the enzyme 
against elastin involve first the preparation of an elastin-rich pellet containing 3H-lysyl 
residues labeled in the 6 or 4,5 position. This is usually accomplished by incubating 
embryonic chick aortas in medium containing 3H-lysine plus β-aminopropionitrile 
(BAPN) to inhibit endogenous lysyl oxidase activity. BAPN is then removed having 
behind an elastin-rich residue in which the profibrilhr forms of elastin hbelled with 
3H-lysine are only partially crosslinked. When lysyl oxidase preparations are added to 
this residue the release of tritium represents the assay for activity. It has also been 
demonstrated that tropoelastin, when incubated with lysyl oxidase, forms a-aminoadipic-

h-semialdehyde and eventually crosslinks as shown in Figure 4. 
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There i s s t i l l no way of determining whether or not a given 
desmosine crosslinks 1, 2, 3, or 4 polypeptide chains of e l a s t i n . 
Based on model studies, however, the most favorable arrangement 
would be expected i f only two chains are crosslinked together by 
a desmosine (19). This extends from observations that polyalanyl-
r i c h peptides t y p i c a l l y favor α-helical conformations and that i t 
i s d i f f i c u l t to interconnect more than two polypeptide chains 
around any given desmosine. With regard to the other amino acids 
that could potentialy crosslink e l a s t i n , the exact number of 
dehydrolysinonorleucine, dehydromerodesmosine and a l l y s i n e aldol 
residues that are involved as i n t r a - or intermolecular crosslinks, 
and the extent to which these residues may be reduced to form 
stable crosslinks i s not known. 

The E l a s t i c Fiber; Alteration

With the above overview of e l a s t i c f i b e r formation, attention 
may now be directed at changes which occur i n e l a s t i n upon matura
ti o n of the f i b e r . As mentioned above, the fact that mature elas
t i n and other components of the e l a s t i c f i b e r are insoluble after 
crosslinking dictates that harse procedures have to be used i n 
order to iso l a t e the protein. Because of t h i s , i t i s often d i f f i 
c ult to determine whether or not one i s dealing with a pure 
e l a s t i n or a mixture of other structural protein components and 
e l a s t i n . For example, when elastins as defined by a l k a l i insolu
b i l i t y are isolated from matrix synthesized by cultures of smooth 
muscle c e l l s , i t has been observed that the composition of this 
material i s altered upon maturation (49). Whether the changes i n 
composition represent changes that are due to differences i n 
e l a s t i n or merely indicate d i f f e r i n g amounts of other structural 
proteins behaving as e l a s t i n during i s o l a t i o n has been d i f f i c u l t 
to c l a r i f y . Obviously differences i n composition and the rather 
harsh i s o l a t i o n procedures raise serious questions when one i s 
assessing homogeneity. 

Further, when one examines crosslinks i n aged tissues using 
harse techniques, i t i s also necessary to ask whether or not any 
of the changes observed are due to age-related events or the 
method employed. An example of the l a t t e r i s reported by Barnes 
et a l . (50). They examined e l a s t i n from guinea pig aorta that had 
been previously radiochemically labeled with 1 4 C - l y s i n e . When this 
product (obtained after alkali-extraction of the aortas) was 
further treated with b o i l i n g oxalic acid i n order to obtain a 
soluble, but crosslinked product, "α-elastin", the r a d i o a c t i v i t y 
associated with the desmosines i n the s o l u b i l i z e d e l a s t i n was 
greater than that i n the o r i g i n a l starting material. The reason 
for this i s probably related to the conditions used i n the 
i s o l a t i o n , which forced the formation of desmosine from i t s 
precursors i n a manner i n keeping with the scheme shown i n 
Figure 4. 

With respect to data on differences i n the crosslinking amino 
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R 
<CH2U I Lysyl Residue • NH2 ^ v 

R 
Desmosine 

Figure 4. A general scheme for the formation of desmosine from lysine. The 
figure was adapted from W. R. Gray (19). Reactions within the box are considered 
to be reversible. Steps that result in the formation of lysinonorleucine, merodes-
mosine or desmosine are considered irreversible. Two separate pathways by 

which desmosine may be formed are indicated by the solid or broken lines. 
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acid content of e l a s t i n upon maturation, one of the best examples 
i s work reported by Francis et a l . (51). Elastins were p u r i f i e d 
by various methods from the ligamentum of cattle at different ages 
and were analyzed for lysine-derived crosslinks (Table IV). In 
f u l l y mature elastins from adults, the main crosslinks were 
desmosine, isodesmosine, lysinonorleucine, and the a l l y s i n e aldol 
product. Trace amounts of merodesmosine were also found. During 
the normal maturation of the e l a s t i c f i b e r , the amounts of 
desmosine, isodesmosine and lysinonorleucine were increased; 
whereas the aldol condensation product and lysine residues were 
decreased. Elastins from young animals contained s i g n i f i c a n t l y 
higher amounts of dehydromerodesmosine and dehydrolysinonorleucine 
than from adult animals. These differences i n d i s t r i b u t i o n 
probably r e f l e c t the difference i n the d i s t r i b u t i o n of "young" 
versus "old" e l a s t i n i
noted that only 50% of th
e l a s t i n i s accounted for as crosslinks. Obviously the question of 
e l a s t i n crosslinking with respect to aging may only be resolved 
when the other forms of presumably lysine-derived crosslinks are 
firmly established (compare the values for lysine i n Table III 
with those i n Table IV). 

When the metabolic turnover of e l a s t i n i n a r t e r i a l tissue or 
i n lung i s examined, i t i s extremely d i f f i c u l t to demonstrate 
active turnover. Once an e l a s t i n f i b e r i s formed i t appears to 
be fixed. The turnover of rat aorta e l a s t i n i s best measured i n 
years (8). Data shown i n Figure 5 also suggests negliable turn
over. The animal used for this study, the Japanese quail, was 
chosen because i t f u l l y matures at 5-6 weeks of age. Similar to 
the rat i t s e l a s t i n appears to turn over i n amounts best estimated 
i n years. 

Other than d i r e c t l y measuring turnover, i t has also been the 
convention of some to use the r a t i o of lysine to desmosine or 
other crosslinks as an index of maturation (8). In certain 
instances this may be j u s t i f i e d . However, i f only subtle changes 
occur, i t i s again very d i f f i c u l t to distinguish between a r t i f a c t s 
and a process that s i g n i f i e s the formation of newly synthesized 
e l a s t i c fibers or defects i n crosslinking. Where the evidence i s 
clear comes from the studies on n u t r i t i o n a l copper deficiency 
lathryism, and genetic mutants with crosslinking defects (cf. réf. 
46 and references cited). With these conditions death often 
results from pathologies associated with the decrease i n cross
l i n k s . However, i n other chronic disease conditions, such as 
emphysema and atherosclerosis, where e l a s t i n metabolism i s an 
important component or consideration, the data are not clear. 
For example, there are several reports that indicate many of the 
previously reported changes i n e l a s t i n composition during 
atherosclerosis are related to the methods used i n the i n i t i a l 
i s o l a t i o n of the elastins (52,53). Although i n certain forms of 
emphysema there appears to be evidence that e l a s t i c fibers are 
destroyed, the data related to compositional changes and a l t e r -

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



TA
BL
E 

IV
 

CO
NC
EN
TR
AT
IO
NS

 O
F 
CR
OS
SL
IN
KS

 A
ND
 
LY
SI
NE
 R

ES
ID
UE
S 

IN
 E
LA
ST
IN
 I

SO
LA
TE
D 
FR
OM
 

TH
E 

LI
GA
ME
NT
UM
 N
UC
HA
E 

OF
 C

AT
TL
E 

OF
 I

NC
RE
AS
IN
G 
AG

Ea
 

Fe
ta

l 
1 
we
ek

 o
ld

 
3 
ye

ar
s 
ol

d 
12
 y

ea
rs
 o
ld

 

Fo
rm

ic
 

Fo
rm

ic
 

Fo
rm

ic
 

Fo
rm

ic
 

Is
ol

at
io

n 
me
th
od

 
Al

ka
li
 

Au
to

cl
av

ed
 

ac
id

 
Al

ka
li
 

Au
to

cl
av

ed
 

ac
id

 
Al

ka
li
 

Au
to

cl
av

ed
 

ac
id

 
Al

ka
li
 

Au
to

cl
av

ed
 

ac
id

 

Is
od

es
mo

si
ne

 
0.
 73

 
0.
82
 

0.
 75

 
1.
 ,0
6 

1.
 09
 

0.
 89

 
1.
26
 

1.
 .3
1 

1.
 28
 

1.
 16
 

1.
 18

 
1.
19
 

De
sm
os
in
e 

0.
 79

 
1.
01
 

0.
 81

 
1.
 ,3
7 

1.
 30
 

1.
 ,1
5 

1.
74
 

1.
 ,7
3 

1.
 ,7
5 

1.
 70
 

1.
 ,7
5 

1.
76
 

De
hy
dr
om
er
od
es
mo
s 

in
e 

0.
 76

 
0.
62
 

0.
 71

 
0.
 ,9
1 

0.
 79

 
0.
 81

 
0.
04
 

0.
 .0
3 

0.
 10

 
0 

0 
0 

Me
ro
de
sm
os
in
e 

0.
 18

 
0.
17
 

0.
 18

 
0.
 ,2
2 

0.
 26

 
0.
 ,2
3 

0.
22
 

0,
 .2
2 

0.
 ,1
9 

0.
 21
 

0.
 ,2
3 

0.
24
 

De
hy
dr
o1
ys

 in
on

or
1e

ue
 i
ne

 
0.
 22

 
0.
13
 

0.
 15

 
0.
 ,1
0 

0.
 07

 
0.
 ,2
5 

0.
04
 

0,
 .0
3 

0.
 ,0
2 

0.
 08

 
0 

0 

Ly
s i

no
no

r1
eu

e 
in

e 
0.
 78

 
0.
66
 

0,
 50

 
1,
 ,1
4 

0.
 83

 
0.
 .6
1 

0.
87
 

0,
 .8
5 

0.
 ,8
5 

0.
 86
 

0.
 .8
2 

0.
80
 

Al
ly

si
ne

 
3.
 44
 

3.
43
 

3.
 ,2
0 

2,
 .9
2 

2.
 76

 
2,
 .9
3 

2.
15
 

1 .
86
 

1,
 .9
5 

1.
 70
 

1,
 .6
0 

1.
47
 

ly
si

ne
 

9.
 ,1
0 

10
.8
0 

9.
 .0
0 

6,
 .1
0 

7.
 ,0
0 

5,
 .9
0 

3.
50
 

3 .
80
 

3 .
50
 

2.
 30

 
2,
 .6
0 

3.
00
 

To
ta

l 
ly

si
ne

 
26
. ,8

8 
28
.9
3 

25
, .6

1 
27
 .5
3 

27
. ,0

3 
24
 .7
6 

22
.4
0 

22
 .1
9 

22
 .1

3 
19
. ,6

5 
19
 .8
5 

20
.0
6 

Co
nc

en
tr

at
io

ns
 a

re
 i

n 
re

si
du

es
/1

00
0 

am
in
o 

ac
id

 r
es

id
ue

s.
 
Wh
en

 c
ro

ss
-l

in
ks
 
ar

e 
ex

pr
es

se
d 

as
 l

ys
in

e 
eq

ui
va

le
nt

s,
 d

es
mo

si
ne

 a
nd

 i
so

de
sm

os
in

e 
ea
ch
 e

qu
al

 f
ou

r,
 d

eh
yd
ro
me
ro
de
sm
os
in
e 
an
d 
me
ro
de
sm
os
in
e 

ea
ch
 e

qu
al

 t
hr

ee
, 
an
d 

de
hy

dr
ol

ys
in

on
or

le
uc

in
e,

 l
ys

in
on

or
le

uc
in

e,
 a

nd
 t

he
 a

ld
ol

-
co

nd
en

sa
ti

on
 p

ro
du

ct
 e

ac
h 

eq
ua

l 
tw
o 

ly
si

ne
 r

es
id

ue
s.
 

Da
ta
 t

ak
en

 f
ro
m 

Fr
an

ci
s 

et
 a

l.
 (5

_1 
).

 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. RUCKER AND LEFEVRE Chemical Changes in Elastin 79 

Figure 5. Turnover of arterial elastin. Mature elastin was isolated from the aortas 
of Japanese quail over a 200 day period. The top figure indicates the turnover of 14C~ 
lysine incorporated into elastin. The birds were injected with 14C-lysine at 9 days post-
hatching and the first elastin samples were isolated at 4 weeks in order to start at a point 
where recycling of 14C-lysine from the degradation of other proteins would be minimized. 
The values represent the total radioactivity per whole organ so that growth would not 
compromise the estimates. Also shown is the specific activity of injected 3H-valine per 
milligram of elastin. These values were obtained 24 hours after injection in order to 
roughly estimate the potential for new elastin synthesis. There was little evidence for 
new synthesis folhwing 8 weeks of development at a point where the birds are sexually 
mature. The bottom figure shows expressions of elastin as the total per aorta ( · — # J . 
Note the increase during the early stages of development reflecting the growth of the 
aorta. Expressed as a percentage (O—O), the elastin content was approximately ΙΟ
Ι 2% of the weight of the aorta throughout the period examined. The data indicate the 
lack of turnover of the protein. In fact, no true estimate of t1/s could be obtained from 

the 14C-lysine curve. 
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ation i n crosslink content may only r e f l e c t some attempt by the 
tissue to replace the degraded e l a s t i n by new e l a s t i c fibers (45). 

Although outside the scope of this review, we would be remiss 
not to mention that there i s an abundance of morphological 
evidence that suggest s i g n i f i c a n t alterations i n diseased or aged 
e l a s t i c fibers (54). Often old fibers appear frayed and nicked. 
Because of the three dimentional network of e l a s t i c f i b e r s , i t i s 
possible to effect considerable damage without alter i n g the bulk 
of the protein comprising the fibers. This may be one reason why 
e l a s t o l y t i c processes result i n changes that are not easily 
detected i n vivo using biochemical techniques. 

Also, our comments would not be complete without mentioning 
work by Kagan and his co-workers dealing with the general 
phenomena of el a s t o l y s i s (55-58). Because of this work i t i s now 
generally recognized tha
i s presented to e l a s t o l y t i
form of a l i p i d - p r o t e i n complex. The most suitable l i p i d s appear 
to be long-chain fatty acids or their analogs (55,56). For 
example, preincubation of mature e l a s t i n with l i n o l e i c acid 
increases i t s s u s p e c t i b i l i t y to e l a s t o l y s i s by elastase by an 
order of magnitude greater than delipidated e l a s t i n (55). 
Elastase prefers e l a s t i n as substrate i f i t i s anionic i n 
character, which i s the case when anionic detergents or fatty acids 
are bound to e l a s t i n . Cationic detergents do not stimulate 
e l a s t o l y s i s . From the standpoint of e l a s t i n turnover i n vivo a 
property of the protein which may provide protection from 
proteolytic enzymes resembling elastase i s i t s cationic character 
(57,58). In fact, a s i g n i f i c a n t feature of the protein that may 
protect against normal elastolysis i s the observation that over 
70% of the glutamyl and aspartyl residues i n the protein appear 
to be amidated (58). 

Concluding Remarks 

E l a s t i n i s a very novel protein and elastomer. Its a l t e r 
nating regions r i c h in apolar amino acids and alanine and lysine-
derived crosslinks distinguishes i t from collagen and other 
structural proteins. Its anisotropic structural characteristics 
provides the structural chemist with an interesting model to 
study e l a s t i c i t y . Its long b i o l o g i c a l h a l f - l i f e i s unique. Its 
resistance to harse reagents and many proteinases also d i s -
tinquishes e l a s t i n from most proteins. 

Lastly, some major diseases which i n f l i c t man are associated 
with e l a s t i n metabolism. Two of the most important are emphysema 
and athersclerosis i n which alterations i n the e l a s t i c fibers 
appear to play a role. Obviously, experiments related to the 
understanding of disease processes involving e l a s t i n need to take 
into account the extent to which these processes may be reversed. 
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Photooxidative Damage to Mammalian Cells and 

Proteins by Visible Light 

L. PACKER and E . W. KELLOGG, III 

Membrane Bioenergetics Group, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

During the last fe
and propagation of cellula
radiation have received special attention. Photooxidative damage 
by visible irradiation ( ≥ 400 nm) has received less attention in 
biological systems. Most investigations have focused on dye 
photosensitized reactions, rather than on chromophores found in 
situ, such as flavins and hemes, which normally act as cofactors 
in biological oxidation-reduction reactions. The visible light 
system can serve as an amplified model portraying oxidative stress 
in aerobic cells in that pro-oxidant substances (O2-, 1O2, ∙OH, 
H2O2, etc.) produced during normal metabolism, are easily gener
ated under photooxidative stress. However, in itself the effect 
of visible light on biological systems has marked relevance in 
that it is a factor to which almost all organisms are exposed and 
must contend. In the present article we will review studies car
ried out in our laboratory on the effects of visible irradiation 
and O2 in a variety of target systems ranging from cultured mam
malian cells to purified catalase. We w i l l r e l a t e t h e s e s t u d i e s 
o f p h o t o o x i d a t i v e damage t o a s c h e m e f o r t h e p r o p a g a t i o n o f i n t r a 
c e l l u l a r damage ( F i g . 1) w h i c h t r a c e s a n u m b e r o f t h e p o s s i b l e 
p r o - o x i d a n t a n d a n t i - o x i d a n t p a t h w a y s f o u n d i n t h e c e l l . 

P r o o x i d a t i v e r e a c t i o n p a t h w a y s . F o r v i s i b l e l i g h t t o a f f e c t 
c e l l u l a r c o m p o n e n t s i t m u s t f i r s t b e a b s o r b e d . Hemes w i t h a 
^max ^ 4 5 0 , ε = 2 8 , 7 5 0 M " 1 c m " 1 ( f o r c a t a l a s e heme) (1) a n d f l a v i n s 
w i t h a X m a x 2i 4 4 5 , ε = 1 2 , 5 0 0 M " 1 c m " 1 ( f o r FMN) (2) a r e t h e m o s t 
p r o b a b l e s i t e s o f v i s i b l e l i g h t a b s o r p t i o n a n d o x y g e n a c t i v a t i o n . 
The e x c i t e d s e n s i t i z e r c a n c h e m i c a l l y r e a c t d i r e c t l y w i t h o t h e r 
c o m p o u n d s b y a T y p e I p r o c e s s (_3) ; E q n 1 . 

h v ι v 3 ^ s u b s t r a t e v T T _ ^ c Ι Λ s S e n s • x S e n s • S e n s >• Η o r e t r a n s f e r (1) 

I n a s m u c h a s t h e s e p h o t o s e n s i t i z e r s s e r v e a s e n z y m a t i c c o f a c t o r s , 
t h e i r e x c i t a t i o n a n d r e a c t i o n a t t h e a c t i v e s i t e c o u l d l e a d t o 
e n z y m e i n a c t i v a t i o n . 

0-8412-0543-4/80/47-123-083$05.00/0 
© 1980 American Chemical Society 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



84 C H E M I C A L DETERIORATION OF PROTEINS 

H o w e v e r , i n t h e p r e s e n c e o f o x y g e n , T y p e I I r e a c t i o n s a r e 
l i k e l y t o o c c u r p r o d u c i n g 1 0 2 a n d 0£ ( E q n s 2 a n d 3 ) : 

•3 ° 2 ι 

^ S e n s • ^o2 + S e n s . (2) 
° 2 

3 S e n s > 0 2 ~ + S e n s + (3 ) 

B o t h f l a v i n s a n d hemes h a v e b e e n s h o w n t o p a r t i c i p a t e i n T y p e I 
a n d I I r e a c t i o n s . 

A s i l l u s t r a t e d i n F i g . 1 , r e a c t i o n s o f n o n p r o t e i n a n d p r o 
t e i n - b o u n d c o e n z y m e s a n d m e t a l s w i t h 0 2 o r w i t h H 2 0 2 c a n s e r v e a s 
r o u t e s o f p r o d u c t i o n o f d a m a g i n g o x y g e n r a d i c a l s p e c i e s . H 2 0 2 

c a n b e f o r m e d f r o m t h e d i s m u t a t i o n o f 0 2 ~ ( E q n 4): 

20 2*~ + 2 H

w h i c h c a n t h e n f o r m · 0 Η b y a o n e e l e c t r o n r e d u c t i o n p r o c e s s . F o r 
e x a m p l e , E q u a t i o n s 5 a n d 6 

° 2 ~ + H 2 ° 2 y · ° Η + 0 H ~ + ° 2 

F e + 2 + H 2 0 2 • · 0 Η + O H " + F e + 3 (6) 

g i v e r e a c t i o n s t h a t h a v e c o n s i d e r a b l e e x p e r i m e n t a l s u p p o r t (4), 
a l t h o u g h t h e i n t e r a c t i o n o f 0 2 ~ w i t h H 2 0 2 may b e F e + 3 m e d i a t e d 

( F e + 3 + 0 2 < > 0 2 + F e + 2 ) . O t h e r e v i d e n c e s u p p o r t s t h e i d e a 

t h a t 0 2 ~ a n d H 2 0 2 c a n g i v e r i s e t o * 0 2 a s w e l l a s · 0 Η b y a r e 
a c t i o n s i m i l a r t o e q u a t i o n 5 (5.-7) ; h o w e v e r t h e a c t u a l m e c h a n i s m 
o f !o 2 g e n e r a t i o n i s u n k n o w n . 

H y d r o x y l r a d i c a l ( · 0 Η ) , w i t h a r e a c t i o n r a t e o f k ^ 
l O ^ M - l s e c " 1 f o r m o s t o r g a n i c c o m p o u n d s , i s p r o b a b l y t h e m o s t r e 
a c t i v e a n d d a m a g i n g s p e c i e s f o u n d i n b i o l o g i c a l s y s t e m s . S i n g l e t 
o x y g e n , a l t h o u g h m o r e s e l e c t i v e l y r e a c t i v e t h a n · 0 Η , r e a c t s r a p i d 
l y w i t h c o m p o u n d s w i t h a m i n e g r o u p s o r d o u b l e b o n d s s u c h a s u n 
s a t u r a t e d f a t t y a c i d s , a m i n o a c i d s , a n d n u c l e i c a c i d s . Some o f 
t h e p o s s i b l e p r o - o x i d a n t p a t h w a y s b e g i n n i n g w i t h 0 2 , 0 2 a n d · 0 Η 
a r e d e p i c t e d i n F i g . 1 ; t h e s e r e p r e s e n t t h e m o s t p r o b a b l e p a t h w a y s 
o f o x i d a t i v e damage i n m i t o c h o n d r i a . 

A n t i o x i d a t i v e r e a c t i o n p a t h w a y s . T h e p r e v e n t i o n o f damage i n 
c e l l u l a r s y s t e m s c a n b e c o n s i d e r e d a t w o - l e v e l p r o c e s s . F i r s t , 
t h e c e l l w o u l d m i n i m i z e t h e p r o d u c t i o n a n d a v a i l a b i l i t y o f p r o -
o x i d a n t f a c t o r s a n d s u b s t a n c e s . T h e c o m p a r t m e n t a l i z a t i o n o f p r o -
o x i d a n t e n z y m e s i n o r g a n e l l e s s u c h a s m i t o c h o n d r i a , a n d t h e s e 
q u e s t e r i n g o f t r a n s i t i o n m e t a l s b y s p e c i f i c p r o t e i n s a r e e x a m p l e s 
o f t h i s l e v e l o f d e f e n s e . T h e s e c o n d l e v e l o f d e f e n s e i n v o l v e s 
t h e s c a v e n g i n g a n d n e u t r a l i z a t i o n o f p r o - o x i d a n t s . T h e s e a n t i 
o x i d a n t p a t h w a y s i n m i t o c h o n d r i a a r e d e p i c t e d b y d a r k e r l i n e s i n 
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Enzyme 
inactivation. 
mutations, 
etc. 

Lipid peroxidation 
Malonaldehyde production 
Polymerization and 
Crosslinking lipids, proteins, 
ON A, etc. 

Pro-oxidant reactions, reactants 

Pro-oxidants — Fe + 2, C u + ? , free flavins and hemes, light 

' · Antioxidant reactions, reactants 

Anti-oxidants — α-tocopherol, glutathione, ascorbic acid 

Superoxide Scavengers — ascorbic acid, glutathione, cytochromes, 
α-tocopherol 
Singlet Oxygen Scavengers and/or Quenchers — /9-carotene, 
α-tocopherol, histidine, tryptophan, guanine, uric acid 
Hydroxyl Radical Scavengers — most organic compounds 
k s 10s M-'s"' 

— - Other reactions 

Figure 1. Possible pathways of oxidative damage in mitochondria 
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F i g . 1 , a n d s h o w t h e q u e n c h i n g o f 0 2 b y v i t a m i n E , t h e d i s m u t a -
t i o n o f 0 2 ~ b y s u p e r o x i d e d i s m u t a s e ( S O D ) , t h e c o n v e r s i o n o f H 2 0 2 

t o H 2 0 2 + 0 2 b y g l u t a t h i o n e p e r o x i d a s e , a n d t h e s c a v e n g i n g o f f r e e 
r a d i c a l s b y a n t i o x i d a n t s s u c h a s a s c o r b i c a c i d i n t h e a q u e o u s 
p h a s e a n d α - t o c o p h e r o l i n t h e l i p i d p h a s e . T h e s e t w o a n t i o x i d a n t s 
c a n w o r k s y n e r g i s t i c a l l y i n p r e v e n t i n g membrane damage (8). We 
w i l l a t t e m p t t o r e l a t e t h e s e p r o p o s e d p a t h w a y s o f c e l l u l a r damage 
t o t h e p a t t e r n s o f damage a c t u a l l y f o u n d i n o u r v i s i b l e l i g h t 
s t u d i e s . 

R e s u l t s 

C u l t u r e d m a m m a l i a n c e l l s a n d i s o l a t e d h e p a t o c y t e s t u d i e s . 
T h e r e h a v e b e e n s e v e r a l r e c e n t r e p o r t s o f t h e d a m a g i n g e f f e c t s o f 
v i s i b l e l i g h t e x p o s u r e (>40
a n d c u l t u r e d m a m m a l i a n
man d i p l o i d c e l l s o n e x p o s u r e t o v i s i b l e l i g h t ( 1 £ ) a n d o x y g e n 
(>10%) (15) l o s t t h e a b i l i t y t o p r o l i f e r a t e , w h i l e u l t r a s t r u c t u r a l 

s t u d i e s s h o w e d t h e p r e s e n c e o f n u m e r o u s d a m a g e d m i t o c h o n d r i a i n 
t h e i l l u m i n a t e d c e l l s ( 1 6 ) . W I - 3 8 h u m a n f i b r o b l a s t s s h o w a g r a d 
u a l d e c l i n e i n g r o w t h r a t e w i t h e x p o s u r e t o v i s i b l e l i g h t w i t h 
y o u n g e r c e l l s (14 ) b e i n g m o r e s u s c e p t i b l e t o p h o t o k i l l i n g , w i t h 
p a r t i a l p r o t e c t i o n o b s e r v e d o n t h e a d d i t i o n o f d l - a - t o c o p h e r o l 
( v i t a m i n E ) . 

S t u d i e s w i t h i s o l a t e d h e p a t o c y t e s (17 ) h a v e l e d u s t o a c h a r 
a c t e r i z a t i o n o f t h e p a t t e r n o f i n t r a c e l l u l a r d a m a g e . E x p o s u r e o f 
r a t h e p a t o c y t e s t o v i s i b l e l i g h t ( 4 0 0 - 7 2 0 nm) o f i n t e n s i t y 300 
m W / c m 2 o v e r a 12 h r p e r i o d r e s u l t s i n a s e l e c t i v e p a t t e r n o f s u b 
c e l l u l a r damage ( F i g . 2 ) . V i r t u a l l y n o r e l e a s e o f l a c t a t e d e 
h y d r o g e n a s e o r u p t a k e o f t r y p a n b l u e w a s o b s e r v e d . T h e p l a s m a 
m e m b r a n e e n z y m e s 5 1 - n u c l e o t i d a s e a n d 3 - l e u c y l n a p h t h y l a m i d a s e w e r e 
o n l y s l i g h t l y i n a c t i v a t e d . T h e p l a s m a membrane t h u s a p p e a r s h i g h 
l y r e s i s t a n t t o d a m a g e . 

U n d e r t h e same c o n d i t i o n s , h o w e v e r , o t h e r i n t r a c e l l u l a r e n 
z y m e s w e r e m a r k e d l y i n a c t i v a t e d . M i t o c h o n d r i a l damage w a s i n d i 
c a t e d b y a d e c r e a s e i n l a t e n c y o f c h t o c h r o m e £ o x i d a s e a n d d e 
s t r u c t i o n o f v a r i o u s e n z y m e a c t i v i t i e s i n t h e f o l l o w i n g o r d e r : 
s u c c i n i c d e h y d r o g e n a s e > s u c c i n a t e o x i d a s e > g l u t a t h i o n e p e r o x i 
d a s e > N A D H - c y t o c h r o m e £ o x i d a s e > c y t o c h r o m e £ o x i d a s e ( F i g . 2 ) . 
T h i s p a t t e r n o f i n a c t i v a t i o n i s s i m i l a r t o t h e o n e f o u n d u p o n 
l i g h t e x p o s u r e o f i s o l a t e d m i t o c h o n d r i a ( 1 8 ) , s u g g e s t i n g t h a t c o n 
t i n u e d s t u d i e s w i t h t h e i n v i t r o s y s t e m a r e i n d e e d w a r r a n t e d . 
L y s o s o m a l damage w a s a l s o e x t e n s i v e , a s i n d i c a t e d b y t h e l o s s o f 
l a t e n c y a n d a c t i v i t y i n t h e e n z y m e s c a t h e p s i n c , a c i d p h o s p h a t a s e 
a n d N - a c e t y l - 3 - g l u c o s a m i n i d a s e . Some e v i d e n c e o f damage t o m i c r o 
s o m a l m e m b r a n e s w a s i n d i c a t e d b y a d e c l i n e i n g l u c o s e - 6 - p h o s p h a -
t a s e a c t i v i t y . T h e m o s t l i g h t - s e n s i t i v e e n z y m e w a s f o u n d t o b e 
c a t a l a s e , a n e n z y m e a s s o c i a t e d w i t h t h e p e r o x i s o m a l f r a c t i o n . 
A n o t h e r p e r o x i s o m a l e n z y m e , u r a t e o x i d a s e , w a s r e l a t i v e l y l e s s 
s u s p e c t i b l e t o l i g h t d a m a g e . I t i s i n t e r e s t i n g t o n o t e t h a t t w o 
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PLASMA MEMBRANE MICROSOMES PEROXISOMES 
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Federation of European Biochemical Societies 

Figure 2. Enzyme photoinactivation in isolated hepatocytes (17). Hepatocytes 
in 0.25M sucrose at 8-10°C were illuminated in a shaking water bath at 300 mW/ 

cm2 visible light (400-720 nm). 
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o f t h e m o s t l i g h t s e n s i t i v e e n z y m e s , c a t a l a s e a n d s u c c i n a t e d e 
h y d r o g e n a s e , c o n t a i n a heme a n d a f l a v i n m o i e t y , r e s p e c t i v e l y , a t 
t h e i r a c t i v e s i t e s . A l t h o u g h f u r t h e r s t u d i e s d e m o n s t r a t e d t h e 
o x y g e n d e p e n d e n c e o f t h e i r i n a c t i v a t i o n , s c a v e n g e r s o f ^0 2 t 0 2 ~ , 
a n d · 0 Η f a i l e d t o p r o t e c t , i n d i c a t i n g t h a t damage o c c u r s a t t h e 
a c t i v e s i t e i t s e l f . S i g n i f i c a n t l y , c o m p l e t e p r o t e c t i o n w a s a f 
f o r d e d b y s u b s t r a t e s i n b o t h c a s e s ( 1 £ , 1 9 ) . I n a c t i v a t i o n o f o t h e r 
e n z y m e s l a c k i n g p h o t o s e n s i t i v e c o f a c t o r s p r e s u m a b l y o c c u r s b y m o r e 
i n d i r e c t r e a c t i o n p a t h w a y s . I n a d d i t i o n t o i n a c t i v a t i o n o f e n 
z y m e s , d e s t r u c t i o n o f membrane l i p i d s w a s i n d i c a t e d b y l i p i d p e r 
o x i d a t i o n m e a s u r e m e n t s . 

A t t e m p t s t o p r e v e n t v i s i b l e l i g h t damage o f s u c c i n a t e d e 
h y d r o g e n a s e s h o w e d t h a t t h e a d d i t i o n o f s u c c i n a t e + K C N w a s m a x i 
m a l l y e f f e c t i v e . EDTA w a s e f f e c t i v e i n p r e v e n t i n g s u c c i n a t e d e 
h y d r o g e n a s e i n a c t i v a t i o
T B A t e s t . I t i s w e l l k n o w
a c t a s r e d u c t a n t s . R e d u c i n g c o n d i t i o n s may p r o t e c t a g a i n s t v i s i b l e 
l i g h t damage b y r e d u c i n g f l a v i n s , w h i c h c a n n o t a c t a s e f f i c i e n t 
p h o t o s e n s i t i z e r s s i n c e t h e y a b s o r b v e r y l i t t l e v i s i b l e l i g h t ( ε = 
8 7 0 M ' l - c m - l f o r FMN a t 4 4 5 nm (2) ) . d l - o t - T o c o p h e r o l a n d b u t y l a t e d 
h y d r o x y t o l u e n e a p p e a r e d e f f e c t i v e a g a i n s t l i p i d damage b u t o n l y 
t h e l a t t e r a n t i o x i d a n t a p p r e c i a b l y a f f e c t e d t h e p a t t e r n o f e n z y m e 
( s u c c i n a t e d e h y d r o g e n a s e ) i n a c t i v a t i o n . H e p a t o c y t e s i s o l a t e d f r o m 
r a t s f e d w i t h a v i t a m i n Ε - d e f i c i e n t d i e t s h o w e d a m a r k e d i n c r e a s e 
i n s u s c e p t i b i l i t y t o l i p i d p e r o x i d a t i o n c o m p a r e d t o r a t s f e d a 
v i t a m i n Ε - s u p p l e m e n t e d d i e t . 

I s o l a t e d m i t o c h o n d r i a . C h a n c e e t a l . (20) h a v e s h o w n t h a t t h e 
a b s o r p t i o n s p e c t r u m o f w h o l e c e l l s i s q u a l i t a t i v e l y s i m i l a r t o 
t h a t o f i s o l a t e d m i t o c h o n d r i a . T h u s , v i s i b l e l i g h t a b s o r p t i o n b y 
c e l l s may i n v o l v e m i t o c h o n d r i a l f l a v i n s o r hemes a s e n d o g e n o u s 
p h o t o s e n s i t i z e r s . I n i s o l a t e d m i t o c h o n d r i a we f o u n d t h a t t h e i n 
n e r e n e r g y t r a n s d u c i n g membrane c a n b e e x t e n s i v e l y p h o t o o x i d a t i v e -
l y d a m a g e d . S u c h b i o e n e r g e t i c p a r a m e t e r s a s m a i n t e n a n c e o f p r o t o n 
a n d e l e c t r i c a l p o t e n t i a l g r a d i e n t s a s s o c i a t e d w i t h c o u p l i n g t o A T P 
s y n t h e s i s w e r e p r o g r e s s i v e l y i n h i b i t e d f o l l o w i n g e x p o s u r e o f i s o 
l a t e d m i t o c h o n d r i a t o l i g h t , w h e r e a s s a m p l e s k e p t u n d e r i d e n t i c a l 
c o n d i t i o n s f o r 12 h r i n t h e d a r k s h o w e d n o s u c h c h a n g e s ( 1 8 ) . 
T h e s e b i o e n e r g e t i c p a r a m e t e r s s h o w a n i n t e r e s t i n g p a t t e r n o f 
c h a n g e . A l m o s t i m m e d i a t e l y a f t e r l i g h t e x p o s u r e , u n c o u p l i n g i s 
d e t e c t e d a s s h o w n b y a s t i m u l a t i o n o f r e s p i r a t i o n , l o s s o f A T P 
s y n t h e s i s , a n d i n c r e a s e d A T P h y d r o l y s i s , a l l o f w h i c h i n d i c a t e u n 
c o u p l i n g o f e l e c t r o n t r a n s p o r t f r o m e n e r g e t i c g r a d i e n t s . M e m b r a n e 
p o t e n t i a l c h a n g e s s e e m l a r g e l y d e p e n d e n t u p o n p r o t e i n i n a c t i v a t i o n 
a n d o c c u r a t a n e a r l i e r t i m e p e r i o d t h a n t h e s u r f a c e p o t e n t i a l 
c h a n g e s . M e m b r a n e p o t e n t i a l s a r e u n a f f e c t e d b y l i p i d - s o l u b l e 
a n t i o x i d a n t s , w h e r e a s t h e s u r f a c e p o t e n t i a l c h a n g e s o c c u r a t a 
l a t e r t i m e e x p o s u r e a n d a r e p a r t i a l l y r e v e r s e d b y a n t i o x i d a n t s , 
i n d i c a t i n g t h a t membrane l i p i d s c o n t r i b u t e t o t h e s u r f a c e e l e c t r i 
c a l p o t e n t i a l w h e n m e a s u r e d w i t h a m p h i p a t h i c s p i n l a b e l e d p r o b e s . 
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E l e c t r o n t r a n s p o r t c o m p o n e n t s e x a m i n e d b y s p e c t r o p h o t o m e t r i c 
a n d E P R m e t h o d s i d e n t i f i e d t h e m a j o r t a r g e t o f p h o t o o x i d a t i v e a t 
t a c k a s t h e f l a v i n d e h y d r o g e n a s e s ( 1 8 ) . T h e s e c o m p l e x e s c o n t a i n 
i n a d d i t i o n t o f l a v i n s , i r o n s u l f u r ( F e S ) c l u s t e r s a n d a c t i v e S H 
g r o u p s a s i m p o r t a n t f u n c t i o n a l c o m p o n e n t s a n d t h e s e a l s o s h o w e d 
e v i d e n c e o f d e s t r u c t i o n . Q u i n o n e s , some o f w h i c h a r e b o u n d t o 
d e h y d r o g e n a s e c o m p l e x e s o r w h i c h e x i s t a s a q u i n o n e p o o l , a l s o 
s h o w e d p h o t o i n a c t i v a t i o n . H o w e v e r , a l l o f t h e h e m e - c o n t a i n i n g 
c y t o c h r o m e s o f t h e b e c o m p l e x a n d o f t h e c y t o c h r o m e o x i d a s e c o m 
p l e x , a n d c y t o c h r o m e £ s h o w e d n o i n a c t i v a t i o n d e s p i t e t h e i r v i s i 
b l e l i g h t a b s o r p t i o n . H e n c e , f l a v i n - , F e S - a n d q u i n o n e - m e d i a t e d 
p h o t o o x i d a t i v e p r o c e s s e s a p p e a r i n v o l v e d i n i n i t i a t i o n a n d p r o p a 
g a t i o n o f d a m a g e . 

