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Introduction 

For some years the discussion has been going on in Germany about 
the alterations in proteins of foods which are caused by freezing and 
frozen storage. Before a well-founded judgement  can be made on several 
categories of quality changes of such frozen products, part icularly f rom 
the standpoint of nutri t ion physiology, we should know about what  
actually happens with the proteins. In this paper therefore the at tempt 
shall be made to gain, f rom results hitherto obtained by many  researchers, 
some insight into the causes underlying these protein changes, and into 
the nature  of these phenomena, generally referred to as denaturat ion 
caused by freezing. 

Definition and measurement of protein changes 

The present conception of protein denaturat ion is substantially based 
on the definitions by Neura th  and K a u z m a n n  (1). According to a recent 
and more comprehensive definition, denaturat ion is any process that  alters 
or destroys secondary or ter t iary structures in a biopolymer without  
breaking covalent linkages to carbon atoms (23). Intermolecular  aggre- 
gations are not necessarily involved; they may, however, occur at the 
same time or subsequently. 

Freezing is one of the many  influences under which proteins may  be 
changed. Several methods are available to measure the alterations that 
proteins undergo in frozen foods; they all comprise the following criteria: 

1. Loss of specific biological activities; e.g. changes of enzyme activity 
and loss of contractibility of muscle fibres in several kinds of meat. 

2. Alterations of physical-chemical properties such as changes in viscosity, 
texture, ultrastructure,  waterbinding capacity, solubility, isoelectric 
point, absorption in the UV range, optical rotation dispersion, sedimen- 
tation coefficient in the ultracentrifuge, and electrophoretic properties. 

Apar t  f rom the fact that  the physical, chemical and sensorial data, 
scatter over wide ranges due to inevitable biological variations, it 
is generally impossible to decide by the results of individual determina- 
tions whether  the measured changes are indeed intramolecular  in the 
sense of true denaturation, or whether  they are merely  caused by aggre- 
gation. 
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Consequences of freezing of water 

The disappearance of liquid water  was found to be one of the main 
reasons for the alteration of proteins during freezing. Par t icular ly  the 
breakdown or change of the s tructure of the so-called "ordered water" in 
the vicinity of hydrophobic groups of protein molecules is supposed to 
lead to a change of the native protein s tructure (2, 3, 4). Such con- 
formational changes may  be supported by the concomitant influence of 
various factors such as electrolyte concentrations, semipolaric compounds 
like phenylalanine and phenylpyruva te  (5), and pH changes (6). In extreme 
cases a denaturated protein may  exist as a random coil with all of its 
functional groups exposed. In this situation it is very  reactive and can 
take par t  in the formation of new intra-  and intermolecular crosslinks. 
Certain SH-groups seem to be of special importance for the intramolecular  
changes but also for  intermoIecular  aggregations. According to Connell, 
aggregations of this kind can occur without  evidence of s tructural  chan- 
ges (48). The formation of intramolecular  SS-bonds by freezing for steric 
reasons seems to be possible only when the molecules have reached a 
certain size (7). 

Small protein molecules general ly found among the albumins are 
supposed to also have a small number  of hydrophobic groups. Hence it is 
understandable that many  of the proteins resistant to freezing belong to 
the albumins (7). Many globulins, on the other hand, are highly susceptible 
to freezing or at least to aggregation, as is the case with myosin in 
solution (8, 9, 10). 

Numerous studies on isolated and purified proteins in solution, e.g. 
myosin (8, 9, 10, 11) and actomyosin (12), show that  dissolved proteins are 
more apt to alterations by freezing than in situ, where apparent ly other 
compounds present in the tissue have a protecting effect. 

Changes of enzyme activity 

Among the proteins, considerable interest was devoted to enzymes in 
frozen foods. Whereas some enzymes retain their full activity, some show 
a decrease and others a striking increase (13). 

