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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y SERIES was f o u n d e d i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for sympos ia a n d 
col lections of data i n spec ia l areas of t o p i c a l interest that c o u l d 
not be accommodated i n the Society's journals . I t prov ides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented , 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are r e v i e w e d c r i t i ca l l y a c cord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attent ion a n d p r o c 
essing character ist ic of A C S publ i cat ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y SERIES m a i n t a i n the in tegr i ty of the 

symposia o n w h i c h they are based; however , v e r b a t i m repro 
duct ions of prev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y i n c l u d e reports of research as w e l l as reviews since 
sympos ia m a y embrace b o t h types of presentation. 
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P R E F A C E 

T t is w e l l k n o w n that proteins are major a n d v i t a l components of l i v i n g 
-*· matter a n d of h u m a n diets, a n d that researchers, i n recognit ion of 
this fact, have s tudied them so intensive ly that research l ibraries are 
c r a m m e d w i t h monographs a n d journals conta in ing results of these 
investigations. It is therefore strange that comparat ive ly l i t t l e effort has 
been devoted to e luc idat ing the c r i t i ca l role that proteins p l a y i n deter
m i n i n g responses of b i o l og i ca l matter a n d foods to l o w temperatures. 
T h i s subject, w h i c h obvious ly is considered of secondary importance b y 
most prote in researchers, is deserving of considerably more attent ion 
t h a n i t has rece ived since i t is general ly be l ieved that proteins are 
i n v o l v e d i n major but poor ly understood ways w i t h the behavior of l i v i n g 
matter a n d foods i n the f o l l o w i n g low-temperature situations: 

1 ) T h e a b i l i t y of some animals to hibernate a n d others to acc l imate 
w h e n exposed to l o w nonfreez ing condit ions. 

2 ) T h e ab i l i ty of some plants to "w in ter h a r d e n " a n d thereby 
tolerate f reez ing condit ions. 

3 ) T h e ab i l i ty of some fish to avo id f reez ing i n c o l d water . 
4 ) T h e ab i l i ty of some m i c r o b i a l cultures a n d other smal l b i o l og i ca l 

specimens to survive f reez ing , f rozen storage, a n d t h a w i n g . 
5) T h e i n a b i l i t y of humans to tolerate l o w nonfreez ing temperatures. 
6 ) T h e i n a b i l i t y of w h o l e organs, large b i o l og i ca l specimens, and 

who le animals to survive frozen storage. ( R e c t i f y i n g this i n a b i l i t y w o u l d 
have immeasurable benefits to the h u m a n race. ) 

7 ) T h e i n a b i l i t y of p l a n t a n d a n i m a l food tissues to w i ths tand 
freez ing a n d frozen storage w i thout undergo ing detr imenta l changes 
such as a decrease i n w a t e r - h o l d i n g capaci ty a n d alterations i n texture 
( t oughen ing of fish muscle , softening of del icate p l a n t t issues) . 

T h e purpose of this vo lume is to d r a w together summaries of major 
research studies that have dealt w i t h the behavior of proteins at l o w 
temperatures, a n d to thereby st imulate add i t i ona l research i n this area. 
T h e book is organized to prov ide an " o v e r v i e w " chapter f o l l owed b y 
chapters on l o w temperature behavior of proteins i n s imple systems, i n 
p lant tissues, a n d i n a n i m a l tissues. 

Department of Food Science 
University of Wisconsin-Madison 
Madison, Wisconsin 53706 
February 8,1979 

O W E N F E N N E M A 
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1 

Protein Alterations at Low Temperatures: 
A n Overview 

GEORGE TABORSKY 

Section of Biochemistry and Molecular Biology, Department of Biological 
Sciences, University of California, Santa Barbara, CA 93106 

Physical and chemical alterations of protein structure and 
function, caused by the exposure of aqueous protein solu
tions to low temperatures, have been explored and explained 
by various investigators in terms of a broad range of hypoth
eses. This survey attempts to give a mostly retrospective 
overview of this range, emphasizing effects of low tempera-
ture and of freezing on hydrophobic interactions, hydrogen 
bonding, and interactions of the protein with the solvent, 
other solution components, the ice, and the ice-liquid inter
face. The effects of low temperatures per se are considered, 
followed by a discussion of those effects on protein structure 
and reactivity which are associated with ice formation and 
its consequences such as the freezing out of solutes. The 
effects of the admixture of organic cosolvents to aqueous 
protein solutions are noted with reference to cryoenzymo
logical studies and the prevention of freezing injuries. Ex
perimental and interpretive approaches and results of these 
approaches are illustrated by examples drawn selectively 
from the literature. 