E x p e r i m e n t s w i t h w a t e r - s o l u b l e s p i n l a b e l s a d d e d t o m i t o 
c h o n d r i a l i n n e r m e m b r a n e
( n o t r e d u c t i o n ) o f s p i

i n c i d i n g w i t h f l a v i n s . T h i s s u g g e s t s t h a t some o f t h e membrane 
p r o t e i n - b o u n d f l a v i n c o e n z y m e i s r e l e a s e d f o l l o w i n g l i g h t / 0 2 e x p o 
s u r e , a n d t h a t r e l e a s e d f l a v i n r a d i c a l s c a n b e d e t e c t e d i n s o l u 
t i o n . R e l e a s e d f l a v i n s c o u l d i n i t i a t e p h o t o s e n s i t i z e d r e a c t i o n s 
t h a t w o u l d a c c e l e r a t e t h e p h o t o i n a c t i v a t i o n p r o c e s s . I n d e e d , o u r 
p r e v i o u s s t u d i e s (14J i n d i c a t e t h a t max imum p h o t o k i l l i n g o f W I - 3 8 
c e l l s o c c u r r e d b y i l l u m i n a t i o n i n t h e w a v e l e n g t h r e g i o n o f m a x i 
mum a b s o r p t i o n b y f l a v i n s . T h i s e v i d e n c e s u p p o r t s t h e i d e a t h a t 
t h e c y t o c h r o m e s , d e s p i t e t h e i r p o s s e s s i o n o f heme g r o u p s , d o n o t 
m e d i a t e v i s i b l e l i g h t damage b y a c t i n g a s p h o t o s e n s i t i z e r s . P r o 
p a g a t i o n o f damage l i k e l y i n v o l v e s r a d i c a l s i n b o t h t h e l i p i d a n d 
a q u e o u s p h a s e s . E v i d e n c e o f p e r o x i d i z e d l i p i d s c a n r e a d i l y b e 
d i s c e r n e d , b u t t h i s c a n l a r g e l y b e p r e v e n t e d b y a d d i n g m e m b r a n e -
s o l u b l e a n t i o x i d a n t s s u c h a s v i t a m i n Ε o r b u t y l a t e d h y d r o x y t o l u -
e n e w h i c h a p p a r e n t l y p r e v e n t l i p i d p e r o x i d a t i o n b u t l e a v e t h e 
p a t t e r n o f e n z y m e damage l a r g e l y u n a f f e c t e d . O t h e r s t u d i e s w i t h 
s u b m i t o c h o n d r i a l p a r t i c l e s d e m o n s t r a t e d a n o x y g e n d e p e n d e n c e f o r 
p h o t o i n a c t i v a t i o n o f a l l m i t o c h o n d r i a l e n z y m e s t e s t e d ( 1 8 ) . 

C a t a l a s e p h o t o i n a c t i v a t i o n . S t u d i e s d e m o n s t r a t e d t h a t t h e 
i n a c t i v a t i o n o f c a t a l a s e i s o x y g e n d e p e n d e n t a n d c a n b e p r e v e n t e d 
b y s u b s t r a t e s ( 1 0 0 μΜ m e t h a n o l o r e t h a n o l ) , w h i l e a n t i c o c y g e n i c 
s u b s t a n c e s i n g e n e r a l ( s u c r o s e f o r · 0 Η , h i s t i d i n e f o r 0 2 , a n d 10 
y g / m l s u p e r o x i d e d i s m u t a s e f o r 0 2 ~ ) h a v e l i t t l e p r o t e c t i v e e f f e c t 
( s e e T a b l e I ) ( 1 9 ) . S u p e r o x i d e d i s m u t a s e d o e s , h o w e v e r , p a r t i a l l y 

p r o t e c t p u r i f i e d c a t a l a s e a d d e d t o t h e m i t o c h o n d r i a l f r a c t i o n , i n 
d i c a t i n g t h a t 0 2 ~ p r o d u c e d d u r i n g p h o t o o x i d a t i o n o f t h e m i t o c h o n 
d r i a l f r a c t i o n c a n i n a c t i v a t e c a t a l a s e , p r o b a b l y b y c o n v e r t i n g 
t h e a c t i v e C o m p o u n d I f o r m t o t h e i n a c t i v e C o m p o u n d I I . S i n c e 
c a t a l a s e i s a k e y e n z y m e i n H 2 0 2 m e t a b o l i s m , t h e i m p o r t a n c e o f 
i t s i n a c t i v a t i o n b o t h i n i n v i v o a n d i n v i t r o t o t h e o v e r a l l m e t a 
b o l i c p r o t e c t i v e c a p a c i t y o f c e l l s n e e d s t o b e c a r e f u l l y c h a r a c 
t e r i z e d t o i d e n t i f y i t s s i g n i f i c a n c e i n t h e t i m e s e q u e n c e o f d a m 
a g i n g e v e n t s . I t i s i n t e r e s t i n g t o n o t e t h a t l i g h t w i t h a w a v e -
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T a b l e I . P h o t o i n a c t i v a t i o n o f M i t o c h o n d r i a l F r a c t i o n C a t a l a s e . 
S p e c i f i c i t y o f P r o t e c t i o n a 

C o n d i t i o n s 
A c t i v i t y ( p e r c e n t ) 

C o n d i t i o n s 
D a r k L i g h t 

0 t i m e 1 0 0 . 0 ± 0 . 4 1 0 0 . 0 ± 0 . 4 

C o m p l e t e s y s t e m 8 9 . 3 ± 1 . 4 2 3 . 6 ± 2 . 5 

+ S u p e r o x i d e d i s m u t a s e (10 y g / m l ) 8 5 . 7 ± 1 . 3 2 2 . 4 ± 0 . 5 

+ H i s t i d i n e (1 mM) 9 8 . 7 ± 0 . 6 3 1 . 4 ± 2 . 1 

+ E t h a n o l (100 μΜ) 1 0 4 . 2 ± 9 . 4 9 6 . 6 ± 2 . 7 

a T h e c o m p l e t e i n c u b a t i o n s y s t e m c o n t a i n e d i s o l a t e d m i t o 
c h o n d r i a r e s u s p e n d e d i n 0 . 2 5 M s u c r o s e t o a f i n a l c o n c e n t r a t i o n 
o f 0 . 5 m g / m l p r o t e i n . L i g h t s a m p l e s w e r e e x p o s e d t o a n i n c a n 
d e s c e n t l i g h t s o u r c e ( a b a n k o f 50 w a t t G . E . r e f l e c t o r b u l b s ) 
w i t h a n i n t e n s i t y o f a b o u t 15 m W / c m 2 f o r 2 h r . S i x m l s a m p l e s 
w e r e i n c u b a t e d i n a s l o w l y s h a k i n g w a t e r b a t h a t 3 4 ° C ; s m a l l 
a l i q u o t s w e r e r e m o v e d f o r c a t a l a s e a s s a y s . S a m p l e s r u n i n 
d u p l i c a t e . 
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l e n g t h r e s p o n s i b l e f o r m a x i m a l c a t a l a s e i n a c t i v a t i o n , h a s b e e n 
i m p l i c a t e d a s h a v i n g a m a j o r r o l e i n p h o t o o x i d a t i v e damage o f 
c u l t u r e d c e l l s ( 2 1 ) . 

D i s c u s s i o n 

P h o t o o x i d a t i v e damage p a t h w a y s . B a s e d u p o n t h e r e s u l t s w i t h 
c e l l s a n d m i t o c h o n d r i a , i t i s p o s s i b l e t o c o n s t r u c t a s c h e m e t o 
a c c o u n t f o r t h e v a r i o u s p o s s i b l e p a t h w a y s o f i n i t i a t i o n a n d p r o p a 
g a t i o n o f damage t o l i p i d s a n d p r o t e i n s b y p h o t o o x i d a t i v e p r o c e s 
s e s . O u r r e s u l t s s u g g e s t a d e f i n i t e o r d e r o f e v e n t s i n b i o l o g i 
c a l p h o t o o x i d a t i o n p r o c e s s e s . F i r s t , o n e s e e s a r a p i d i n a c t i v a 
t i o n o f e n z y m e s c o n t a i n i n g l i g h t s e n s i t i v e c o f a c t o r s a t t h e a c 
t i v e s i t e , a p r o c e s s t h a t i s o x y g e n d e p e n d e n t a n d a p p a r e n t l y n o t 
s u s c e p t i b l e t o i n h i b i t i o
t i v e o x y g e n s p e c i e s b u
a d d i t i o n o f s u b s t r a t e s . E x a m p l e s o f s u c h e n z y m e s a r e s u c c i n i c d e 
h y d r o g e n a s e ( F A D ) , NADH d e h y d r o g e n a s e (FMN) a n d c a t a l a s e ( h e m e ) . 
A s t h e i r i n a c t i v a t i o n r e q u i r e s o x y g e n t h i s i m p l i e s t h a t a t y p e I I 
p r o c e s s o c c u r s a t t h e p h o t o s e n s i t i v e c o f a c t o r , w h i c h p r o d u c e s a n 
a c t i v e f o r m o f o x y g e n ( 1 0 2 * 0 2 ~ , e t c . ) w h i c h r e a c t s w i t h a s u s 
c e p t i b l e g r o u p a t t h e a c t i v e s i t e , c a u s i n g damage a n d l o s s o f a c 
t i v i t y . T h e p r o d u c t i o n o f s u c h o x i d a t i v e s p e c i e s b y b o u n d p h o t o -
s e n s i t i z e r w o u l d o b v i o u s l y h a v e m u c h l e s s e f f e c t o n a r e a s d i s t a l 
f r o m t h e a c t i v e s i t e . H o w e v e r , p h o t o o x i d a t i v e damage e v e n t u a l l y 
c a n c a u s e t h e r e l e a s e o f t h e p h o t o s e n s i t i z e r g r o u p , w h i c h c o u l d 
t h e n c a u s e a f a r m o r e g e n e r a l i z e d p a t t e r n o f damage i n t h e c e l l . 

T h e r e l e a s e o f f r e e p h o t o s e n s i t i z e r s , s u c h a s f l a v i n s , w o u l d 
b e e x p e c t e d t o a c t a s 1 0 2 g e n e r a t o r s ( E q n 2 ) . A l s o , a u t o o x i d a -
t i o n o f f l a v i n s a n d c e r t a i n l y q u i n o n e s g e n e r a t e 0 2 ~ i n m i t o c h o n 
d r i a (as i n E q n 3 ) . T h e d e g r e e t o w h i c h t h e " H a b e r - W e i s s r e a c 
t i o n " ( E q n 5 ) a n d F e n t ô n r e a c t i o n ( E q n 6 ) o c c u r i n v i v o i s s t i l l 
u n c e r t a i n . C u r r e n t l y , e x p e r i m e n t s a r e u n d e r w a y i n s e v e r a l l a b o 
r a t o r i e s t o o b t a i n q u a n t i t a t i v e i n f o r m a t i o n o n · 0 Η r a d i c a l g e n e r a 
t i o n b y E q u a t i o n s 5 a n d 6 u s i n g , i n p a r t i c u l a r , s p i n t r a p p i n g m e 
t h o d s . T h u s , t h e c h a r a c t e r i s t i c · 0 Η r a d i c a l a d d u c t o f t h e s p i n 
t r a p DMPO ( 5 , 5 - d i m e t h y l - l - p y r r o l i n e - N - o x i d e ) c a n b e s h o w n t o o c 
c u r i n m i t o c h o n d r i a e x p o s e d t o v i s i b l e l i g h t (24 ) b u t i t i s s t i l l 
u n c l e a r f r o m w h i c h s t a g e i n t h e p r o p a g a t i o n o f damage t h a t t h e s e 
• O H r a d i c a l s a r i s e . 

I n m i t o c h o n d r i a o u r d a t a i n d i c a t e t h a t a s u b s t a n t i a l r e l e a s e 
o f f r e e f l a v i n s d o e s o c c u r ( 1 8 ) . I t w o u l d b e p r i m a r i l y f r o m s u c h 
f r e e p h o t o s e n s i t i z e r s t h a t damage t o e n z y m e s w i t h o u t p h o t o a c t i v e 
g r o u p s , a n d l i p i d p e r o x i d a t i o n , w o u l d o c c u r . T h e p r o p a g a t i o n o f 
damage t h r o u g h t h e i n i t i a t i o n o f o x i d i z e d l i p i d p e r o x i d e s a n d 
a l k o x y r a d i c a l s i s a l s o a n a r e a i n w h i c h q u a n t i t a t i v e i n f o r m a t i o n 
i s r e q u i r e d . M e t h o d s a r e now b e c o m i n g a v a i l a b l e t h a t u s e a r t i f i 
c i a l l i p i d v e s i c l e s (22 ) a n d m o n o l a y e r s y s t e m s (23 ) t o i n v e s t i 
g a t e t h e r a t e , e x t e n t a n d n a t u r e o f f r e e r a d i c a l m e d i a t e d o x i d a 
t i v e r e a c t i o n s i n l i p i d s w h i c h c a n d e t e r m i n e h o w damage s p r e a d s 
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i n t h e v e r t i c a l a n d l a t e r a l m o d e s t h r o u g h m e m b r a n e s . P r o p a g a t i o n 
o f c e l l u l a r damage c o u l d o c c u r i n b o t h t h e c y t o s o l a n d l i p i d 
p h a s e s o f t h e c e l l f a c t i n g s y n e r g i s t i c a l l y i n c a u s i n g t h e t o t a l 
damage p r o f i l e . F i g u r e 1 i n d i c a t e s t h e m u l t i f a r i o u s damage p r o 
c e s s e s a n d i n t e r a c t i o n s t h a t may o c c u r a f t e r t h e r e l e a s e o f f r e e 
p h o t o s e n s i t i z e r s . A p a t t e r n f o r t h e c h e m i c a l d e f e n s e a g a i n s t 
p h o t o o x i d a t i v e damage c a n b e r e c o g n i z e d , a n d k n o w l e d g e o f p r o -
o x i d a n t a n d a n t i o x i d a n t p a t h w a y s may h e l p i n d e v i s i n g n u t r i t i o n a l 
means w h i c h c o u l d a f f o r d i n c r e a s e d p r o t e c t i o n a g a i n s t o x i d a t i v e 
d a m a g e . A t t h e p r e s e n t t i m e , h o w e v e r , i t i s c l e a r t h a t many u n 
a n s w e r e d q u e s t i o n s r e m a i n a s t o b o t h t h e e x i s t e n c e a n d i m p o r t a n c e 
o f t h e many p o s s i b l e o x i d a t i v e m e c h a n i s m s o f b i o l o g i c a l damage 
p r o c e s s e s i n v i v o . 
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Chemical Deterioration of Muscle Proteins During 

Frozen Storage 
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Chiyoda-ku, Tokyo, Japan 102 

Frozen storage of meat  poultry meat and fish i s one of the 
most important preservatio
frozen storage, deterioration
are decreased and the foods are sa t is factor i ly preserved from the 
hygienic point of view. However, several undesirable changes 
still occur in the frozen stored meats. 

Changes in quality of the frozen meats are demonstrated by 
several features. In frozen and thawed raw meat, there i s in
creased loss of water, some changes in flavor and taste and an 
undesirable softening. When the frozen and thawed meat is 
cooked, the succulence and water-holding capacity i s decreased 
and there are undesirable changes in texture such as toughness, 
coarseness and dryness. As compared with unfrozen fresh meat, 
the functional properties such as emulsifying capacity, lipid
-binding properties, water-holding or hydrating capacity and gel 
capacity are decreased in the frozen stored meat. 

In order to ovecome these defects, much research has been 
done in an attempt to c la r i fy the mechanisms and causes of these 
changes during frozen storage of meats. Such studies have i n 
cluded a wide v a r i e t y o f animals i nc lud ing beef animals , hogs, 
p o u l t r y , f i s h , s h e l l f i s h and other inver tebrate aquatic animals . 
The number o f papers published i n t h i s area amounts to several 
hundred. 

Most of the s tudies ind ica te that denaturation of muscle 
prote ins plays the dominant r o l e i n the q u a l i t y changes o f the 
frozen stored meats. The muscle proteins of f i s h and other 
aquat ic animals have been found to be much less s table than those 
of beef animals , pigs and poul t ry Q ) . The present paper w i l l be 
l i m i t e d p r i m a r i l y to f i s h muscle as one representat ive o f ver
tebrate muscle and i t w i l l a l so deal p r i m a r i l y wi th the behavior 
o f f i s h proteins at sub-zero temperatures. In order to do a 
thorough ana lys i s w i t h i n the space l i m i t permit ted, focus w i l l be 
on the changes o f the proteins per_ se leav ing per ipheral problems 
to other reviews (2-18). 
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Structure and Composition o f Muscle 

Anatomical s t ruc tu re . The s t r i a t e d muscles of vertebrates con
s i s t o f bundles o f muscle f i b e r c e l l s covered wi th connective 
t i s s u e . A muscle f i b e r i s composed of bundles of s t r i a t e d myo
f i b r i l s surrounded by sarcoplasmic r e t i cu lum, mitochondria and 
other o rgane l les . The unique s t ruc ture of the s t r i a t e d myo
f i b r i l s , composed o f t h in ( ac t i n ) - f i l amen t s and th ick(myosin)-
f i l aments , i s common to a l l s t r i a t e d muscles of vertebrates i n 
c lud ing f i s h (19,20) . 

Chemical c o n s t i t u t i o n . The approximate composition o f mammalian 
muscle i s : 16-22% p r o t e i n ; 1.5-13% l i p i d ; 0.5-13% carbohydrate; 
^1% inorganic matter; and 65-80% water (21). Poul t ry muscle 
contains l ess l i p i d . Th
p r o t e i n ; 0.1-22% l i p i d
matter; and 66-84% water (21-23). 

Vertebrate muscles contain s i m i l a r types of p ro t e ins , a l 
though some differences do e x i s t i n t h e i r r e l a t i v e amounts and i n 
the proper t ies of each p r o t e i n . The proteins are c l a s s i f i e d in to 
three groups based on s o l u b i l i t y (22,24) . These are: 1) the 
sarcoplasmic p ro te ins , ex t rac table at low i o n i c strength (<0.15), 
which include many so luble proteins (mainly enzymes) of the 
sarcoplasmic f l u i d , other g lobular proteins of organel les and 
prote ins attached on the sarcolemma; 2) the m y o f i b r i l l a r pro
t e i n s , extracted by s a l t so lu t ions of high i o n i c strength (>0.5), 
which include a c t i n , myosin, tropomyosin and t roponin . In mus
c l e , F - a c t i n f i l aments , a polymerized form of monomer G - a c t i n , 
and tropomyosin and t ropon in , the regulatory p ro t e in s , compose 
the t h i n f i l aments , whi le o rde r ly aggregated myosin molecules 
form the t h i c k f i l aments ; 3) the stroma proteins - the res idual 
group which i s not extracted by s a l t so lu t ions or d i l u t e a l k a l i n e 
or ac id s o l u t i o n s . This group includes col lagen and e l a s t i n , the 
connective t i s sue p ro te ins , and a new p r o t e i n , connect in , found 
i n the f ine s t ruc ture o f the t h i n f i laments (25). The approxi 
mate pro te in compositions o f various animal muscles are shown i n 
Table I (26-32). 

The amount o f stroma prote ins i s l e ss i n f i s h muscles (3-5%) 
than i t i s i n beef or r abb i t muscles (15-18%). This may exp la in 
why raw f i s h f i l l e t s are acceptable i n Japanese d i shes , whereas 
beef, r abb i t and pork are r a r e l y served raw. According to 
Fennema et a l . ( £ ) , tenderness i s p r i m a r i l y re la ted to col lagen 
content , whi le toughness and water-holding capaci ty are a s s o c i 
ated wi th the m y o f i b r i l l a r p ro te ins . Many papers on cooked meat 
mention both tenderness and toughness, whi le those on cooked f i s h 
note the problems o f toughness rather than tenderness. This a l so 
might be r e l a t ed to the di f ference i n content o f the stroma 
p ro te ins . 
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Table I . Pro te in Composition of Muscle 
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Sarcoplasmic M y o f i b r i l l a r Stroma Reference 

proteins proteins proteins 

{% of t o t a l prote ins) 

Beef VI7 ^68 15 (26) 

Rabbit <v27 ^57 ^15-18 (26,27) 

Chicken 
(young) 

33 

F i s h 
Teleosts -υ17-25 ^70-80 <3-5 (29,30) 

Elasmo-
branchs 

-v/17-21 ^71-73 %9-10 (31,32) 

Proper t ies o f muscle p ro te ins . 

Myosin. Rabbit muscle myosin i s a l o n g , t h in molecule (^1400 X 
20-50 A) wi th a molecular weight of ^5 Χ 1 0 5 . I t i s composed of 
two heavy chains and four l i g h t chains as demonstrated by SDS-
polyacrylamide d i s c gel e l ec t rophores i s . On t r y p t i c d i g e s t i o n , 
myosin i s s p l i t i n to the subuni ts , H-meromyosin (HMM) and L-mero-
myosin (LMM). HMM i s fur ther s p l i t in to S - l and S-2 subuni ts . 
While LMM i s a rod o f ^90% α - h e l i c a l content, the α - h e l i c a l 
content for HMM, S - l and S-2 fragments i s 46%, 33% and 87%, 
r e s p e c t i v e l y . The ATPase a c t i v i t y i s l o c a l i z e d i n the S - l sub-
un i t (33,34) . Although f i s h myosins appear to have the same 
s t ruc tu r a l p r o f i l e (10,22,35-40) and s i m i l a r amino ac id composi
t i o n as r abb i t myosin (39,41_»*i)» f l s h myosin i s d i f f e ren t from 
rabb i t myosin i n physicochemical p roper t i es such as s o l u b i l i t y , 
v i s c o s i t y and s t a b i l i t y ( 1 £ , 2 2 , 3 5 - 4 0 ) . 

A c t i n . Rabbit muscle G-ac t in i s g lobula r with a molecular weight 
o f 4.2 X 10^. In the presence of s a l t s i t i s polymerized in to F-
ac t ion (34). The p r i n c i p a l proper t ies of f i s h a c t i n (35-37,40, 
43 ,44) , i nc lud ing amino a c i d composition (41), are s i m i l a r to 
r abb i t a c t i n , but f i s h a c t i n i s more r e a d i l y extracted from wet 
muscle by s a l t so lu t ions as a viscous so lu t i on of actomyosin 
(22,35,36,45) . 
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Actomyosin. At high s a l t concentrations ( £ . £ . 0.6 M KC1), a c t i n 
and myosin combine to form actomyosin fi laments g iv ing a h igh ly 
viscous s o l u t i o n . Actomyosin re ta ins the ATPase a c t i v i t y of myo
s i n and demonstrates " super -p rec ip i t a t ion" on the addi t ion of ATP 
(24,34). As expected, there are differences between actomyosins 
o f r abb i t and f i s h wi th respect to s o l u b i l i t y (10,22,35,36) , 
v i s c o s i t y (46) and u l t r acen t r i fuga l behavior (47 j . Since acto
myosin i s the most r e a d i l y a v a i l a b l e form of m y o f i b r i l l a r pro
te ins from f i s h muscle, i t s behavior r e l a t i v e to de t e r io ra t ion 
during frozen storage has been most frequently s tudied . 

Comparative s t a b i l i t y . Connell has demonstrated that cod myosin 
(35-38,40) i s muchlriore l a b i l e and i s aggregated much fas te r than 
rabb i t myosin (48,49) during storage i n so lu t i on at 0°C. Buttkus 
reported s i m i l a r r e su l t
a t t r i bu t ed to formatio
Connell (52) has a l so shown that myosins o f several f i s h species 
are l ess r e s i s t an t to treatment wi th urea or guanidine*HCl than 
myosins o f r a b b i t , beef and chicken as determined by u l t r acen
t r i f u g a l analyses , s p e c i f i c r o t a t i o n , free SH groups, and ATPase 
a c t i v i t y (Figure 1 ) . F i s h myosins were more r e a d i l y digested by 
t r y p s i n than myosins of warm blooded animals (38,52_). The v i s 
c o s i t y p r o f i l e s o f f i s h actomyosin were more va r iab le than rabbi t 
actomyosin during frozen storage (46,53) , F i sh muscle actomyosin 
ATPase a c t i v i t y was l o s t more r a p i d l y on heat treatment than 
those o f the mammals (54,55). 

These data ind ica t e that f i s h muscle proteins are much more 
f r a g i l e i n s t ruc ture and are much more suscept ib le to denaturing 
factors such as storage at low temperature, heating and enzymic 
treatments and exposure to chemical d é n a t u r a n t s than mammalian 
muscle p ro te ins . Therefore, careful study of f i s h muscle pro
t e ins should be useful i n understanding the "how and why" o f 
changes which occur i n proteins during frozen storage. 

Freeze denaturation o f muscle proteins 

Ea r ly i n v e s t i g a t i o n s . Af t e r Finn (56) demonstrated that ^ s o l u 
b i l i z a t i o n o f press j u i c e proteins TTarcoplasmic prote ins) oc
curred during frozen storage, Reay and Kuchel (57) reported tha t , 
during frozen storage o f haddock, the s a l t - s o l u b l e proteins be
came in so lub le whi le the water-soluble proteins remained so lub l e . 
This was confirmed by more comprehensive studies by Dyer and his 
colleagues (58-60) on cod and other f i s h , showing that the amount 
o f extracted"T n ative) actomyosin decreased wi th increased length 
of s torage, whi le the amount o f the non-actomyosin (sarcoplasmic) 
prote ins d i d not show any s i g n i f i c a n t change throughout frozen 
storage. Since the decrease i n so luble actomyosin cor re la ted 
we l l wi th p a l a t a b i l i t y scores , i t was proposed that denaturation 
of actomyosin i s the major cause for the decrease i n eat ing 
q u a l i t y o f s tored frozen f i s h . Fol lowing Dyer 's work, most 
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Figure 1. Denaturation of myosins from various animals on treatment with urea 
solutions. [a]D, specific rotation; · , rabbit; | , ox; A , chicken; O, cod; • , had

dock; Δ , lemon sole; X , plaice; V halibut (52). 
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workers have focused t h e i r a t t en t ion on the m y o f i b r i l l a r proteins 
(1^17 ,61 -63 ) . 

Information on the molecular changes occurr ing during frozen 
storage of whole muscle or of i s o l a t e d pro te in preparations w i l l 
be reviewed here. 

Actomyosin. Frequently, the change i n amount of so luble actomyo
s i n i s regarded as the primary c r i t e r i o n of freeze denaturat ion. 
I t must be remembered that s o l u b i l i t y data do not t e l l p r e c i s e l y 
how much pro te in i s denatured and how much i s na t ive ; ra ther , i t 
provides a r e l a t i v e measure o f denaturat ion. S o l u b i l i t y de
creases have been found i n frozen storage experiments wi th e i t h e r 
i n t a c t muscle, p ro te in so lu t ions or wi th suspensions of i s o l a t e d 
actomyosin. 

V i s c o s i t y o f so lubl
creasing time o f storag
myosin f i laments have become less r o d - l i k e or less filamentous 
e i t h e r by i n d i v i d u a l molecular fo ld ing or by aggregation of the 
f i l aments . 

As noted by u l t r a c e n t r i f u g a l analyses of the so luble f r ac 
t i o n s , the actomyosin peak (20S-30S) decreased i n area , whi le 
several fas te r moving peaks simultaneously appeared wi th i n 
creasing time o f frozen storage (47,,66_,68). I t has been proposed 
that actomyosin forms various aggregated states during frozen 
storage (11,15,17,50,51,61,66-68) , which i s i n agreement wi th the 
v i s c o s i t y change. 

On the other hand, King (69) and Anderson and coworkers 
(70,71) , based on de t a i l ed analyses of u l t r a cen t r i f uga l patterns 
of ex t rac ts o f frozen stored cod muscle and experiments on the 
e f fec t o f l i p i d s on pro te in denaturat ion, have proposed that de
naturat ion of F-actomyosin occurs by two p a r a l l e l pathways which 
lead to i n s o l u b i l i z a t i o n (Figure 2 ) # As ind ica ted by Connell 
(61) , the occurrence o f G-actomyosin at an intermediary stage 
needs experimental v e r i f i c a t i o n . P o s s i b i l i t y of an a l te rna te 
pathway i n v o l v i n g l i p i d s w i l l be discussed l a t e r . 

E lec t ron microscopic analyses of i s o l a t e d preparations of 
f i s h actomyosin denatured by frozen storage (68,72-74) showed 
that actomyosin f i laments wi th arrowhead s t ructures aggregated 
s i d e - t o - s i d e and crosswise when thawed immediately a f t e r f reez
i n g . As time o f frozen storage increased fur ther aggregations 
formed network s t ructures (Figure 3 ) . 

In add i t ion to aggregation, d i s s o c i a t i o n of F-actomyosin 
in to F - a c t i n and myosin a lso occurred. I t appeared that the 
d i s soc ia t ed F - a c t i n , as t h i n f i l aments , became entangled and 
aggregated and that the d i s soc ia t ed myosin monomers folded in to 
g lobula r form. At advanced stages o f freeze denaturat ion, large 
masses wi th d i f fuse ou t l ines were frequently found suggesting 
complex aggregation of a c t i n and myosin. 

The above proposal i s summarized i n Figure 2C. This model 
appears to be cons is tent wi th s o l u b i l i t y , v i s c o s i t y , and u l t r a -
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Figure 2. Hypothetical mechanisms of 
aggregation of fish actomyosin during 
frozen storage. (A) King, 69; (B) Con
nell, 61; (C) Matsumoto (* proposal in 
the present paper). AM, actomyosin; M, 
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Figure 3. Electron micrographs of carp actomyosin before and after frozen stor
age in 0.05M KCl at —20°C. A and B, no additives; C, 0.2M sodium glutamate 
added; D, I M glucose added. A, before freezing; B, C and D, after 8, 9 and 9 
weeks of frozen storage, respectively. Each specimen was negatively stained*with 

uranyl actate solution (72). 
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cen t r i fuga l data which ind ica t e that a decrease i n asymmetry and 
progressive aggregation occur during frozen storage. 

Jarenback and Li l jemark (75,76) found s i m i l a r changes i n cod 
actomyosin so lu t i on and cod muscle during frozen storage. The 
denatured myosin was not extracted wi th s a l t s o l u t i o n . 

The above mentioned d i s s o c i a t i o n of actomyosin in to a c t i n 
and myosin could be due to a s h i f t i n the e q u i l i b r i u m , actomyo
s i n S5=* a c t i n + myosin, by the h ighly concentrated s a l t so lu t i o n 
o f the unfrozen l i q u i d por t ion i n the protein-water system (22, 
77) . However, i f t h i s i s t rue , the d i s soc ia ted a c t i n and myosin 
must re -assoc ia te immediately a f t e r thawing. This may be d i f f i 
c u l t s ince the a b i l i t y to associa te i s decreased during frozen 
s torage. 

ATPase a c t i v i t y , another property of myosin re la ted to i t s 
c o n t r a c t i l e func t ion , a
decreased by frozen storage
f i s h actomyosin decreases wi th increased time of frozen storage 
(66,67,72,78-82). This decrease should be due to a decrease i n 
the ATPase a c t i v i t y o f myosin. The rate of decrease i s slower 
than that o f free myosin (80,82) . Connell (78) and Kawashima et 
a l . (83) have detected some ATPase a c t i v i t y i n inso lub le aggre
gated actomyosin. 

During frozen storage o f muscle, i s o l a t e d actomyosin and 
myosin changes have been sought i n the number o f -SH groups (50, 
51,78,84) , t i t r a t a b l e a c i d groups (85) , and net charge (86) , and 
i n the s a l t i ng -ou t p r o f i l e s ( ^ , ^ , 5 3 , 6 5 ^ , 6 8 , 8 7 , 8 8 ) . S i g n i f i c a n t 
changes have been found only i n the s a l t i ng -ou t p r o f i l e s . 

When 0.1 M sodium glutamate was added to carp actomyosin, 
denaturation during frozen storage was almost e l imina ted , as 
measured by changes i n s o l u b i l i t y , v i s c o s i t y , u l t r a cen t r i f uga l 
behavior , ATPase a c t i v i t y and e lec t ron microscopic p r o f i l e s 
(66,72) (Figure 3 ) . This p ro tec t ive e f fec t o f sodium glutamate 
w i l l be discussed below. 

Connell has proposed that i n s o l u b i l i z a t i o n of actomyosin 
during frozen storage o f cod muscle i s a t t r i b u t a b l e to the de
natura t ion o f myosin rather than a c t i n (89). During 40 weeks 
storage a t -14°C, e x t r a c t a b i l i t y o f actomyosin and myosin de
creased i n p a r a l l e l , whi le that o f a c t i n appeared to remain con
s tan t . The decrease i n e x t r a c t a b i l i t y of myosin was b iphas i c , 
whi le that o f actomyosin fol lowed an exponential curve. 

However, our work on i n v i t r o frozen storage of i s o l a t e d 
carp actomyosin showed that a c t i n i s denatured progress ive ly wi th 
myosin as demonstrated by SDS-polyacrylamide d i sc gel e l e c t r o 
phoresis (90). 

Ana lys i s of the rates o f i n s o l u b i l i z a t i o n of i s o l a t e d carp 
actomyosin ind ica ted that denaturation proceeds by two or more 
f i r s t order processes wi th d i f f e r en t rate constants (73). 
During the i n i t i a l rap id stage, i t appears that both myosin and 
a c t i n undergo denaturat ion, whi le during the second stage, t ropo
myosin and troponin undergo denaturation (90). 
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Myosin. Because o f the d i f f i c u l t y of i s o l a t i n g pure myosin from 
f i s h , s tudies on the behavior of t h i s protein during frozen s to r 
age were delayed. Connell (91_) was the f i r s t to conduct such 
s tud ies . Solut ions of cod myosin i n 0.6 M KC1 were frozen and 
stored at d i f f e r en t temperatures ranging from -7 to -78°C and the 
thawed so lu t ions were examined by u l t r acen t r i fuga l a n a l y s i s . The 
progressive aggregation o f myosin monomers to dimers, t r imers and 
other l a rge r polymers was demonstrated. Neither the s p e c i f i c ro 
t a t i o n nor the number of ac t ive SH groups changed appreciably 
during the polymer iza t ion . Aggregation was ascr ibed to bonding 
of an unknown nature rather than to d i s u l f i d e bonding. Connell 
suggested that myosin molecules aggregated s ide - to - s ide without 
unfolding or undergoing any change i n int ramolecular conforma
t i o n . He a lso found that the amount of aggregated myosin i n myo
s i n preparations from f rozen
ing time o f storage (89)

Changes i n the s o l u b i l i t y , u l t r acen t r i fuga l behavior, number 
o f SH groups and e lec t ron microscopic p r o f i l e s i n non-freeze 
stored or frozen myosins o f rabb i t and t r o u t , as observed by 
Buttkus (50,51), supported those of Connell (91). The rate o f 
aggregation was the highest around the eu tec t i c point (-11°C) of 
the myosin-KCl-water system. S ide - to - s ide aggregated dimers of 
r abb i t myosin were observed by e lec t ron microscopy, as i l l u s 
t ra ted prev ious ly by S lay te r and Lowey (92). 

Changes i n s o l u b i l i t y , v i s c o s i t y , ATPase a c t i v i t y , and u l 
t r acen t r i fuga l and sa l t i ng -ou t p r o f i l e s were found during frozen 
storage a t -20°C of carp myosin so lu t ions ( i n 0.6 M KC1) and carp 
myosin suspensions ( i n 0.05 M KC1) (82,93). 

Myosins i s o l a t e d from various frozen stored f i s h muscles had 
s l i g h t l y lower ATPase a c t i v i t y than those from fresh muscles (94, 
95) . A decrease i n ATPase a c t i v i t y was found a lso with i s o l a t e d 
carp myosin when stored at -20°C (82); the rate of decrease was 
fas te r than wi th actomyosin i s o l a t e d from the same f i s h . As wi th 
actomyosin, the decrease i n ATPase a c t i v i t y was preceded by a 
temporary r i s e i n a c t i v i t y (^150% the pre-f reezing va lue) . 

L ike rabb i t myosin (96), i s o l a t e d carp myosin forms f i l a 
ments at low i o n i c strength (0.05) which are observable wi th the 
e lec t ron microscope at moderate magni f ica t ion . These fi laments 
are e i t h e r "spindle shaped" ( d i a l y s i s against low i o n i c strength 
buffer) or "dumbbell shaped" (immediate d i l u t i o n to low i o n i c 
s t rength) . 

Af t e r frozen storage o f myosin so lu t ions and suspensions of 
the f i l aments , r econs t i t u t i on of f i laments was attempted. The 
f i lament suspensions were thawed, d i sso lved i n 0.6 M KC1, and 
then examined fo r r econs t i t u t i on at low i o n i c s t rength. F i l a 
ments formed from e i t he r frozen-stored samples (fi laments or myo
s i n so lu t ion) were not as perfect i n shape as those prepared from 
unfrozen, i n t a c t myosin. The spindle-shaped myosin was more s t a 
b le i n frozen storage than the dumbbell-shaped myosin. Dissolved 
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myosin was l ea s t able to form fi laments (82) a f te r frozen storage 
(Figure 4 ) . 

When 0.1 M sodium glutamate was added to so lu t ions of myosin 
p r i o r to f r eez ing , s o l u b i l i t y , v i s c o s i t y , ATPase a c t i v i t y and 
f i lament-forming capaci ty remained at the l eve l observed before 
frozen storage (82). 

Subunits of myosin. Hanafusa (97.,98) found that i s o l a t e d rabb i t 
myosin and HMM underwent denaturation when cooled to temperatures 
ranging from -10° to -196°C followed by immediate thawing. Dena
tu r a t i on was measured by an increase i n v i s c o s i t y , change i n ab-
sorbance at 278 nm and change i n the o p t i c a l ro ta tory d i spers ion 
c o e f f i c i e n t s , a 0 and b 0 , i n the Moffit-Young equation. The abso
l u t e value o f b 0 decreased whi le that o f a 0 increased wi th a de
crease i n the f reezing

In the author 's l abora to ry
t r y p s i n d i g e s t i o n . LMM was p u r i f i e d by r e p r e c i p i t a t i o n i n 75% 
ethanol and red isso lved i n 0.5 M KC1-0.05 M t r i s -malea te buffer , 
pH 6 . 5 , fol lowed by u l t r acen t r i fuga t i on (39). 

HMM and LMM were stored frozen at -20°C, and the changes i n 
proper t ies were fol lowed for each pro te in (82). While there were 
no s i g n i f i c a n t changes i n the s o l u b i l i t y curves for HMM and LMM, 
appreciable changes were found i n other p roper t i es . ATPase ac
t i v i t y o f HMM decreased to 50% of the pre-f reezing value a f te r 1 
day and was not detectable a f te r 2 weeks. No i n i t i a l increase 
i n a c t i v i t y was found wi th HMM. The rate of decrease i n ATPase 
a c t i v i t y was much fas te r than wi th myosin s o l u t i o n s , where about 
55% of the i n i t i a l a c t i v i t y was re ta ined af te r 7 days frozen 
storage. The a b i l i t y of HMM to bind wi th F - a c t i n , as determined 
by e lec t ron microscopy, was l o s t a f te r 2 weeks frozen storage. 