As an example for such an "activating effect" of freezing the enzymatic 
breakdown of the acid-labile energy-rich phosphate (mainly ATP) in thin 
muscle strips of carp,, wi thdrawn immediately after death shall be pre-  
sented in dependence upon temperature  in the range from �9 20 ~ to 
- 25 ~ The phosphates were split more quickly at - 2 ~ than in unfrozen 
muscle at W 10 ~ (Fig. 1). I t  is assumed that such increases of activity as 
found for other systems, too (14, 15, 16), are generally due to removal  of 
the natural  barr ier  between enzyme, substrate or activator. This means 
that  the separating membranes  are affected by freezing. In the molecular 
domain these changes take place mainly in the lipoproteins of the 
membraneous system. 

The difficulties arising in the freezing of fresh milk and eggs are also 
attr ibutable mainly to the lability of lipoproteins. In fish meat  and meat  
from warmblooded animals the membraneous systems are changed by 
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Fig. 1. Contents in acid-labile energy-rich phosphate (Np) of two carps (X andO) 
at various times post mortem (. 18 hours, 24 hours, and 

. . . . . .  48 hours) in dependence on temperature.  

f reezing;  t he i r  damage  is of less immediate  impor tance ,  however ,  for  the  
sensor ia l  q u a l i t y  of the  f rozen  meat .  

T h e  so -ca l l ed  "denaturat ion"  of  f i sh  m u s c l e  prote ins  

General viewpoints: 

A grea t  m a n y  scient i f ic  s tudies  on p ro t e in  changes  of f rozen foods were  
conce rned  w i t h  fish. The  m e r e  adequa t e  f reez ing  of f ish musc le  seems to 
be of neg l ig ib le  i m p o r t a n c e  for the  so lub i l i t y  (20) a nd  w a t e r  sorp t ion  
ab i l i ty  (21) of f ish musc le  prote ins .  W h e n  the  l imi t s  to s torage  t imes  
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Fig. 2. Relation between consistency and extractabil i ty of the myosin fraction D, 
and between consistency and contractibili ty of the muscle fibres . obtained 
from slices of coalfish (Gadus virens L.) stored for different times at - 8  ~ 
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determined in time-temperature--tolerance studies have been exceeded, 
very  undesirable textural  changes appear in many  fish species which may 
lead to complete toughening. At least in the temperature  range above 
- 2 9  ~ a fairly reliable correlation between protein extractabil i ty and 
toughness of the meat seems to exist (17, 18, 19) (Fig. 2). 

During frozen storage the alterations of proteins generally increase 
with higher temperatures and extended storage times. For many  proteins 
the temperature  range between - 2 ~ and - 10 ~ is part icularly critical. 
Several maximum reaction rates for the formation of undesirable com- 
pounds related to protein changes, like formaldehyde (Alaska pollack 
around - 10 o) fall in this range (22). 

Research over the past th i r ty  years has been able to show that the 
decrease of protein extractabil i ty is due to alterations of the myofibri l lar  
proteins. Until now the role o f  the individual proteins has not been 
completely elucidated. Cross-links between elements of the sarcoplasmic 
ret iculum and fibrillar proteins may also occur. It  is general ly held that  
the sarcoplasmic proteins do not undergo significant alterations which 
might  be responsible for textural  changes. 

It  is obvious that in fish meat, like in other tissues, the freezing of 
water  and the correlated concentration of polar and semi-polar com- 
pounds may change the conformation in certain areas of fibrillar protein 
molecules, whereby particular aggregation reactions may be initiated (23). 
This alone does not explain yet  the different rates of protein changes in 
frozen fish of related fish species with similar gross chemical composi- 
tion (24), 

Free la i ty  acids: 

Dyer  and his groups concluded from their first studies on frozen fish 
that fish species with lower fat contents had a higher reaction rate of 
protein changes than species with higher fat content (25). Fur ther  experi- 
ments gave rise to the assumption that  free fa t ty  acids support protein 
denaturation, whereas non-hydrolyzed fats or lipoprotein complexes have 
a stabilizing effect on proteins (26). 