" V T T a t e r is, of course, the p r i m a l matter . T h i s was as clear to the ancient 
* ^ phi losophers of Greece a n d I n d i a as i t is c lear to m o d e r n students 

of the i r o w n i n t e r n a l a n d external environments. T h e p h y s i c a l states of 
water , a n d the process a n d consequences of its phase transit ions, have 
a lways been near the center of the overa l l interest i n water . T h e p h y s i c a l 
chemist is attracted b y the "anomal ies" associated w i t h these states a n d 

0-8412-0484-5/79/33-180-001$6.50/0 
© 1979 American Chemical Society 
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2 PROTEINS A T L O W TEMPERATURES 

phase transit ions. T h e geologist is d r a w n b y the abundance of the 
aqueous cover of the terrestrial surface a n d the dynamics of this cover i n 
its various states of aggregation. F o r the biologist , w a t e r is a substance 
that is in t imate ly a n d pervas ive ly i n v o l v e d i n the maintenance of the v i t a l 
integr i ty of b i o l og i ca l structures a n d i n the expression of m a n y of the ir 
v i t a l functions. Indeed , the m o d e r n biologist c lear ly recognizes the 
essential rec iproc i ty of this invo lvement : the structure of water is l i n k e d 
i n a m u t u a l re lat ionship w i t h the order a n d organizat ion of b iomatter . 

These v a r i e d a n d fundamenta l vantage points w o u l d suffice b y t h e m 
selves to account for interest i n water a n d its p h y s i c a l states. B u t interest 
i n the propert ies of water a n d of aqueous systems, i n a l l states of aggre
gat ion , has been sustained also b y demands of p r a c t i c a l appl icat ions i n 
fields as diverse as meteorology, med i c ine , agr i cu l ture , technology, a n d 
commerce—to name a few. 

Desp i t e the l o n g history of p h y s i c a l a n d b io l og i ca l interest i n f reez ing , 
a n effective j o i n i n g of phys i ca l - chemica l a n d b i o l og i ca l insights is a recent 
achievement. T h e editor of a l a n d m a r k rev i ew of the m a n y facets of 
" c ryob io logy" has d u l y noted that a significant confluence of p h y s i c a l a n d 
b i o l og i ca l thought on f reez ing bare ly existed p r i o r to 1940, a n d even i n 
the 1960s on ly a h a n d f u l of investigators w e r e effectively engaged i n the 
s tudy of c ryob io logy at the f u n d a m e n t a l l eve l (1 ). 

T h e last t w o decades brought we l come change i n this regard . 
A q u e o u s b i o l o g i c a l systems are b e i n g s tud ied at l o w temperatures o n a 
b r o a d front a n d i n a manner that makes integrat ion of diverse d i s c i p l i n a r y 
insights increas ingly promis ing . T h e theme of this sympos ium reaches 
the core of these efforts i n that the behavior of proteins ( a n d , b y infer
ence, other macromolecules ) at l o w temperatures must be v i e w e d as the 
k e y to any r e a l unders tand ing of cryobio logy . O b v i o u s l y , the book o n 
f reez ing of b i o l og i ca l systems is not about to be closed. B u t i t seems 
equa l ly certa in that on-go ing ef forts—many of w h i c h are reported i n this 
v o l u m e — a r e impressive a n d h i g h l y encouraging for the future . 

T h e role assigned to this paper is to p rov ide a n overv iew of proteins 
at l o w temperatures. T h i s is a very b r o a d assignment. W i t h i n avai lab le 
space, response to this assignment must be u n a v o i d a b l y selective a n d 
cursory. B u t the theme of this charge is large ly coextensive w i t h the 
theme of the sympos ium. Its spec ia l aspects w i l l b e explored i n more 
c r i t i ca l l y searching fashion throughout the b u l k of this vo lume. I sha l l 
not encroach on those topics that w i l l get expert coverage i n the spec ia l 
i z e d chapters to fo l l ow. Instead, I sha l l at tempt to give a s u m m a r y 
account that w i l l be large ly retrospective. I t seems that such a n effort at 
the outset c o u l d be of va lue to the extent that i t prov ides a fa i r v i e w of 
the range over w h i c h prob lems of c ryob io logy have been approached a n d 
thought about. 
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1. TABORSKY Protein Alterations 3 

A s subsequent chapters w i l l u n d o u b t e d l y show, the inte l l ec tua l a n d 
exper imental approaches taken to cryob io logy i n the re lat ive ly recent past 
have c lear ly advanced our unders tanding of f reez ing phenomena but , the 
advances of the last decade or t w o notwi ths tand ing , m a n y of the prob lems 
continue to chal lenge the cryobiologist . I t w o u l d be premature , i t seems, 
to attempt to d r a w an integrated p i c ture of the state a n d dynamics of 
proteins i n l o w temperature systems. T o o m a n y features of the p i c ture 
r e m a i n insuff iciently clear for a precise def ini t ion of the i r re lat ive p l a c e 
w i t h i n the who le . H o w e v e r , the problems c a n be addressed one at a 
t ime w h i l e k e e p i n g i n m i n d that f ragmentary a n d overs impl i f ied concepts 
must eventual ly merge into a n integrated descr ipt ion i f the rea l i ty of 
f reez ing phenomena is not to be misrepresented. 