LMM, a f te r d i a l y s i s against a so lu t i on of 0.05 M KC1-0.005 M 
t r i s -malea te buffer (pH 6 . 2 ) , a l so exh ib i t ed a decreased capaci ty 
to form wel l -ordered paracrys ta ls or t ac to ids as examined by 
e lec t ron microscopy (Figure 5 ) . I t i s i n t e r e s t i n g that several 
ha l f - r econs t i t u t ed paracrys ta ls (Figure 5b) were found a f t e r 6 
weeks o f frozen storage. 

These r e su l t s ind ica te that denaturation of myosin probably 
occurs i n both the HMM and LMM segments. The decrease of ATPase 
a c t i v i t y and F - a c t i n binding capaci ty of HMM may ind ica te a con
formational change i n the l i g h t chains which are located i n the 
S - l region of HMM. Based on a lack of an observed change i n 
s p e c i f i c r o t a t i o n , Connell (91) has argued against the p o s s i b i l 
i t y o f a conformational change of myosin molecules during frozen 
storage. However, a conformational change i n the l i g h t chains of 
HMM may not necessa r i ly be accompanied by an appreciable change 
i n s p e c i f i c r o t a t i o n . A change from an ordered random c o i l to a 
disordered random c o i l appears to have occurred during frozen 
storage o f HMM and myosin. I f so , an appreciable change i n 
s p e c i f i c ro t a t i on would not be expected. 
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Figure 4. Electron micrographs of reconstituted spindle-shaped fihments of 
carp myosin before and after frozen storage in 0.05M KCl at —20°C. A and B, 
no additives; C and D, 0.2M sodium glutamate added. A and C, reconstituted 
before freezing; Β and D, reconstituted after 2 and 6 weeks of frozen storage, 

respectively stained (82). 

Figure 5. Electron micrographs of reconstituted paracrystals of carp LMM 
before and after frozen storage in 0.6M KCl at — 20°C. A and B, no additives; 
C and D, 0.2M sodium glutamate added. A and C, reconstituted before freezing; 
Β and D, reconstituted after 8 weeks of frozen storage. Negatively stained. 

Frozen storage in 0.05M KCl gave simihr results (82). 
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The decrease o f paracrysta l - forming capaci ty of LMM during 
frozen storage might be explained by e i t h e r an impairment o f the 
h igh ly ordered h e l i c a l s t ruc ture needed for the order ly alignment 
i n a p a r a c r y s t a l , or by d i so rde r ly s ide - to - s ide aggregation of 
two or more myosin molecules preventing the o rder ly alignments i n 
a p a r a c r y s t a l . P r a c t i c a l l y , both are l i k e l y to happen during de
naturat ion i n the frozen s ta te . 

Add i t ion o f 0.1 M sodium glutamate reduced the changes oc
cu r r ing i n HMM and LMM during frozen storage (Figure 5 ) . 

A c t i n . Connell (89) d id not f i n d a s i g n i f i c a n t amount of dena
tu ra t ion o f a c t i n i n frozen cod muscle during storage for 100 
weeks. In cont ras t , the author and his colleagues found that 
denaturation occurred during frozen storage of i s o l a t e d carp 
a c t i n (82,99). A c t i n wa
(24) modified by use o
the e x t r a c t i o n . A c t i n i n e i t h e r G- or F-form was frozen and 
stored at -20°C. I t s s o l u b i l i t y , v i s c o s i t y , polymerizing a b i l i t y 
( G - a c t i n ) , and p r o f i l e s by e lec t ron microscopy (F-ac t in ) were 
tes ted at i n t e r v a l s during frozen storage. Both G- and F-ac t ins 
showed denaturation during frozen storage. S o l u b i l i t i e s of both 
G- and F-ac t ins and v i s c o s i t y o f F - a c t i n decreased wi th storage 
t ime. Polymerizing a b i l i t y o f G - a c t i n , as ind ica ted by an i n 
crease i n v i s c o s i t y a f t e r add i t ion of MgCl2» NaCl or K C l , de
creased g radua l ly . While f resh ly prepared F - a c t i n showed f ine 
t h i n f i lament s t ructures by e l e c t i o n microscopy, F - a c t i n stored 
frozen i n 0.05 M NaCl for 4 weeks at -20°C showed aggregates of 
entangled fi laments wi th vague ou t l ines (Figure 6 ) . Such de
formed fi laments were s i m i l a r to those found i n the denaturation 
of actomyosin during frozen storage (Figure 3 ) . 

Loss o f the polymerizing a b i l i t y of G-ac t in molecules i n d i 
cates that the conformation of nat ive G - a c t i n , a g lobular mol
ecu le , must have been impaired during frozen storage. 

Freezing and storage a f te r add i t ion of sodium glutamate de
creased the rate of denaturat ion. The s o l u b i l i t y d id not de
crease and the F - a c t i n f i laments kept t h e i r f ine s t ructures dur
ing frozen storage (Figure 6 ) . 

Tropomyosin and t roponin . Tropomyosin i s apparently the most 
s tab le o f the f i s h f i b r i l l a r proteins during frozen storage. I t 
can be extracted long af te r a c t i n and myosin become inex t r ac t -
ab le ; however, i t does denature gradual ly (90). 

Troponins i s o l a t e d from frozen-stored bigeye tuna, T i l a p i a 
or Beryx, were less ac t ive i n t h e i r regulatory funct ion than 
those from fresh muscle (102). 

M y o f i b r i l s and t i s sues . M y o f i b r i l s , a sys temat ica l ly organized 
complex o f m y o f i b r i l l a r p ro te ins , undergo some s t ruc tu ra l changes 
during frozen storage of f i s h muscle. The most not iceable 
changes during storage are the fusion of the m y o f i b r i l s as i l l us-
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t ra ted by the c e l l f r a g i l i t y method (103,104) and fragmentation 
in to short pieces at the Z-bands (76,105,106). These changes 
have been discussed elsewhere (16). 

Connective t i s sue prote ins . Col lagen comprises the major mate
r i a l o f s k i n , myocommata and sarcolemma. In a study of "gaping", 
i n which s l i t s and holes appear and sometimes the f i l l e t f a l l s 
apar t , Love and h is co-workers have a t t r i bu ted t h i s defect to the 
behavior of the myocommata prote ins (107,108). This problem has 
been reviewed elsewhere (16). 

Sarcoplasmic prote ins and other pro te ins . Since Reay and Kuchel 
(57) and Dyer (58) discovered that denaturat ion of myo f i b r i l l a r 
prote ins i s of such profound importance in the toughness of f i s h , 
l i t t l e a t tent ion has bee
pro te ins , which inc lud
plasma f l u i d , subce l l u l a r organel les and c e l l membranes. More 
r ecen t l y , papers have appeared on the denaturat ion of enzymes 
during frozen storage (81,109-121). These studies have demon
s t ra ted that ca ta lase , a lcohol dehydrogenase, glucose dehydrogen
ase, l a c t a te dehydrogenase and malate dehydrogenase from various 
sources other than f i s h lose enzymic a c t i v i t y during frozen s t o r 
age of the so lu t i ons . In a study by the author and h is c o l 
leagues where the.enzyme so lu t ions were stored at -20°C (82,122), 
i n a c t i v a t i on was more marked at lower enzyme concentrat ions, 
wh i le at high concentrat ions i na c t i v a t i on was e s s en t i a l l y zero 
(Figure 7 ) . No i n s o l u b i l i z a t i o n of the enzymes was noted. As 
discussed by Hanafusa (97,98,113-116), i nac t i v a t i on of enzymes 
which are g lobu lar might invo lve unfold ing of the intramolecular 
s t ruc tu re . 

Inac t i va t i on of enzymes during frozen storage was prevented 
by add i t ion of 0.2 M sodium glutamate, 0.2 M (NH^SO^, or 0.1% 
egg albumin; a syne rg i s t i c c ryoprotect ive e f f ec t was i l l u s t r a t e d 
between sodium glutamate and albumin (122). 

Some enzymes and enzyme systems are s t i l l ac t i ve at the tem
perature of frozen storage (123-132). Such enzymatic a c t i v i t y , 
e spec i a l l y o f proteases, may cause loss of b i o l og i ca l a c t i v i t y of 
actomyosin and other muscle pro te ins . Products of such enzymatic 
a c t i v i t y , e . g . f ree f a t t y ac ids and formaldehyde, may e f f ec t a 
secondary denaturat ion of muscle p ro te ins . 

Cross! inkages. Connell argued against a ro le fo r d i s u l f i d e bond 
formation in the intermolecu lar aggregation of myosin (9]J s ince 
he d id not detect any s i g n i f i c a n t change in the number of f ree SH 
groups of the whole macerate of frozen stored cod (78,91). Add i 
t i on of 1% sodium dodecy lsu l fate (SDS) s o l u b i l i z e d almost a l l the 
m y o f i b r i l l a r prote ins of cod f l e sh stored fo r up to 29 weeks at 
-14°C. Therefore, Connell a t t r i bu ted the cross! inkages in the 
severe ly toughened cod f l e sh to formation of non-covalent bonds 
(133). In cont ras t , involvement of SH groups in the process of 
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Figure 6. Electron micrographs of F-actin fihments of carp before and after 
frozen storage in 0.05M KCl at —20°C. A, Β and C, no additives; D, Ε and F, 
0.2M sodium glutamate added. A and D, before freezing; Β and E, after 1 week 
of frozen storage; C and F, after 4 weeks of frozen storage. Negatively stained 

(82). 

Figure 7. Decrease of LDH activity during frozen storage for 16 hours at 
—20°Cy in the absence and presence of 0.2M sodium glutamate. - · - no addi

tives; - Ο - , 0.2M sodium glutamate added (122). 
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denaturation o f t rou t and r abb i t myosins during frozen storage 
has been emphasized by Buttkus (50,51). He has success fu l ly re -
s o l u b i l i z e d aggregated myosin by using a so lu t i on containing both 
6 M guanidine*HCl and e i t h e r 0.5 M mercaptoethanol, 0.3 M sodium 
s u l f i t e or 0.3 M sodium cyanide. From these r e s u l t s , he has a t 
t r i b u t e d the cross l inkages involved i n aggregation o f myosin dur
ing frozen storage to d i s u l f i d e bonds, hydrophobic bonds and hy
drogen bonds. Free SH groups might be ox id i zed f i r s t to d i s u l 
f i d e bonds. However, only a small decrease was found i n the num
ber o f free SH groups during frozen storage. Therefore the 
changes appear to be the r e s u l t o f rearrangements of d i s u l f i d e 
bonds from int ramolecular to in termolecular ones through a s u l f 
hydryl / d i s u l f i d e interchange r eac t i on . Although i t i s based on 
work on plant c e l l s , L e v i t t ' s theory on the important r o l e o f d i 
s u l f i d e bond formation durin
(134). 

Experiments on c r o s s l i n k i n g have been c a r r i e d out i n the 
author ' s laboratory (93). Solut ions of i s o l a t e d carp actomyosin 
or myosin i n 0.6 M KCl or suspensions i n 0.05 M KCl have been 
s tored a t -20°C. Samples were taken at i n t e r v a l s and homogenized 
wi th several d i f f e r en t s o l u t i o n s . The so lu t ions used were water 
(to t e s t for nonspecif ic a s soc ia t ion fo r ce s ) , 0.6 M KCl (to t es t 
for i o n i c bonds), 0.5 M β-mercaptoethanol (to t e s t for d i s u l f i d e 
bonds), 1.5 M urea (to t e s t for hydrogen bonds), 8 M urea (to 
t e s t fo r hydrogen bonds and nonpolar bonds), and 1 Μ Κ0Η (to tes t 
fo r i o n i c bonds and others) (135,136). Combinations of these 
solvents were a lso tes ted . 

The r e su l t s wi th carp actomyosin a f te r various times o f f r o 
zen storage are shown i n Figure 8. Di f fe ren t solvents gave d i f 
ferent r e s u l t s . Myosin gave s i m i l a r pat terns . 

Much poorer s o l u b i l i t i e s were obtained wi th solvents which 
d id not contain K C l . Complete r e s o l u b i l i z a t i o n was not accom
p l i shed wi th only 0.5 M 3-mercaptoethanol and 8 M urea. 

These r e su l t s l e d to the conclusion that denaturation and/or 
i n s o l u b i l i z a t i o n o f actomyosin and myosin during frozen storage 
i s a r e s u l t o f aggregation caused by the progressive increase i n 
in termolecular cross l inkages due to formation of hydrogen bonds, 
i o n i c bonds, hydrophobic bonds and d i s u l f i d e bonds. 

Ef fec t o f c ryopro tec t ive agents 

Cryoprotect ive agents which lessen denaturation of proteins 
during frozen storage have been found to include sugars, p o l y a l -
coho l s , and compounds of other f a m i l i e s . These pro tec t ive ef
fects have been studied not only i n the preservat ion of foods but 
i n s t o r ing o f microorganisms and o f b i o l o g i c a l mater ia ls such as 
enzymes, vaccines , blood and organs (110-116,137). 

The f i r s t published use of cryoprotectants for muscle pro
t e i n s , found to be successful i n commercial a p p l i c a t i o n , was a 
combination o f sucrose (10%) and polyphosphate (0.2-0.5%) which 
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Figure 8. Changes in solubility of carp actomyosin in various solvents following 
frozen storage at —20°C (93). Composition of the solvents: α (Ο), 0.6M KCl; 
b (A), 0.6M KCl + i . 5 M urea; c Ο , 0.6M KCl + 8M urea; d (Φ), 0.6M KCl + 
0.5M β-mercaptoethanol (ME); e (A)> 0.6U KCl + I .5M urea + 0.6M ME; 

f (M)> 0.6M KCl + 8M urea + 0.5M ME; g (+), 0.6M KCl + 0.2M KOH. 
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prevented denaturation o f mtfscle proteins o f Alaska p o l l a c k , a 
f i s h very s e n s i t i v e to frozen storage ( 1 3 8 - 1 4 0 ) . Thorough wash
ing o f the minced muscle wi th water p r i o r to add i t ion of the 
cryoprotectants was necessary to prevent denaturation during f r o 
zen storage ( 1 4 1 ) . Hal f o f the sucrose may be replaced by s o r b i 
t o l i n the cryoprotectant mixture . 

Cryoprotectants which have so fa r been found to be e f f ec t i ve 
for f i s h muscle proteins include such compounds as monosaccha
r i d e s , o l igosacchar ides , polysaccharides of r e l a t i v e l y small mo
l e c u l a r s i z e , d i - and po lya lcoho l s , hydroxymonocarboxylic a c i d s , 
d i - and t r i c a r b o x y l i c a c i d s , a c i d i c , basic and some other amino 
a c i d s , and phosphates and t h e i r de r iva t ives ( 1 5 , 1 6 , 6 6 , 6 7 , 7 2 - 7 4 , 
8 2 , 8 3 , 9 3 , 9 7 - 9 9 , 1 1 2 - 1 1 4 , 1 2 2 , 1 4 0 - 1 5 4 ) . Dimethyl su l fox ide (DMSÔT, 
which i s c ryoprotec t ive fo r various b i o l o g i c a l mater ia ls such as 
red c e l l s , was not e f f ec t iv  ( 1 4 7 ) . 

Based on a systemati
molecular s t ructures of the compounds and t h e i r c ryopro tec t ive 
e f f e c t s , the fo l lowing requirements fo r e x h i b i t i n g c ryopro tec t ive 
ef fec ts for f i s h muscle proteins have been proposed. 1 ) A mole
cule has to possess one "essent ia l group", e i t he r -COOH, -OH, or 
-OPO3H0, and more than one "supplementary group", o f the type 
-COOH, -OH, - N H 2 , -SH , -SO3H, and/or -0P0oH2. 2) The funct ional 
groups must be s u i t a b l y spaced and properly or iented wi th respect 
to each other . 3 ) The molecule must be comparatively small ( 6 7 , 
1 5 0 ) . Among the c ryoprotec t ive agents studied by the author and 
his co l leagues , sodium glutamate was most e f f e c t i v e . Add i t ion of 
0 . 1 - 0 . 2 M sodium glutamate to pro te in so lu t ions or suspensions 
p r i o r to f reezing and storage prevented denaturation o f carp 
actomyosin as measured by the methods described e a r l i e r . Ef fec
t iveness o f sodium glutamate i n improving the q u a l i t y of meat and 
frozen meat has been reported by Norton et a l . ( 1 5 1 ) . 

The c ryoprotec t ive ef fec ts of sodium glutamate have been 
shown for carp myosin, i t s subuni ts , and a c t i n as presented 
above. I t should be^noted that sodium glutamate e x i s t s p r i m a r i l y 

as % ) C - C H 2 - C H 2 - C H ( N H 3 ) - C 0 C P at * pH 7 where the frozen storage 
experiments on the i s o l a t e d proteins were done. 

Mechanism of freeze denaturation and cryoprotec t ive e f fec t 

Cause o f denaturat ion. Many hypotheses have been proposed to ex
p l a i n the denaturation of muscle proteins ( 9 - 1 7 ) . These hypothe
ses inc lude : 1 ) the effects of inorganic s a l t s concentrated in to 
the l i q u i d phase o f the frozen system; 2 ) w a t e r - a c t i v i t y r e l a 
t i o n s ; 3 ) react ions wi th l i p i d s ; 4 ) reac t ion wi th formaldehyde 
der ived from trimethylamine ( i n f i s h ) ; 5 ) au to -ox ida t ion ; 
6 ) surface effects at the so l id -gas i n t e r f ace ; 7 ) ef fects of 
heavy metals; and 8 ) e f fec ts o f other water-soluble proteins 
(such as proteases) . 
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Among the above hypotheses, e f fec ts o f l i p i d s (4-17,59-62, 
69-71,155-159), formaldehyde (160-166), and g a s - s o l i d in te r face 
TT677 appear to be very important i n Gadoid f i s h e s . Denaturation 
o f m y o f i b r i l l a r proteins caused by free f a t t y acids and/or l i p i d 
peroxides must occur during frozen storage. To prove t h i s , 
Jarenback and Li l jemark have shown by e lec t ron microscopy tha t , 
i n muscle stored frozen wi th added l i n o l e i c and l i n o l e n i c hydro
peroxides , myosin became r e s i s t an t to ex t rac t ion with s a l t s o l u 
t i o n (168). 

However, recent r e su l t s on i s o l a t e d prote in preparations 
show that proteins undergo denaturation i n the absence of l i p i d s , 
formaldehyde, heavy metals and water-soluble p ro te ins . 

Another popular view i s the s o - c a l l e d " sa l t -bu f fe r hypoth
e s i s " which gives a t t en t ion to the effec ts o f h igh ly concentrated 
s a l t so l u t i o n i n the unfroze
The concentrated s a l t s o l u t i o
169-177). Whereas experiments wi th i s o l a t e d muscle pro te in 
preparations cannot exclude the ef fec ts o f s a l t s such as NaCl or 
KCl (s ince they are required to s o l u b i l i z e the p r o t e i n s ) , de
naturat ion during frozen storage has been decreased or prevented 
completely when an e f f i c i e n t cryoprotectant such as sodium g l u t a 
mate or glucose was added (66,67,82,93,145-150). Hence, the 
e f fec t o f s a l t s may not be o f primary importance, though they may 
con t r ibu te . 

Other f a c t o r s , except fo r w a t e r - a c t i v i t y r e l a t i o n s , might 
take place i n some f i s h species or i n some condi t ions o f f reezing 
and storage. Nevertheless , these do not appear to be o f general 
importance because denaturation occurs i n experiments on prote in 
so lu t ions where such factors are excluded. 

The w a t e r - a c t i v i t y r e l a t i o n s , ef fec ts of displacements o f 
water or ef fec ts o f changes i n the s ta te o f water must be the 
most important factors to t r i g g e r and to promote the denaturation 
o f muscle proteins during frozen storage. 

As described by Fennema (9 ) , several ref ined hypotheses such 
as "physical b a r r i e r and s t ructured water hypothesis" (134,178, 
179), "ice-moderator hypothesis" (180-183), and "minimum c e l l 
volume hypothesis" (184) have been proposed. However, the author 
w i l l take a more naive approach i n in t e rp re t i ng the resu l t s on 
denaturation o f muscle proteins during frozen storage at the same 
time taking advantage o f the basic ideas o f the above hypotheses. 

Aggregation o f myosin and LMM. 

Data on myosin (50,51,82,91) and LMM (82) support s i d e - t o -
s ide aggregation o f molecules without appreciable change i n 
conformation during frozen storage, as proposed by Connell (91). 
A working model o f the author and h is colleagues (67,82,150) w i l l 
be described here (Figure 9 ) . In aggregations o f t h i s type, the 
myosin molecules are associated or c r o s s - l i n k e d wi th each other 
through the t a i l (LMM and S-2 subunit) parts o f each molecule. 
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Figure 9. A schematic model of denaturation of α-helical proteins during frozen 
storage and its prevention by cryoprotectants. The case with dianionic cryopro

tectants is illustrated. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



114 C H E M I C A L DETERIORATION OF PROTEINS 

This a s soc ia t ion may be caused by dehydration of the prote in 
molecules as a r e s u l t o f displacement o f water molecules from the 
hydrating s i t e s and the surrounding area of the prote in molecules. 
Then, the prote in molecules come c lo se r to each other r e s u l t i n g i n 
a higher p r o b a b i l i t y o f forming in termolecular c ross- l inkages at 
any s i t e a v a i l a b l e . The a - h e l i c a l s t ructures undergo l i t t l e or no 
unfold ing . The water molecules move i n the d i r e c t i o n of decreas
ing vapor pressures, g iv ing r i s e to i ce c r y s t a l formation. When 
the system i s thawed, the water molecules turn to l i q u i d water and 
return to the v i c i n i t y of the prote in aggregates. Rehydration of 
the pro te in molecules i s incomplete however, because the p ro te in -
water a f f i n i t y i s equal to or less than the p ro te in -pro te in 
a f f i n i t y . 

I f there i s a cryoprotectant (with two or more funct ional 
groups) i n the system p r i o
molecules may bind or associa t
the funct ional groups e i t he r by i o n i c bonds or by hydrogen bonds. 
Thus each pro te in molecule i s coated wi th cryoprotectant . The 
cryoprotectant molecule can be hydrated at the remaining free 
funct ional groups to form a hydrated "protein-cryoprotectant com
p l e x " . When the system i s f rozen, some of the water molecules 
freeze out but some remain s t i l l attached to the cryoprotectant . 
The pro te in molecules are prevented from contact ing and aggre
ga t ing . In case the cryoprotectant i s mul t i func t iona l (more than 
one p o s i t i v e or negative group), i t w i l l a l t e r the p o s i t i v e (or 
negative) charge on the prote in molecule thereby forming nega
t i v e l y (or p o s i t i v e l y ) charged prote in-cryoprotectant complexes 
which have a mutually repu ls ive force . These complexes may 
r e s i s t loses o f water molecules located between the prote in 
molecules (Figure 9 ) . 

D i - , t r i - and polyhydroxy compounds, such as g l y c e r o l , 
sugars and s o r b i t o l have been assumed to work by the same p r i n 
c i p l e as above, but t h i s w i l l be discussed l a t e r . 

Unfolding o f g lobular prote ins and subuni ts . Data on frozen 
storage o f HMM, a c t i n and sarcoplasmic enzymes have led us to 
propose that denaturation involves unfolding o f the pro te in chain 
based on a decrease i n enzymatic a c t i v i t y (myosin, HMM, and 
sarcoplasmic enzymes), polymerizing a b i l i t y (ac t in ) and f i lament 
forming proper t ies (myosin) (82,99,113-116,122). 

To account for such changes, the author and his colleagues 
have proposed that these g lobular proteins denature through un
f o l d i n g during frozen storage by the fo l lowing process (Figure 
10) . The na t ive conformation o f the g lobular molecules i s main
ta ined l a r g e l y by the in t ramolecular nonpolar bonds which have 
r e su l t ed from the thermodynamic balance consequence between the 
two systems, namely, 1) folded protein-water and 2) unfolded 
protein-water . In the f i r s t system, the nonpolar groups on the 
polypeptide backbone are or iented inward so as to avoid contact 
wi th the water phase. In the second system, some of the nonpolar 
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groups are projected to the in te r face wi th water forming or iented 
s t ructures or c lu s t e r s o f molecules (9,12,185,186). In the 
unfrozen s t a t e , the former system i s more favorable . I f the 
system i s f rozen, the water molecules surrounding the prote in are 
d isp laced to form i ce c r y s t a l s and the balance i n system one may 
be sh i f t ed i n favor o f a balance between the two systems, 1) 
folded pro te in wi th poor hydration and 2) unfolded prote in wi th 
poor hydra t ion. Now the thermodynamic fac tor i s i n favor o f the 
second system and the prote in molecules are unfolded. The nat ive 
conformation i s impaired and the s i t e of enzymatic a c t i v i t y i s 
d i s rupted . 

When cryoprotectant molecules are present, p r i o r to f reez
i n g , some o f them may be associated wi th or bound to the pro te in 
molecules. This r e su l t s i n an increased hydration of the pro te in 
molecules and an increase
water even when the syste
i n hindering unfolding of the pro te in molecules which would r e s u l t 
i n aggregation (Figure 10). 

Cryoprotectants as water s t ruc ture modif iers 

Current theor ies regarding the mechanism of cryoprotectant 
ac t ion appear to emphasize t h e i r r o l e as modifiers of water 
s t ruc ture which then in t e r f e re wi th formation of and growth of 
i c e c r y s t a l s (9,12,185,186). The present view of the author 
appears, therefore , ra ther r a d i c a l . However, as far as the pro
posed mechanism fo r ac t ion of sodium glutamate and other i o n i c 
compounds are concerned, there are several facts which ind ica te 
that sodium glutamate i s bound to p ro te ins . When mixtures o f 
carp actomyosin and sodium glutamate were centr ifuged at 50,000 
rpm, a considerable amount of sodium glutamate sedimented wi th 
actomyosin (187). In a d i f f e r e n t i a l thermal ana lys i s o f a system 
wi th sodium glutamate added to cod mince, the amount of water 
frozen out was as much as i n the cont ro l mince, whi le a system 
wi th glucose added exh ib i t ed a decrease i n the freezable water 
(188). Sodium glutamate promotes ge la t ion of actomyosin s o l u 
t ions on standing at 40°C (189). E lec t ron microscopic p ic tures 
o f carp actomyosin stored frozen wi th sodium glutamate exh ib i ted 
s t r a i g h t s t retched f i l aments , whi le those without glutamate 
showed randomly curved fi laments (72). The author, therefore , 
does not accept the water s t ructure modif ier hypothesis proposed 
to expla in the ro l e of sugars and pplyalcohols as being a p p l i 
cable to sodium glutamate. Warner has suggested (190) to the 
author that the ro l e of glutamate and other amino acids might be 
accounted fo r by h is hexagonal l a t t i c e theory (191 ) on water 
s t ruc tu re . This theory might be v a l i d for the mono-amino mono-
ca rboxy l i c amino acids but binding wi th prote in appears to occur 
wi th sodium glutamate. 
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Figure 10. A schematic model of denaturation of globular proteins during frozen 
storage and its prevention by cryoprotectants. The case with dianionic cryopro

tectants is illustrated. 
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Summary 

Denaturation o f proteins plays the major ro l e i n the de
t e r i o r a t i o n o f the food q u a l i t y of meats of beef, pork, poul t ry 
and f i s h during frozen storage. Current understanding of the 
behavior of the muscle proteins during frozen storage has been 
reviewed wi th emphasis on the muscle proteins of f i s h which are 
the most suscept ib le to frozen storage among the muscle proteins 
o f animal o r i g i n . 

I t has been known for a long time that denaturation of acto
myosin, the main cons t i tu ten t o f the m y o f i b r i l , occurs during 
frozen storage. Recent s tudies have shown that f reezing and 
frozen storage denature a c t i n and myosin, the component proteins 
of the actomyosin complex, and HMM and LMM, the subunits of myo
s i n . The enzymes of th
tu r a t i on during frozen

Denaturation of myosin and actomyosin has so fa r been as
c r ibed to in termolecular aggregation, but recent inves t iga t ions 
have shown that in t ramolecular transconformation, the unfolding 
of the polypeptide cha ins , occurs i n g lobular proteins and i n 
subunits wi th g lobu la r s t ruc tu res . 

Denaturation during storage at sub-zero temperatures may be 
minimized by use o f su i t ab le c ryopro tec t ive agents which include 
several f ami l i e s of compounds. 

The mechanisms o f denaturation during frozen storage and o f 
the c ryopro tec t ive effects have been discussed and a hypothet ical 
model has been presented. 
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Preservation of Enzymes by Conjugation with Dextran 

J. JOHN MARSHALL 
Department of Biochemistry, School of Medicine, P.O. Box 520875, 
University of Miami, Miami, FL 33152 

Many enzymes are glycoprotein in nature and there is 
evidence to suggest that the carbohydrate in such conjugated 
enzymes exerts a s tab i l iz ing effect on what would otherwise be 
less stable proteins (1). The mechanism of s tabi l iza t ion by 
carbohydrate is not understood and it may well be that the effect 
of carbohydrate on stability does not represent its primary 
function in glycoprotein enzymes. However, the observation that 
carbohydrate-containing enzymes are often more stable than 
carbohydrate-free enzymes led the author and his colleagues to 
consider the poss ib i l i ty of s tab i l i z ing enzymes by attachment of 
carbohydrate to them. By this approach it was hoped to obtain 
modified enzymes with improved storage stability, superior 
ac t iv i ty under adverse conditions of use, resistance to the 
action of naturally-occurring enzyme inhibi tors , and otherwise 
more favorable characteristics. Such tailor-made enzymes would 
be expected to be of value in foodstuff processing and for 
industrial enzyme-catalyzed conversion processes, as well as 
having applications as analytical and diagnostic reagents with 
extended shelf l i ve s . Enzymes modified by attachment of 
carbohydrate might conceivably be o f greater usefulness than the 
corresponding unmodified enzymes for medicinal purposes ,  inc lud ing 
enzyme therapy of metabolic d i so rders . 

In t h i s a r t i c l e the preparation of one c lass of carbohydrate-
enzyme conjugates, prepared by attachment of dextran to enzymes, 
i s described i n some d e t a i l and the proper t ies of enzymes modified 
i n t h i s way are discussed. The molecular basis of enzyme s t a b i l i 
za t ion by coupling wi th dextran i s a l so considered. 

Synthesis of Soluble Dextran-Enzyme Conjugates 

There are many methods fo r cova len t ly l i n k i n g carbohydrate to 
enzymes, most o f these having been developed for immobi l iza t ion of 
enzymes on in so lub le polysaccharide supports (2.). For our work we 
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se lec ted one o f the most widely used coupling methods, that 
i n v o l v i n g i n t e r a c t i o n of enzymes with cyanogen bromide-activated 
polysaccharides (3 ) , and adapted t h i s procedure to make i t 
su i t ab l e for the synthesis of so luble dextran-enzyme conjugates. 

I n i t i a l e f fo r t s to ac t iva te so luble dextran with cyanogen 
bromide under condi t ions s i m i l a r to those used i n the case of 
in so lub le polysaccharides ( c e l l u l o s e , agarose, c r o s s - l i n k e d 
dextran) p r i o r to enzyme immobi l i za t i on , resu l ted i n rap id and 
i r r e v e r s i b l e p r e c i p i t a t i o n o f the polysacchar ide , presumably as 
a r e s u l t of the c r o s s - l i n k i n g s ide react ions that are known to 
take place during cyanogen bromide a c t i v a t i o n (i). I t was, 
therefore , necessary to develop su i t ab l e condit ions fo r production 
of so luble ac t iva ted dextran. The factors that are most important 
i n determining the s o l u b i l i t y behavior during a c t i v a t i o n are the 
concentrations o f dextra
a c t i v a t i o n r e a c t i o n , an
being ac t iva ted (5) . In p a r t i c u l a r , the amount of cyanogen 
bromide used must be s u b s t a n t i a l l y lower than that used for 
a c t i v a t i o n o f in so lub le polysacchar ides ; amounts of cyanogen 
bromide greater than 0.5 gram per gram of polysaccharide almost 
i n v a r i a b l y r e s u l t i n p r e c i p i t a t i o n . An appropriate concentrat ion 
of polysaccharide i s about 10 mg/ml. The observation that the 
s u s c e p t i b i l i t y to p r e c i p i t a t i o n depends on the molecular weight 
of the dextran being ac t iva ted i s not s u r p r i s i n g ; whi le dextran 
of molecular weight 40,000 remains so luble on a c t i v a t i o n wi th 
cyanogen bromide used at a concentrat ion o f 0.5 gram per gram of 
polysacchar ide , a dextran o f molecular weight 2,000,000 p r e c i p i 
tates under the same cond i t ions . Less than 0.4 gram o f cyanogen 
bromide per gram of polysaccharide must be used for a c t i v a t i o n i n 
the case of the l a t t e r polysacchar ide . Accord ing ly , we have 
rou t ine ly used the lower molecular weight dextran and a cyanogen 
bromide concentrat ion of about 0.5 gram per gram of polysaccharide. 

A conjugate o f Bacillus amyloliquefaeiens α-amylase wi th 
dextran was success fu l ly prepared by d i r e c t add i t ion o f the 
α-amylase to a s o l u t i o n o f ac t iva ted dextran (6 ) . In te rac t ion o f 
the enzyme wi th ac t iva ted dextran under condi t ions s i m i l a r to 
those used for synthesis of i n so lub le polysaccharide-enzyme 
conjugates (pH 9 .0 , 4°C for 22 hours) resu l ted i n good re ten t ion 
of enzymic a c t i v i t y and good coup l ing . However attempts to 
prepare dextran conjugates o f other enzymes (e.g. t ryps in ) i n the 
same way resu l ted i n rap id and extensive loss o f enzymic a c t i v i t y 
during conjugation. S i m i l a r i n a c t i v a t i o n took place when the 
enzymes were added to a s o l u t i o n o f ac t iva ted dextran to which 
excess g lyc ine had been added to block a l l imidocarbonate 
funct ional groupings i n the ac t iva ted polysacchar ide . This 
observation ind ica ted that enzyme i n a c t i v a t i o n was caused by 
by-products o f the a c t i v a t i o n r e a c t i o n , ra ther than by coupling 
per se, and pointed to the necessi ty of removing such by-products 
p r i o r to coupl ing . When coupl ing enzymes to in so lub le 
polysacchar ides , removal of by-products o f the a c t i v a t i o n reac t ion 
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can be achieved simply by washing the inso lub le ac t iva ted c a r r i e r , 
but t h i s approach i s obviously unsuitable when the ac t iva ted 
polysaccharide i s so lub l e . The a l t e r n a t i v e methods include 
p r e c i p i t a t i o n o f the ac t iva ted polysaccharide wi th organic sol vent , 
gel f i l t r a t i o n (although t h i s manipulation might r e s u l t i n losses 
of ac t iva ted polysaccharide by reac t ion with the gel matrix) o r , 
p re fe rab ly , a short period o f d i a l y s i s . While the p u r i f i c a t i o n 
step i s not always necessary as , fo r example, i n the case of 
Bacillus amyloliquefaciens α-amylase mentioned above, d i a l y s i s of 
the ac t iva ted polysaccharide against water for 2 hours i s 
r ou t i ne ly performed before add i t ion of the enzyme to be coupled. 

Se lec t ion o f condi t ions for the coupling reac t ion has repre
sented one o f the greatest problems to be overcome. I t i s 
impossible to genera l ize regarding the optimum coupling cond i t ions . 
I n i t i a l l y , the condi t ion
employed for l i n k i n g enzyme
pH 9 .0 , 4 C for 22 hours, and using these condi t ions (hereafter 
refer red to as standard condi t ions) s a t i s f a c t o r y r e su l t s were 
obtained with several o f the enzymes we attempted to conjugate. 
However, a number o f enzymes, i nc lud ing G-amylase, glucoamylase 
and ca ta lase , f a i l e d to conjugate s a t i s f a c t o r i l y under such 
cond i t i ons , e i t h e r g iv ing unacceptably low re ten t ion o f a c t i v i t y , 
or not being s u f f i c i e n t l y we l l coupled. The condi t ions fo r 
conjugating enzymes with cyanogen bromide-activated polysaccharides 
were therefore inves t iga ted i n d e t a i l , wi th p a r t i c u l a r a t t en t ion 
to the l a t t e r three enzymes. The most important factors to be 
taken in to considera t ion appear to be the du ra t ion , temperature 
and pH of the coupl ing r e a c t i o n . The ef fec t that va r i a t ions i n 
temperature and durat ion o f coupling may have on the production 
of a conjugated enzyme may be i l l u s t r a t e d by the case of 3-amylase 
(2). I n i t i a l attempts to prepare a 3-amylase-dextran conjugate 
under standard condi t ions resu l ted i n poor re ten t ion of enzymic 
a c t i v i t y , although nearly complete coupling was obtained. A study 
of the time course of conjugation showed an i n i t i a l r ap id loss o f 
a c t i v i t y , followed by a slower loss o f a c t i v i t y l a t e r i n the 
r eac t i on . However, when conjugation was c a r r i e d out fo r a short 
period o f time to minimize a c t i v i t y l o s s , very poor coupling was 
achieved. When reac t ion was performed at a higher temperature 
(22°C) the i n i t i a l ra te o f a c t i v i t y loss was s l i g h t l y greater than 
the rate of a c t i v i t y loss at 4°C. However, the e f f i c i e n c y of 
coupling at 22°C i s very much greater than at 4 C. Thus, reac t ion 
at 4°C for 4 hours resu l ted i n 70% re tent ion of a c t i v i t y but the 
extent of coupling was only 15%; conjugation at 22 C for the same 
length of time resu l ted i n re ten t ion o f 50% a c t i v i t y and the extent 
of coupling was 95%. The s t a b i l i t y propert ies o f dextran-enzyme 
conjugates are a l so affected by the durat ion and temperature o f 
the conjugation reac t ion (vide infra). 