Olley et al. (27, 28) found that the main source of free fa t ty  acids in 
many  fish species were phospholipids which, so the authors assumed, 
part icular ly originated from the membraneous system of the muscle 
fibre. The results of this group and of other researchers (18, 29, 30, 31, 
32, 33) suggest that  mainly verY specific free fa t ty  acids  and above all the 
oxidation products of unsaturated fa t ty  acids react with the fibrillar 
muscle proteins ra ther  than the total of all free fa t ty  acids. 

Recently Sikorsk i  et al. (24) emphasized that  free fat ty acids may bind 
polypeptide side chains under formation of intermolecular hydrophobic-  
hydrophilic or hydrophobic-ionic linkages. This process is favoured by 
appropriate concentrations of inorganic ions. That  hydrophobic adherences 
are mainly involved in the aggregation of flish proteins during frozen 
storage fol lows from the observation that solubility in sodium dodecyl 
sulphate (SDS) not breaking covalent cross-links decreases only slightly 
with the time of storage (34). 
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Oxidation products of lipids: 

The products of lipid oxidation have been well known to produce 
aggregation of proteins, hence causing a decrease of solubility. According 
to recent ul t rastructural  and chemical studies, linoleic acid hydroperoxides 
were about 10 times more effective in decreasing the protein solubility in 
KC1 solutions of incubated cod myofibrils than linoleic acid (33). This 
explains why  fibrillar proteins in the surface layers of frozen blocks of 
cod fillets deteriorated much more rapidly during frozen storage of four 
years than those in deeper layers. This became manifest not only in the 
loss of extractability, but also in the decrease of contractibility of the 
muscle fibres (55). 

Formaldehyde:  

Among the substances contributing to protein changes of fish meat 
during frozen storage, certain aldehydes like malonaldehyde, which are 
formed during the autoxidation of fats, are of importance (35, 36). For 
some years formaldehyde originating, besides dimethylamine, from the 
enzymatic breakdown of t r imethylamine oxide in certain fish species, has 
been the subject of intensive studies (54). Castell et al. found that  the 
enzyme capable of formaldehyde formation and largely concentrated in 
the red lateral body muscle and blood (56) was highly active in gadoid 
species, but not in non-gadoid ones. In such species like halibut, wolffish 
and ocean perch the solubility changes of the proteins during frozen 
storage were considerably slower, and the values of the extractable 
proteins became not as low as in the gadoid fish (37). 

Model experiments showed that  among the proteins of cod muscle 
homogenates heavy meromyosin and tropomyosin were completely 
inextractable in buffered 5 %  NaC1 solution after reaction with formal-  
dehyde of 0.04% concentration. Actin, on the other hand, was least 
reactive (38). It  is not surprising that formaldehyde concentrations of this 
order  of magnitude lead to a t ime-dependent inhibition of the mainly 
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Fig. 3. ATP-splitting in ground muscle tissue of carp in dependence on reaction 
time with formaldehyde. 
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Fig. 4. Changes in the extractable myosin fraction in comparable parts of 
5 cods (Gadus morrhua L.) stored in evacuated bags at - 8 ~ ~ minced slices; 

O intact slices. 

myos in-bound  ATPase  sys tem as observed in own exper iments  wi th  
ground muscle  tissue of carp (Fig. 3) (39). During frozen s torage of corn- 
minuted  fish mea t  fo rmaldehyde  and DMA are  produced fas te r  than  in in- 
tact  muscle  tissue, leading to a higher  ra te  of prote in  changes, as observed by  
several  authors  (40, 41, 42). The higher  losses in ext rac tabi l i ty  of f ibr i l lar  
muscle proteins in minced fillets of cod than  in corresponding intact  fillets 
during frozen storage at - 8  ~ m a y  serve,  as an example  (Fig. 4). In 
coalfish the differences in solubili ty are even more  pronounced;  the same 
applies to the contractabi l i ty  of muscle  f ibres (43). Recently,  the causes of 
these findings and their  own convincing results were  reason enough for 
Canadian scientists to advise the fishing indus t ry  not to mix  minced fish 
mea t  of the Gadidae fami ly  wi th  tha t  of other  scarcely formaldehyde  
producing fish species like f latf ish (56). 