Conceptual Approaches to the Study of Proteins at Low Temperatures 

It is b y no means cer ta in that a g iven f reez ing experiment, des igned 
or interpreted i n a par t i cu lar conceptua l setting, is o p t i m a l l y effective i n 
a d v a n c i n g our unders tand ing of f reez ing phenomena. T h e f reez ing l i t e ra 
ture is not free of ambiguit ies or controversies that stem f r o m hypotheses 
advanced on a too n a r r o w or even mistaken basis. T h e ident i f i cat ion of 
the proper basis on w h i c h to p l a n or evaluate experiments represents the 
key to progress. I t is l i k e l y that a l l of the conceptual ly signif icant features 
of the f reez ing process have not yet been recognized . T h u s , important 
factors m a y e lude proper exper imenta l contro l . A l s o , w e m a y find our 
selves attracted b y reasonable notions that t u r n out to be not amenable 
to def init ive exper imental tests. I t seems best to t ry to dea l w i t h these 
reservations b y k e e p i n g t h e m i n focus. 

W i t h these reservations i n m i n d , i t seems safe a n d h e l p f u l to take 
the pragmat i c approach a n d proceed w i t h organizat ion of the subject 
matter i n terms of the most f requent ly e m p l o y e d w o r k i n g hypotheses. 
These t e n d to be rooted i n par t i cu lar features of the f reez ing process or 
the f rozen state. I propose to take these u n d e r considerat ion i n the 
approximate order of the ir exper imenta l or conceptual complex i ty . 

T h e simplest conceptual f ramework for a l o w temperature or f reez ing 
study is the assumption that any observed difference between pro te in 
structure or behavior at " n o r m a l " a n d at " l o w " temperature c a n be 
accounted for i n terms of the temperature difference alone. T h i s h y p o t h 
esis focuses attention o n a c o l d pro te in solut ion that m a y be homogeneous 
or i n contact w i t h f rozen solvent. I f there is ice present, i t is considered 
of no par t i cu lar significance. W e c a n expand this v i e w next b y recogniz 
i n g that f reez ing has certa in consequences i n a d d i t i o n to a change i n 
temperature . F u r t h e r m o r e , w e can take the tack that the k e y to p r o t e i n 
alterations is the interact ion of the pro te in w i t h the f rozen f ramework i n 
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4 PROTEINS A T L O W TEMPERATURES 

w h i c h i t is embedded . A n d last ly , w e can direct our attention at the 
f reez ing process i tsel f rather t h a n the f rozen system i n its e q u i l i b r i u m 
or q u a s i - e q u i U b r i u m state. I n this case, w e w o u l d take cognizance of the 
poss ib i l i ty that alterations of the pro te in occur w h e r e the d y n a m i c events 
of the phase change take p lace , namely at or near the i c e - l i q u i d interface. 
These events m a y be l i n k e d d i rec t ly to the p r o d u c t i o n of s t ructura l 
changes or they m a y potentiate such changes, to be expressed later 
t h r o u g h altered pro te in behavior . 

Proteins in Cold Solutions 

F o r our purposes, a pro te in solut ion is " c o l d " whenever its t empera 
ture is near or b e l o w the f reez ing po in t of water . T h e f reez ing po in t can 
be r ead i l y m a n i p u l a t e d b y a d d i n g l o w molecu lar w e i g h t solutes. T h u s , 
the temperature range over w h i c h the so lut ion c a n be s tud ied i n the 
absence of ice can be apprec iab ly extended—by 20 or more degrees b e l o w 
zero. T h e l ower Hmit of this m a n i p u l a t i o n is def ined b y the eutectic 
t emperature ( s ) of the par t i cu lar system ( 2 ) . M o r e drast ic depression of 
the f reez ing p o i n t ( to —100° or even l o w e r ) c a n be atta ined u p o n the 
admixture of cer ta in organic solvents. T h e use of such "cryosolvents" for 
the par t i cu lar purpose of pro tec t ing cells against f reez ing dates back 
about th i r ty years, w h e n g lycero l was first e m p l o y e d as a cryoprotectant 
( 3 ) . M o s t l y for the same purpose , m a n y other organic solvents have been 
used a n d invest igated since then (4). T h e i r use w i t h par t i cu lar emphasis 
o n consequences at the molecu lar leve l , especial ly o n proteins, is of r e la 
t i v e l y recent v intage (5,6). 