Attachment of enzymes to ac t iva ted in so lub le polysaccharides 
i s r ou t ine ly c a r r i e d out at pH 9 .0 , and t h i s pH has been found 
to be su i t ab l e for synthesis o f most so luble dextran-enzyme 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



128 C H E M I C A L DETERIORATION OF PROTEINS 

conjugates. Glucoamylase has, however, proven to be an except ion. 
I n i t i a l attempts to conjugate the l a t t e r enzyme wi th cyanogen 
bromide-activated dextran gave r e su l t s that were v a r i a b l e , but 
never s a t i s f a c t o r y i n terms of coupling e f f i c i e n c y . Thus, between 
5 and 20% of the enzyme was usua l ly coupled under standard 
cond i t ions . Inves t iga t ion of factors that might a f fec t the 
e f f i c i e n c y o f coupling showed pH to be o f considerable importance, 
e f f i c i e n t conjugation only being achieved by i n t e r a c t i o n of the 
enzyme with ac t iva ted dextran at pH values s u b s t a n t i a l l y lower 
than pH 9 .0 . At pH 5 .0 , for example, complete conjugation could 
be obtained. Our s tudies on glucoamylase-dextran conjugates are 
con t inu ing , using the l a t t e r pH rou t ine ly for t h e i r syn thes i s . 
The p o s s i b i l i t y i s being inves t iga ted that the low pH required 
fo r coupl ing o f glucoamylase wi th ac t iva ted dextran r e f l e c t s that 
conjugation does not tak  plac  through l y s i n  residue  i  th
enzyme, but ra ther tha
lower pK a value than th  group  l y s i n  ( h i s t i d i n e ? ) 
i s involved i n the process. The e f fec t o f pH on the coupl ing o f 
catalase to dextran i s less marked but , aga in , be t ter r e su l t s are 
obtained when coupling i s c a r r i e d out under s l i g h t l y less a l k a l i n e 
condi t ions (pH 6-8) than normally used (5). The coupling 
e f f i c i e n c y at pH values i n the range 6-10 i s s i m i l a r , but greater 
re ten t ion of a c t i v i t y i s obtained at lower pH (80% at pH 7.0) 
than at higher pH values (45% at pH 9 .0 ) . Below pH 6 .0 , the 
coupling e f f i c i e n c y decreases s u b s t a n t i a l l y . 

Our present approach i n the preparat ion of new dextran-enzyme 
conjugates i s i n i t i a l l y to t e s t the standard cond i t ions . I f such 
condi t ions do not give s a t i s f a c t o r y r e s u l t s , e i t h e r i n terms o f 
re ten t ion o f a c t i v i t y or extent o f conjugat ion, the e f fec t o f the 
three important parameters, pH, temperature and durat ion o f 
reac t ion are then inves t iga ted to e s t ab l i sh appropriate condi t ions 
fo r coupl ing . In some cases i t has a l so been found useful to 
examine the e f fec t o f these var iab les on the s t a b i l i t y character
i s t i c s and other propert ies o f the r e s u l t i n g dextran-enzyme 
conjugates. 

In ea r ly s tudies i t was observed that i n s o l u b i l i z a t i o n o f 
conjugated enzyme preparations tended to take place on storage at 
co ld room temperature; i n a d d i t i o n , l y o p h i l i z a t i o n sometimes gave 
products that d id not r e d i s s o l v e . I t was recognized that the 
i n s o l u b i l i z a t i o n was probably due to c r o s s - l i n k formation, and 
t h i s problem has been overcome by adding to conjugation mixtures , 
a f te r reac t ion for an appropriate length o f t ime, excess o f an 
amino compound {e.g. g lyc ine ) to block reac t ive imidocarbonate 
groupings that do not become involved i n polysacchar ide-prote in 
l inkages . When t h i s step i s i nc luded , the s o l u b i l i t y propert ies 
o f the r e s u l t i n g conjugated enzyme prepara t ions , during storage or 
l y o p h i l i z a t i o n , remain s a t i s f a c t o r y (5) . 

Tests fo r extents o f coupl ing are conveniently c a r r i e d out 
by molecular-s ieve chromatography of conjugated enzyme preparations 
on appropriate gel columns, and comparison of the e l u t i o n 
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c h a r a c t e r i s t i c s wi th those o f a mixture o f the corresponding free 
enzyme and polysacchar ide . Conjugation i s ind ica ted by e l u t i o n of 
the enzyme, together wi th dextran, at a smal ler e l u t i o n volume 
than that o f the unmodified enzyme. This procedure a lso serves 
to remove traces o f res idual free enzyme p r i o r to cha rac te r i za t ion 
of the propert ies of a conjugated enzyme. In an e f f o r t to 
s i m p l i f y the process of i s o l a t i n g dextran-enzyme conjugates and 
the measurement o f extents o f conjugation a f te r react ion of 
enzymes with ac t iva ted dextran, we developed a process based on 
the use o f Concanavalin A-Sepharose (2). Enzyme-dextran conjugates 
bind to the adsorbent but unmodified enzymes do not . Washing wi th 
methyl α-D-glucoside releases conjugated enzyme. This procedure 
i s , o f course, only app l icab le i n cases where the enzyme being 
modified i s , i t s e l f , carbohydrate-free. Gel e lec t rophores is 
under denaturing condi t ion
dodecyl su l fa te and 2-mercaptoethanol
determine whether coupling has taken p lace . Conjugated enzyme i s 
unable to penetrate the g e l , presumably because o f i t s high 
molecular weight , whereas nat ive enzyme migrates i n the gel 
according to molecular weight , as expected. 

Table I shows a comparison o f the condi t ions fo r coupling of 
enzymes to so luble and inso lub le polysacchar ides . 

By using the approaches described we have been able to 
prepare success fu l ly dextran conjugates o f a va r i e ty o f enzymes 
of d i f f e r en t types. These include α-amylase, 3-amylase, g luco
amylase, r ibonuclease , t r y p s i n , chymotrypsin and ca ta lase . In 
a l l cases we have obtained conjugated enzymes containing 50% or 
more o f the a c t i v i t y o f the corresponding unmodified enzyme; i n 
the case o f glucoamylase and ribonuclease the recovery was i n the 
region o f 90-100%. The only enzyme we have not managed to 
conjugate s a t i s f a c t o r i l y i s lysozyme. While we can achieve 
coup l ing , conjugated lysozyme preparations made under a va r i e ty 
of condi t ions have a l l proven to be enzymical ly i n a c t i v e . 

Properties of Synthetic Dextran-Enzyme Conjugates 

We have examined i n d e t a i l the propert ies o f the conjugated 
enzymes we have synthesized. The r e su l t s of carbohydrate a t tach
ment may be i l l u s t r a t e d by consider ing t y p i c a l proper t ies that 
are changed by the modi f ica t ion process, with appropriate i l l u s 
t r a t i ons from the range of conjugates we have prepared and 
charac te r ized . 

Heat Stability. Most o f the conjugated enzymes have been 
found to have improved res is tance to heat i n a c t i v a t i o n , the 
magnitude of the s t a b i l i z a t i o n varying from moderate to very 
marked. Two amylase conjugates e x h i b i t the greatest extent of 
s t a b i l i z a t i o n (10). Thus Bacillus amyloliquefaciens α-amylase 
has a h a l f - l i f e o f 2.5 mi η a t 65°C; i t s dextran conjugate has a 
h a l f - l i f e of 63 mi η under the same cond i t ions . Sweet-potato 
3-amylase has a h a l f - l i f e at 60°C o f 5 min; i t s dextran conjugate 
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has a h a l f - l i f e under these condi t ions of 175 min ( F i g . 1 ) . I t 
has become apparent that the degree o f s t a b i l i z a t i o n conferred 
upon an enzyme by conjugation wi th dextran i s affected by the 
coupling condi t ions used. Thus, when 3-amylase in te rac t s wi th 
ac t iva ted dextran at 22 C the s t a b i l i t y increases wi th coupling 
time i n a manner p a r a l l e l i n g the extent of conjugat ion, magimum 
s t a b i l i t y being achieved a f te r coupl ing for 4 hours. At 4 C, 
maximum s t a b i l i t y of the i s o l a t e d 3-amylase-dextran conjugate does 
not appear to be achieved even a f t e r coupling fo r 22 hours. The 
only enzyme we have not s t a b i l i z e d against heat i n a c t i v a t i o n i s 
glucoamylase, i t s e l f a very s tab le fungal glycoenzyme, the 
s t a b i l i t y c h a r a c t e r i s t i c s o f the modified enzyme being i d e n t i c a l 
to those of the nat ive enzyme. 

Proteolytic Degradation. Two examples serve to i l l u s t r a t e 
the e f fec t o f polysaccharid
enzymes to p r o t e o l y s i s
chymotrypsin; the second i s degradation o f r ibonuclease by pepsin. 
Incubation of t r y p s i n at 37°C and pH 8.1 i n the presence o f 
calcium resu l t s i n a u t o l y t i c d iges t ion wi th a loss of 90% of i t s 
enzymic a c t i v i t y i n 2 hours; the dextran conjugate of t r y p s i n i s 
e s s e n t i a l l y completely s tab le under these condi t ions ( F i g . 2) (1J ) . 
S i m i l a r r e su l t s are found wi th chymotrypsin. I t has long been 
known that r ibonuclease i s suscep t ib le to i n a c t i v a t i o n by pepsin 
(12); the dextran conjugate o f r ibonuclease i s , however, 
appreciably more s table than the na t ive enzyme ( F i g . 3 ) . We are 
present ly i nves t i ga t i ng the e f fec t o f the carbohydrate i n the 
r ibonuclease-dextran conjugate on the s i n g l e p r o t e o l y t i c cleavage 
of t h i s enzyme by s u b t i l i s i n (13). 

Removal of Co factors. A number o f enzymes are unstable i n 
the absence o f metal - ion cofac to rs ; one such enzyme i s α-amylase 
(14). On removal of e s sen t i a l calcium from α-amylase, the enzyme 
unfolds and i s genera l ly i r r e v e r s i b l y i n a c t i v a t e d , the 
i n a c t i v a t i o n being ascr ibed to cleavage o f the unfolded enzyme by 
the traces o f p r o t e o l y t i c enzymes that are usua l ly present even 
i n h igh ly p u r i f i e d α-amylase preparations (14). We have examined 
the e f fec t of conjugation on the i n a c t i v a t i o n of Bacillus 
amyloliquefaciens α-amylase i n the presence o f EDTA. The 
conjugated enzyme i s markedly more s tab le than i s the nat ive 
enzyme. However, i t i s not poss ib le to say whether the e f fec t i s 
due to stronger binding o f calcium by the conjugated enzyme than 
by the nat ive enzyme, or whether i t i s an e f fec t on the 
p r o t e o l y t i c degradation s tep. The l a t t e r s i t u a t i o n could a r i s e 
as a r e s u l t o f modi f ica t ion o f the amylase, or modi f ica t ion o f 
the contaminating protease, or both. We have been unable to 
d i s t i n g u i s h between these p o s s i b i l i t i e s by studying the 
p ro teo lys i s of the amylase d i r e c t l y because the enzyme i s 
r e s i s t a n t to exogenous proteases i n the presence o f calcium ions . 

Effect of Protein Dénaturants. Most of the conjugated 
enzymes we have prepared show greater res is tance to i n a c t i v a t i o n 
than do the corresponding nat ive enzymes when t reated with pro te in 
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Figure 1. Heat inactivation (60°C) of sweet potato β-amylase (Φ) and its dex
tran conjugate (O). 
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Figure 2. Autolysis of trypsin (Φ) and trypsin-dextran conjugate (O) at pH 8.1 
and 37°C. 
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d é n a t u r a n t s such as urea or sodium dodecyl s u l f a t e . This 
s i t u a t i o n holds i n the case of p r o t e o l y t i c enzymes such as 
t r y p s i n , where both unfolding and au to ly s i s are l i k e l y to be 
involved i n the denaturation process, and i n the case of non-
p r o t e o l y t i c enzymes {e.g. amylase, r ibonuclease) where only 
unfolding i s invo lved . Thus, t r y p s i n i n 8M urea loses 60% of i t s 
a c t i v i t y i n 2 hours; t ryps in-dext ran conjugate loses less than 
10% o f i t s a c t i v i t y under the same cond i t ions . In the presence 
of 8M urea and 5 mM 2-mercaptoethanol, nat ive t r y p s i n loses a l l 
o f i t s a c t i v i t y instantaneously but the conjugated enzyme re ta ins 
60% o f i t s a c t i v i t y a f te r 2 hours under these condi t ions ( F i g . 4 ) . 

In add i t ion to showing improved s t a b i l i t y i n the presence of 
pro te in d é n a t u r a n t s , we have a lso found dextran-conjugated 
enzymes to show improved a c t i v i t y i n the presence o f such agents. 
For example, i n the absenc
inac t i ve i n 8M urea; unde
disp lays 50% of the a c t i v i t y measured i n the absence of urea (VI) . 

Effect of Carbohydrate on Enzyme-Substrate Interaction. Since 
many of the enzymes we have conjugated wi th dextran have 
macromolecules as t h e i r natural subs t ra tes , we recognized that the 
conjugation process might r e s u l t i n unfavorable s t e r i c 
in te rac t ions that would impair the a b i l i t y o f the enzymes to 
i n t e r a c t wi th such subs t ra tes , i n the same way that attached 
carbohydrate affects the s u s c e p t i b i l i t y of the conjugated enzymes 
to p r o t e o l y t i c a t tack . We have therefore inves t iga ted the e f fec t 
of carbohydrate on the i n t e r a c t i o n of conjugated enzymes wi th 
substra te . 

I t i s not poss ib le to genera l ize regarding the e f fec t carbo
hydrate has on enzyme-substrate i n t e r a c t i o n ; the e f fec t var ies 
from enzyme to enzyme. In the case o f r ibonuclease ac t ing on 
r i bonuc l e i c a c i d , there i s no change i n the Km value of the enzyme 
for r i b o n u c l e i c ac id a f te r conjugat ion, suggesting that dextran 
does not i n t e r f e re wi th the a b i l i t y of r ibonuclease and i t s 
substrate to combine. S i m i l a r r e su l t s were found i n the case o f 
Bacillus amyloliquefaciens α-amylase ac t ing on s t a r c h , and i n the 
case of t h i s enzyme i t was poss ib le to obtain fur ther evidence 
for the lack o f any e f fec t o f attached carbohydrate on enzyme-
substrate i n t e r a c t i o n (6) . Thus s ince α -amylase , during the 
complete degradation of s t a r c h , acts on substrate molecules of 
d i f f e r en t s i z e s , namely polysaccharide i n the ea r ly s tages, 
megalosaccharides during the intermediate stages, and small 
o l igosacchar ides i n the l a t e r stages o f r e a c t i o n , i t might be 
expected that any hindrance o f the enzyme to i n t e r a c t i o n with 
macromolecular substrate would be r e f l ec t ed i n a d i f f e r en t time 
course of hydro lys i s by the nat ive and conjugated enzymes. Such 
a di f ference was not observed, the production o f reducing sugars 
from starch by both forms of the enzyme being i d e n t i c a l up to 
80% conversion in to maltose, suggesting that both forms o f the 
enzyme have the same r e l a t i v e a f f i n i t y fo r h igh- and low-molecular 
weight substrate molecules. 
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Figure 3. Inactivation of ribonuclease (Φ) and ribonuclease-dextran conjugate 
on treatment with pepsin at pH 2.4 and 37°C. 
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Figure 4. Inactivation of trypsin (Φ) and trypsin-dextran conjugate (O) at 37°C 
and pH 8.1 in 8M urea and 5mM 2-mercaptoethanol. The broken line shows the 

rate of inactivation of trypsin-dextran conjugate after dextranase treatment. 
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In the case of t r y p s i n , conjugation resu l ted i n re ten t ion o f 
over h a l f the esterase a c t i v i t y , but the a c t i v i t y towards a 
pro te in substrate (casein) was e s s e n t i a l l y completely abol ished 
(1J ) . This i s the most marked e f fec t o f carbohydrate impair ing 
enzyme-substrate i n t e r a c t i o n that we have seen. However, i t 
should be emphasized that preparat ion o f the t ryps in-dext ran 
conjugate was c a r r i e d out under a r b i t r a r i l y chosen condi t ions 
(the standard condit ions we have referred to above). The f ind ing 
that we could prepare dextran conjugates o f other enzymes that 
act on macromolecular substrates ( i n p a r t i c u l a r a- and 3-amylases 
and ribonuclease) without causing such extreme loss of a c t i v i t y 
led us to bel ieve that i t should be poss ib le to synthesize a 
t ryps in-dext ran conjugate r e t a in ing protease a c t i v i t y . Recent 
s tudies on the e f fec t of changes i n coupling parameters have 
ind ica ted that by modi f ica t io
indeed, poss ib le to achiev
s t a b i l i t y p roper t i e s , and at the same time r e t a i n protease 
a c t i v i t y . 

In the case o f glucoamylase, we have a lso seen a marked 
e f fec t o f dextran attachment on the a b i l i t y o f the enzyme to 
i n t e r a c t wi th s t a r c h , although not with maltose. In the case of 
t h i s enzyme, however, we have gone one stage fur ther and 
i n t e n t i o n a l l y t r i e d to e l imina te a l l a c t i v i t y towards the 
macromolecular substrate by su i t ab l e choice o f the coupling 
cond i t ions . The r e su l t s of t h i s work are described i n more 
d e t a i l below. 

Effect of Enzyme Inhibitors. Four of the enzymes we have 
conjugated, namely α-amylase, r ibonuclease , t r y p s i n and 
chymotrypsin are i n h i b i t e d by na tu r a l l y -occu r r i ng proteinaceous 
i n h i b i t o r s . We have compared the e f fec t o f such i n h i b i t o r s on 
the nat ive and conjugated enzymes. In a l l cases we found 
res is tance of the conjugated enzymes to i n h i b i t i o n by the 
respect ive i n h i b i t o r s . Conjugated pancreat ic α-amylase and 
conjugated r ibonuclease are almost completely r e s i s t a n t to 
i n h i b i t i o n by phaseolamin (15) and ra t l i v e r r ibonuclease 
i n h i b i t o r (IS), r e s p e c t i v e l y . Of p a r t i c u l a r i n t e r e s t i s a 
comparison o f the e f fec t of several common t r y p s i n i n h i b i t o r s on 
nat ive and conjugated t r y p s i n (Table I I ) . While nat ive t r y p s i n i s 
e s s e n t i a l l y completely i n h i b i t e d by a l l the i n h i b i t o r s t e s ted , the 
conjugated enzyme i s i n h i b i t e d to a l e s se r extent . The extents 
o f i n h i b i t i o n o f the conjugated enzyme are inve r se ly re la ted to 
the molecular weights of the i n h i b i t o r s used. A more de ta i l ed 
study o f the i n h i b i t i o n o f t r y p s i n and i t s dextran conjugate by 
ovomucoid ( F i g . 5) showed a large proport ion o f the conjugated 
enzyme to be completely r e s i s t a n t to i n h i b i t i o n by t h i s i n h i b i t o r , 
ra ther than a l l molecules being i n h i b i t e d at a slower rate than 
i n the case o f the nat ive enzyme. The res is tance to i n h i b i t i o n 
can be explained i n terms o f s t e r i c in te rac t ions between the 
attached carbohydrate chains and the i n h i b i t o r molecules. Con
s ide r a t i on o f the i n t e r a c t i o n o f i n h i b i t o r s wi th conjugated 
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Figure 5. Inhibition of trypsin (Φ) and trypsin-dextran conjugate (O)by various 
amounts of ovomucoid. 
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t r y p s i n i s re levant to an understanding o f the nature of the 
dextran-enzyme conjugates that have been synthesized {videinfra). 

TABLE II 

I n h i b i t i o n o f Native Trypsin and Trypsin-Dextran 

Conjugate by Protease Inhibi tors '* 

A c t i v i t y remaining (%) 

Bovi ne 
pancreat ic Lima bean Soybean 

t r y p s i n t r y p s i
Enzyme i n h i b i t o

Native 6 6 6 9 

Conjugated 13 24 29 70 

A c t i v i t i e s remaining a f te r treatment o f nat ive or conjugated 
t r y p s i n (0.276 un i t ) wi th t r y p s i n i n h i b i t o r s (5 yg). From Réf. I L 

Dextranase Treatment. Dextranase treatment o f conjugated 
enzymes has been shown to br ing about changes i n at l eas t three 
propert ies o f conjugates, at l ea s t one o f which was unexpected. 
Treatment of a t ryps in-dext ran conjugate with dextranase 
d e s t a b i l i z e d the conjugate as evidenced by i t s rate o f i n a c t i v a 
t i o n i n the presence of 8 M urea and 5 mM 2-mercaptoethanol a f te r 
dextranase treatment ( F i g . 4 ) . The same treatment of the 
conjugated enzyme a l so resu l ted i n an increase i n i t s 
s u s c e p t i b i l i t y to i n h i b i t i o n by ovomucoid, t h i s increas ing from 
30% to 54%. Since attachment of carbohydrate to t r y p s i n causes 
s t a b i l i z a t i o n of the enzyme, i t i s not s u r p r i s i n g to f i n d that 
removal o f the carbohydrate r e su l t s i n d é s t a b i l i s a t i o n . The 
increased s u s c e p t i b i l i t y to i n h i b i t i o n by ovomucoid a f te r 
dextranase treatment can be explained by the removal of 
unfavorable s t e r i c in t e rac t ions that prevent combination o f 
enzyme and i n h i b i t o r . What was su rp r i s i ng was the f ind ing that 
treatment of the bac t e r i a l α -amylase -dex t r an conjugate resu l ted 
i n an increase i n i t s a c t i v i t y o f about 50%. A l i k e l y explanation 
of t h i s phenomenon i s discussed below. 

Specificity and Action Pattern. In the case of some 
amylo ly t i c enzymes we have observed changes i n s p e c i f i c i t y and 
ac t ion pattern a f te r conjugation wi th dextran. Attempts to 
conjugate glucoamylase {vide supra) showed subs tan t ia l losses o f 
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a c t i v i t y towards s t a rch . In order to determine whether t h i s 
e f fec t was a t t r i b u t a b l e to unfavorable s t e r i c in t e rac t ions 
preventing e f f i c i e n t enzyme-substrate contact , or the r e s u l t o f 
enzyme i n a c t i v a t i o n , we assayed the conjugated glucoamylase 
against maltose and found that e s s e n t i a l l y a l l the a c t i v i t y 
towards the l a t t e r substrate was re ta ined . Having es tab l i shed 
the factors that determine the e f f i c i e n c y of conjugat ion, 
p a r t i c u l a r l y the pH o f the coupling reac t ion {vide supra), we 
attempted to e l imina te completely the a c t i v i t y o f glucoamylase 
against i t s macromolecular subs t ra te , s t a rch . Ef for t s to do t h i s 
involved increas ing the carbohydrate:enzyme r a t i o , increas ing the 
s i z e of the dextran to which the enzyme i s coupled, and increas ing 
the durat ion of the coupling r e a c t i o n . The nat ive enzyme acts on 
s tarch about e ight times fas te r than i t does on maltose; conjugates 
prepared by modifying th
maltose as much as ten
change i n substrate s p e c i f i c i t y r e su l t s from conjugation o f 
glucoamylase wi th dextran. While we have not ye t managed to 
e l imina te completely a c t i v i t y towards s t a r c h , c l e a r l y we have 
a l t e red the s p e c i f i c i t y of the enzyme from that o f a po ly
saccharide hydrolase towards that o f an o l igosacchar ide hydrolase. 
A conjugated glucoamylase devoid o f a c t i v i t y towards s tarch could 
have important p r a c t i c a l a p p l i c a t i o n s , fo r example i n the s p e c i f i c 
hydro lys i s o f maltose and other small amylaceous o l igosacchar ides , 
i n the presence o f polysacchar ide . 

We have a l s o , i n the case of bac t e r i a l α-amylase, shown that 
conjugation re su l t s i n a change i n ac t ion pa t te rn . Thus, equal 
a c t i v i t i e s of nat ive and conjugated enzyme, measured i n terms o f 
a b i l i t y to release reducing sugars from s t a r c h , d i f f e r i n t h e i r 
e f fec t on the iodine s t a i n i n g power of the subst ra te . The con
jugated enzyme causes a lower decrease i n iodine s t a in ing power 
than does the nat ive enzyme, at any given extent of h y d r o l y s i s . 
The conjugated enzyme, therefore , appears to be constrained to 
act at l ea s t p a r t l y i n an exo-fashion, rather than i n the 
completely endo-fashion of the nat ive enzyme. I t remains to be 
determined whether a l t e r a t i o n of the coupling condi t ions w i l l 
enable us to convert an endo-acting enzyme completely in to an 
exo-act ing enzyme. 

Miscellaneous. In add i t ion to the e f fec t of conjugation of 
α-amylase on i t s heat s t a b i l i t y , s t a b i l i t y i n d é n a t u r a n t s , and 
s t a b i l i t y on cofactor removal, the attachment of dextran a lso 
r e su l t s i n improved s t a b i l i t y of t h i s a c i d - l a b i l e enzyme at pH 
values below about 5.0. Studies on the dependence of s t a b i l i t y 
of Bacillus amyloliquefaciens α-amylase on pH showed that the 
conjugated enzyme re ta ined 20, 15 and 7% more a c t i v i t y at pH 3 .5 , 
4.0 and 4.5 than d id the nat ive enzyme. 

Many enzymes are known to bind to g l a s s , e s p e c i a l l y when i n 
d i l u t e s o l u t i o n . Common examples of enzymes that demonstrate 
t h i s phenomenon are 3-amylase (17) , t r y p s i n (18) , r ibonuclease 
(T£) and catalase (20). Conjugation of these enzymes with dextran 
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e l iminated or s u b s t a n t i a l l y reduced t h e i r a b i l i t y to bind to glass , 
presumably because o f s h i e l d i n g of the groupings that i n t e r ac t 
wi th glass surfaces by the uncharged, hydroph i l i c carbohydrate 
chains attached at the surface of these enzymes. 

Two "non-effects" of conjugation may a lso be mentioned 
b r i e f l y . In no case does carbohydrate attachment markedly a f fec t 
the p H - a c t i v i t y r e l a t i o n s h i p of any o f the enzymes we have 
conjugated. This observation i s not su rp r i s i ng s ince we have 
always conjugated enzymes wi th uncharged polysacchar ide . I t 
remains to be determined whether attachment of an enzyme to a 
charged polysaccharide affects i t s pH optimum. 

We reasoned that coupling of polysaccharide to a c h l o r i d e -
dependent mammalian α-amylase might a f fec t the dependence o f the 
enzyme on ch lo r ide fo r a c t i v i t y . This reasoning was based on the 
suggestion that ch lo r ide i s an a l l o s t e r i c e f fec tor of mammalian 
α-amylase, serving to conver
i n t e r a c t i o n wi th l y s i n  enzym  (21)
conjugation was c a r r i e d out i n the presence o f c h l o r i d e , the 
enzyme should be conformational ly locked i n i t s most ac t ive form 
i f the e f fec t o f conjugation i s to s t a b i l i z e the t e r t i a r y 
s t ruc ture of the enzyme. However, the nat ive and conjugated 
enzymes were found to show the same dependence on ch lo r ide ions 
fo r a c t i v i t y . This f ind ing suggests that the conjugated enzyme 
s t i l l has enough conformational f l e x i b i l i t y to requi re ch lo r ide 
ions fo r formation o f the most c a t a l y t i c a l l y - e f f i c i e n t 
conformation. 

Fractionation on Sepharose. Chromatography o f a t r y p s i n -
dextran-conjugate preparat ion on Sepharose 4B showed i t to 
cons i s t o f a heterogenous populat ion o f molecules of very high 
molecular weight ( F i g . 6 ) . A comparison o f the propert ies of 
t ryps in-dext ran conjugate "molecules" o f d i f f e ren t s i zes showed 
l i t t l e d i f ference i n p rope r t i e s , wi th the exception o f the 
s u s c e p t i b i l i t y to i n h i b i t i o n by ovomucoid. Highest molecular 
weight f rac t ions were only s l i g h t l y (25%) i n h i b i t e d by t h i s 
i n h i b i t o r ; the lowest molecular weight molecules were i n h i b i t e d 
to the extent of 70%. 

Discussion 

Nature of Soluble Dextran-Enzyme Conjugates. Column chroma
tography of dextran-enzyme conjugate preparations on Sepharose 
( F i g . 6) has shown them to cons i s t o f heterogeneous mixtures o f 
very high molecular weight molecules. The conjugation procedure 
c l e a r l y does not r e s u l t i n formation of products containing one 
molecule of dextran and one molecule o f enzyme. This s i t u a t i o n 
a r i ses because the amount o f cyanogen bromide used i n the a c t i v a 
t i o n step i s s u f f i c i e n t to ac t i va t e many monosaccharide residues 
i n every dextran molecule, and each ac t iva ted dextran molecule 
thus has the a b i l i t y to c r o s s - l i n k polypeptide chains intermolecu-
l a r l y by the i n t e r a c t i o n o f two or more ac t iva ted monosaccharide 
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Figure 6. Sepharose 4B chromatography of trypsin-dextran conjugate (A). The 
sample contained approximately 145 mg dextran and 14 mg of trypsin. Chroma
tography of a mixture containing corresponding amounts of dextran and trypsin 

is shown in B. 
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residues wi th two or more ε-amino groups o f l y s i n e i n d i f f e r en t 
enzyme molecules. In t h i s way macromolecular aggregates cons i s t 
ing o f many enzyme molecules and many dextran molecules are pro
duced during the coupl ing r eac t i on . The enzyme molecules at the 
e x t e r i o r of such aggregates are l i k e l y to be f u l l y a c t i v e . 
However, i t i s easy to envisage the a c t i v i t y of the enzyme 
molecules i n the i n t e r i o r of the aggregates being l a t e n t . Hence 
the explanation o f the apparently cont radic tory r e su l t s obtained 
when studying the bac t e r i a l α -amylase -dex t r an conjugate (6 ) . 
While the nat ive and conjugated enzymes were found to have the 
same 1^ value fo r s t a r c h , the a c t i v i t y o f the conjugated enzyme 
was markedly increased by dextranase treatment. These 
observations are compatible i f the conjugated enzyme contains a 
mixture o f f u l l y ac t ive enzyme molecules (those at the surface) 
and p o t e n t i a l l y ac t ive
of the l a t t e r being completel
conjugated enzyme by dextranase. In a s i m i l a r manner we can 
exp la in the observations regarding the e f fec t o f t r y p s i n 
i n h i b i t o r s on the t ryps in-dext ran conjugate, i n h i b i t o r s being 
unable to penetrate f r ee ly to the enzyme molecules i n the i n t e r i o r 
o f the aggregates, the extents o f i n h i b i t i o n being re la ted to the 
molecular weights o f the i n h i b i t o r s used, and the s u s c e p t i b i l i t y 
to i n h i b i t i o n increas ing a f te r dextranase treatment o f the 
conjugated enzyme ( U ) . 

Mechanism of Stabilization by Dextran. I t i s l i k e l y that the 
s t a b i l i z a t i o n conferred upon enzymes by attachment o f dextran to 
them ar i ses i n a number o f ways. F i r s t l y , the degree o f hydration 
of an enzyme molecule i s probably changed by attachment o f hydro-
phi l i e polysaccharide molecules to i t and i t i s l i k e l y that heat 
s t a b i l i t y propert ies are affected by hydration c h a r a c t e r i s t i c s . 
Indeed, such an explanat ion has been given fo r the s t a b i l i z i n g 
e f fec t o f the carbohydrate i n na tu r a l l y -occu r r i ng glycoprote ins 
(22). The e f fec t of the polysaccharide i n conjugated enzyme 
preparations on conferr ing s t a b i l i t y against p r o t e o l y t i c 
degradation i s probably two- fo ld . In the case o f t r y p s i n auto-
d i g e s t i o n , i t must be recognized that a number of s i t e s where 
t r y p s i n might act are e l iminated by conjugation. Thus, s ince 
l y s i n e residues are involved i n l inkages wi th carbohydrate, 
t r y p s i n ac t ion i s r e s t r i c t e d to a rg in ine res idues . Secondly, 
s t e r i c res is tance to protease ac t ion i s probably a l so i n v o l v e d , 
t h i s presumably representing the major fac tor preventing 
chymotrypsin ac t ion on conjugated enzymes or r ibonuclease 
d iges t ion by pepsin. However, the most important fac tor involved 
i n s t a b i l i z a t i o n o f enzymes by dextran i s the e f fec t of the 
attached polysaccharide on enzyme conformation. Intramolecular 
c r o s s - l i n k i n g o f enzyme molecules i n the macromolecular aggregates 
i s l i k e l y to be caused by reac t ion o f two or more ac t iva ted 
monosaccharide residues i n a s i n g l e dextran molecule wi th two or 
more ε-amino groupings o f l y s i n e i n the same enzyme molecule. 
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The o v e r a l l e f fec t o f such c r o s s - l i n k i n g on pro te in conformation 
i s seen as being s i m i l a r to that of d i s u l f i d e br idges , t h i s 
s i t u a t i o n being apparent from the experiment where the d i s u l f i d e 
bridges o f t r y p s i n and i t s dextran conjugate were reduced wi th 
2-mercaptoethanol i n the presence o f 8M urea. The nat ive enzyme 
l o s t a l l o f i t s a c t i v i t y ins tantaneously; the conjugated enzyme 
reta ined 60% o f i t s a c t i v i t y even a f te r 2 hours under these 
condi t ions ( F i g . 4 ) . However cleavage of the carbohydrate bridges 
by dextranase treatment resu l ted i n marked d é s t a b i l i s a t i o n of the 
conjugated enzyme. Thus c r o s s - l i n k i n g by attached carbohydrate 
c l e a r l y plays an important part i n s t a b i l i z i n g the conformation 
of enzyme molecules. 

We must conclude that whi le we have managed by attachment of 
dextran to endow a number of enzymes wi th improved s t a b i l i t y as 
we p red ic ted , the s t a b i l i z a t i o n r e s u l t i n g from coupling wi th 
dextran i s , for the mos
from those involved i n th
natural g lycopro te ins . In the l a t t e r , there i s usua l ly no c ross -
l i n k i n g o f polypeptide chains by carbohydrate; each carbohydrate 
moiety i s attached to the polypeptide through a s i ng l e l i nkage . 
Nevertheless enzymes modified by the procedure we have developed 
are l i k e l y to have important p r a c t i c a l app l i ca t ions i n biochemical 
technology and medicine (23). 
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Changes Occuring in Proteins in Alkaline Solution 

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

Proteins may be exposed to alkaline conditions during puri
f icat ion procedures, i
step in a processing methodolog
dure developed by Leone (1) for purification of uricase recom
mends the treatment of the crude extract with butanol at 35° and 
pH 10 for up to 18 hours. Carbohydrate chemists use a lka l i 
treatment to distinguish between O-glycosyl linkages of carbohy
drates to serine and threonine residues in proteins and amide 
linkages of carbohydrates to asparagine residues in proteins (2). 
A lka l i treatment has also proved useful in studying structure
-function relationships of glycoproteins such as the active ant i 
freeze glycoproteins from fishes of the Arct ic and Antarctic 
regions (3). In food processing, sodium hydroxide is used for 
peeling of potatoes and peaches, so lubi l iz ing plant proteins, 
neutralizing casein preparations (sodium caseinate), removal of 
toxic constituents such as aflatoxin and protease inhibitors in 
production of texturized foods and vegetable protein whipping 
agents and in preparation of some special Scandinavian fish 
products. Calcium hydroxide i s used i n processing of dough from 
corn fo r t o r t i l l a s . The most common method for obta ining pro te in 
i s o l a t e wi th low nuc le i c ac id content from microbia l c e l l s con
s i s t s o f ex t rac t ing the proteins from mechanically disrupted 
c e l l s wi th concentrated a l k a l i fol lowed by p r e c i p i t a t i o n of the 
extracted proteins at pH 4.5 (4-7J . During storage o f the egg, 
the pH increases from approximately 6.5 to above 9.5 due to loss 
of carbon d ioxide (8) . 

Adverse effects of exposing proteins to a l k a l i n e condi t ions 
are known. As ea r ly as 1913, i t was shown that severely a l k a l i -
t reated casein fed to dogs was e l iminated unchanged i n the feces , 
that i t was not attacked by put re fac t ive bac te r ia and that 
t r y p s i n or pepsin was unable to hydrolyze i t (9 ) . Ten Broeck 
reported that egg albumin t reated wi th 0.5 JN NaOH for 3 weeks at 
37° had no immunological proper t ies (1_0). The ni trogen d i g e s t i 
b i l i t y values o f 0.2 M and 0.5 M NaOH-treated casein (80°C, 1 
h r ) , as determined i n r a t s , was 71 and 47%, r e s p e c t i v e l y , as 

0-8412-0543-4/80/47-123-145$05.00/0 
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compared to 90% for untreated casein (11 ) . The NPU value of 
NaOH-treated soybean proteins i n ra ts was decreased (12). 
Severely a l k a l i - t r e a t e d herr ing meals d id not support normal 
growth i n c h i c k s ; i n fac t some t o x i c effects were observed (13). 
Dispers ing soybean pro te in concentrates wi th sodium hydroxide 
resu l ted i n decreased growth i n lambs (V3). 

Cytomegalic renal l es ions and nuclear enlargement of renal 
tubular c e l l s were observed i n ra ts fed a d i e t o f severely 
a l k a l i - t r e a t e d soybean pro te in (14_) or a d i e t containing up to 3% 
lys inoa lan ine ( l j [ ) . Other workers d id not f i nd such r e su l t s when 
less severely t reated pro te in was fed as 20% of the t o t a l prote in 
and wi th adequate calcium supplementation (12^,16) although ac id 
hydrolysates o f the a l k a l i - t r e a t e d pro te in or d ie t s containing 
ly s inoa lan ine d i d show effec ts i n ra ts (V7) s i m i l a r to those 
observed by Woodard an
condi t ions have not bee
or monkeys (28). Gould and MacGregor (19) have recent ly d i s 
cussed some o f the factors which may account for v a r i a b i l i t y i n 
observations of the e f fec t o f feeding a l k a l i - t r e a t e d p ro te ins . 
As w i l l be discussed l a t e r , the presence of lys inoa lan ine i n 
foods cannot be used as an i n d i c a t o r o f a l k a l i treatment s ince 
lys inoa lan ine has been found i n foods prepared without use of 
a l k a l i (20). 

Reactions i n A l k a l i n e So lu t ion 

In a l k a l i n e s o l u t i o n , proteins are known to undergo the 
fo l lowing types o f reac t ions : (a) denaturat ion, (b) hydro lys i s 
of some peptide bonds, (c) hydro lys i s of amides (asparagine and 
glutamine) , (d) hydro lys i s of a r g i n i n e , (e) some des t ruc t ion of 
amino a c i d s , (f) 3 e l im ina t i on and racemizat ion, (g) formation of 
double bonds and (h) formation of new amino ac id s . 

Denaturation. Proteins are qu i te suscept ib le to denatura
t i o n i n a l k a l i n e so lu t i on because o f decreased s t a b i l i z a t i o n of 
the t e r t i a r y s t ruc ture by e l im ina t i on of e l e c t r o s t a t i c i n t e r 
act ions between carboxylate and protonated amino and guanidinium 
groupings (Equations 1 and 2) and hydrogen bonding between the 
hydroxyl group of ty ros ine and carboxylate groups (Equation 3 ) . 

H 
(1) 

C-C-R + H 90 
/ 2 

NH 2 

(2) 
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0 0 ^ 0 

- C - 0 ® - H - 0 - ( l l - ^ — * -C-OP + + H,0 

H® 

( 3 ) 

Therefore, adding a l k a l i to proteins may accomplish an increased 
s o l u b i l i z a t i o n of the prote in whi le i n the a l k a l i n e s o l u t i o n . 
However, upon adjustment to neutral or a c i d pH, the prote in may 
be less so lub le than o r i g i n a l l y because o f denaturat ion. In 
t e x t u r i z a t i o n of p ro te ins , t h i s denaturation may be an advantage. 
However, i n other cases such as a l k a l i treatment to destroy 
a f l a t o x i n or protease i n h i b i t o r s i t may be a disadvantage. 