This conception of fo rmaldehyde  playing an essential  role in prote in  
al terat ions of cer ta in  fish species dur ing frozen s torage was doubted b y  
Conne~l (34). His a rgumenta t ion  is based on the assumpt ion tha t  the 
polymer iz ing  act ivi ty  of fo rmaldehyde  leading to toughness is main ly  
caused by  the format ion  of covalent  methy lene  cross-links be tween  prote in  
molecules. In  this case the fo rmed aggregates  should be insoluble in 
hydrogen-bond  b reak ing  solvents l ike sodium dodecyl sulphate.  The 
au thor  found, however ,  tha t  myof ibr i l la r  proteins of cod stored for 
29 weeks at - 1 4  ~ in contrast  to fresh cod t rea ted  wi th  formaldehyde,  
can be dissolved in 1 ~ SDS. Connel l  therefore  regards  the role of fo rmal -  
dehyde as a methy lene  cross-l inking agent  acting dur ing frozen storage of 
Gadus species as questionable.  He admits, however ,  tha t  these exper iments  
do not  exclude the possibil i ty tha t  there  m a y  still be other  ways  of 



Partmann, Some aspects o] protein changes in $rozen /oods 173 

irreversible reactions between formaldehyde and proteins during frozen 
storage, not necessarily producing covalent cross-links. 

The changes leading to inextractabil i ty of fibrillar proteins of fish 
obviously are not initiated by only one of the factors mentioned. The 
effects of water  freezing may  support  the reactions caused by certain free 
fa t ty  acids and their oxidation products. In species of the family Gadidae 
the formation of formaldehyde may be the predominant  factor for protein 
deterioration. 

The molecular range: 

There seems to be general agreement in the pert inent  l i terature that  
the insolubilization of fibrillar proteins correlated with the toughening of 
the muscle results f rom aggregation reaction. Connell (44) and Anderson 
and Ravesi (45, 46) believe that  most of the cross-links formed between 
the proteins during frozen storage result f rom formation of intermolecular  
hydrogen or hydrophobic bonds. Sikorski, Olley and Kostuch are of the 
opinion that  lipid autoxidation products and formaldehyde lead at least to 
a limited number  of covalent cross-links, al though no direct experimental  
evidence has been furnished (24). 

Connell found no significant changes for the highly reactive or total 
SH groups in frozen fish or frozen protein solutions (8), and no reduction 
of the number  of acidic and basic groups in myofibrils of cod stored at 
- 1 4  ~ (46). He therefore concluded that  disulfides do not contribute to 
the aggregation of myosin (44), and that, in fact, the bulk of the protein in 
c o d - u n t i l  it is extremely t o u g h - i s  not covalently cross-linked to a large 
extent (47, 48). 

Buttkus,  however,  proposed a mechanism for the aggregation of myosin 
which involves disulfide-sulfhydryl exchange reactions between activated 
myosin molecules without  a net change of existing SH groups (10). Neither 
can it be completely excluded that only a few scarcely detectable cross- 
links of this kind contribute considerably to toughening. 

There has apparent ly been no answer to the question yet  whether  the 
single molecules of the fibrillar proteins which aggregate during frozen 
storage are still native or denaturated. Connell showed that, when the 
actomyosin fraction in the cod muscle became completely insoluble at a 
storage temperature  of - 14 ~ there was only a very  small change in the 
properties of the actin (49). Genuine myosin capable of combining with 
actin to an ATP-sensitive complex was extractable from cod muscle stored 
at - 1 4  ~ for up to 52 weeks (50). Non-extractabi l i ty hence cannot be 
regarded as a reliable indicator for denaturat ion in the classic sense of the 
aggregated fibrillar proteins of frozen fish muscle. All possibilities con- 
ceivable seem to exist: the molecules, or par t  of them, may still be native 
or be more or less changed in their conformation before or during 
aggregation. 