Protein Conformation and Low Temperature: General Considera
tions. N a r r o w i n g the focus to just the pro te in solute a n d its i m m e d i a t e 
l i q u i d environment is admi t ted ly a n overs impl i f i cat ion. H o w e v e r , t a k i n g 
the n a r r o w v i e w , i f on ly for the moment , has its advantage. I t w i l l e m p h a 
size that whatever else m a y occur, the pro te in w i l l a lways adjust its 
conformat ion d u r i n g a temperature change i n accord w i t h the temperature 
dependence of those forces that m a i n t a i n the protein 's conf irmation. 
A l t h o u g h a definit ive analysis is b e y o n d the capabi l i t ies p r o v i d e d b y 
theorists, a qua l i ta t ive ly reasonable a n d quant i tat ive ly emerg ing p i c t u r e 
is at h a n d a n d m a y be useful to describe the effects of l o w temperatures 
o n pro te in conformation. I n our discussion of this p i c ture , w e shal l r e ly 
heav i l y on a recent pert inent r e v i e w ( 7 ) . 

I t is general ly accepted that the p r i n c i p a l contr ibutor to the s tab i l i ty 
of the " n a t i v e " conformat ion of a p ro te in is the tendency of its nonpo lar 
groups to avo id contact w i t h w a t e r — t h a t is , to engage i n h y d r o p h o b i c 
interactions. B a s e d o n m o d e l compounds a n d o n current theories of water 
structure, the process is v i e w e d as large ly entropy-dr iven . T h e un favor 
able l o w entropy of " o rdered" water , w h i c h w o u l d surround nonpo lar 
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1. TABORSKY Protein Alterations 5 

groups w h e n these are exposed to the aqueous m e d i u m , is a v o i d e d 
because the nonpo lar groups f o l d i n w a r d . T h i s is a c companied b y a n 
entropy- increas ing release of ordered water to the re lat ive ly d isordered 
state of the b u l k solvent. C o n s i d e r i n g that b u l k water itself becomes more 
extensively hydrogen-bonded a n d thus more h i g h l y ordered as the t e m 
perature is l owered , the entropie advantage of f o l d i n g nonpolar groups 
i n w a r d is lessened at l o w temperatures. I n this case, s tab i l i zat ion b y 
h y d r o p h o b i c interactions w o u l d be expected to decrease. [It is general ly 
unquest ioned that " h y d r o p h o b i c interact ions" are of major importance 
w i t h regard to the conformat ional integr i ty of proteins a n d that these 
interactions suffer w h e n a pro te in is " co ld -denatured . " M a n y exper imental 
data are support ive of this v i e w (see, for example, 8, 9 ) . T h i s support 
not w i t h s t a n d i n g , certain exper imental parameters of p ro te in denaturat ion 
— p a r t i c u l a r l y the associated, unexpectedly s m a l l v o l u m e changes (10, 
11)—have caused questions to be raised concerning the strict a p p l i c a 
b i l i t y of models i n terms of w h i c h h y d r o p h o b i c interactions, m a i n t a i n i n g 
proteins i n a f o lded state, h a d f requent ly been accounted for. T h i s p r o b 
l e m is g iven c r i t i c a l attention i n a n u m b e r of recent reviews (see, for 
example , 7,12,13,14,15).] 