Hydro lys i s . Two types o f h y d r o l y t i c react ions occur i n 
proteins a t a l k a l i n e pH
amide bonds and the hydro lys i
bonds are hydrolyzed r a p i d l y i n a l k a l i n e so lu t i on probably as 
shown i n Equation 4 ( 2 1 ) . 

In t h i s r e a c t i o n , an hydroxide ion at tacks the carbonyl group of 
the amide to form an anionic te t rahedral intermediate followed by 
expuls ion o f the -NHR1 moiety. Deamidation o f glutamine and 
asparagine residues leads to a more a c i d i c prote in de r i va t i ve 
that may have changed s o l u b i l i t y and funct ional p roper t i e s . 
A l k a l i treatment a l so leads to loss o f some of the amino acids by 
the processes to be described below. 

In a l k a l i n e s o l u t i o n a rg in ine s lowly decreases and o rn i th ine 
and/or c i t r u l l i n e i s formed probably by the reac t ion shown i n 
Equation 5 . Z i e g l e r e t a l . ( 2 2 } reported that treatment of 
s e r i c i n e wi th 0 . 1 M ̂ COQ at 100°C fo r 6 0 min. l ed to a decrease 
of a rg in ine from 2 5 5 to 2 2 0 vg per gram o f prote in (14% change) 
whi le during the same time there was a decrease i n ser ine from 
3 4 9 to 2 0 6 yg per gram pro te in ( 4 1 % change). Therefore, i t 
appears that ser ine i s less s tab le to a l k a l i treatment than 
a r g i n i n e , at l e a s t i n s e r i c i n e . 

β E l imina t ion and Racemization. There i s some loss of the 
amino acids c y s t i n e , cys t e ine , s e r i n e , threonine, l y s i n e and 
arg in ine during the a l k a l i n e treatment of proteins ( 1 2 , 2 2 - 3 0 ) . 
Unl ike a rg in ine as shown above, loss o f the other amino acids i s 
not due to a hyd ro ly t i c reac t ion but rather to a 3-e l imina t ion 
reac t ion (Equation 6 ) . There i s a l so some racemization o f amino 

Hi 

+ R - C - 0 ® + R ' - N H 2 + Orl® ( 4 ) 
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acids which can be explained by the same 3-e l imina t ion r eac t ion . 

X X * X 
ι ι ^ 
CHR CHR CHR - , CHR 
I 0 I OTJ I II 0 

- - H N - C - C — ^ — H N - C j C — ^ ~ H N - C = C— -> - H N - C - C - + )T (6) U--^=--HIN — L — L — ^ —HIN — 

H ) ( I ) ( I I ) ( I V ) (V) 
Θ 
OH .Ηφ1[ΗΦ 

Η 0 
L-Amino a c i d U M ' }! 
residue - H I M - L - L -

CH
I 

X ( in) 
D-Ami no a c i d 
residue 

In Equation 6, X = H, OH, 0 - g l y c o s y l , O-phosphoryl, -SH, 
-SCH2-R, a l i p h a t i c or aromatic res idue; R = Η or CH3. 

In the case o f racemization a hydrogen can add back to the 
carbanion intermediate ( I I ) to give e i t h e r the D or L amino ac id 
res idue . Racemization o f amino acids residues i n proteins by 
a l k a l i treatment has been known fo r a long t ime. Dakin i n 1912 
(31) observed that proteins d i s so lved i n d i l u t e a l k a l i underwent 
a progressive increase i n s p e c i f i c o p t i c a l ro t a t ion from about 
-80 to - 2 0 ° . He and coworkers a l so observed that the amino ac id 
residues d id not a l l undergo racemization at the same rate which 
has been v e r i f i e d more recent ly (23,32-34). Table I shows the 
r e l a t i v e rates o f racemization of several amino ac id residues i n 
lysozyme, p h o s v i t i n , and ant i f reeze g lycoprote in f r ac t i on 8 as 
determined by g a s - l i q u i d chromatography. I t i s c l e a r the rates 
of racemization vary markedly among the amino acids w i t h i n a 
s i n g l e pro te in ranging from 30% fo r ser ine to 0.09% for leucine 
i n lysozyme and that the rates are s u b s t a n t i a l l y d i f f e r en t among 
proteins as shown by comparing the rates of racemization of 
s e r i n e , threonine and aspa r t i c ac id i n lysozyme and p h o s v i t i n . 
F a c i l i t a t e d 3 e l im ina t i on by having good leaving groups on the 
hydroxyl o f ser ine (phosphoserine i n phosvi t in ) or threonine 
(phosphothreonine i n phosv i t in and glycothreonine i n the a n t i 
freeze g lycoprote in) appears to lead to a smaller percentage of 
racemization because o f competit ion from the react ions leading to 
compound V (Equation 6 ) . 

The r e su l t s shown i n Table I are i n agreement wi th those of 
others i n that the a l i p h a t i c amino acids genera l ly show the 
lowest rates of racemizat ion. These are followed by the basic 
amino a c i d s , the aromatic amino a c i d s , the a c i d i c amino acids and 
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Table I . Racemization of Amino Ac id Residues i n P r o t e i n s 0 ' 

Amino a c i d c Lysozyme d P h o s v i t i n e Anti f reez

(% D-amino ac id) 

Alanine 1.02 0.89 3.56 
Va l ine 0.42 0.00 
Leucine 0.09 1.20 
A l l o - I s o l e u c i n e 0.50 0.45 
Phenylalanine 2.98 3.91 
Tyrosine 2.62 -
P r o l i n e 0.68 1.05 0.06 
Serine 30.1 2.47 
Al lo-Threonine 12.0 5.52 4.87 
A s p a r t i c a c i d 16.2 6.82 
Glutamic ac id 2.82 1.33 
Lysine 0.96 2.61 

a R e f . 34. 

de te rmined by gas chromatography as described i n Reference 35. 

de te rmined a f t e r hydro lys i s of the a l k a l i t reated sample i n 
6 Ν HC1 for 22 hours at 110°C. 

d 3 . 3 mg/ml lysozyme i n 0.5 Ν NaOH for 2.5 hours at 22°C. 
e 3 . 8 mg/ml phosv i t in i n 0.123 Ν NaOH for 30 min. at 60°C. 
f Ant i f reeze g lycoprote in f r a c t i o n 8 at 5 mg/ml i n 0.5 NaOH 

for 21 hrs a t 22°C. 
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the a l i p h a t i c hydroxy amino acids having the fas tes t rate of 3 
e l i m i n a t i o n . Amino ac id residues undergo more rapid racemization 
i n proteins than when f ree . This i s because the e lec t ron densi ty 
of the amino and carboxylate groups of the free amino ac id i n the 
v i c i n i t y of the α-carbon decreases the attack by the hydroxide 
i o n . 

Not a l l e l im ina t ion of hydrogen from the α-carbon of an 
amino a c i d residue leads to racemizat ion. In the case o f s e r i n e , 
threonine , cys t ine and cyste ine intermediate I I can continue v i a 
the pathway o f intermediate IV to give the dehydroamino a c i d ( V ) . 
The requirement fo r t h i s pathway i s that X be a good leaving 
group such as -OH, -SH and -S-CH2-R. Attachment of phosphoryl 
and g lycosy l groups lead to even fas te r ra tes . In a l k a l i s o l u 
t i o n one might expect that phosphate groups would be removed from 
O-phosphoserine-containin  3 
e l i m i n a t i o n . With phosv i t i
of the phosphate group was removed by 3 e l im ina t ion as measured 
by increase i n absorbance at 241 nm due to formation of dehydro-
a lanine (36). Anderson and K e l l e y (37) had postulated as e a r l y 
as 1959 that the mechanism of 3 e l i m i n a t i o n o f the phosphate 
group i n a l k a l i n e s o l u t i o n would fo l low the general mechanism 
ou t l i ned i n Equation 6. 

The e f fec t o f a l k a l i on the degradation of cys t ine has been 
s tudied ex tens ive ly i n both model systems as we l l as i n p ro te ins . 
Three models have been proposed to exp la in the degradation. 
These are: (a) 3 e l i m i n a t i o n , (b) α e l im ina t i on and (c) hy
d r o l y s i s . In 3 e l i m i n a t i o n , the proposed react ions are shown 
i n Equation 7. Therefore, the s toichiometry of the reac t ion i s 
two moles of dehydroalanine, one mole o f elemental su l fu r and one 
mole o f d i s u l f i d e as shown by the o v e r a l l reac t ion (Equation 8 ) . 

HC-CH 2 -S-S-CH 2 -CH + 2 0 H ^ 2 HC=CH2 + S® + S + 2 H 2 0 (8) 

Friedman (38) has proposed that the two hydrogens on the α - ca r 
bons may be e l iminated simultaneously thus leading d i r e c t l y to 
the same f i n a l products. 

In the α - e l i m i n a t i o n mechanism (39) as shown i n Equation 9, 
hydrogen ex t r ac t ion by the base alpha to the su l fu r r e su l t s i n 
formation of a carbanion which may rearrange v i a route à or b9c 
to give cys te ine and a thioaldehyde which decomposes i n a l k a l i n e 
s o l u t i o n to an aldehyde and hydrogen s u l f i d e . Thus, the s t o i c h i 
ometry o f t h i s reac t ion i s (Equation 10): 

Θ 
HC-CH 2 -S-S-CH 2 -C{j + 2 OH + HC-CHg-S 0 + ÎÏC-CH0 + HsP + HgO (10) 

Therefore, the α - e l i m i n a t i o n mechanism alone could not lead to 
formation o f dehydroalanine. 
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The proposed hydro lys i s mechanism (40) shown i n Equation 11 
leads to a f i n a l o v e r a l l s toichiometry o f (Equation 12): 

2[JC-CH 2-S-S-CH 2-CH + 4®0H + 3HC-CH2-S® + HC-CH2-S0® + 2H 20 (12) 

The second molecule of cyste ine and a s u l f i n i e ac id r e s u l t from 
the d i s p r o p o r t i o n a t e of two molecules of a su l f en i c ac id (Equa
t i o n 11). 

Nashef et a l . (41) have c a r e f u l l y studied the s toichiometry 
of products formed from a l k a l i treatment of lysozyme and a - l a c t -
albumin. The s toichiometry was cons is tent wi th the 3 -e l iminat ion 
mechanism and could not be explained by e i t he r the α - e l im ina t i on 
or the hydro lys i s mechanisms. Neither the α - e l imina t ion nor 
hydro lys i s mechanism alone w i l l exp la in the formation of dehydro
alanine and the subsequen
(see below). The 3 -e l iminat io
the products found when kera t in i s t reated i n an a l k a l i n e s o l u 
t i o n conta ining 3 5 S - s u l f i d e (42). The observation that cys t ine 
as the free amino a c i d cannot undergo lan th ionine formation a l so 
favors the 3 -e l iminat ion mechanism (43). In the free amino a c i d , 
the amino group and the carboxylate anion attached to the α-carbon 
atom (see Equations 7, 9, 11) generate a high e lec t ron densi ty 
and prevent the abs t rac t ion of the α-hydrogen atom by base. In 
the presence o f calcium or strontium hydroxide, lan th ionine i s 
formed from the free cys te ine i n d i c a t i n g that the calcium or 
strontium i o n , by complexation, can reduce the e lec t ron charge 
about the α-carbon atom (42). 

The 3 -e l imina t ion reac t ion (Equation 6) i s s en s i t i ve to pH, 
temperature and presence of other ions . Table I I shows the 
e f fec t o f hydroxide ion concentrat ion on the i n i t i a l rate of 3 
e l im ina t i on o f phosphate from phosphoserine i n phosv i t in (36) and 
g lycosy l groups from threonine i n ant i f reeze glycoproteins~T44). 
The i n i t i a l rate i s d i r e c t l y proport ional to hydroxide ion con
cen t ra t ion over the range inves t iga ted . The 3 e l imina t ion of 
g lycosy l groups from threonine i n ant i f reeze g lycoprote in-8 i s 
some 12 times fas te r at 60°C than the rate of 3 e l imina t ion o f 
phosphate groups from phosphoserine i n phosv i t in (Table I I ) . 

Nashef e t a l . (41) a l so reported that the rate of 3 e l i m i n a 
t i o n from cys t ine was d i r e c t l y dependent on hydroxide ion concen
t r a t i o n although the r e l a t i o n s h i p was not l i n e a r perhaps because 
of the complexity o f the reac t ion (Equation 7 ) . Sternberg and 
Kim (20) found the rate o f ly s inoa lan ine formation i n casein to 
be dependent on hydroxide ion concentra t ion. Touloupais and 
V a s s i l i a d i s (45) a l so found the rate of lys inoa lan ine formation 
i n wool to be pH dependent. These workers d id not measure the 
rate o f 3 e l i m i n a t i o n , therefore the rate determining step i s not 
known. These r e su l t s on proteins appear to be i n con t rad ic t ion 
to those of Samuel and S i l v e r (46) who reported that hydroxide 
ion concentrat ion had no e f fec t on the rate of 3 e l im ina t i on from 
free phosphoserine between pH 7 and 13.5 . Because of the e f fec t 
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Table I I . Effec t o f Hydroxide Ion Concentration and 
Calcium Ion on I n i t i a l Rate of 3 E l imina t ion 

of Phosv i t in and Ant i f reeze Glycoprote in-8 (AFGP-8) 

P ro te in [OH

(M Χ ) ( M ) 

AFGP-8 3 0.001 4 . 1 3 b 

0.01 0.614 
0.1 0.570 
1.0 0.226 

50 0.408 

P h o s v i t i n d 

ave = 0.454 (0.647 at 60°C) C 

P h o s v i t i n d 1.74 0.0370 
5.41 0.0514 

12.3 0.0622 (0 .934Γ 
18.7 0.0647 

ave = 0.0538 

Refe rence 44. Performed at 50.0°C i n 0.2 M phosphate-NaOH 
buffers and at 3.70 X 10-5 M AFGP-8. 

u L e f t out o f average. 

C a l c u l a t e d using E a = 9.60 kca l /mo l . 
d Reference 36. Performed at 60.0°C i n KCl-NaOH buffers wi th 

1.0 X 10" 6 to 1.1 Χ Ι Ο " 5 M p h o s v i t i n . Rates corrected to 
i o n i c strength of 0.170. 

e A s i n d except i n presence o f 1.12 mM C a C l ? . 
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of the e lec t ron densi ty of the amino and carboxylate groups on 
3 e l i m i n a t i o n (see above) i n free phosphoserine the r e su l t s 
are not d i r e c t l y comparable. 

3 E l imina t ion from se r ine , threonine and cys t ine i s tempera
ture dependent as shown by the data of Table I I I . The ef fec t of 
temperature (ΔΗΤ) on the i n i t i a l rates of 3 e l imina t ion i s i n the 
increas ing order of removal of g lycosyl groups from glycothre-
onine i n ant i f reeze g lycopro t e in , su l fu r from cys t ine i n GAX 
ovomucoid, phosphoryl groups from phosphoserine i n phosv i t in and 
su l fu r from cys t ine i n lysozyme. Therefore, the environment i n 
the proteins may have more ef fec t on the inf luence of temperature 
on the rate than the type o f group undergoing 3 e l imina t ion 
(compare ΔΗΤ of 13.5 and 23.1 kcal/mol for GAX ovomucoid and 
lysozyme, r e spec t ive ly i n Table I I I ) . 

The rate of 3 e l imina t io
ions present i n the s o l u t i o n
rate o f 3 e l im ina t i on of phosphoserine i n phosv i t in was markedly 
enhanced by the add i t ion o f calcium ch lo r ide (Table I V ) . 
Touloupis and V a s s i l i a d i s (45) reported that sodium phosphate 
enhanced the rate o f formation of lys inoa lan ine i n wool several 
f o l d over that found i n sodium carbonate so lu t ions of equal pH. 
I t i s l i k e l y that the observed ef fec t was on the rate o f 3 
e l im ina t i on rather than the add i t ion r eac t ion . As reported 

Table IV. Effec t o f Calcium Chlor ide Concentration on 
I n i t i a l Rates o f 3 E l imina t ion of Phosv i t in and 

Add i t ion of Lysine to the Dehydroalanine Formed 

CaC1 2 

(M Χ 10 4 ) 

I n i t i a l ra te of 
β - e l i m i n a t i o n 

( M - 1 min" 1 Χ 10 2 ) 

I n i t i a l ra te o f 
add i t ion 

(M" 1 min Χ 10 2 ) 

0 4.74 2.5 
3.36 24.8 1.4 
5.60 43.2 1.9 
8.96 53.8 4.3 

11.2 93.4 6.4 

Refe rence 36. At 60°C, 0.123 Ν NaOH, 5.54 X 1 0 ' 6 M p h o s v i t i n . 

above, F e a i r h e l l e r et a l . (42) found that calcium and s t ron
tium ions permitted the formation of lan th ionine from cys t ine i n 
free form presumably by reduction o f the high e lec t ron densi ty i n 
the neighborhood of the α-carbon. We suspect the same general 
e f fec t i s operat ive i n the case o f calcium ion on the rate of 3 
e l im ina t i on o f phosphoserine i n p h o s v i t i n . The s p e c i f i c ef fec t 
i s to mask the negative charges on the phosphate group thus 
permit t ing the hydroxide ion to abst ract more e a s i l y the hydrogen 
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from the α-carbon (Equation 6 ) . 

Add i t i on React ion. The double bond o f dehydroalanine and 
3-methyldehydroalanine formed by the 3 -e l iminat ion react ion 
(Equation 6) i s very reac t ive wi th nucleophiles i n the s o l u t i o n . 
These may be added nucleophiles such as s u l f i t e (44) , s u l f i d e 
(42) , cys te ine and other su l fhydry l compounds ( 2 0 ,47) , amines 
such as α -Ν-ace ty l l y s i n e (47) or ammonia (48). Or the nucleo
ph i l es may be contr ibuted by the s ide chains of amino ac id r e s i 
dues, such as l y s i n e , cys te ine , h i s t i d i n e or tryptophan, i n the 
pro te in undergoing reac t ion i n a l k a l i n e s o l u t i o n . Some o f these 
react ions are shown i n Figure 1. Friedman (38) has postulated a 
number o f add i t iona l compounds, i nc lud ing stereo-isomers for 
those shown i n Figure 1, as wel l as those compounds formed from 
the reac t ion of 3-methyldehydroalanin  3
threonine) . He has a l s
these new amino a c i d de r iva t ives (38). As pointed out by Friedman 
the stereochemistry can be complicated because of the number o f 
asymmetric carbon atoms (two to three depending on de r iva t ive ) 
poss ib l e . 

Add i t i on to the double bond of dehydroalanine (or 3-methyl-
dehydroalanine) involves nuc l e oph i l i c at tack by compounds con
t a i n i n g S, 0 or NH as shown by Figure 1. The o v e r a l l reac t ion 
may be wr i t t en as shown i n Equation 13 

H 
- - H N - C - C 0 - - - H N - C - C 0 - -

II + R ' - X - H + I (13) 
CHR XCHR 

where R i s H or CH3 and R' may represent the p r o t e i n , the re 
mainder o f the s ide chain of an amino ac id de r iva t ive or H as i n 
H 2 S . 

The rate of add i t ion of protein-bound l y s i n e to dehydro
alanine has been shown to be pH dependent and temperature de
pendent but r e l a t i v e l y independent of i o n i c strength and calcium 
ch lo r ide concentrat ion (36). Because of the n u c l e o p h i l i c nature 
of the add i t i on r e a c t i o n , i t i s not su rp r i s i ng that the i n i t i a l 
rate o f add i t ion should be pH dependent u n t i l a l l the nucleophi le 
i s i n the cor rec t form (unprotonated ε-amino group i n the case o f 
l y s i n e , pK ^ 1 0 . 5 ) . The e f fec t of temperature on the rate of 
the add i t ion reac t ion to dehydroalanine i n phosv i t in i s shown i n 
Table V. I t i s i n t e r e s t i ng tha t , although CaCl2 appears not to 
a f fec t the ra te of the add i t ion reac t ion at 60°C (Table IV), i t 
has a ra ther marked e f fec t on AST. F e a i r h e l l e r et a l . (42) found 
that added calcium and strontium hydroxides permitted lan th ionine 
formation from free c y s t i n e . Touloupis and V a s s i l i a d i s (45) 
reported that the ra te of formation o f lys inoa lan ine i n wool was 
fas te r i n sodium phosphate than sodium carbonate at the same pH 
and temperature. While the rate of 3 e l im ina t i on o f phospho-

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



C H E M I C A L DETERIORATION OF PROTEINS 

NrL NrL 0-C-NrL 

_ I ^ H ' ° - H I J 
H O ^ C ^ HO-C-NH, H H NH NH, NH9 

ι Η ι y \ I / 2 

NH NH u (CH9), —> (CH9), + C=0 

ι ι Λ , I I \ 

(CH2)3 (CH2)3 -H%? —NH-CH-CO— —NH-CH-CO— NH£ 

— N H - C H - C O — î = i —NH-CH-CO— or Λ Ornithine Urea (5) 

Arginine \ * Q 

/ \ 
H H*NH0 

Ί 

(CH2)3 — ( Ç H 2 ) 3 + NH3 

--NH-CH-C0-- « H N - C H - C O - -

Citrul 1 irre 

—HN 

CH 

C0-

S 
I 

CH9 

I 2 

-HN-C-CO-
H 

(Cystine) 

- - H N - C - C 0 - -
II 
CH2 

(Dehydroalanine) 

and 

5 
I 
CH9 

I 2 

-HN-C-CO-
H 

(A persulfide) 

S (sulfur) 

and 

CH2 

-HN—C^-CO--

(Cysteine) 

S® (sulfide) 

and 

CH0 

II 
--HN-C-CO— 

(Dehydroalanine) 

(7) 

H Η 
- H N - C - C O - - H N - C - C O -

HCP^HCH 1 
:CH 

S S 

S —• S 
ι I or 
CH9 I 2 

—HN-C-CO-- --HN-C-CO--
H H 

(Cyttine) - C - C O - -

(Thioaldehyde) 

Ο 
II 
CH 

— H N - C - C 0 - -
H 

(Aldehyde) 

(9) 

Figure 1. New amino acids which may be formed through reaction of a dehydro
alanine residue with internal or external nucleophiles in alkali treated proteins. 
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—HN-C-CO-- --HN-C-CO-- --HN-C-CO-- - - H N — Ç — C 0 - -

CH0 CH, OH0 CH, . CH9 n n 

4OH — * ^ $ { ) 

(a sulfenic acid) (Cysteine) (a sulfinic acid) 

CH2 and 

- - H N - C - C 0 - S 0 

H CH, 

(Cystine) . . H N - C - C 0 -

H 

(Cysteine) 

HOOC ĈOOH 

Ν rCH9-CH-C00H 

d •••• 

CH9-CH-C00H 
2 ι 

3-T-Histidinoalanine 

(postulated by Finley and 
Friedman, 1977; R é f . 5JJ 

Unknown 

(postulated by Finley and 
Friedman, 1977; Ref. 51.) 

Tryptophan^ 

HOOC 

B-Aminoalanine 

(Asquith and Skinner, 1970; 
Ref. 49) 

X C H - C H 2 - N H - ( C H 2 ) 4 - C H ; 

m , 2 
Lysinoalanine 

(Bohak, 1964; Ref. 50) 

Lysine 

OH 

Ν |ΓΝΗ 0 

HOOC 

C=CH0 

Dehydroalanine 

H00Cx 

Cysteine 

xC00H 
CH-CH9-S-CH9-CHV 

H2N L ù NH2 

Lanthionine 

(Horn et al_., 1941; Ref. 52) 

HN(CH2)3CH-COOH 

NH2 

Arginine derivative 

(postulated by Finley and 
Friedman, 1977; R é f . 51J 

' HOOC ĈOOH 
CH-CH9-NH-(CH9)~-CHV 

H2N 2 NH2 

Ornithinoalanine 

(Ziegler et a i . , 1967; Ref. 22) 

Figure 1. Continued 
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Table V. Ef fec t of Temperature on the Add i t ion of 
Internal Lysine to 3 El iminated P h o s v i t i n a 

Reaction AG+b AS+ b 

(kcal /mol) (kcal /mol) (kcal /mol) (cal /mol/deg) 

No C a C l 2 25.0 24.3 24.6 -0.90 

C a C l 2

c 27.6 26.9 24.2 +8.11 

Refe rence 36.. Rate data corrected to i o n i c strength of 0.170. 
b a t 60 .0°C. 
c 7 . 4 7 Χ 10" 4 M C a C l 2 . 

ser ine i n phosv i t in was qui te dependent on i o n i c s t rength , the 
add i t ion reac t ion was completely independent of i o n i c strength 
(36). 

The ra te o f nucleophi le add i t ion to the double bond i s 
dependent on the nature of the nucleophi le as would be expected. 
F i n l e y et a l . (47) have measured the r e l a t i v e effect iveness of 
the su l fhydry l group of L-cys te ine and the ε-amino group of 
α - Ν - a c e t y l - L - l y s i n e i n adding to the double bond of N-acetyl 
dehydroalanine. At equal concentrations of the reac t ive spec ies , 
cys te ine adds some 31 times more r a p i d l y to the double bond than 
does a - N - a c e t y l - L - l y s i n e (47). However, when one compares these 
two compounds at the same pH the r e l a t i v e rates i n favor of 
cys te ine (pK of su l fhydry l group = 8.15) versus a - N - a c e t y l - L -
l y s i n e (pK of ε-amino group = 10.53) are most impressive at lower 
pH's (Table V I ) . Therefore, i t has been recommended that cys-

Table V I . Re la t ive Rates of Add i t i on of the Sulfhydryl Group 
of Cysteine and the ε-Amino Group of α -Ν-Ace ty l -L-Lys ine to the 

Double Bond o f N-Acetyldehydroalanine at Di f fe ren t pH Va lues d 

pH Re la t ive rate 
Cysteine SH/Lysine ε-ΝΗ, 

7.0 5000 
8.0 2300 
9.0 410 

10.0 133 
11.0 43 
12.0 34 

Adapted from Reference 47. 
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te ine be added to foods during a l k a l i processing i n order to 
minimize lys inoa lan ine formation (20,47) and prevent loss o f the 
e s sen t i a l amino a c i d l y s i n e . 

S ign i f i cance and a p p l i c a t i o n o f a l k a l i treatment of proteins 

The react ions o f proteins i n a l k a l i n e s o l u t i o n are very im
portant from a number of s tandpoints . We have already discussed 
several uses o f a l k a l i treatment i n food processing i n the i n 
t roduc t ion . When contact between the food and a l k a l i i s kept to 
a minimum at the lowest temperature poss ib le wi th adequate con
t r o l o f mix ing , e t c . there i s present ly no apparent reason to 
discont inue i t s use. Low l e v e l s o f l y s inoa lan ine occur i n food 
which has been processed i n the absence of added a l k a l i , even at 
pH 6 and i n the dry s ta t
egg bo i l ed three minute
d r i ed egg white powder contained from 160 to 1820 ppm of l y s i n o 
alanine depending on the manufacturer (20). No lys inoa lan ine was 
found i n fresh egg whi te , 3 E l im ina t i on and add i t ion of l y s i n e 
to the double bond of dehydroalanine reduce the l e v e l of the 
essen t i a l amino a c i d l y s i n e . This can be prevented by adding 
other nucleophi les such as cyste ine to the r eac t ion . Whether 
l y s inoa lan ine (and other compounds formed by add i t ion react ions) 
i s t o x i c at low l eve l s i n humans i s not known. 

The 3 -e l iminat ion and add i t ion react ions may be important i n 
the t e x t u r i z i n g o f foods extruded from a l k a l i n e s o l u t i o n . Should 
t h i s prove to be required i n t e x t u r i z a t i o n other means of forming 
cross l inkages between pro te in molecules should be developed. In 
t h i s connect ion, 3 e l im ina t i on i n the presence of d i t h i o l com
pounds may prove use fu l . Fol lowing 3 e l im ina t i on and add i t ion of 
the d i t h i o l compound to the double bond v i a one of the su l fhydry l 
groups, the modified pro te in could then be allowed to o x i d i z e i n 
a i r to form d i s u l f i d e br idges . The physical and d i g e s t i b i l i t y 
proper t ies of such a pro te in would be most i n t e r e s t i n g . Hydrogen 
s u l f i d e , which adds to the double bond (42 j , could also be used 
for t h i s purpose. 

The 3 -e l iminat ion reac t ion could a lso be used to change the 
s o l u b i l i t y proper t ies of a p ro t e in . For example, a l k a l i t r ea t 
ment i n the presence of sodium s u l f i t e leads to incorpora t ion of 
sulfonate groups in to the pro te in (44,53) which would increase 
i t s water s o l u b i l i t y and probably change i t s funct ional proper
t i e s . 

The 3 -e l iminat ion reac t ion i s used rou t ine ly to d i s t i n g u i s h 
0 -g lycosy l l inkages o f carbohydrate to ser ine and threonine i n 
proteins from amide l inkages of carbohydrates to asparagine 
residues i n proteins (2) . In a l k a l i , the 0 -g lycosy l groups 
undergo 3 e l im ina t i on to form dehydroalanine (from serine) and 
3-methyldehydroalanine (from threonine) whi le the amide-l inked 
carbohydrate i s not removed by such treatment. The 3 -e l iminat ion 
reac t ion has been used to show the e s s e n t i a l i t y o f the carbohy-
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drate s ide chains for the f reez ing-po in t depressing a c t i v i t y and 
l e c t i n - i n h i b i t i n g proper t ies o f the ant i f reeze glycoprote ins (3 ) . 

3 E l imina t ion has been used to show differences among the 
d i s u l f i d e bonds i n various proteins inc lud ing the ovomucoids 
(54) . The 3-e l imina t ion reac t ion has a lso been used to replace 
the hydroxyl group of the e s sen t i a l ser ine residue of s u b t i l i s i n 
wi th a su l fhydry l group (55). The t h i o l s u b t i l i s i n had a small 
f r a c t i o n of the a c t i v i t y o f s u b t i l i s i n but i t has been qui te 
useful i n mechanistic s tudies of the ser ine and su l fhydry l 
proteases. 

As a consequence o f dehydroalanine and 3-methyldehydro
alanine formation s p e c i f i c bond cleavage can occur . Ebert et a l . 
(56) have shown that add i t i on of cys te ine to the double bonds of 
polydehydroalanine and copolymers of dehydroalanine r e su l t s i n 
increased s o l u b i l i t y an
peptide bond cleavage cause
This reac t ion can be used fo r s e l e c t i v e peptide chain cleavage of 
cys te ine-conta in ing polypeptides and proteins under rather mi ld 
cond i t ions . M i l d ac id treatment o f dehydroalanine-containing 
polypeptides and proteins leads to s p e c i f i c peptide bond cleavage 
wi th formation o f pyruvate and ammonia (57-59)) . 

The di f ference i n spec t ra l proper t ies of ty ros ine i n neutral 
vs a l k a l i n e so lu t i o n can be used to determine the ty ros ine con
tent o f proteins and by dif ference tryptophan (60). 
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Food proteins are commonly treated with heat and occasion
ally with alkali during commercial and home processing. These 
treatments are intended to a l te r flavor and texture, destroy 
microorganisms, enzymes, toxins, or proteolytic enzyme i n h i b i 
tors, and prepare protein concentrates. Undesirable changes 
also occur in the amino acid composition of proteins under 
such processing conditions. Amino acid crossl inking, degrada
t ion , amino acid-sugar complex formation, and racemization have 
been reported. Treated proteins have reduced digestibility, 
can produce symptoms of protein deficiency when fed to labora
tory animals, and have been implicated in the etiology of rat 
kidney lesions. 

Heat and alkaline treatments have been known since the 
early part of the century to racemize amino acid residues in 
proteins (1,2,). Dakin and Dudley (3) also studied d iges t i 
bility of casein i n vitro and in vivo after hydroxide 
treatment. Heating casein with 0.5 Ν NaOH at 37° for about 30 
days completely prevented enzymatic hydrolysis and intest inal 
absorption when the treated casein was fed to a dog. The 
k i n e t i c s o f base-catalyzed racemizat ion o f p ro te ins was 
inves t iga ted by Levene and Bass (4-j>). i n these e a r l y s tud ies , 
the extent o f racemizat ion was measured by changes i n o p t i c a l 
r o t a t i o n . 

More r e c e n t l y , enzymatic, m i c r o b i o l o g i c a l , and chromato
graphic techniques have been used t o determine extent o f 
racemiza t ion . D-Lysine has been found i n a sunflower p r o t e i n 
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isolate treated in solutions of NaOH more concentrated than 
0.2 Ν at 80° (J). Using microbiological assays, Tannenbaum 
et a l . (S) found that methionine was nearly completely race-
mized in fish protein concentrate heated 20 minutes at 95° 
in 0.2 Ν NaOH. Heat treatment alone can racemize (or 
epimerize) amino acid residues in proteins. Formation of 
alloisoleucine was reported in bovine plasma albumin roasted 
at 145° for 27 hours (9). Gas chromatography has been used 
by Hayase et a l . (10) to measure the racemization of eight 
amino acids in roasted casein, lysozyme, and two poly-L-amino 
acids. 

Racemization is thought to proceed by abstraction of the 
α-proton from an amino
or protein to give a negativel
Figure 1). A proton can then be added back to either side of 
this optically inactive intermediate, thus regenerating the 
L-form or producing the D-enantiomer. The reaction can be 
written as 

k w 

Ir-amino acid T — - D-amino acid (1) 
k' 

where k and k' are the f i r s t order rate constants for inter-
conversion of the L- and D-enantiomer s. Only L-amino acids 
are i n i t i a l l y present in most proteins due to the stereospeci-
f i c i t y of biosynthesis. 

In this paper we describe some of the factors which 
influence racemization of amino acid residues in food proteins 
and discuss toxicological and nutritional consequences of feed
ing alkali-treated food proteins. 

Experimental 

Alkali Treatment. The following is a typical procedure. 
A 1% solution of each protein in 0.1 Ν NaOH (pH^12.5) was 
placed in a glass-stoppered Erlenmeyer flask and incubated at 
the appropriate temperature in a water bath, ttie final pH 
did not differ significantly from the i n i t i a l value. After 
three hours, the sample was dialyzed against 0.01 Ν acetic 
acid for approximately two to three days and lyophilized. 
Control protein samples were dialyzed and lyophilized simi
larly. The pH was measured with a Corning pH meter before 
and after treatment. 
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> ι 
N H - C - P 

11 
Ο 

± C - H 2 N - P 

P - N H - C H 2 - C - P 

HCI 

N H - C - P 
11 

Ο 

1. RACEMIZATION 

2. /^-ELIMINATION (B) 

DEHYDROALANYLPROTEIN 

3 . CROSSLINK FORMATION 

4. HYDROLYSIS 

Υ = O H , OR, SH, SR, S(R)2, SSR, N(R) 3 

Ρ = PROTEIN SIDE CHAIN N H 2 

I 
C H 2 - ( C H 2 ) 3 - C H - C O O H 

N H - C H 2 - C H - C O O H 
I 

N H 2 

LYSINOALANINE 

Figure 1. Postulated mechanism of racemization and lysinoalanine formation via 
a common carbanion intermediate. Note that two B-elimination pathways are pos
sible: (a) a concerted, one-step process (A) forming the dehydroprotein directly; and (b) a 
two-step process (B) via a carbanion intermediate. The carbanion, which has lost the 
original asymmetry, can recombine with a proton to regenerate the original amino acid 
residue which is now racemic. Proton transfer may take place from the environment of 
the carbanion or from adjacent NH groups, as illustrated. Protein anions and carbanions 

can also participate in nucleophilic addition and displacement reactions (24, 82, 83). 
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Enantiomeric Analyses (12) · Approximately 30 mg of 
protein was hydrolyzed in 12 ml double-distilled 6 Ν HCI for 
24 hours at 96°C. The HCI solution was then brought to dry^ 
ness at 50°C under partial vacuum in a rotatory evaporator. 
The residue was redissolved in double-distilled water and 
desalted on Dowex 50W-X8 (100-200 mesh) resin that had been 
cleaned with NaOH and protonated with double-distilled HCI 
(13). Amino acids were eluted from the column with 1.5 M 
NH/OH prepared by bubbling NH3 through double dist i l l e d 
water. The effluent was again evaporated to dryness. 
Aspartic acid was separated by chromatography on a calibrated 
column of BioRad AG1-X8, 100-200 mesh, anion exchange resin. 
The resin was regenerated with 4 column volumes of 1 M sodium 
Half of the sample was
carried out with 1 M aceti
tion was evaporated in a rotatory evaporator. The J> 
leucyl-DL-aspartic acid dipeptides were synthesized by the 
procedure of Manning and Moore (14). The D/L aspartic acid 
ratio was determined with a Beckman Model 118 Automatic Amino 
Acid Analyzer. 

D/L enantiomeric ratios for alanine, valine, glutamic 
acid, leucine, proline, and phenylalanine in the remaining 
half of the desalted amino acid fraction were obtained by gas 
chromatography (15). The N-trifluoroacetyl-L-prolyl-DL-amino 
acid esters were synthesized, then separated on a Hewlett-
Packard Model 5711A Gas Chrcmatograph with flame ionization 
detector and a 12 foot column of Chromasorb W-AW-DMCS solid 
support coated with 8% SP 2250. 

Amino Acid Analyses. A weighed sample (about 5 mg) of 
protein was hydrolyzed in 15 cc of 6 Ν HCI in a ccmmercial 
hydrolysis tube. The tube was evacuated, placed in an 
acetone-dry ice bath, evacuated and re f i l l e d 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 ion-exchange chromatography method; Resin, 
Durrum DC-4A; buffer pH, 3.25, 4.25, 7.90; photometer, 440 nm, 
590 nm; column, 1.75 nm X 48 cm; analysis time, 105 min. 
Norleucine was used as an internal standard. 

In this system, lysinoalanine (LAL) i s eluted just 
before histidine (16). The color constant of LAL was 
determined with an authentic sample purchased from Miles 
Laboratories. 

Acylated proteins were prepared as described previously 
(16). 
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Results and Discussion 

Racemization of Protein-Bound Amino Acids. D/L enantio-
meric ratios for seven amino acid residues are given in 
Table I. Extensive racemization of aspartic acid, phenylala
nine, glutamic acid, and alanine occurred when the four 
proteins were treated with hydroxide. Valine, leucine, and 
proline were much less raoemized. 

The percentage of D-enanticmers relative to the total 
amount of the amino acid residue can be calculated by the 
relation (D/DfL) χ 100. D-Aspartic acid accounts for 30% of 
that residue (which is thus 60% racemized) in treated casein, 
Prcmine-D, and wheat gluten
of the phenylalanine (a
D-enanticmer, and in vrtieat gluten, 26% of glutamic acid has 
been converted to the D-form. 

The small amounts of D-enanticmers in the controls may 
be attributed to: (a) racemization occurring in the commer
ci a l preparation of the proteins, (b) acid-catalyzed 
racemization during the hydrolysis step of our analysis, or 
both factors. 