Conclusive remarks 

In other meats, e.g. poul t ry  (51, 52) and probably in many  other foods 
similar alterations of proteins during freezing and frozen storage may 
occur, f requent ly  without  aggregation. The single molecules may  retain 
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t h e i r  n a t i v e  s ta te  or  u n d e r g o  c o n f o r m a t i o n a l  changes  to d i f f e r e n t  ex ten t .  
This  is in a g r e e m e n t  w i t h  t he  w e l l - f o u n d e d  v i e w  of L e w i n  on p ro t e in  
d e n a t u r a t i o n  in g e n e r a l  (23). The  l a rge  v a r i e t y  of poss ib le  a l te ra t ions ,  so 
I be l ieve ,  does no t  a l low a gene ra l  conc lus ion  r e g a r d i n g  the  p rope r t i e s  of 
the  p ro t e in s  conce rned  of f rozen  foods f r o m  the  v i e w p o i n t  of n u t r i t i o n  
phys io logy ,  un less  subs t an t i a l  e v i d e n c e  is f u r n i s h e d  by  e x p e r i m e n t s ,  for  
ins tance,  by  f eed ing  tests  in h u m a n  vo lun tee r s .  Colv in  has a l r e a d y  u n d e r -  
l ined  t h a t  t he  d i f f e r e n t  t r e a t m e n t s  of  p ro t e ins  l ead ing  to " d e n a t u r a t i o n "  
do no t  p roduce  iden t i ca l  changes  of t he  molecu le s  and hence  no iden t i ca l  
a l t e r a t i ons  of  t he i r  p rope r t i e s  (53). 

Summary  

In the past decades many results on changes of food proteins caused by 
freezing and their  relation to quali ty changes were found. Recently especially 
the nutri t ion physiological viewpoint  of these alterations has aroused consid- 
erable interest. In the present paper the at tempt  is made to outline some 
aspects of these changes which are usually referred to as "denaturat ion" caused 
by freezing. After  a description of the phenomena observed and their  measure-  
ment, a survey of the main causes presumed for the "denaturation" of fish 
muscle proteins by freezing is given. With special consideration of the molecular  
range it can be said that  generally aggregation phenomena prevai l  and that  the 
participating molecules, or part  of them, may still be nat ive or more or less 
changed in their  conformation before or during aggregation. Definite judgement  
of the nutri t ional  properties of the altered proteins in frozen foods is possible 
only when convincing results of feeding experiments  will  be available. 

Zusammenfassung 

In den vergangenen Jahrzehnten  wurden viele Ergebnisse fiber Ver~nderun- 
gen yon Proteinen in Lebensmit teln durch Gefrieren und ihre Beziehungen zu 
Quali t~tsver~nderungen erhalten. Neuerdings hat  speziell der ern~hrungsphy- 
siologische Gesichtspunkt dieser Ver~nderungen besonderes Interesse gefunden. 
Im vorl iegenden Bericht  wird der Versuch gemacht, einige Aspekte dieser Ver-  
~nderungen zu umreii~en, die gewShnlich als , ,Gefrierdenaturierung" bezeichnet 
werden. 

Nach einer Beschreibung der beobachteten Kri ter ien und ihrer Messung wird 
auf die Ursachen eingegangen, die vermut l ich  ffir die , ,Denaturierung" der 
Fischmuskelproteine durch Gefrieren verantwort l ich sind. 

Unter  besonderer Berficksichtigung des molekularen Bereichs kann gesagt 
werden, dab im allgerneinen Aggregationsph~nomene vorherrschen und dab 
die beteil igten Molekfile oder ein Teil yon ihnen noch nat iv  sein k~nnen oder 
vor oder w~hrend der Aggregation in ihrer  Konformation mehr  oder weniger  
ver~ndert  sind. Eine verl~{31iche Beurtei lung der ern~hrungsphysiologischen 
Eigenschaften der Proteine in gefrorenen Lebensmit teln wird erst m6glich sein, 
wenn iiberzeugende Ergebnisse von Fi i t terungsversuchen vorliegen. 
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