Racemization rates (Table I) clearly differ among these 
seven amino acids. To compare results from the four proteins, 
rate constants were calculated from these data. For casein, 
D/L ratios were measured at 0, 1, 3, 8 and 24 hours. These 
results are plotted in Figure 2. The curves have two regions 
of different racemization rates. Rapid i n i t i a l rates observ
able up to about 3 hours are followed by slower rates up to 
24 hours. The amino acids apparently have not reached equili
brium by 24 hours of incubation. Theoretically for amino 
acids having one asymmetric center, the equilibrium D/L ratio 
is 1.0. This value has been observed in fossil bone protein 
(see 13) and in dry roasted proteins (10), but not in calcare
ous marine sediments (17) nor in fossil mollusc shell (18). 
The linear first-order equation for the reversible reaction 
can be used in the analysis of these results i f the two 
regions of the curves are treated separately. In i t i a l rate 
constants were estimated from the 0- and 3-hour points 
using the equation 

1 + (D/L) 
1-K' (D/L) 

=(1 + K').k.t (2) 

vhere K' = 1/K^ and is the D/L ratio at equilibrium 
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(see 17 and Appendix for derivation). We are assuming 
provisionally that = 1, but further work i s in progress 
to elucidate this point. 

The rates within each protein were then standardized 
relative to that of leucine. The order of relative racemi
zation rates i s presented in Table II. Relative rates are 
very similar among the various proteins except for aspartic 
acid and glutamic acid in wheat gluten. This situation is 
discussed below. (The relative rate constants estimated 
for the second region of the casein curves in Figure 2, 
using the 3-hour and 24-hour points, i s k(asp) : k(phe) : 
k(glu):k(ala) : k(leu) = 4.0 : 3.0 : 2.5 : 2.5 : 1.0.) 

Interpreting the kinetics of base-catalyzed racemiza
tion in these proteins is complicated by the simultaneous 
hydrolysis of the origina
By 24 hours, the amount
25-50% by weight of the starting material. The dialysis 
procedure eliminates lower molecular weight species as the 
incubation proceeds. Varying rates of isoleucine racemi
zation (actually epimerization) have been attributed to 
differences in protein composition (18). Consequently, the 
two regions of the curves in Figure 2 may represent rates in 
two or more distinct populations of molecules resulting from 
hydrolysis and dialysis. 

Other interpretations of the data in Figure 2 also may 
be considered. The rapid i n i t i a l rates could reflect a more 
ready formation of the carbanion during early stages of the 
denaturation process. Neighboring groups have been shown to 
influence racemization rates during acid hydrolysis ( 14 ). 
Conceivably, as native conformation i s altered by exposure to 
high temperature and hydroxide, different sets of residues 
w i l l be brought into proximity with any particular amino acid. 
Alternatively, seme residues may simply be more susceptible to 
racemization, possibly because of the primary structure. 
These labile residues then form carbanion intermediates 
rapidly in the strongly dissociative solvent environment. 

The results in Table II can be compared with information 
on free amino acids. Bada (19) has shown that for free amino 
acids at neutral pH, k(ileu): k(val): k(ala): k(phe): k(asp) = 
1.0 : 0.8 : 2.4 : 4.4 : 8.6. He has pointed out that these 
rates agree with the order predicted from σ* values of the 
respective R-groups ( 20 ). The R-groups that have the greater 
electron-withdrawing or resonance-stabilizing characteristics 
w i l l induce faster racemization. Our results are compatible 
with the free amino acid data. 

It i s interesting that even at pH * 12.5, the relative 
order of i n i t i a l racemization rates in bound amino acids appear 
very similar to those of free amino acids at neutral pH. Since 
both the NH2 and OOOH groups are involved in peptide bonds, 
their ionic forms are no longer relevant in the reaction 
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Figure 2. Time course of amino acid racemization reactions of casein in 0.1 Ν 
NaOH at65°C. 

TABLE II. Order Of Initial Racemization Rates Relative to 

Leucine. Proteins Treated With 0.1 Ν NaOH AT 65°C 

k l e u 5 *val s kpro : k a l a : *glu 5 kphe 5 kasp 

Casein 1.0 0.9 0.5 2.6 3.7 4.9 7.8 

Prcmine-D 1.0 0.8 0.5 3.1 4.1 5.9 8.1 

Wheat Gluten 1.0 0.4 0 3.3 8.2 6.9 9.6 

Lactalbumin 1.0 0.6 0.2 2.5 3.4 5.4 8.2 
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mechanism. The R-substituents remain as the primary influence 
on relative racemization rates on proteins. At neutral 
and basic pHf the predominant ionic form of the 0-carboxyl 
group of aspartic acid (and of the γ-carboxyl of glutamic 
acid) is C00~. Although more electronegative than the undis-
sociated carboxyl groups, these ionized carboxyl groups s t i l l 
have greater electron withdrawing capacity than do the alkyl. 
groups of alanine, leucine and valine. Phenylalanine, with an 
R-group σ* close to that of the B-carboxylate, may have a 
slower racemization rate relative to aspartic acid due to 
steric limitations on the formation of the planar carbanion 
intermediate. The protein-bound imino acid proline would be 
even more limited sterically. 

The correlation between racemization rates in free amino 
acids and the σ* value
intermediate mechanism
act to stabilize the negative charge on the α-carbon so that 
the carbanion intermediate is more stable. Since the σ* 
values also agree with the racemization rates observed in the 
present study, the same mechanism probably operates with 
protein-bound amino acids. It i s noteworthy, however, that 
the racemization rate of free aspartic acid i s ̂ 10"5 relative 
to those reported here for this amino acid residue in proteins 
(17-19). (For relevant discussions on the influence of R 
groups on reactivities of amino acids, peptides, and pro
teins, see references 21-26). 

Where a relative rate differs from the observed pattern, 
as i s the case of glutamic acid in wheat gluten, the apparent 
rate enhancement may be the result of the very high propor
tion of glutamine in the protein (27). Hie δ-amide group 
should increase the inductive character of the R-substituent 
so that glutamine should racemize faster than glutamic acid. 
Because glutamine (and asparagine) are probably deamidated 
to some extent during the alkali treatment and completely 
during acid hydrolysis of the proteins, our D-glutamic acid 
values actually represent the sum of both D-amino acid 
enanticmers. This circumstance may explain the relative rate 
difference for glutamic acid in wheat gluten i f deamidation 
during hydroxide treatment i s slower than racemization under 
our experimental conditions. 

Deamidation of glutamine and asparagine is sequence-
dependent with half-times ranging from 18 to 507 days for 
asparaginyl peptides and 96 days for glutaminyl residues at 
37°, pH 7.4 (28). The pH dependence of the deamidation rates 
was studied in phosphate buffer (29). Extrapolation of the 
curve for one glutaminyl peptide to pH 12 (approximating the 
conditions used in our study) results in a k d e a n * 2x that 
of the expected k^ç of glutamic acid. Since the majority 
of the 24 sequences studied (28) deamidate more slowly than 
this peptide, i t seems probable that the majority of gluta-
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mines w i l l remain intact during the 3 hour time course of 
our treatments. 

Although relative racemization rates of the same amino 
acids in different proteins are usually similar/ the overall 
l a b i l i t y of these four proteins to racemization by hydroxide 
differs considerably. In Table III, the proteins are ranked 
by the extent of racemization after 3 hr at 65°C of each of 
the four most racemized amino acids. Prcmine-D i s the most 
highly racemized protein for three of these amino acids. 
Lactalbumin has the lcwest D/L ratios for a l l . These find
ings imply that there are protein-specific rates of racemi
zation underlying the general uniformity of relative rates 
discussed above. Similar observations have been reported 
for diagenetic racemization rates in different fossil pro
teins (18, 30, 31). Variabilit
in response to alkali treatmen
processing conditions for one protein (e.£. lactalbumin) 
constitute more severe conditions for another (e.g.. 
Prcmine-D). 

The pH dependence of the racemization rate of aspartic 
acid in casein was also investigated. The results are plotted 
in Figure 3. Racemization rates are estimated from the log 
conversion of the D/L ratios. The pH of the NaOH buffer at 
65° was calculated from the temperature variation of the p l ^ 
of water ( 32 ). Hie pH values of the borate buffers at 65° were 
calculated using the temperature data of Bates (33). The 
solid line represents rates which are f i r s t order with respect 
to hydroxide concentration. This line is a reasonable f i t to 
the data points above pH 10. Further experiments are in 
progress with other proteins in order to identify the lowest 
CH concentrations that induce first-order racemization 
kinetics. If the c r i t i c a l base concentrations for racemiza
tion correspond with the different responses of the four 
proteins (see Tables I and III), one may expect k(rac) for 
Promine-D to become f i r s t order at lower OH" concentration 
than casein, while that of wheat gluten should be about the 
same as for casein. Lactalbumin may have the highest OH" 
concentration tolerance. 

Data from additional studies gave a plot of log k d s p 

vs. 1/T in the temperature range 25 to 75°C that was linear 
with an activation energy of 21.9 kcal/mole (Figures 4 and 
5). Ihis k value i s similar to that obtained by Darge and 
Thiemann (34) for racemization of both free and bound amino 
acids in alkaline solutions. We are presently attempting 
to compare activation energies for racemization of other 
amino acid residues in proteins with known values for free 
amino acids. 
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TABLE III. Relative Order Of The Proteins With Respect To 

Extent Of Racemization Of Each Amino Acid a 

Asp Promine-D = Casein > Wheat Gluten > Lactalbumin 

Ala Promine-D > Casein = Wheat Gluten > Lactalbumin 

Glu Wheat Gluten > Promine-D > Casein > Lactalbumin 

Phe Promine-D > 

aAfter 3 hr at 65°C. 

8.0 10.0 12.0 14.0 

EFFECTIVE pH AT 65 °C 

Figure 3. The pH dependence of aspartic acid racemixation in casein in the pH 
range 8 to 14. The D/L ratios are plotted as a function of the actual pH values calcu
lated by methods explained in the text. The expression log kasp ^ log[ln (1 + DIL/1 — 
D/L)] is derived from eq 2. Under our experimental conditions, eq 2 can be reduced 
to this one term when solving for k (12). The line is a first-order kinetics plot superim

posed on the calculated data points. 
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3.3 3.2 3.1 3.0 2.9 2.8 2.7 

l/T χ io 3 rie-1) 

Figure 5. Arrhenius plot of Figure 4 values. Racemization rates for casein were 
determined at 10°C intervals in the temperature range 25°-75°C. 
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Discriminating Between the Effects of Racemization and 
Lysinoalanine Formation. A mechanism of racemization and 
lysinoalanine formation is illustrated in Figure 1. 
Racemization occurs by abstraction of a proton by hydroxide 
ion (or any general base) from an optically-active carbon atom 
to form a carbanion, that has lost the original asymmetry. 
The pair of unshared electrons on the carbanion can undergo 
two reactions: (a) i t can reoombine with a proton from the 
solvent to regenerate either the original amino acid side 
chain or its optical antipode, so that i t is racemized; (b) 
i t can undergo the indicated B-elimination reaction to form 
a dehydroalanine derivative, which can then combine with an 
ε-amino group of a lysine side chain to form a lysinoalanine 
crosslink. 

Since lysinoalanin
toxic to some animals (35)
effects in alkali-treated proteins. Such discrimination is 
possible, in principle, since we have found that acylating 
the ε-amino group of lysine proteins seems to prevent 
lysinoalanine formation. Since lysinoalanine formation from 
lysine requires participation of the ε-amino group of lysine 
side chains, acylation of the amino group with acetic anhy
dride is expected to prevent lysinoalanine formation under 
alkaline conditions i f the protective effect survives the 
treatment. This is indeed the case (16). 

Although acetylation appears to minimize or prevent 
lysinoalanine formation, our findings indicate that acylation 
does not significantly change the extent of racemization after 
3 hr at 65°C (Table IV). These results show that i t is possi
ble in principle to discriminate between the alkali-induced 
effects of racemization and lysinoalanine formation. Addi
tional studies in progress are designed to further delineate 
this principle. 

Cytotoxic and Therapeutic Consequences. Alkali-treated soy 
proteins, when fed to rats, induce changes in kidney cells 
characterized by enlargement of the nucleus and cytoplasm, 
increase in nucleoprotein, and disturbances in DMA synthesis 
and mitosis. The lesion, f i r s t described by Newberne and Young 
(36) and attributed to lysinoalanine by Woodard (37,49) and 
now designated nephrocytomegaly, affects the epithelial cells 
of the straight portion (pars recta) of the proximal renal 
tubules. Renal cytomegaly of the pars recta is also induced by 
feeding rats synthetic lysinoalanine (38-40). Since this 
unusual, crosslinked amino acid is formed in proteins during 
alkaline treatment, the nephrotoxic action of the treated pro
teins was ascribed to the presence of lysinoalanine (LAL). 

Enlarged nuclei tend to have more than the diploid comple
ment of DNA, unusual chromatin patterns, and proteinaceous 
inclusions (37). Increases in total nonchromosomal protein 
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parallel the increases in nuclear volume. These observations 
indicate disruption of normal regulatory functions in the pars 
recta cells. 

The spectrum of cytological changes described above also 
appears in response to the renal carcinogens: aflatoxin (41). 
lead (42), 41 -fluoro-4-amino diphenyl (43), N(4-fluoro-4-
biphenyl) acetamide (44), and dimethylnitrosamine (45). 
Nephrocytcmegaly has been used by investigators as an indica
tor of pre-neoplastic conditions (46,47). Feeding experiments 
with rats have not been followed over long enough periods, how
ever, to test the tumorigenicity of alkali-treated soy proteins 
(48). 

Apparent divergent findings by several laboratories 
suggest that factor(s) other than LAL content may modify the 
biological response to
ing synthetic LAL or alkali-treate
content did not produce renal cytomegaly in mice, hamsters, 
rabbits, quail, dogs or monkeys (39>). With rats, de Groot and 
coworkers (39, 49, 50) i n i t i a l l y failed to observe nephro-
cytomegaly when feeding alkali-treated soy protein (although 
they did report the renal changes when feeding free LAL (39, 
50) ). This contrasts with the findings of Woodard and others 
(37, 38, 51, 52), Newberne and others (41, 53), Struthers 
et a l . (54), and Karayiannis (55) who have a l l seen the renal 
lesions in rats fed alkali-treated soy proteins. 

Another difficulty in formulating a simple relationship 
between LAL and nephrocytcmegaly i s that proteins of equivalent 
LAL content produce different biological responses. 
Seme laboratories (38, 55) reported severe nephrocytcmegaly 
from alkali-treated soy protein while a similar protein, 
having the same LAL content, does not produce lesions (56). 
Karayiannis (55) has found that alkali-treated soy protein 
(supplying 1400-2600 ppm LAL) resulted in nephrocytcmegaly 
whereas 2500 ppm LAL derived from alkali-treated lactalbumin 
did not induce the lesions. 

The divergent observations about relative potencies of 
various alkali-treated proteins in inducing kidney lesions 
could arise from dietary factors since adding high-quality, 
untreated proteins such as casein and lactalbumin to diets 
containing alkali-treated proteins appears to prevent the 
lesion (57, 58). One possible explanation for this effect is 
that amino acids (e.g.. lysine, methionine) derived from added 
proteins may prevent the binding of lysinoalanine to metallo-
proteins such as metallothioneins present in the kidney 
59-61). The observed long residence time of lysinoalanine 
in the kidney (62) may be related to a possible chelating 
action of lysinoalanine, which has three amino and two 
carboxyl groups that could participate in binding metal ions 
of métallo proteins. 
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The conflicting reports from various laboratories might 
also be explained by amino acid racemization during alkaline 
processing of the test proteins. Our studies show that four 
different proteins subjected to the same alkaline treatment 
exhibited varying degrees of racemization. One result of the 
presence of D-amino acids would be to decrease enzymatic 
digestion of the proteins, thus restricting the amount of free 
LAL released. Reduced digestibility has been observed with 
proteins subjected to severe alkaline treatment (49, 50). In 
order of cytotoxic effect, the most pronounced response is 
with free IAL, then low molecular weight LAL-oontaining pep
tides, then IAL-containing proteins (56,63, 64). Ihus, differ
ent proteins having the same LAL content w i l l be expected to 
release differing quantities of free LAL depending upon their 
extents of racemization
as o- and γ-crys t a l l in
rates (P. M. Masters, unpublished results). Seme of the dis
crepancies thus may be attributed to the use of different 
fractions of soy protein in the experimental diets. Note also 
that the alanine part of lysinoalanine i s a potential precursor 
for D,L-serine and that J>serine and one of the lysinoalanine 
diasteroisomers offer similar configurations to potential 
receptor sites (35, 58, 59). 

We have also shown that small differences in the condi
tions of alkaline treatment can produce f a i r l y large 
differences in the extent of racemization in casein. Tempera
ture, of course, and length of treatment are c r i t i c a l . However 
protein concentration does not appear to influence s i g n i f i 
cantly the extent of racemization (Table V). Therefore, 
treatment conditions may generate comparable contents of LAL 
but varying D-amino acid contents. 

LVAmino acids may have other effects in nephrocytcmegaly 
in addition to influencing release of LAL. Soy protein, the 
most labile to racemization of the four proteins studied, i s 
more cytotoxic than lactalbimin (48, 58), which i s the least 
racemized. If, as postulated, D-amino acids were seriously 
inhibiting release of LAL, then lactalbimin would be expected 
to yield more free LAL than soy protein. 

Karayiannis (55) has reported that diets supplying 5000 
ppm LAL in alkali-treated lactalbumin produced only mild cyto-
megaly, whereas 1400-2600 ppm LAL in treated soy protein 
produced extensive cytotoxicity. Since the lactalbumin was 
treated for 80 minutes at 60°C (58), l i t t l e racemization 
(relative to the soy protein at 60°C for 8 hrs) would have 
occurred. The cytotoxicity of soy protein may be due to some
thing besides, or in addition to, LAL content. It i s possible 
that D-amino acid(s) may act synergistically with LAL in the 
expression of nephrocytcmegaly. It has been known for some
time that D-serine can induce renal lesions when fed to rats 
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TABLE IV. Aspartic Acid Racemization In Modified 

Casein: 1% Protein, 0.1 Ν NaCH, 65°, 3 Hr 

Sample D/L 

Acetylated 

Citraconylated 0.302 

Glutarylated 0.343 

Unmodified 0.348 

TABLE V. Effect Of Protein Concentration On 

Aspartic Acid Racemization In Casein: 

0.1 Ν NaOH, 75°, 3 Hr 

Concentration Final pH D/L Asp 

0.5% 12.5 0.466 

2.0% 12.4 0.596 

5.0% 12.4 0.526 

9.6% 12.3 0.546 
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(35). Another possibility i s that seme unknown factor may be 
responsible for the lesions. 

If the protein-induced renal cytomegaly i s precancerous, i t 
i s a cause for concern since alkali-processed protein is used 
extensively in commercial food preparations ( 5 6 , 6 3 , 6 4 ) . 
Although lysinoalanine concentrations in foods are usually 
lower than amounts needed to induce nephrocytcmegaly in rats, 
health hazard may exist since human tolerances for the 
"unnatural" amino acids generated during commercial processing 
are not known. If the protein-induced lesion i s not precancer
ous, i t i s s t i l l important to understand its etiology. 

Maillard products such as lysine-sugar complexes are 
generated by heating proteins in the presence of carbohydrates. 
When casein heated with glucose under mild conditions (to 
maximize formation of ε-fructosyllysin
crosslinks) was fed to
ling nephrocytcmegaly were observed (65). According to 
preliminary evidence, heating free aspartic acid in the pres
ence of glucose increases the racemization rate two- to three
fold ( 66 ) . Therefore, significant amounts of racemization 
may be induced under these conditions. Thus, the cytotoxic 
response observed by Erbersdobler et a l . (65) may be due to 
D-enanticmers as well as to Maillard products. A more exact 
understanding of the relation of feed or food quality to 
processing conditions depends, to an important degree, on more 
information about the occurrence and conditions of formation 
of "unnatural" amino acid derivatives. 

Nutritional Implications. The nutritive quality of any 
protein depends on three factors: amino acid composition, 
digestibility, and utilization of the released amino acids. 
Racemization brought about by processing can impair the 
nutritive value of proteins by (a) generating non-metabolizable 
forms of amino acids (D-enanticmers), (b) creating peptide 
bonds inaccessible to proteolytic enzynes, and (c) toxic action 
(or interaction) of specific D-enantiomers. Little is known 
concerning the health consequences of human consumption of 
racemized proteins. No study has specifically evaluated amino 
acid losses due to racemization within food proteins. 

A major consideration is whether humans can utilize the 
D-enanticmers of essential amino acids. Berg (67) has 
reviewed human and animal utilization of free D-amino acids. 
L-Amino acids are invariably taken up faster than the 
D-enanticmers in the intestine (68, 69) and kidney (70) . 
Once absorbed, D-amino acids can be utilized by two pathways: 
(a) racemases (or epimerases) may convert D-iscmers to 
racemic mixtures; or (b) D-amino acid oxidases may catalyze 
oxidative deamination to o-keto acids, which can be specifi
cally reaminated to the natural L-forms (71). Only the 
latter activity has been demonstrated in mammals. This enzyme 
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system should permit human utilization of D-amino acids for 
growth and maintenance. Of the D-iscmers of the eight 
essential amino acids, however, only D-phenylalanine and D-
methionine were found to maintain human nitrogen equilibrium 
in early studies (72). More recently, Kies et a l . (73) and 
Zezulka and Calloway (74) presented evidence that D-methionine 
i s , in fact, poorly utilized by humans. When mixtures of 
D-amino acids are fed to rats, the oxidase system can be ever-
loaded so that the D-enanticmers of essential amino acids 
cannot be transaminated in sufficient quantity to support 
growth (75). 

Physiological accessibility of the essential amino acids 
also influences quality. Alkali-treated proteins have been 
shown to have reduced digestibility in vitro (7,49,76) and in 
vivo (49, 62) and to produc
such as poor growth, hai
These studies focused attention on the crosslinked amino acid 
derivative, lysinoalanine (LAL), and its possible toxicity. 
Although the treatments used almost certainly caused s i g n i f i 
cant racemization, the possible effect of D-amino acids on 
the results was not evaluated. 

Since D-amino acids are poorly utilized, diets containing 
sufficient quantities of D-enanticmers wi l l result in elevated 
levels of plasma and urinary amino acids. Urinary excretion 
of D-methionine by infants fed a formula supplemented with 
DL-methionine has led to misdiagnosis of inborn errors of metab
olism (77). D-Amino acids derived from processed food proteins 
may confuse medical diagnoses. Determining D-amino acid con
tents of common foods would estimate the significance of this 
problem. Seme preliminary results are shown in Table VI. 

Finally, since our results show that aspartic acid and 
phenylalanine racemize at fast rates, recent reports suggest 
new dimensions in research on racemization of food proteins. 
First, an analgesic effect has been attributed to D-phenylala
nine (78). The described therapeutic effect of D-phenylala
nine is presumably due to i t s ability to inhibit an enzyme 
responsible for destroying the natural opiate-like enkephalins 
in the brain. Consequently, measurement of the extent of 
racemization and enzymatic release of D-phenylalanine and 
other amino acids in food proteins which may be taken up by 
brain tissue (79, 80) merits further study. A related 
question is whether the sweetening agent Aspartame 
(L-aspartyl-L-phenylalanine methyl ester, 81) undergoes 
racemization during food processing and cooking, leading to a 
decrease in i t s sweetening power. 
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TABLE VI. D-ASPARTIC ACID CONTENT IN 

COMMERCIAL POOD PRODUCTS 

Product D/L Asp % D-Asp* 

Coffee-Mate 0.208 17% 

Plus Meat 0.095 9% 
(textured soy protein) 

Fritos 0.164 14% 

Iscmil 0.10

Breakfast Strips 0.143 13% 
(simulated bacon) 

Calculated as (D/EH-L) χ 100. This gives the relative 
percentage of aspartic acid as D- and L-enant icmers, not 
the absolute percentage in the food. 

Summary 

Alkali treatment of proteins catalyzes racemization of 
optically active amino acids. A study of the effect of alkali 
on commercial wheat gluten, soy protein, casein, and lactal
bumin showed that racemization rates vary among proteins but 
that, within each protein studied, the relative order is 
similar. Factors which influence racemization include pH, 
temperature, time of exposure to alkali, and the inductive 
nature of amino acid side chains. Protein-bound D-amino 
acids formed during alkali and heat treatment of food proteins 
may adversely affect the nutritional quality and safety of 
processed foods. This may be the result of decreased amounts 
of essential amino acid L-enanticmers, decreased digestibil
ity through peptide bonds not susceptible to normal peptidase 
cleavage, specific toxicity of certain D-iscmers, anchor 
modification of the biological effects of lysinoalanine or 
other unnatural amino acids. 
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Appendix 

First Order Kinetic Equations for Reversible Amino Acid 
Racemization 

k 

-dl/dt = kL - k'D 

i f D t = 0 « L t = o r the

-<3I/dt = kL - k' ( L ^ - L) = kL - k ' L ^ + k'L 

= (k + k')L - k ' L ^ 

dl/dt = - (k + k')L + k ' L ^ 

dL/dt + (k + k')L = k ' L ^ 

dVdt e< k + k , ) f c + (k + k')L e = k ' L ^ e<k 

d/dt (Leik + k'ït) = k ' L t = 0 e ( k + k ' ) t 

jd (Le) (Le ( k + k' ) t :) = J i k'L^ e ( k + k ' ) t : ) * d t 

L e ( k + k < ) t = [k/(k + k 1 ) ] ^ ^ e ( k + k ' ) t + constant 

L = [k'/(k + k 1 ) ] ! ^ + constant -e" ( k + k ' ) t : 

At t = 0 f L = L t = 0 and e~ ( k + k ' ) t : = 1 

Lt=o = 1 k'/(k + k ' ) ] L t = 0 + constant 

Lt=o ~t k'/(k + k 1 ) ] ! ^ ^ = constant 

L ^ U l - k'/(k + k')] = constant 

L = [kV(k + k ^ l l ^ o + L t = Q V(k + k 1) e~ ( k + k , ) t 

i f L ^ = L + D 

L =[ k«/(k + k 1 )] (L + D) + (L + D) k/(k + k 1 ) e" ( k + k ' ) t : 
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L/(L + D) = k'/(k + k') + [k/(k + k')]e~ ( k " k , ) t 

[k/(k + k')]e~<k + k' ) f c L(k + k') - k'(L + D) 
(L + D)(k + k') 

L - D(k 'A ) 

Lk - Dk' 
(L + D)(k + k') 
Λ -(k + k')t 

L + D 

L[(l - (D/L)(k 'A)l 
L[ ( l + (D/L)] 

In 

In 

1 - (D/L) (k'A) 
1 + (D/L) 

1 + (D/L) 
1 - (D/L) (k'A) 

1 - (D/L) (k'A) 
1 + (D/L) 

= -(k + k')t 

= (k + k')t 

i f k ' A = K' 

In (eq. 2) 

An alternate mathematical treatment of the first-order 
kinetics of racemization gives equation 3. However, 
equation 2 is operationally more efficient than 
equation 3 because we can measure D/L ratios with a 
1-3% error compared to a 10-15% error when concentra
tions of D only are measured. 

in <Vto e -D t ) = (k + k')t= k t (eq. 3) 

where De = equilibrium value of D 
and LV = D at time t. 
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Deterioration of Food Proteins by Binding Unwanted 

Compounds Such as Flavors, Lipids and Pigments 

SOICHI ARAI 
Department of Agricultural Chemistry, University of Tokyo, 
Bunkyo-ku, Tokyo 113, Japan 

Proteins often interac
logical materials. Th
generally is markedly improved in the presence of protein. This 
is the result of some type of protein-flavor interaction which 
decreases the volatility of the flavor. When a flavor is an un
desirable one, such interaction may cause the protein to be 
organoleptically unacceptable as human food. It is often a very 
formidable task to remove a protein-bound flavor completely in 
order to prepare a bland protein. Many lipids and natural pig
ments, physiologically significant to living systems, are 
important in foods. While they often provide desirable color and 
texture to food, both lipids and pigments may cause undesirable 
color changes and deteriorative changes in proteins. In a few 
cases toxic constituents may be formed. Therefore, interaction 
of constituents in foods may be both boon and bane (1). 

The present paper reviews some of the undesirable effects 
resulting from the interaction of flavor constituents, lipids and 
pigments with proteins. Our laboratory as we l l as others have 
contributed to th i s knowledge. 

Interaction of Proteins with Flavors 

Examples of in teract ion of prote in with both v o l a t i l e and 
non-vo la t i l e f lavor constituents are ava i lab le . One example i s 
the in terac t ion between ge la t in and several non-vo la t i l e f lavor 
nucleotides: 5'-GMP, 5'-IMP, 5 f-AMP and 5 f -CMP. S a i n t - H i l a i r e 
and Solms (2) equi l ibrated solutions of 5 - 90 mM nucleotide i n 
0.004 % ge la t in at pH 6.5 and determined bound nucleotide by 
u l t r a v i o l e t spectroscopy. They analyzed the resu l t s by use of 
the Scatchard equation: 

r / (n - r) = KC (1) 

where r i s the average number of moles of bound l igand per mole of 
prote in , η i s the maximum number of moles of l igand bound per mole 
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of protein, Κ i s a binding constant and C i s the molar concentra
tion of non-bound ligand at equilibrium (3). The potent flavor 
potentiators, 5'-GMP and 5'-IMP, gave Κ values of 235 and 112 
mM-1, respectively, while 5'-AMP and 5'-CMP, known to have poor 
flavor-potentiating a c t i v i t i e s , had much smaller Κ values. No 
other reports of protein interaction with such non-volatile 
flavors are available. 

More attention has been given to interaction of proteins with 
v o l a t i l e flavors, especially with v o l a t i l e carbonyIs. Nawar (4) 
found that addition of gelatin to solutions of a homologous series 
of 2-alkanones caused decreases i n their v o l a t i l i t i e s . Hawrysh 
and Stine (5) reported on the retention of 2-alkanones i n a model 
system that simulated blue-vein cheese. A similar but more sys
tematic experiment was carried out by Franzen and Kinse l l a (6). 
By headspace analysis v i
retention of a variety
proteins such as a-lactalbumin, bovine serum albumin, leaf protein 
concentrate, s i n g l e - c e l l protein and soy protein preparations. 
Although the quantity of retained flavor depended on the type, 
amount and composition of protein as well as on the presence of 
l i p i d s , i t was clear that protein decreased to some extent the 
v o l a t i l i t i e s of flavors by adsorbing or occluding them. For exam
ple, the addition of protein to an aqueous system containing 1-
hexanal caused a 9 - 23 % decrease i n i t s v o l a t i l i t y . Gremli (7) 
also determined the headspace composition of a model system of a 
10:1 mixture of soy protein and aldehyde i n water. The percent 
retention of aldehydes were as follows: 1-hexanal, 37- 44 %; 1-
heptanal, 62- 72 %; 1-octanal, 83- 85 %; 1-nonanal, 90-93 %; 1-
decanal, 94- 97 %; 1-undecanal, 96- 100 %; 1-dodecanal, 94- 100%; 
2-hexenal, 68- 75 %; 2-heptenal, 82- 88 %; 2,6-nonadienal, 90-98 
%; 2,4-nonadienal, 92 - 97 %; 2-decenal, 100 %; and 2-dodecenal, 
100 %. In these experiments, the l a s t two v o l a t i l e compounds 
behaved as i f they were completely non-volatile. Beyeler and 
Solms (8) calculated the binding constant (K) for several v o l a t i l e 
compounds i n the presence of soy protein and bovine serum albumin 
by the following equation: 

r = KC (2) 

where C i s the molar concentration of free ligand at equilibrium 
and r i s the average number of moles bound ligand per mole of 
protein. The data showed that the Κ values for aldehydes are 
generally larger than those for other classes of compounds. 

Strong interaction of v o l a t i l e aldehydes occur naturally i n 
soy protein products (9). A r a i et a l . (10) found that 1-hexanal 
i s one of the major odorants of soybean and that t h i s aldehyde 
interacts readily with soy protein. In order to determine 
whether the interaction i s enhanced by denaturation of protein, 
A r a i et a l . (9) did three experiments under different conditions. 
In the f i r s t experiment ( I ) , an acid-precipitated f r a c t i o n of 
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native soy protein (10 g) was dissolved i n water (100 ml) and 
various amounts of 1-hexanal were added. The resulting mixtures 
were vigorously agitated at 20°C for 5 h i n a sealed f l a s k f i l l e d 
with nitrogen. Each sample was then freeze-dried. In the second 
experiment ( I I ) , various amounts of 1-hexanal were added to the 
acid-precipitated protein (10 g) dissolved i n water (100 ml). The 
mixtures, i n flasks equipped with condensers, were heated at 90°C 
for 1 h with vigorous s t i r r i n g and then freeze-dried. In the 
th i r d experiment ( I I I ) , i d e n t i c a l hexanal/protein mixtures to 
those above were heated at 90°C for 24 h under reflux conditions 
and then lyophilized. Aliquots of the freeze-dried samples were 
dissolved i n a NaOH solution ( f i n a l pH ca. 13) to liberate the 1-
hexanal bound by protein. Gas chromatography was used to deter
mine the liberated 1-hexanal  Figure 1 shows the quantity of 1-
hexanal bound depended upo
as upon the amount of aldehyd

Ar a i et a l . (9) obtained a binding constant (K) for the 
interaction of 1-hexanal with the p a r t i a l l y denatured soy protein 
(Experiment II above) from gel f i l t r a t i o n data analyzed by using 
Beidler's equation: 

η / (S - η) = KC (3) 

where C i s the concentration of t o t a l ligand, η i s the amount of 
bound ligand when the i n i t i a l t o t a l ligand concentration equals C, 
and S i s the amount when the ligand concentration has reached a 
maximum (11). The analysis gave Κ =173 M~l and S = 0.847 mg/g pro
te i n . The S value indicates that the p a r t i a l l y denatured soy pro
t e i n bound 1-hexanal to almost 0.1 % of i t s weight. An additional 
study (9) demonstrated that hydrolysis of the protein decreased 
the 1-hexanal binding a b i l i t y (Table I ) . The amount of 1-hexanal 
liberated by the enzyme treatment correlated well with the degree 
of hydrolysis of protein (Table I ) . A r a i et a l . (12) have also 
reported that free tryptophan i n an enzymatic hydrolysate of soy 
protein reacts with 1-hexanal to form the condensation products, 
l-pentyl-2,3,4,9-tetrahydro-lH-pyrido[3,4-b]indole-3-carboxylie 
acid ( I ) , l-pentyl-4,9-dihydro-3H-pyrido[3,4-b]indole-3-carboxylic 
acid (II) and l-pentyl-9H-pyrido[3,4-b]indole (III). Related com
pounds are discussed l a t e r with respect to potent mutagenicity. 

V o l a t i l e aldehydes, including 1-hexanal, may be primarily 
responsible for the beany odor of soybean (10, 13, 14). They are 
present even i n defatted soybean f l o u r . Recently, Chiba et a l . 
(15) have deodorized soybean flour by treatment with aldehyde 
dehydrogenase from bovine l i v e r . Deodorization was a result of 
converting aldehydes to acids, e.g., 1-hexanal to caproic acid. 
They postulated that both free and bound aldehydes can act as sub
strates for t h i s dehydrogenase. Consequently, enzymatic treatment 
resulted i n a product without beany odor. 
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Agricultural and Biological Chemistry 

Figure 1. Binding of 1-hexanal by soy protein. I, H and III refer to the first, 
second and third experiments, respectively. For details see text (9). 

Table I. Relationship between the degree of hydrolysis 
of soy protein* and the amount of 1-hexanal retained 

Degree of hydrolysis** 
(%) 

0 
22.1 
41.6 
72.7 
99.8 

Amount of 1-hexanal retained 
(mg / kg hydrolysate) 

6.67 
5.20 
2.41 
1.03 
0.05 

* P a r t i a l l y denatured soy protein (see text). 
** Hydrolysis was performed at pH 2.8 with a microbial 
acid protease (Molsin). Each degree of hydrolysis was 
measured with 10 % t r i c h l o r o a c e t i c acid (TCA) and re
presented as (TCA-soluble Ν / t o t a l N)x 100. 

From A r a i et a l . (9) 
Agricultural and Biological Chemistry 
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Interaction of Protein with Lipids 

Lipids are often a nuisance i n extraction of proteins. For 
example, i n preparing leaf protein concentrate a p r o t e i n - l i p i d 
complex i s formed frequently affecting the protein extraction ef
fi c i e n c y (16). N u t r i t i o n a l l y , the complex i s disadvantageous 
because i t r e s i s t s digestion by proteases (17). Shenouda and 
Pigott (18) found that the formation of protein-bound l i p i d s can 
cause a low ef f i c i e n c y of extraction of protein from f i s h . Hydro
phobic bonding probably plays an important r o l e i n p r o t e i n - l i p i d 
interactions. Mohammadzadeh-k et a l . (19) reported protein i n t e r 
action with completely apolar compounds such as al i p h a t i c hydro
carbons. 

Shenouda and Pigott (20) have studied the interaction of 
polar l i p i d s with protein
demonstrated that heat-denature
polar l i p i d s more t i g h t l y than neutral t r i g l y c e r i d e s . They showed 
that a solvent with higher p o l a r i t y permits better separation of 
l i p i d s from protein (21). Similar examples of the interaction of 
polar l i p i d s with proteins have been found i n peas (22) and i n soy 
protein after heat-denaturation (23). According to Noguchi et a l . 
(24), soy protein curd, prepared by heat-denaturation of protein 
followed by salting-out, contains a variety of polar l i p i d s 
including phosphatidylcholine, phosphatidylethanolamine and 
phosphatidylinositol. They found that a sig n i f i c a n t amount of 
these l i p i d s i s probably i n a protein-bound state resistant to 
extraction with chloroform/methanol. When the curd was incubated 
with an acid protease (Molsin), most of the bound phospholipids 
were liberated to an extent dependent on the incubation time. 

Ohtsuru et a l . (25) have recently investigated the behavior 
of phosphatidylcholine i n a model system that simulated soy milk. 
They used spin-labelled phosphatidylcholine (PC*) synthesized from 
egg l y s o l e c i t h i n and 12-nitroxide stearic acid anhydride. The ESR 
spectrum of a mixture of PC* (250 yg) and native soy protein (20 
mg) homogenized i n water by sonication resembled that observed for 
PC* alone before sonication. However, when PC* (250 yg) was 
sonicated i n the presence of heat-denatured soy protein (20 mg), 
s p l i t t i n g of the ESR signal occurred. On t h i s basis, they postu
lated the existence of two phases: PC* making up a f l u i d lamella 
phase and PC* immobilized probably due to the hydrophobic i n t e r 
action with the denatured protein. In a study of a soy-milk model, 
Ohtsuru et a l . (25) reported that a ternary protein-oil-PC* com
plex occurred when the three materials were subjected to sonica
t i o n under the proper condition. Based on data from the ESR study, 
a schematic model has been proposed for the reversible formation-
deformation of the ternary complex i n soy milk (Figure 2). 

Serious problems aris e when protein-bound l i p i d s undergo 
autoxidation followed by decomposition. C a s t e l l (26) showed that 
formaldehyde formed by the decomposition of autoxidized f i s h o i l 
can cause toughened texture of f i s h protein. St. Angelo and Ory 
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Agricultural and Biological Chemistry 

Figure 2. A model for the formation-deformation of a ternary protein-oil-phos-
phatidylcholine complex. The protein molecule is represented as a large open 
circle and the phosphatidylcholine molecule as a small filled circle having two 

tails. The large filled circle represents an oil particle (25). 
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(27) reported on the undesirable effects of unsaturated l i p i d s on 
protein; their autoxidation produced aldehydes and ketones which 
reacted with some amino acid residues. Roubal and Tappel (28) 
and Roubal (29) showed that protein deterioration could be i n i t i 
ated by free r a d i c a l s originating from l i p i d peroxidation. Per
oxidation resulted i n oxidation of some amino acid residues as 
well as cross-linking of proteins v i a malonaldehyde formed. 

Karel's group at M.I.T. has also studied the effect of per-
oxidizing methyl li n o l e a t e i n the presence of lysozyme and other 
selected food proteins i n model systems (30-33). ESR studies 
indicated that protein free radicals were formed as a result of 
the interaction, especially when the reacting system was main
tained at a water a c t i v i t y of 0.75. The free radicals primarily 
showed central singlet l i n e s , attributable to carbon-centered 
radicals with g=2.004
with g=2.0027. Substantia
radicals with the side-chains of tryptophan, h i s t i d i n e , lysine 
and arginine residues of protein. Proteins containing cysteine 
also exhibited downfield shoulders at g=2.015 and 2.023 that were 
essentially i d e n t i c a l to peaks obtained with free cysteine. 
Based on these data, Karel and coworkers postulated that free 
r a d i c a l transfer to protein occurs v i a complex formation of the 
following type: 

PH + LOOH + [ΡΗ···ΙΌ0Η] + Ρ· + LOO* + H 20 (5) 

where PH and LOOH refer to protein and l i p i d hydroperoxide, 
respectively. An intermolecular reaction of Ρ· may then take 
place leading to protein polymerization of the type Ρ-(Ρ) η-Ρ·. It 
was shown that lysozyme polymerized (covalently) during incubation 
with peroxidizing methyl li n o l e a t e , with a decrease i n s o l u b i l i t y 
as well as i n enzyme a c t i v i t y . Such a peroxide-initiated r a d i c a l 
reaction can cause chemical deterioration of wheat gl i a d i n , bovine 
serum albumin and ovalbumin as well. Free ra d i c a l s trapped i n 
matrices of proteins, p a r t i c u l a r l y of denatured proteins, can be 
kept s t a b i l i z e d over a long period of time (29). undoubtedly, 
food proteins undergo radical-induced damage during their 
prolonged storage i n the presence of unsaturated l i p i d s . 

Interaction of Proteins with Pigments and Related Compounds 

Synthetic dyes can interact with proteins. Experiments have 
been carried out to assess binding capacities of proteins toward 
a variety of food dyes (34" 26). These include azo dyes (new 
coccine, amaranth, orange G, etc.), triphenylmethane dyes (guinea 
green, b r i l l i a n t blue FCF, acid v i o l e t 6B, etc.) and isoxanthene 
dyes (rose bengal, erythrosine, eosine, etc.). An example of 
physiological importance i s the work of Tokuma and Terayama (37). 
They i d e n t i f i e d alcohol dehydrogenase as a target protein for 
binding of a carcinogenic aminoazo dye. It i s , however, beyond 
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the scope of t h i s a r t i c l e to deal with these topics; therefore the 
discussion w i l l concentrate on the interaction of proteins with 
naturally occurring pigments and related compounds. 

Special problems ari s e during extraction of proteins from 
green leaves and algae. Much eff o r t has been devoted to separa
ti o n of chlorophylls, carotenoids and other photosynthetic pig
ments from leaf proteins (38 - 44). A tight chlorophyll-protein 
complex formed, for example, during greening of etiolated bean 
leaves i s a nuisance (45). A similar example i s chlorophyll-
lipoprotein complex formation i n chloroplasts of Chlorella (46). 
Feeding tests using rats showed that the complex was primarily 
responsible for the low n u t r i t i v e value of the Chlorella protein. 
A r a i et a l . (47) attempted to extract an a l k a l i - s o l u b l e protein 
from the blue-green alga, Spirulina maxima, and another one from 
the non-sulfur purple bacterium
both cases, pretreatmen
the photosynthetic pigments. However, the extracted proteins were 
s t i l l brown. Gel chromatography on Sephadex G-15 showed that the 
remaining pigment was t i g h t l y bound to protein. The pigment could 
be separated from pepsin-treated protein on a Sephadex column. 
Alga l pigments include the so-called b i l i p r o t e i n s such as phyco-
erythrins and phycocyanins which are covalently bound to protein 
(48). 

Higher plants contain a chromoprotein called phytochrome, 
which occurs i n two interconvertible forms, P R and PpR, with ab
sorption maxima at 665 nm and 725 nm, respectively. Walker and 
Bailey (49) believe that the interconvertible photoreaction of 
phytochrome may be involved i n the photoregulation of growth, 
development, adaptation and other functions of higher plants. 
RUdiger (50) proposed a model of the two forms of phytochrome 
involving covalently bound linear tetrapyrrole. The chromophore 
i s a b i l e pigment. Fry and Mumford (51) have isolated a chromo-
phore-containing peptide by digesting phytochrome with protease; 
therefore i t may be possible to use proteolysis to depigment the 
chromoprotein. 

Besides the above-mentioned pigments, a variety of closely 
related colorless compounds occur widely i n plants. Among these 
are polyphenols, some of which have a potent tanning a c t i v i t y . 
Because of their s p e c i f i c a f f i n i t y for proteins, tannins have been 
used i n protein analysis. The method can be Improved further by 
characterizing the mode of protein-tannin interaction (52) and by 
optimizing the conditions for quantitative analysis (53, 54). 
Tannins often cause n u t r i t i o n a l deficiencies and t o x i c i t i e s as 
shown for the protein extracted from high-tannin species of 
sorghum (55). Another example i s the inhibitory effect of oak 
leaf tannin on the t r y p t i c digestion of proteins (56). Chlorogenic 
acid, a ubiquitous depside-type tannin, also can associate t i g h t l y 
with leaf proteins, affecting their t r y p t i c d i g e s t i b i l i t y (57,58). 
Dryden and Satterlee (59) showed that chlorogenic acid added to 
casein reacts covalently to prevent the protein from undergoing 
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i n vivo digestion. The growth of Tetrahymena on the chlorogenic 
acid-treated casein was decreased. Other polyphenols also react 
with proteins, for example, with arachin (60). 

Phenolic compounds including flavonols, although colorless, 
can be enzymatically and/or non-enzymatically oxidized to pig
ments. When such oxidation takes place i n the presence of protein, 
the protein may become pigmented. Igarashi et a l . (61) measured 
the effect of a number of phenolic compounds on browning of casein 
solution at pH 6.8 (Table I I ) . The results indicate that the 
position of the OH groups of the phenolic compounds determines the 
color intensity. In particular, 3- and 7-OH groups on the flavone 
ring bearing 3 1- and 4'-0H groups appear to be required for 
maximum browning of the casein solution. From a n u t r i t i o n a l point 
of view i t should be noted that available lysine of casein 
decreased i n accordanc
et a l . (62) also showe
decreased when the protein was incubated with quercetin. In t h i s 
case a sig n i f i c a n t degree of damage occurred to methionine as well 
as to lysine. 

Horigome and Kandatsu (63) prepared a Fuki (Petasites japon-
icus miq.; a t r a d i t i o n a l food plant i n Japan) acetone-powder with 
a high o-diphenol oxidase a c t i v i t y . When the powder was added to 
a mixture of c a f f e i c acid and casein, casein was gradually pig
mented. A feeding test with rats demonstrated that there was a 
close relationship between the decrease i n b i o l o g i c a l value of the 
pigmented casein and i t s color intensity. 

F i n a l l y , examples of the effect of protein interaction with 
fluorescent compounds are available. Lohrey et a l . (64) demon
strated that a photosensitizing effect (photodynamic effect) 
appeared when rats were fed on a diet containing leaf protein con
centrate prepared from lucerne (Medicago sativa). Skin lesions of 
varying severity up to the sloughing of ears and t a i l s occurred 
when the fed rats were illuminated with natural daylight through 
window glass. Extracts from blood plasma and l i v e r s of rats given 
the leaf protein concentrate contained phaeophorbide-a which i s a 
fluorescent compound derived from chlorophyll-a by removal of 
magnesium and phytol. This finding i s supported by the work of 
Isobe et a l . (65) who have c l e a r l y shown that phaeophorbide-a does 
cause hypersensitization i n rats. 

Much more attention i s currently being paid to carcinogen
i c i t y of fluorescent compounds. A t y p i c a l example may be a f l a -
toxin (66). Beckwith et a l . (67) have studied the interaction 
between corn protein and afl a t o x i n B]_. Tryptophan derivatives 
also are of interest because of their possible carcinogenicity. 
Sugimura et a l . (68) i d e n t i f i e d the following two mutagenic p r i n 
c i p l e s : 3-amino-l,4-dimethyl-5H-pyrido[4,3-b]indole (I) and 
3-amino-l-methyl-5H-pyrido[4,3-b]indole (II) i n a pyrolyzate of 
tryptophan. Subsequently, Yoshida et a l . (69), i n investigations 
on factors inducing mutagenicity i n Salmonella typhimurium TA 98, 
id e n t i f i e d two related compounds: 2-amino-9H-pyrido[2,3-b]indole 
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Table II. Effect of phenolic compounds added to a 
casein solution on i t s browning during incubation* 

Optical density 

Phenolic compounds at 470 nm at 520 nm 

Chlorogenic acid 0.521 0.396 
Caffeic acid 0.751 0.413 
Catechol 0.850 0.510 
Quercetin 0.941 0.724 
Kaempherol 0.206 0.174 
Myricetin 1.505 1.007 
D ihydr οquer cet i n 0.590 — 

Protocatechuic aci
Phloroglucinol 
Azaleatin 0.778 0.510 
Rhamnetin 0.206 0.174 
Quercitrin 0.078 0.055 
Rutin 0.047 0.033 
Luteolin 0.196 0.174 

* Casein (1 g) was dissolved i n 100 ml of 0.1 M 
phosphate (pH 6.8) containing 0.1 mM phenolic com
pound. The solution was refluxed at 80°C for 10 h 
under aeration prior to measurement of o p t i c a l 
densities. 

From Igarashi et a l . (61) 
Journal of the Agricultural Chemical Society of Japan 
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(III) and 2-amino-3-methyl-9H-pyrido[2,3-b]indole (IV) i n a pyro-
lyzate of soy protein. These fluorescent compounds could be 
protein-bound i n roasted foods. Detailed experiments on the 
interaction between food proteins and such compounds of toxicolo-
g i c a l importance are being carried out i n Japan. 

Discussion 

Proteins can bind flavor constituents, especially v o l a t i l e 
carbonyls. When bound to protein, some v o l a t i l e aldehydes behave 
as i f they were non-volatile compounds and are retained over a 
long period of time during storage. Such interaction may cause 
chemical as well as organoleptical deterioration of food proteins. 

As exemplified by soy protein, interaction of protein with 
1-hexanal i s promoted b
decreased by treating a
the aldehyde i s liberated to an appreciable extent. 

L i p i d s can act as precursors of a variety of a l i p h a t i c car
bonyls with objectionable flavors. Proteins interact with l i p i d s 
as well. The interaction i s primarily through hydrophobic bonding. 
Additionally, a type of polar interaction may be involved, 
p a r t i c u l a r l y when phospholipids take part. In the case of soy 
milk, a ternary protein-oil-phosphatidylcholine complex probably 
occurs. 

A serious problem arises when l i p i d s undergo peroxidation i n 
the presence of protein. Free radicals originating from hydroper
oxides transfer to several s p e c i f i c amino acid residues of protein. 
As a r e s u l t , the protein undergoes r a d i c a l induced polymerization, 
with loss of s o l u b i l i t y and other o r i g i n a l properties including 
n u t r i t i v e value. 

Naturally occurring pigments also are bound by proteins to a 
greater or lesser extent depending on chemical structure. Photo
synthetic pigments often obstruct the process for preparing pure 
leaf protein concentrate. A chlorophyll-lipoprotein complex 
occurring i n the a l g a l chloroplast f r a c t i o n i s a nuisance i n that 
i t r e s i s t s i n vivo as well as i n v i t r o digestion. Of physiological 
and t o x i c o l o g i c a l importance i s the p o s s i b i l i t y that some fluores
cent compounds with photosensitizing and mutagenic a c t i v i t i e s 
could remain i n foods i n a protein-bound state. 

Besides pigments, closely related compounds occur naturally. 
Among these are phenolic compounds. Chlorogenic acid, a ubiqui
tous compound, interacts r e a d i l y with proteins, affecting their 
d i g e s t i b i l i t y . Many other common phenolic compounds, although 
colorless, undergo enzymatic and/or non-enzymatic oxidation to 
pigments. When such pigmentation takes place with proteins, 
deteriorative changes result. 

Examples given i n this chapter suggest caution i n the use of 
some proteins for food. A great deal of time and ef f o r t has been 
spent i n attempting to remove flavors, l i p i d s , pigments, etc. from 
proteins. Their treatment with proteases may be generally useful 
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t o o l for th i s purpose. Use of non-protease enzymes also seems 
promising, although further studies are needed to provide 
information appl icable i n the i n d u s t r i a l production of wholesome 
proteins for human consumption. 
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Deteriorative Changes of Proteins During Soybean 

Food Processing and Their Use in Foods 

DANJI FUKUSHIMA 
Kikkoman Foods, Inc., Walworth, WI 53184 

Various deteriorative changes occur in proteins during food 
processing and food storage
a deteriorative change for one purpose can be a favorable one for 
another purpose. For instance, some meat proteins change physi
cal properties during frozen storage, resulting in loss of chew
ing qualities and/or functional properties such as binding or e-
mulsifying properties (1). Therefore, this change during frozen 
storage is a deteriorative one for meats. However, this change 
is an advantage for the manufacture of a soybean protein product 
known as "kori-tofu" described later. Another example where a de
teriorative change from one aspect can be a favorable one from an
other aspect is the insolubilization of soybean protein during e-
vaporation (2,3). This insolubilization of proteins is a deteri
orative one for the manufacture of "yuba", another soybean protein 
product described later. 

The deterioration of physical properties of proteins during 
food processing and/or storage described above are due to irre
versible insolubilization of the proteins. Irreversible insolu-
bilization occurs when unfolded molecules come close enough to 
combine intermolecularly . Such molecular condensations usua l ly 
occur during dry ing , f reez ing , heating and neutra l i za t ion of mo
l ecu lar charges of prote in so lut ions . Therefore, the processes 
associated with i r r e v e r s i b l e i n s o l u b i l i z a t i o n can be c l a s s i f i e d 
by the patterns of these molecular condensations. Soybean p r o 
te ins i r r e v e r s i b l y i n s o l u b i l i z e d through neutra l i za t ion of charges 
are widely used i n the production of tofu i n the Orient . 

The present paper deals with these changes and t h e i r use for 
food production. 

Deter iorat ive Changes of Soybean Protein During Drying and Their 
Use i n Foods 

Irrevers ib le I n s o l u b i l i z a t i o n of Soybean Prote in During Dry
ing . Soymilk i s an economical h igh-prote in food of high n u t r i t i v e 
value produced by grinding soaked whole soybeans with water, heat-

0-8412-0543-4/80/47-123-211$07.25/0 
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ing the resultant mixture, and then removing the residue to give 
a stable emulsion. About 65%, 83%, and 13%, respectively, of 
t o t a l s o l i d s , protein, and fat contained i n whole soybeans are 
found i n the soy milk. Anti-nutritive factors i n soybeans, such 
as trypsin i n h i b i t o r s , hemagglutinins, etc., are also extracted. 
Therefore, soy milk must be heated for inactivation of these a n t i -
n u t r i t i v e factors as well as avoidance of o f f - f l a v o r s . However, 
soy milk powder produced from a heated soy milk i s not e a s i l y d i s 
persed into water when reconstituted before drinking. This i s a 
result of i n s o l u b i l i z a t i o n of the heated protein which occurred 
during drying. This i n s o l u b i l i z a t i o n occurs even when drying i s 
carried out at room temperature or by l y o p h i l i z a t i o n . This i n d i 
cates that the process of evaporation of water during drying i s 
responsible for the i n s o l u b i l i z a t i o n . 

Effect of the heatin
on i t s r e d i s p e r s i b i l i t
curves (designated as (a)) i n Figure 1 show the effect of tempera
ture and time of heating before drying of soy milk on the amounts 
of the protein i n s o l u b i l i z e d during drying. In t h i s figure, 10 ml 
of heated soy milk i n a 250 ml beaker was dried i n a 50°C constant 
temperature room for l6 hours. According to Figure 1, i n s o l u b i l i 
zation during drying of raw soy milk without heating was small; 
i n s o l u b i l i z a t i o n was at a maximum after 10 minutes of heating and 
then decreased gradually with longer heating times at 100 0 and 
120O C. 

In order to determine the mechanism of t h i s i n s o l u b i l i z a t i o n , 
-SH blocking reagents were added to soy milk heated under the con
d i t i o n which caused maximum i n s o l u b i l i z a t i o n during drying. The 
resultant soy milk was dried and the amount of i n s o l u b i l i z e d 
protein was measured, as shown i n Figure 2. As shown i n t h i s 
f i g u r e , the amount of i n s o l u b i l i z e d protein decreased sharply with 
the addition of N-ethylmaleimide (NEMl) or sodium-£-chloromercuri-
benzoate (PCMB) and reached a constant value at around 2 X 10"^ M 
of either reagent. As the concentrations of free -SH groups of 
t h i s soy milk were around k and 2 Χ 10~^ M i n unheated and heated 
milk, respectively, t h i s concentration of NEMI or PCMB coincides 
with the concentration of free -SH groups i n the heated soy milk. 
This may indicate that the free -SH groups present i n the heated 
soy milk protein take part i n the i n s o l u b i l i z a t i o n of the protein 
during drying. 

There are two mechanisms for the molecular polymerization by 
d i s u l f i d e bonds. One i s the polymerization through an i n t e r -
molecular d i s u l f i d e bond formed by oxidation between the two free 
-SH groups located on different protein molecules. The other 
mechanism i s polymerization through an intermolecular d i s u l f i d e 
bond formed by an interchange reaction between free -SH groups and 
d i s u l f i d e bonds which are located intermolecularly. 

In order to determine whether the d i s u l f i d e polymerization of 
heated soy milk protein occurs through the f i r s t or second mecha
nism, i t i s necessary to measure the d i s u l f i d e and -SH content of 
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Cereal Chemistry 

Figure 1. Ε feet of heating of soy milk before drying and effect of addition of 
N-ethylmaleimide (NEMI) to heated soy milk on the insolubilization of protein 
after drying. The curves are: (a), dried without adding NEMI; (b), dried after adding 
NEMI; and (C), the values of (a) minus the values of (b). Curve (a) indicates total 
amount of insolubilized protein; curve (b) indicates the amount of protein insolubilized 
by mechanisms other than by intermolecular disulfide bond formation; and curve (c) 
indicates the amount of protein insolubilized through disulfide bond polymerization (3). 
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Figure 2. Effect of the concentration of N-ethylmaleimide (NEMI) or sodium 
p-chloromercuribenzoate (PCMB) added to heated soy milk (100°C, 20 min) 
before drying on the insolubilization of the soy milk protein after drying (β). 
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the protein. The heated soy milk protein was found to contain 
only one or two -SH groups per mole (average molecular weight) 
whereas there were ten times as many d i s u l f i d e groups. The 
presence of only one or two free -SH groups per mole of soy milk 
protein rules out d i s u l f i d e polymerization v i a oxidation of -SH 
groups because: ( l ) the probability that the one or two -SH groups 
w i l l react intermolecularly i s small, (2) even though two -SH 
groups might react intermolecularly the molecules w i l l polymerize 
only to dimers when each molecule has one -SH group, and to one-
dimensional polymers only i f a l l the molecules contain two -SH 
groups. Therefore, large amounts of i n s o l u b i l i z e d protein through 
t h i s mechanism cannot be expected. On the other hand, existence 
of large numbers of d i s u l f i d e bonds i n each molecule suggests that 
interchain d i s u l f i d e polymerization of the heated soy milk protein 
occurs through an interchang
groups. One or two -SH
l y with any of the several accessible d i s u l f i d e bonds of another 
molecule and consequently the interchange reaction between the -SH 
and d i s u l f i d e groups occurs to form a new intermolecular d i s u l f i d e 
bond. By t h i s reaction a new free -SH group appears, which can 
take part i n another intermolecular reaction with d i s u l f i d e bonds 
to form a new intermolecular d i s u l f i d e bond. Thus, the i n t e r 
change reaction can proceed successively, producing new i n t e r 
molecular d i s u l f i d e bonds and new -SH groups, as shown i n Figure 
3. Through t h i s interchange mechanism, the intermolecular d i 
sulfide bonds can l i n k at multiple s i t e s on each molecule, r e s u l t 
ing i n a three-dimensional polymerization and i n s o l u b i l i z a t i o n of 
the molecules. 

There i s another observation which indicates that polymeriza
tio n during drying i n heated woy milk occurs through the d i s u l f i d e 
bond interchange reaction. I n s o l u b i l i z a t i o n of the protein was 
increased rather than decreased by the addition of a small amount 
of d i s u l f i d e bond s p l i t t i n g reagents such as mereaptoethanol, 
sodium s u l f i t e , etc., as shown i n Figure k. Further addition of 
these reagents decreased i n s o l u b i l i z a t i o n . The explanation ap
pears to be as follows. In the presence of large amounts of d i 
sulfide bond-splitting reagents, a l l the d i s u l f i d e bonds of the 
protein are s p l i t and formation of intermolecular d i s u l f i d e bonds 
does not occur. However, i n the presence of a small amount of 
these reagents, for example 10~3 M, some of the d i s u l f i d e bonds 
are s p l i t to produce new -SH groups. In t h i s case, some of the 
d i s u l f i d e bonds are not s p l i t . Therefore, the increase i n -SH 
groups act as i n i t i a t o r s of the interchange reaction. Thus, i n 
s o l u b i l i z a t i o n through polymerization i s increased by the d i 
sulfide bond interchange reaction with the increased number of -SH 
groups. These results agree with those for the -SH and d i s u l f i d e 
bond interchange reactions i n plasma albumin (5.,6). 

Since part of the i n s o l u b i l i z a t i o n of heated soy milk protein 
during drying occurs through the sulfhydryl/disulfide bond i n t e r 
change reaction, experiments were carried out so as to distinguish 
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(1) UNFOLDING OF A POLYPEPTIDE CHAIN IN A NATIVE MOLECULE 

(3) INTERMOLECULAR POLYMERIZATION THROUGH HYDROPHOBIC INTERACTION 

Journal of Japan Soy Sauce Research Institute 

Figure S. Schematic diagram of unfolding of native protein molecules and their 
intermolecular polymerization (7) 
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Cereal Chemistry 

Figure 4. Effect of added mercaptoethanol and NagSOs on the insolubilization 
of soy milk proteins after drying (2). 
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quantitatively between protein i n s o l u b i l i z e d through the s u l f 
hydryl / d i s u l f i d e bond interchange reaction and protein i n s o l u b i l i 
zed by other methods. The free -SH groups of soy milk heated for 
the times indicated i n Figure 1 were then blocked by N-ethylmale-
imide (NEMI), the protein dried and the amount of i n s o l u b i l i z e d 
protein determined. The results are shown i n the middle two 
curves designated as (b) i n Figure 1 . It i s quite clear from the 
difference between the curves with and without NEMI that some of 
the i n s o l u b i l i z a t i o n of protein occurs through the sul f h y d r y l / d i 
sulfide interchange reaction, which i s shown i n the lower two 
curves designated (c) i n Figure 1 . The decrease of extent of i n 
s o l u b i l i z a t i o n through d i s u l f i d e bond polymerization resulting 
from prolonged heating, (Fig. 1 ( c ) ) , indicates that loss of some 
of the free -SH groups of the protein occurred during the heating. 
This -SH loss was more
tributed to oxidation b
react rapidly i n the presence of oxygen at high temperature, form
ing (probably) sulfenic acid (-SOH), s u l f i n i c acid ( - S 0 2H), and 
sulfonic acid (SO3H) groups. Oxidative reagents, such as hydrogen 
peroxide, also remove the free -SH groups of soy milk protein. 

Next, i n order to determine whether the i n s o l u b i l i z a t i o n 
brought about by means other than polymerization through d i s u l f i d e 
bonds i s due to hydrophobic bonds, the s o l u b i l i t y behavior of i n 
so l u b i l i z e d protein i n which the -SH groups of soy milk were 
blocked was tested after drying with sodium dodecylsulfate (SDS), 
a hydrophobic bond disrupting agent. Almost a l l the protein i n 
so l u b i l i z e d during drying of the -SH blocked soy milk were solu-
b i l i z e d by 0.5% SDS at neutral pH, indicating some i n s o l u b i l i 
zation occurs by means other than polymerization by sul f h y d r y l / d i 
sulfide bond interchange. This i n s o l u b i l i z a t i o n may be due to 
intermolecular polymerization through hydrophobic interactions. 

Thus, i t i s concluded that i n s o l u b i l i z a t i o n of soy milk pro
t e i n during drying occurs both through intermolecular d i s u l f i d e 
bonds formed by interchange between the -SH and d i s u l f i d e groups 
of the molecules and through intermolecular hydrophobic i n t e r 
action. When soy milk was not heated before drying and, therefore 
the proteins i n soy milk were i n a native state, the i n s o l u b i l i z e d 
protein after drying was around l6%9 regardless of the presence 
or absence of NEMI. This may be a result of few or no d i s u l f i d e 
bonds on the surface of the native protein to interchange with the 
-SH groups. When soy milk i s heated, however, the native three-
dimensional structure of the molecules are disrupted and as a r e 
sult the free -SH groups, many d i s u l f i d e bonds, and most of the 
hydrophobic groups, formerly buried inside the molecules, are ex
posed (Fig. 3 ) . When the exposed residues are brought into close 
proximity as a result of drying both d i s u l f i d e bonds and hydro
phobic bonds, formed intermolecularly by mechanisms described a-
bove, contribute to the i n s o l u b i l i z a t i o n of soy milk. Longer 
times and higher temperatures during heating of soy milk before 
drying increased the number of exposed hydrophobic groups, i n -
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creasing the amount of protein i n s o l u b i l i z e d by intermolecular 
hydrophobic interaction (middle two curves of (b) i n F i g . l ) . 
Thus, the complicated phenomena observed for i n s o l u b i l i z a t i o n of 
the protein of heated soy milk may be explained by these mecha
nisms. 

There i s another phenomenon, regarded as a deteriorative 
change i n the protein of soy milk, caused also by the evaporation 
of water. This i s a f i l m formation on the surface of soy milk, 
which occurs when heated soy milk i s kept open to the a i r . This 
phenomenon i s observed not only i n heated soy milk but also i n 
heated cow*s milk. Film formation of soy milk occurs only when 
the soy milk i s heated above 60°C and there i s evaporation of 
water from the surface of the soy milk. The mechanism of protein 
i n s o l u b i l i z a t i o n i s b a s i c a l l y the same as that of soy milk powder 
produced from heated so
surface of heated soy mil
t r a t i o n of protein near the surface increases l o c a l l y and the ex
posed reactive groups of the denatured molecules come close enough 
to interact intermolecularly both by hydrophobic interactions and 
through the sulfhydryl/disulfide interchange reaction to form a 
polymerization (film) on the surface. The upper side of the f i l m 
contains more hydrophobic amino acids because of orientation of 
the hydrophobic portions of the unfolded molecules to the atmos
phere rather than into the aqueous solution. 

Use of Deteriorative Changes of Protein During Evaporation 
for Food Production. In Japan, there i s a t r a d i t i o n a l product 
cal l e d "yuba" manufactured by i r r e v e r s i b l e i n s o l u b i l i z a t i o n of 
soy milk protein during evaporation. The f i l m formation of heat
ed soy milk described above i s u t i l i z e d for production of yuba. 
Yuba production was studied i n d e t a i l by Okamoto et a l . (8^,9.) . In 
the making of yuba, soy milk i s put into an open, shallow pan and 
heated above 80°C. The f i l m , formed on the surface by heating and 
evaporation of water, i s skimmed from the surface r e p e t i t i v e l y 
with a f i n e stick and dried by warm a i r . More than 80% of the soy 
milk solids can be recovered from soy milk as yuba. Samples of 
yuba are shown i n Figure 5 · Yuba i s a very nutritious protein 
food composed of 8.7% water, 5 2 . 3 $ protein, 2k.1% f a t , 1 1 . 9 $ 
carbohydrate, and 3 . 0 $ ash. Yuba, with a meat-like texture, i s 
used as an ingredient i n various dishes after seasoning. 

Deteriorative Changes of Soybean Protein After Freezing and Their 
Use for Foods 

Irreversible I n s o l u b i l i z a t i o n of Soybean Protein After Freez
ing. It i s well known that deteriorative changes occur i n pro
teins during frozen storage. Hashizume et a l . (10^,11^12.) have i n 
vestigated the i n s o l u b i l i z a t i o n of soybean protein after freezing. 
Comparison of these results with those of i n s o l u b i l i z a t i o n of 
heated soy milk protein during drying indicate that protein i n s o l -
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Figure 5. Samples of "yuba' 
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u b i l i z a t i o n after freezing and during drying occur essentially by 
the same mechanisms. Both are i n s o l u b i l i z e d through sulfhydryl/ 
d i s u l f i d e interchange reactions and hydrophobic interractions, 
which occur when protein molecules are brought close together 
through concentration. In the evaporation the molecules are 
brought enough to react intermolecularly by removal of water, 
whereas i n freezing they come close enough to react by removal of 
water by formation of ice cr y s t a l s . When a protein solution i s 
frozen, the protein molecules are concentrated into the unfrozen 
water solution which exists among the ice crystals. The amount of 
t h i s unfrozen water depends upon the rate of freezing and tempera
ture used, the temperature of frozen storage and the kind of so
l u t i o n i n which the proteins were dissolved. The lower the 
temperature, the lower the amount of unfrozen water. At a very 
low temperature, such a
very small and therefore
above mechanisms i f the protein solution i s frozen rapidly. At 
-3°to - 5°C, however, most frozen foods contain about 1 0 - 2 0 $ of un
frozen water among the ice crystals i n which the protein molecules 
are concentrated. In such concentrated solutions, the sulfhydryl/ 
d i s u l f i d e interchange reaction and hydrophobic interaction de
scribed above can occur readily, resulting i n protein i n s o l u b i l i 
zation. 

In s o l u b i l i z a t i o n of heated soybean protein after freezing oc
curs for the same reasons as i n s o l u b i l i z a t i o n of heated soybean 
protein during drying. Figure 6 shows the effect of time of 
frozen storage on the i n s o l u b i l i z a t i o n of heated soybean protein 
solution following freezing and the s o l u b i l i t y of the i n s o l u b i l i z 
ed protein i n urea and/or mercaptoethanol. As shown by curve (a) 
i n Figure 6 , the heated soybean protein was i n s o l u b i l i z e d rapidly 
during frozen storage. Most of the i n s o l u b i l i z e d protein could be 
sol u b i l i z e d by urea alone, as long as the time of frozen storage 
i s short, but the protein became more insoluble i n urea as the 
time of frozen storage increased (curve (b)). A l l the insoluble 
protein could not be s o l u b i l i z e d , u n t i l mercaptoethanol i s added 
to urea (curve (c)). This indicates that i n s o l u b i l i z a t i o n of 
heated proteins during frozen storage occurs mainly by hydrophobic 
bonds i n the i n i t i a l stage of the storage but d i s u l f i d e bonds are 
gradually formed on longer storage. As a r e s u l t , the protein was 
not so l u b i l i z e d by urea only. 

The d i s u l f i d e bonds formed during frozen storage are probably 
formed through sulfhydryl/disulfide interchange reactions, just as 
i n heated soy milk powder during drying, since i n s o l u b i l i z a t i o n 
during frozen storage was also accelerated by addition of small a-
mounts of mercaptoethanol (Fig. 7). 

In order to determine whether formation of these hydrophobic 
and d i s u l f i d e bonds was caused by concentrating the protein mole
cules into the l i q u i d phase among the i c e c r y s t a l s , heated soybean 
protein solution was concentrated to about 60% water content at 
room temperature using carbowax (polyethylene g l y c o l 6 0 0 0 ) and 
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P E R I O D OF F R O Z E N S T O R A G E ( D A Y S ) 

Agricultural and Biological Chemistry 

Figure 6. The insolubilization of soybean protein during frozen storage at — 5°C 
and their solubility behavior in urea and mercaptoethanol (ME) (10). 
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Agricultural and Biological Chemistry 
Figure 7. Increase in the insolubilization of soybean protein during frozen stor
age at —5°C by the addition of small amounts of mercaptoethanol (ME), indi
cating the promotion of a sulfhydryl/disulfide interchange reaction by a disulfide 

bond splitting agent (10) 
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then stored at +5°C without being frozen. Measurements of amount 
of i n s o l u b i l i z e d protein and i t s s o l u b i l i t y i n urea and mercapto
ethanol are shown i n Figure 8. The results show that protein i n 
s o l u b i l i z a t i o n occurred i n the sample stored i n a concentrated 
state without being frozen just as i t did i n the sample stored i n 
a frozen state without prio r concentration (Fig. 6 ) . Similar s o l 
u b i l i t y curves i n urea and mercaptoethanol were obtained for these 
two samples (Figs. 6 and 8 ) , indicating that i n s o l u b i l i z a t i o n r e 
sulted from concentrating the solutions (by evaporation or by 
freezing) permitting sulfhydryl/disulfide interchange and hydro
phobic reactions to occur. 

As described above, i n s o l u b i l i z a t i o n does not occur generally 
i n native proteins. However, i f a native protein has -SH and d i 
sulfide groups on i t s surface, i n s o l u b i l i z a t i o n may occur during 
frozen storage even i n
b i l i z a t i o n , contributio
the denatured protein because most of the hydrophobic residues are 
buried inside the native protein molecule. Therefore, the c o n t r i 
bution of d i s u l f i d e bonds to protein i n s o l u b i l i z a t i o n during 
frozen storage can be assessed more c l e a r l y i n native proteins 
than i n heated ones. For example, 11S globulin (glycinine), one 
of the major components of soybean globulins (Table l ) , contains 
-SH and d i s u l f i d e groups on the surface of the native molecule. 
When a solution of native 11S globulin was stored i n the frozen 
state at -5°C, p r e c i p i t a t i o n occurred and several polymerized 
molecules were present even i n the supernatant as shown i n Figure 
9(b) of the disc-gel electrophoretic patterns. Addition of d i -
s u l f i d e - s p l i t t i n g agents, such as mercaptoethanol, to t h i s so
l u t i o n stored i n the frozen state, however, solubilized the pre
c i p i t a t e s and the soluble polymers were depolymerized as shown i n 
Figure 9(c). Moreover, when -SH blocking agents, such as NEMI, 
were added to native 11S globulin solution before freezing insolu
b i l i z a t i o n did not occur on frozen storage. These observations 
indicate that i n s o l u b i l i z a t i o n of native 11S globulin during 
frozen storage occurred primarily through d i s u l f i d e bond formation 
and hydrophobic bonds were not primarily responsible for t h i s i n 
s o l u b i l i z a t i o n . 

When the 11S globulin solution was stored i n a concentrated 
state without being frozen, polymerization of the molecules occur
red; they had the same s o l u b i l i t y behavior as solutions stored i n 
a frozen state without being concentrated as shown i n Figure 9(d) 
and (e). Therefore, the d i s u l f i d e bonds formed during frozen 
storage of native 11S globulin, as well as i n heated soybean pro
t e i n , were caused by the concentrating of the protein molecules 
into the l i q u i d phase among the ice crystals. 

A special sponge-like texture produced as a r e s u l t of i n s o l 
u b i l i z a t i o n of unfolded protein molecules through both hydrophobic 
interactions and sulfhydryl/disulfide interchange reactions, caus
ed by concentrating the proteins into the l i q u i d phase present a-
mong the ice crystals during frozen storage, i s shown i n Figure 10 . 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Table 1, Major Protein Components of Soybean* 

Protein Components Protein Contents Molecular Features 

By u l t r a -
centrifuge 

By immu
nology 

By immu
nology 

By u l t r a -
centrifuge 

w T T Half cystine M.W. /.T . ν (No. per mol) 

2S Glob
u l i n 

o(-Con-
glycinine 13.8$ 15.0$ 32,600 6 

0-Con-
glycinine 
Ï-Con-
glycinine 

27.9$ ) 180,000 k 
7S Glob- „ 
u l i n 

< 

0-Con-
glycinine 
Ï-Con-
glycinine 3.0$ 

V 3h.0% 
10l*,000 ~ 

U S Globulin Glycinine Uo.o$ kl.9% 360,000 U8 

15S Globulin — — 9.1$ — — 

*Taken from Table I of Fukushima (7). 
Journal of Japan Soy Sauce Research Institute 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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PERIOD OF FROZEN STORAGE (DAYS) 

Agricultural and Biological Chemistry 
Figure 8. The insolubilization of soybean protein during storage at +5°C in a 
concentrated state and its solubility behavior in urea and mercaptoethanol (ME) 

(10). 

ORIGINAL AFTER FROZEN ME ADDED TO (b) 

me> m ι m- m* 
AFTER CONCENTRATED ME ADDED TO (d) 

Agricultural and Biological Chemistry 
Figure 9. Disc-gel electrophoretic patterns of US soubean globulin stored in a 
frozen or concentrated state, (a), original solution; (b), after 2 days storage in a 
frozen state at —5°C; (c), after the addition of 0.01 M mercaptoethanol (ME) to 
solution (b); (d), after 2 days of storage in a concentrated state (unfrozen); and 

(e), after the addition of 0.01 M mercaptoethanol to solution (d) (10). 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Use of Deteriorative Changes i n Protein During Frozen Storage 
i n Food Production. There i s a very unique product made by use of 
the changes described above during frozen storage. This i s a soy
bean protein product called "kori-tofu" which was o r i g i n a l l y de
veloped i n ancient Japan i n the regions with severely cold 
winters. The f i r s t step of kori-tofu making i s the production of 
soy milk curd from soy milk, using calcium salts as a coagulant, 
just as the f i r s t step of cheese making i s that of milk curd from 
cow's milk using rennet as a coagulant. The i n i t i a l soy milk 
curd, called "tofu", possesses a f r a g i l e and gelatinous texture as 
described l a t e r . The second step of kori-tofu making i s frozen 
storage of the tofu curd. The tofu curd i s frozen at -10°C rapid
l y and then kept at -1° to -3°C for 2 to 3 weeks. During t h i s 
frozen storage, intermolecula
i n the l i q u i d phase whic
chanisms described above. As a r e s u l t , the texture of the soy 
milk curd after thawing has changed dramatically from a f r a g i l e 
and gelatinous texture to a strong and sponge-like texture with a 
great many holes where the ice crystals existed. The f i n a l step 
of k o r i-tofu making i s a drying process. After thawing, the dry
ing can be carried out very e a s i l y by f i r s t squeezing out most of 
the water inside the curd and then blowing a warm a i r current on 
the material. The f i n a l product i s usually 20 gram square pieces 
as shown i n Figure 11. It i s a very nutritious product which con
tains ( t y p i c a l l y ) 53-5$ protein, 26.5% o i l , 1.0% carbohydrate, 
2.5% ash, and 10.5% water. Before preparation for eating, k o r i -
tofu i s reconstituted by soaking i n hot water. The rehydrated 
kori-tofu can imbibe a large amount of seasoning solution and i s 
usually used as an ingredient i n various dishes after cooking with 
seasonings. A meat-like chewiness and flavor can be given to the 
reconstituted k o r i - t o f u , depending upon the method of cooking. 
Kori-tofu i s mass produced i n modern factories where about 30,000 
metric tons of soybeans are used for i t s production annually i n 
Japan. 

Reversible and Irreversible I n s o l u b i l i z a t i o n of Soybean Protein 
and Their Use for Foods 

It i s very important i n food processing whether soybean pro
t e i n i s reversibly or i r r e v e r s i b l y i n s o l u b i l i z e d , since i r r e v e r s i 
ble i n s o l u b i l i z a t i o n generally results i n deterioration of the 
physical properties of the protein. Irreversible i n s o l u b i l i z a t i o n 
occurs when unfolded molecules are brought close enough, through 
water evaporation, freezing of water or the neutralization of mo
lecular charges, to form intermolecular bonds. In Figure 12, re
versible and i r r e v e r s i b l e i n s o l u b i l i z a t i o n s are c l a s s i f i e d sche
matically according to the patterns of the condensation of the 
molecules. 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Japanese Society of Food Science and Technology 
Figure 10. Schematic diagram of the insolubilization of soybean protein during 

frozen storage (11) 

Figure 11. Samples of "kori-tofu* 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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( 1 ) R E V E R S I B L E I N S O L U B I L I Z A T I O N ( F O L D E D M O L E C U L E S ) 

( a ) S O L U B L E S T A T E ( b ) P R E C I P I T A T E D S T A T E 

( F A R F R O M I S O E L E C T R I C ( I S O E L E C T R I C P O I N T ) 

P O I N T ) 

(2) I R R E V E R S I B L E I N S O L U B I L I Z A T I O N ( U N F O L D E D M O L E C U L E S ) 

( a ) S O L U B L E S T A T E ( c ) F R O Z E N S T A T E 

Journal of Japan Soy Sauce Research Institute 
Figure 12. Schematic diagram for the mechanisms of reversible and irreversible 

insolubilization of soybean protein (7) 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Usually, reversible i n s o l u b i l i z a t i o n occurs when the protein 
molecules are i n a native state as shown i n Figure 12-(l). The 
surface of native protein molecules contains primarily the hydro-
p h i l i c amino acid residues and, even though molecules may contact 
each other during i s o e l e c t r i c p r e c i p i t a t i o n , through concentration 
by evaporation of water and by freezing, i r r e v e r s i b l e intermolecu
l a r bonds are not generally formed among the molecules. Even i n 
the native state however, i r r e v e r s i b l e i n s o l u b i l i z a t i o n through a 
sulfhydryl/disulfide interchange reaction may occur when free -SH 
and d i s u l f i d e bonds are located at the surface of the molecules. 
This has already been described above for the i n s o l u b i l i z a t i o n of 
native 11S globulin during frozen storage. 

Free -SH groups are also very sensitive to oxidation even by 
a i r . Native soybean protein i n solution became less soluble when 
frozen immediately afte
storage for 2 days (Fig
heated soybean protein frozen immediately or after two days. 
These results tend to indicate that the one or two -SH groups i n 
soybean protein become oxidized after storage for two days i n the 
unfrozen state. Thus, intermolecular d i s u l f i d e bond formation 
could not occur as described i n Figure 3. 

Reversibly i n s o l u b i l i z e d soybean protein products possess 
various functional properties, such as binding, emulsification 
e f f e c t , etc. These f u n c t i o n a l i t i e s may appear when the native 
protein molecules are unfolded during heating i n food processing. 
Therefore these products, such as soybean protein i s o l a t e , are 
useful as binders or emulsifiers for sausage, hams, etc. 

On the other hand, i r r e v e r s i b l e i n s o l u b i l i z a t i o n occurs among 
unfolded protein molecules. In unfolded soybean protein molecules, 
the -SH, d i s u l f i d e and hydrophobic amino acid side chains of the 
molecules are exposed, but the molecules remain soluble when the 
concentration i s not too high, as shown i n Figure 12(2a). A t y p i 
c a l example of t h i s type of product i s soy milk. When thé unfold
ed soybean protein molecules are concentrated so that contact a-
mong them i s enhanced, however, i r r e v e r s i b l e i n s o l u b i l i z a t i o n oc
curs through both sulfhydryl/disulfide interchange and hydrophobic 
interactions. As described above, molecules may be brought t o 
gether by concentration of the molecules through removal of water 
by evaporation and through removal of water by freezing. Other 
methods of bringing the molecules together are through n e u t r a l i 
zation of charges by adding s a l t or ac i d i f y i n g agents, and by ex
tension and orientation of proteins. 

A t y p i c a l example of charge neutralization i n food production 
i s the manufacture of tofu, a soybean protein food consumed i n 
large amounts i n Japan. When calcium sulfate i s added to heated 
soy milk, the soy milk i s coagulated. This i s due to decrease of 
the negative charge on the protein as a result of binding of C a 2 + 

to the negatively charged acidic amino acid residues of the pro
t e i n molecules. Therefore the unfolded molecules can aggregate, 
owing to the decrease of el e c t r o s t a t i c repulsion, and then form 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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P E R I O D OF F R O Z E N S T O R A G E ( D A Y S ) 

Japanese Society of Food Science and Technology 

Figure 13. Comparison of rates of insolubilization during frozen storage be
tween soybean protein solutions frozen immediately after preparation (heated and 
unheated) and frozen after 2 days of storage (heated and unheated). The heated 

samples were held at 100°C for 5 min prior to freezing (11). 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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an i r r e v e r s i b l e coagulate. Instead of calcium s a l t s , glucono-£-
lactone i s often used. The glucono-i-lactone i s hydrolyzed to 
gluconic acid during heating and acts as an ac i d i f y i n g agent. In 
t h i s case, the negative charge on the protein i s decreased by 
protonation of the -COO" of the acidic amino acid residues. 

Tofu i s a white gelatinous curd with a unique texture i n 
which large amounts of water are held (Fig. l U ) . The texture i s 
soft , smooth, and e l a s t i c . Typical percentages of water, protein, 
o i l , carbohydrate and ash i n tofu are 88.0$, 6.0$, 3 · 5 $ 9 1 . 9 $ and 
0 . 6 $ , respectively. In Japan, 270,000 metric tons of whole soy
beans and 65,000 metric tons of defatted soybean meal are used i n 
making tofu and i t s derivatives. 

An example where extension and orientation of protein mole
cules i s used to bring them together for interaction i s i n a r t i 
f i c i a l meat products, includin
such products, d i s u l f i d
bonds are formed among the proteins extended as fibers as shown 
in Figure 12(2e). 

Irreversible i n s o l u b i l i z a t i o n of proteins may occur mainly 
through formation of both intermolecular d i s u l f i d e and hydrophobic 
bonds. The product can be quite different depending on the r e l a 
t i v e contribution of these two types of bonds. The hydrophobic 
bonds are formed among the hydrophobic amino acid side chains con
tributed by valine, leucine, isoleucine, phenylalanine, etc. 
These side chains share a common lack of a f f i n i t y for water and 
are pushed together out of the network of water molecules i n order 
that water may preserve i t s structure. Each hydrophobic bond i s a 
weak bond (1-2 kcal/mole), but they may make a si g n i f i c a n t c o n t r i 
bution to s t a b i l i z a t i o n of the polymerized state i f there are 
enough exposed hydrophobic residues among the molecules. In 
contrast, d i s u l f i d e bonds are covalent and strong (80-100 kcal/ 
mole). Therefore, the amount of intermolecular d i s u l f i d e bond 
formation w i l l have a major influence on the physical properties 
of the i n s o l u b i l i z e d proteins. For instance, there i s a marked 
difference between the physical properties of tofu gel made from 
7S and 11S globulins. 7S globulin (/0-conglycinine) does not con
t a i n free -SH groups and only two d i s u l f i d e bonds per molecule, 
whereas 11S globulin has a number of free -SH groups and a large 
number of d i s u l f i d e bonds (Table l ) . Therefore, the tofu gel made 
from 7S globulin i s mostly s t a b i l i z e d by hydrophobic bonds, while 
the t o f u gel made from 11S globulin i s s t a b i l i z e d by both d i 
sulfide bonds formed through the sulfhydryl/disulfide interchange 
reaction and hydrophobic bonds. This i s the reason why 7S tofu 
gel i s soft and less e l a s t i c , while 11S tofu gel i s much more 
el a s t i c (10,13). The same differences can be seen between the 
physical properties of yuba produced from 7S and 11S globulins. 
Yuba f i l m made from 11S protein i s much stronger than when made 
from 7S protein ( l U ) . 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 14. Samples of "tofu* 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Effect of Deteriorative Changes of Soybean Protein During Heating 
on Enzyme D i g e s t i b i l i t y 

Enzyme D i g e s t i b i l i t y and Y i e l d of Soy Sauce. There are 
various kinds of t r a d i t i o n a l soybean protein foods i n the Orient. 
In addition to soy milk, tofu, kori-tofu and yuba described so 
far , there are fermented soy sauce, miso, natto, sufu and temphe. 
Soy sauce was introduced into Japan during the 7th century by 
Buddhist priests and has been developed into the present-day 
Japanese type of soy sauce, characterized by an excellent aroma 
and flavor, through centuries of a r t i s t r y . Recently, fermented 
soy sauce has become popular with Western people. 

Manufacture of fermented soy sauce i s composed of three pro
cesses, the k o j i making process, the brine fermentation process, 
and the r e f i n i n g process
species are inoculated ont
and wheat and cultured for ho to k5 hours under c i r c u l a t i n g a i r of 
constant temperature and humidity. The cultured s o l i d mash, 
ca l l e d k o j i , i s then mixed with a brine (NaCl) solution of Ik to 
15 percent by weight. During t h i s brine fermentation, the protein 
i n the soybeans and wheat i s hydrolyzed by proteases from the 
Aspergillus species. This i s i n contrast to a chemical soy sauce 
made by hydrolysis of proteins with HCI. Therefore, d i g e s t i b i l i t y 
of the proteins by enzymes i s one of the most important factors i n 
the making of fermented soy sauce because i t i s closely related to 
the y i e l d of soy sauce. 

The d i g e s t i b i l i t y of soybean and wheat proteins by the en
zymes i s markedly influenced by the conditions of heat treatment 
of the soybeans. Native soybean protein i s quite resistant to 
proteolysis because of i t s compact conformation. The rate of 
proteolysis i s dependent on the degree of unfolding of the sub
strate protein molecules as shown i n Figure 15. Accordingly, when 
soybean protein i s used as substrate for proteases, the protein 
molecules must be unfolded by some treatment, such as heating. 
However, heat treatment of the protein may decrease the rate of 
proteolysis. Extended heating of soybean protein decreases the 
rate of proteolysis as shown i n Figure l 6 . Therefore, denatura-
tion of the protein leads to better proteolysis but too much heat 
treatment decreases the rate of proteolysis by causing other 
changes i n the protein. 

Factors which affect the rate and extent of enzymatic hydro
l y s i s of proteins include: ( l ) the substrate s p e c i f i c i t y of the 
enzymes, (2) modification of the amino acid side chains of the 
substrate proteins, and (3) the three-dimensional structure of the 
substrate proteins. It i s essential that the active center of the 
enzymes be able to bind with spe c i f i c amino acid residues of the 
substrate protein. The native soybean protein molecules are com
pletely folded and therefore the s p e c i f i c amino acid residues re
quired by the enzymes may not be available. This i s why native 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Cereal Chemistry 
Figure 15. Relationship between the degree of unfolding of US globulin mole
cules and their susceptibility to proteolysis. In Figure 15B, Δα0 is calculated as 
(a0

Sample — a0

Native)/(aoUrea'denatured — a0

Native) in the Moffitt-Young equation for 
optical rotatory dispersion. The samples were treated at 20° C for 90 min at the 

indicated pH and then neutralized (15). 
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Cereal Chemistry 
Figure 16. The effect of heat treatment of soybean protein on the maximum 

extent of enzymatic hydrolysis by proteases of Aspergillus species (A) 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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soybean protein cannot be hydrolyzed by enzymes readily. In con
t r a s t , when the protein i s unfolded by heat treatment enzymatic 
hydrolysis w i l l proceed rapidly because the enzyme-specific amino 
acid residues of the substrate are available as shown i n Figure 
IT. 

However, i t i s known that some amino acid residues of pro
teins are modified during heating through reaction with other com
pounds or through cross-linking. For i n s t a n c e , ^ - and €-amino 
groups may be modified by reaction with aldehyde compounds such as 
glucose, while l y s i n e , serine, cystine, threonine, arginine, h i s -
t i d i n e , tryptophan, aspartic acid and glutamic acid may be modifi
ed to lysinoalanine or other compounds through f-elimination and 
cross-linking during heat treatment of proteins (lU - 1 9 ) . 

The alkaline proteases of Aspergillus species used i n soy 
sauce manufacture are s p e c i f i
cine, l y s i n e , and arginin
shown that l y s i n e , arginine and cystine of the soybean proteins 
are partly destroyed or modified during heat treatment of defatted 
soybean flour i n the presence of water (Table 2) . Since some of 
these amino acids are essential for maximum hydrolysis by the en
zymes of Aspergillus species, t h e i r destruction or modification 
w i l l r e s ult i n a decrease i n the degree of maximum hydrolysis by 
enzyme. This i s one of the reasons why maximum hydrolysis of the 
protein was decreased by prolonged heating (Fig. l 6 ) . Also, dur
ing prolonged heating new intermolecular or intramolecular i n t e r 
actions among the hydrophobic residues of the unfolded protein 
w i l l also r e s u l t i n a decrease of enzymatic hydrolysis. 

With due consideration of the effect of heating on d i g e s t i 
b i l i t y of soybean protein, various investigations were carried out 
using high-temperature - short-time treatment for dénaturâtion of 
the soybean protein for use i n making soy sauce. A high tempera
ture treatment achieved maximum unfolding of the soybean protein. 
A very short time treatment minimized the other deteriorative 
changes. Therefore the y i e l d of soy sauce, based on weight of 
protein of the starting soybean, has increased from 65$ of 20 
years ago to almost 90$ at the present. 

Enzyme D i g e s t i b i l i t y and Nutritive Value of Protein. De
creased d i g e s t i b i l i t y of soybean protein with an increase of time 
of heat treatment i s also observed for trypsin and pepsin as well 
as for the enzymes from Aspergillus species. This decrease i n 
trypsin and pepsin d i g e s t i b i l i t y gives decreased n u t r i t i v e values, 
just as the decrease i n hydrolysis by the enzymes from Aspergillus 
species gave a decrease i n y i e l d of soy sauce. The influence on 
d i g e s t i b i l i t y of the destruction of amino acid side chain residues 
during heating w i l l be larger for trypsin than for other proteases 
because the amino acids, lysine and arginene, s p e c i f i c for t r y p t i c 
hydrolysis are more sensitive to destruction during heating(Table 
2). The action of trypsin on unheated soybean protein prepara
tions i s p a r t i c u l a r l y low i n comparison with other enzymes. This 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
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(1) ENZYMATIC HYDROLYSIS OF FOLDED PROTEIN MOLECULE (NATIVE PROTEIN) 

(2) ENZYMATIC HYDROLYSIS OF UNFOLDED PROTEIN MOLECULE (DENATURED 
PROTEIN) 

Journal of Japan Soy Sauce Research Institute 

Figure 17. Schematic explanation for enzymatic hydrolysis of denatured proteins 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Table 2. The Destruction of Some Amino Acids During the 
Heating of Defatted Soybean Flour Protein* 

No heat- Hours at 126°C Hours at 115°C 
M ™ ° t r e a t - 0.5 1 2 h 0.5 1 2 1. acids m e i r k 

(Amino acid residue #/l00 gr. protein) 

Gly k.l U . l k.l k.2 U.O k.2 k.l k.O k.l 
Ala k.k k.k k.5 k.6 k.5 k.k k.5 k.3 k.2 
Val 5.U 5.5 5.U 5.5 5-5 5.7 5.5 5.5 5.1 
I l e 5-2 5.1 5.2 5.0 5-0 5.1 5.2 5.1 1*.9 
Leu 8.k 8.5 8.1* 8.5 8.5 8 Λ 8.5 8.1» 8.3 
Asp 12.2 12.0 
Glu 19.7 19.2 
Lys 6.3 6.0 5.9 5.8 5.1* 5.6 5.6 5.1 U.O 
Arg 7.6 7.5 6.8 6.3 6.1 6.2 6.3 5.9 1*.5 
His 2.1* 2.6 2.3 2.3 2.3 2.5 2.3 2.5 2.1* 
Phe 5.1 k.9 5.3 5.1 5.1 5.2 5.2 5-0 5.0 
Tyr 3.3 3.2 3.1 3.2 3.3 3.2 3.3 3.2 3.1 
Pro 5.5 5 Λ 5.5 5.U 5.6 5.3 5Λ 5.5 5.5 
Trp 1.1 1.1 1.1 1.1 1.1 1.0 1.1 1.0 0.9 
Met 0.98 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 
Half Cys 1.3 1.3 1.2 1.1 0.9 1.2 1.0 1.0 0.8 
Ser 6.1* 6.3 6.2 6.1 6.2 6.0 6.2 6.0 5.7 
Thr k.6 k.5 k.6 k.5 k.k k.5 k.6 k.6 k.5 
*Taken from Table I of Taira et a l . (20). 

Agricultural and Biological Chemistry 

Japanese Society of Miso Science and Technology 
Figure 18. Schematic representation of effect of heat treatment on soybean 
protein and its hydrolysis patterns by various enzymes. Pattern A, pepsin and 
other acid proteinases; pattern B, the proteinases having an optimum near neu
trality, such as papain, bacteria neutral proteinase, Aspergillus alkaline proteinase, 
Aspergillus neutral proteinase; and pattern C, trypsin and in vivo nutritional 

values (21). 
In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
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i s due to t ryps in inh ib i tors which are present i n soybeans. 
Therefore, increase i n t r y p t i c d i g e s t i b i l i t y by heating i s a t t r i b 
uted to inac t iva t ion of t ryps in inh ib i tor s as we l l as unfolding of 
the native prote in molecules. 

The digest ion of heated or unheated soybean proteins by v a r i 
ous enzymes i s schematically compared with the n u t r i t i v e values i n 
Figure 1 8 . Pattern A i s t y p i c a l of pepsin where, because of low 
pH of the reac t ion , the prote in does not have to be denatured p r i 
or to addit ion to the reac t ion . Pattern Β i s t y p i c a l of enzymes 
such as papain, b a c t e r i a l neutra l protease etc . where p r i o r d é 
n a t u r â t ion of the substrate prote in i s required but there are no 
inh ib i tor s of the enzyme present. Pattern C i s t y p i c a l of t r y p s i n 
where p r i o r heat treatment of the substrate prote in i s required to 
destroy i n h i b i t o r s of t ryps in as we l l as to denature the prote in 
for d igest ion . The decreas
ing i n a l l three cases
prote in as described above. 

Conclusion 

Deter iorat ion of the phys ica l properties of proteins during 
food processing or food storage can be ascribed pr imar i ly to an 
i r r e v e r s i b l e i n s o l u b i l i z a t i o n of prote ins . However, a de ter iora
t i v e change for one purpose can be a favorable one for another 
purpose. In Japan, for instance, the i r r e v e r s i b l e i n s o l u b i l i z a 
t i o n of soybean proteins has been u t i l i z e d e f f ec t i ve ly for produc
t i o n of soybean prote in foods, such as t o f u , k o r i - t o f u , and yuba. 

General ly , i r r e v e r s i b l e i n s o l u b i l i z a t i o n occurs when unfolded 
prote in molecules are brought close enough together to combine 
intermolecularly . This molecular condensation usual ly occurs as a 
resu l t of evaporation of water, freezing of water, and n e u t r a l i z a 
t i o n of molecular charges which resu l t s i n intermolecular polymer
i z a t i o n among the unfolded molecules. The bonds responsible for 
the intermolecular polymerization are both the d i s u l f i d e bonds 
formed by s u l f h y d r y l / d i s u l f i d e interchange react ion and i n t e r a c 
t i o n among the hydrophobic amino acid residues located i n the un
folded polypeptide chains of the molecules. 

During heating of soybean p r o t e i n , deter iorat ive changes may 
occur which decrease enzymatic d i g e s t i b i l i t y . These changes are 
the re su l t of both the modif icat ion of the enzyme-specific amino 
ac id residues of soybean proteins and hydrophobic bonds formed a-
mong the exposed hydrophobic amino ac id residues during prolonged 
heating. 
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Suicide Enzyme Inactivators 
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A new and elegant h t  specifi  irreversibl
inactivation is the us
functionalities which are unmasked at the enzyme's active site as 
a result of the normal catalytic turnover. Such an inhibitory 
process is described by the following equation: 

As these inhibitors owe their activity to the kcat term (i.e., 
the enzyme's usual mode of action) they have been designated 
"kcat inhibitors" by Rando (1), while Abeles and Maycock (2) have 
used the term "Suicide Enzyme Inactivators" because the enzyme, 
in accepting such a "booby-trapped" substrate commits suicide by 
its own mechanism of action. 

An early example of the concept was described by Wood and 
Ingraham who reported that the product of oxidation of phenol or 
pyrocatechol by tyrosinase inactivates that enzyme irreversibly(3). 
It was speculated that the quinonoid products of oxidation react 
in Michael fashion with nucleophilic residues on the enzyme, 
leading to covalent binding. 

What i s now considered as the c l a s s i c a l example of this con
cept was discovered by Endo et a l . (4) who described i n 1970 the 
i r r e v e r s i b l e i n h i b i t i o n of β-hydroxydecanoylthioester dehydrase 
by the propargyl ic thioester I (Fig . 1). I , being an analogue of 
the corresponding c i s o l e f i n , which i s a natural substrate, under
goes proton abstract ion by the enzyme to generate a propargyl ic 
anion, which on reprotonation affords the conjugated a l i è n e . This 
a l i è n e , being a Michael acceptor and hence an act ive a lky la t ing 
agent, i s able to react with a nuc leophi l i c h i s t i d i n e residue i n 
the act ive s i t e of the enzyme leading to covalent bond formation 
and i r r e v e r s i b l e i n a c t i v a t i o n . 

During the las t nine years , a number of workers have 
attempted to generalize th i s concept of enzyme inac t iva t ion to the 
i n h i b i t i o n of enzymes other than β-hydroxydecanoylthioester dehy
drase. The reader i s referred to excel lent reviews by Rando 
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A. Normal enzymatic reaction-

CH3(CH2)eCH0HCH2C0NAc ^ C H 5 ( C H z ) e C H « C H C O N A c ^ CHsfCH^CH'CHCHaCONAc 

trans cis 

B. Inhibition by C H 5 ( C H t ) 5 C s C C H 8 C O N A c ' 

C H s i C H a J e C i C ^ H C O N A c - » C H 3 Î C H 8 ) e C H « C » C H C O N A c CHsiCHtJeCH^CCHjCONAc 

NAc*SCH 2 CH

Figure 1. Inhibition of β-hydroxydecanoylthioester dehydrase 

Normal enzymatic reaction · 

u^Base ipBase 
A ^ J\ /C00H 

XCHaCHaCHCOOH ^ XCH 2 CH 2 {CCOOH —> X C H J C H - C 

NH2 PyCHo ^ p y ® jJ. C H, P y 

C H , V " 3 
CHjCHtCOCOOH < — l ^ / C O O H ^ _ ^ s ^ C O O H 

•NH, N « C H - P y ® N - C H « P y 

* ' S C H * C < C O O H 

Inhibition by HC=CCH2CHCOOH 

NH 2 

H H* H EnzNu 

HC5CCH*{c-C00H — > H c W c H - C - C O O H — > H ^ C ^ C C C - O H — > EnzNu^vs^CCOOH 

N ^ P y ® N - C H « P y ^ / N - C H « P y NHCH*Py 

Figure 2. Inhibition of y-cystathionase 
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Abe les and Maycock (2_) and Walsh (5.) as well as to a symposium 
proceedings which offers the most recent and comprehensive reviews 
i n the area (6). This review w i l l r e s t r i c t i t s e l f to the i r r e v e r 
s i b l e i n h i b i t i o n of pyridoxal phosphate (PyCHO)-dependent enzymes, 
a class of enzymes which has proven to be generally susceptible to 
i n h i b i t i o n by suicide enzyme inactivators. 

γ-Cystathionase, which catalyzes the reaction shown i n Fig. 2, 
has the a b i l i t y to catalyze the abstraction of both the a - and β-
protons of the substrate. In an early example of i n h i b i t i o n of a 
PyCHO-dependent enzyme vi a the suicide concept, Abeles and Walsh 
(7) demonstrated that propargylglycine (II) i s an i r r e v e r s i b l e 
i n h i b i t o r of γ-cystathionase, which accepts i t as a substrate. 
The normal proton abstraction which precedes β-elimination induces 
aliène formation from I I . The aliène, being a Michael acceptor 
then inactivates the enzym
nucleophilic (Nu) residu
since been shown to also i r r e v e r s i b l y inactivate glutamate-pyru
vate transaminase (8). 

Because of i t s physiological importance, γ-aminobutyric acid 
transaminase (GABA-T), the PyCHO-dependent enzyme responsible for 
the catabolism of the inhibitory neurotransmitter, γ-aminobutyric 
acid (GABA) (Fig. 3 ) , has been subjected to a variety of 
approaches for i n h i b i t i o n by suicide enzyme inactivators (9). 
Ethanolamine-O-sulfate (III; Fig. 4 ) was the f i r s t r a t i o n a l l y 
designed i r r e v e r s i b l e i n h i b i t o r of GABA-T (10). I l l , being 
accepted as a substrate i n the same manner as i s GABA, forms a 
Sc h i f f base with PyCHO. In this way, the adjacent C-H bond i s 
activated so that proton abstraction by the enzyme i s f a c i l i t a t e d . 
The resulting carbanion then induces elimination of sulfate and 
thereby generates an α ,β-unsaturated imine which alkylates a 
nucleophilic (Nu) residue i n the active s i t e (Fig. 4 ) . Unfortu
nately, III does not readily penetrate the blood-brain b a r r i e r and 
i t s use as a tool to study GABA function has been limited. 

As GABA-T operates by S c h i f f 1 s base-mediated proton abstrac
t i o n , γ-acetylenic GABA (IV; Fig. 5), a substrate analogue bear
ing an acetylenic function attached to the γ-carbon atom could by 
analogy to the i n h i b i t i o n of β-hydroxydecanoylthioester dehydrase 
by acetylenic substrate analogues (4) , i r r e v e r s i b l y i n h i b i t this 
enzyme (Fig. 5). Thus, reprotonation of the enzymatically-gen-
erated propargylic carbanion could lead to aliène formation. As 
such an aliène, being conjugated to the imine function, would be 
an alkylating agent i r r e v e r s i b l e i n h i b i t i o n should ensue. 

Based on this premise, γ-acetylenic GABA (IV) was synthe
sized (11) and found to be an i r r e v e r s i b l e i n h i b i t o r of GABA-T, 
i n v i t r o and i n vivo (12). Thus, when GABA-T, p a r t i a l l y purified 
from pig brain, i s incubated for varying time periods with γ-
acetylenic GABA, a time-dependent inactivation process i s observed 
which follows pseudo f i r s t - o r d e r k i n e t i c s . Enzyme half lives 
range from 28 minutes to 9 minutes with concentrations of i n h i b i 
tor between 0.029 mM and 0.29 mM. Time dependent inactivation i s 

In Chemical Deterioration of Proteins; Whitaker, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



244 C H E M I C A L DETERIORATION OF PROTEINS 

Enz-B> 
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III 

Nu-Enz 

N-CHtPy 

N=CHPy 0 
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Nu-Enz 

N=CHPy 

Elsevier/North Holland Biomedical Press 

Figure 4. Inhibition of γ-aminobutyric acid transaminase by ethanolamine-O-sul-
fate 
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Figure 5. Inhibition of γ-aminobutyric acid transaminase by 4-aminohex-5-ynoic 
acid (γ-acetylenic GABA) 
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indicative that covalent modification has occurred GO and this i s 
confirmed by the finding that prolonged d i a l y s i s of inhibited 
preparations against several buffers containing PyCHO does not 
restore enzyme a c t i v i t y . That the loss of enzyme a c t i v i t y i s 
f i r s t order at constant inactivator concentration i s evidence that 
inactivation occurs before the inactivator i s released from the 
enzyme. When GABA i s added to the incubation medium, the rate of 
inactivation induced by γ-acetylenic GABA i s dramatically reduced. 
However, when α-ketoglutarate i s also present, this protection 
against inactivation i s l o s t . Evidently, GABA i s able to protect 
the enzyme against i n h i b i t i o n because the holoenzyme i s trans
formed, i n one turnover, to the pyridoxamine form. This cannot 
bind the i n h i b i t o r as Sc h i f f ' s base formation i s no longer possi
ble. In the presence of α-ketoglutarate, the pyridoxal form i s 
regenerated and i n h i b i t i o
appears to be a suicid
k i n e t i c c r i t e r i a (2) which are indicative of substrate-induced 
i r r e v e r s i b l e enzyme inactivation are s a t i s f i e d . 

Inhibition of PyCHO-dependent enzymes by β,γ-unsaturated 
amines i s not limited to exploitation of carbanion-induced 
acetylene-allene isomerism. As demonstrated i n F i g . 6, a l l y l 
amines can also i r r e v e r s i b l y inactivate PyCHO-dependent enzymes 
v i a mechanisms involving double bond isomerism. Thus, i f Y-vinyl 
GABA (V) were a substrate for GABA-T, the normal transamination 
mechanism (path a) would lead to a conjugated imine. Alterna
t i v e l y (path b), isomerism of the double bond would generate a new 
double bond, which would be conjugated through to the pyridine 
ri n g . In either case, an alkylating agent would be formed as a 
result of the enzyme's own mode of action. The transamination 
pathway i s the one which has been found by Rando et a l . (13) to 
be operative i n the i r r e v e r s i b l e i n h i b i t i o n of aspartate amino
transferase by 2-amino-4-me thoxy-trans-3-butenoic acid. On the 
other hand, α-vinyl glycine i n h i b i t s the same enzyme v i a the 
isomerism pathway (14). As anticipated, γ-vinyl GABA (V) i s an 
i r r e v e r s i b l e i n h i b i t o r of GABA-T i n v i t r o (15) and i n vivo (16) 
although whether i n h i b i t i o n occurs v i a transamination (path a) or 
isomerism (path b) i s as yet unknown. 

In p r i n c i p l e , enzyme inhibitors which require transformation 
by the target enzyme prior to that enzyme's i r r e v e r s i b l e i n h i b i 
t i o n should be extremely s p e c i f i c as they should i n h i b i t only 
those enzymes which can accept them as substrates. In keeping 
with t h i s , γ-acetylenic GABA (IV) has l i t t l e e f fect on alanine and 
asparate aminotransferases. However, i t has now been found to be 
an i r r e v e r s i b l e i n h i b i t o r of the PyCHO-dependent glutamic acid 
decarboxylase (GAD) (17) and ornithine aminotransferase (OAT) (18). 
Since GABA i s a substrate for OAT, i n h i b i t i o n of this enzyme by 
γ-acetylenic GABA (IV) i s not surprising. Inhibition of GAD by 
IV was unexpected and w i l l be discussed la t e r . γ-Vinyl GABA (V) 
on the other hand, appears to be the most s p e c i f i c i n h i b i t o r of 
GABA-T known. To date, no other enzyme has been found to be 
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Figure 6. Inhibition of y-aminobutyric acid transaminase by 4-aminohex-5-enoic 
acid (y-vinyl GABA) 
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appreciably inhibited by this compound (18). 
In each of the examples of suicide inactivation thus far 

discussed, i n h i b i t i o n r e l i e s on the addition of an appropriately-
positioned a c t i v e - s i t e nucleophilic residue to an e l e c t r o p h i l i c 
species which has been generated as a result of the enzyme's usual 
mechanism of action. Nature has recently provided a clue as to 
how to avoid the dependency on fortuitous positioning of a s u i t 
ably-placed nucleophile i n the enzyme active s i t e , necessary i f 
i r r e v e r s i b l e i n h i b i t i o n i s to ensue v i a an alk y l a t i o n route. 
Kobayashi et a l . (19) reported the i s o l a t i o n of another GABA-T 
in h i b i t o r , gabaculine (VI; F i g . 7) from a Streptomyces species. 
Rando (2£) has subsequently demonstrated that the mechanism of 
ir r e v e r s i b l e i n h i b i t i o n of GABA-T by gabaculine does not involve 
an a l k y l a t i o n process but instead results from the covalent l i n k 
age of the transformed
force being aromatizatio
A synthetic isomer of gabaculine (VII; F i g . 8) has similar bio
chemical a c t i v i t y i n v i t r o and i n vivo (21) to gabaculine (22). 
The remaining isomer of gabaculine (VIII; F i g. 8) has recently 
been synthesized and awaits testing (23). 

Reminiscent of the i r r e v e r s i b l e i n h i b i t i o n of GABA-T by 
ethanolamine-O-sulfate (10), which involves enzyme-induced β 
elimination of sulfate to generate an e l e c t r o p h i l i c Michael 
acceptor, β-haloamino acids have been found to lead to i r r e v e r s i 
ble i n h i b i t i o n v i a β-elimination mechanisms. Thus b a c t e r i a l 
alanine racemase i s i r r e v e r s i b l y inhibited by β-chloro-D-alanine 
(24), β-fluoroalanine (25) and by β , β , β - t r i f l u o r o a l a n i n e (26). 
β , β , β-Trifluoroalanine has also been found to be an i r r e v e r s i b l e 
inactivator of γ-cystathionase (26_, 27), the enzyme previously 
shown to be inactivated by propargylglycine (7.). 

The concept of i n h i b i t i o n v i a β elimination of fluoride ion 
has now been extended to the i r r e v e r s i b l e i n h i b i t i o n of α-amino 
acid decarboxylases. Ornithine decarboxylase (ODC), which cata
lyzes the decarboxylation of ornithine to putrescine i s i r r e v e r s i 
bly inhibited by α-difluoromethylornithine (IX; F i g . 9) (28). In 
this case, the carbanion formation which precedes β elimination i s 
generated by loss of CO2, and not by proton abstraction (Fig. 9). 
Sim i l a r l y , aromatic amino acid decarboxylase i s i r r e v e r s i b l y 
inhibited by <-difluoromethyl-3,4-dihydroxyphenylalanine (29) 
while h i s t i d i n e decarboxylase, ornithine decarboxylase and aromatic 
amino acid decarboxylase have been inhibited by the corresponding 
o£-memofluoromethylamino acids, respectively (29). 

As suicide enzyme inactivators must be substrates for the 
target enzyme, they have generally been designed by incorporating 
a latent-reactive functionality into the structure of the enzyme's 
natural substrate. However, i n view of the microscopic re v e r s i 
b i l i t y principle they may conceptually be analogues of the prod
uct. Thus, i n considering the decarboxylation of glutamic acid to 
GABA by GAD, i f γ-acetylenic GABA (IV) can replace the product of 
decarboxylation GABA i n the active s i t e , the proton abstraction 
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Figure 7. Inhibition of γ-aminobutyric acid transaminase by gabaculine 
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Figure 8. Isomers of gabaculine 
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Figure 9. Inhibition of ornithine decarboxylase by a-difluoromethylornithine 
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i m p l i c i t i n the reverse direction would lead to propargylic anion 
formation and hence i r r e v e r s i b l e inactivation i n a similar manner 
to that proposed for the i n h i b i t i o n of GABA-T by this compound 
(Fig. 5). For ba c t e r i a l GAD this argument i s supported by the 
absolute stereochemistry of the inactivation process. As GAD-
catalyzed replacement of COOH i n 2-S-glutamic acid by H occurs 
with retention of configuration (31), i t i s the pro R hydrogen i n 
GABA which is potentially l a b i l e i n the reverse direction. That 
b a c t e r i a l GAD i s inhibited by 4(R)-4-aminohex-5-ynoic acid ( ( - ) -
γ-acetylenic GABA), i s i n agreement with the expected stereo
chemistry of proton abstraction (17). 

The concept of i r r e v e r s i b l e i n h i b i t i o n by product analogues 
appears to be general as ODC i s inhibited by (+)-5-hexyne-l,4-
diamine, the acetylenic analogue of the product of decarboxylation 
putrescine (28) while aromati
dine decarboxylase are
α-monofluoromethylhistamine, respectively (30). Interestingly, i t 
i s 4(S)-4-aminohex-5-ynoic acid which i n h i b i t s mammalian GAD (32). 
Thus i t appears that i n some cases a mechanism other than micro
scopic r e v e r s i b i l i t y i s operative for i n h i b i t i o n by product ana
logues, although the inactivation mechanism s t i l l involves enzyme 
cat a l y s i s . 

PyCHO-dependent enzymes which catalyze condensation reactions 
have also been found to be inhibited by suicide inactivators. 
Thus tryptophan synthetase, which catalyzes the addition of serine 
to indole v i a an α,β-unsaturated imine derivative, i s inactivated 
by a-cyanoglycine (33). In this case, α-cyanoglycine, an analogue 
of the substrate serine, undergoes Schi f f base formation. Proton 
abstraction then occurs and the resultant α-cyano carbanion i s 
apparently reprotonated to generate a reactive keteneimine which 
can alkylate a nucleophilic active s i t e residue. 

Ô-Aminolevulinate synthetase catalyzes the condensation of 
the S c h i f f f s base of glycine with succinoyl-CoA. Recently, i t has 
been found that 2-amino-4-methoxy-trans-3-butenoic acid, pre
viously found to i n h i b i t aspartate aminotransferase (13), also 
i r r e v e r s i b l y inactivates this enzyme (34). 

In conclusion, suicide enzyme inactivators o f f e r a powerful 
method for the selective i r r e v e r s i b l e i n h i b i t i o n of enzymes. 
Although this review has concentrated on pyridoxal phosphate-
dependent enzymes the approach i s also v a l i d for the i r r e v e r s i b l e 
i n h i b i t i o n of other types of enzymes (6) and may of f e r a means 
for the rational design of therapeutically-useful substances. 
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