A strongly contrast ing behavior m a y be expected, at first sight, w i t h 
h y d r o g e n bonds that contr ibute to pro te in stabi l izat ion . L o w temperatures 
should enhance hydrogen b o n d format ion i n v i e w of the negative change 
i n enthalpy that characterizes this process. W e w o u l d expect h y d r o g e n 
bonds to become stronger as the temperature drops. S u c h strengthening 
shou ld a p p l y to in tramolecu lar bonds (be tween donor a n d acceptor 
groups of the pro te in ) as w e l l as to intermolecular bonds (be tween p r o 
t e in groups a n d water mo lecu les ) . T h e enhanced strength, par t i cu lar ly 
of those intramolecular bonds i n the protein's inter ior , m i g h t be expected 
to enhance conformat ional s t a b i l i t y — o r even to alter the conformat ion 
b y upsett ing the overa l l balance of a l l forces that m a i n t a i n conformat ion . 
T h e r e appears, however , to be l i t t le l i k e l i h o o d that a d d i t i o n a l h y d r o g e n 
bonds w i l l f o rm i n the inter ior of the pro te in d u r i n g coo l ing since most of 
the possible bonds w o u l d be expected to exist a lready at the h igher , 
" n o r m a l " temperatures. [The v i e w that most of the possible h y d r o g e n 
bonds already exist i n the " n o r m a l " pro te in m a y require qual i f i cat ion b y 
the postulate (12) that the demonstrated accessibi l i ty of the pro te in 
inter ior to water ( a n d to H + or O H " ) is due to s tructura l "defects," exist
i n g because of subopt ima l hydrogen b o n d i n g of pept ide groups. A c c o r d 
i n g to this v i e w , some poss ib i l i ty remains i n a " n o r m a l " p ro te in for the 
acqu is i t i on of add i t i o na l hydrogen bonds as the temperature is lowered. ] 

T h e r e is l i t t le that w e can say about electrostatic forces i n connect ion 
w i t h l o w temperature effects. U n d o u b t e d l y , the charged groups of a 
pro te in interact a n d thereby contr ibute to conformat ional stabi l i ty . H o w -
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6 PROTEINS A T L O W TEMPERATURES 

ever, the magn i tude a n d d i rec t i on of these contr ibut ions is b e y o n d our 
a b i l i t y to assess since i t w o u l d requ i re in format ion about the ir precise 
l ocat ion o n the pro te in surface a n d about the effective d ie lectr ic constant 
o n w h i c h the force of these interactions depends. S u c h in format ion is 
usua l ly l a c k i n g . T h u s , even though temperature w o u l d be expected to 
inf luence charge density (because a c i d dissociat ion e q u i l i b r i a are t e m 
perature dependent ) a n d the d ie lectr i c constant (whatever its v a l u e ) , 
our a b i l i t y to pred i c t is severely c i r cumscr ibed . Effects m a y be signif icant 
b u t their magn i tude cannot be assessed nor is i t possible to determine 
w h e t h e r such effects w o u l d strengthen, weaken , or alter the protein 's 
conformat ion i n a temperature dependent manner . 

I n summary , w e c a n say that l o w temperatures w o u l d be expected 
to alter pro te in conformations b y f a v o r i n g the f ormat ion of a n d strength
e n i n g h y d r o g e n bonds a n d d i m i n i s h i n g the importance of h y d r o p h o b i c 
interactions. T h e effect of l o w temperatures o n electrostatic interactions 
i n proteins is outside our pale . W e shou ld also re ca l l the earl ier s t i p u l a 
t i o n that whatever consequences the c o l d or f rozen state m i g h t have o n 
proteins per se, these consequences must be integrated , i n the final 
analysis , w i t h the consequences o f coo l ing or f reez ing o n nonprote in 
components of the system. T h e present " m i n i m a l " hypothesis as w e l l as 
those w h i c h are yet to be considered, t a k e n i n d i v i d u a l l y , p rov ide on ly a 
l i m i t e d v i e w of l o w temperature a n d f reez ing phenomena . 

Experimental Observations of Putative Conformational Changes 
Ascribed or Ascribable to Low Temperature Effects. Some of the 
pa t h -bre ak ing studies of the effects of near-zero o r subzero temperatures 
on several enzyme systems w e r e interpreted o n the basis of assumed, 
temperature-dependent shifts i n enzyme conformation. These conforma
t i ona l changes were presumed to relate d i rec t ly to the degree of i n t r a 
mo lecu lar hydrogen b o n d i n g (16, 17, 18, 19, 20). W h i l e the p h y s i c a l -
chemica l descr ipt ion of the observations is reasonable a n d s tra ight forward 
(cf. 20), the hypothesis must be v i e w e d w i t h reservations, not on ly 
because i t was proposed at a t ime w h e n l i t t le was k n o w n about m e c h a 
nisms a n d forces b y w h i c h pro te in conformat ion is s tab i l i zed , but also 
because the ev idence i n support of the hypothesis was in ferred rather 
t h a n direct . Nevertheless , these results should be n o t e d : they w e r e the 
first results of a first at tempt at quant i tat ive ins ight into a h i g h l y refractory 
p r o b l e m a n d they m a y s t i l l b e instruct ive . T a b l e I i l lustrates the nature 
of this ins ight . T h e k inet i c data obta ined w i t h three enzymes fitted 
b iphas i c plots of l o g k vs. 1 /Γ . These plots y i e l d e d values for the apparent 
A r r h e n i u s ac t ivat ion energies, w h i c h showed a major increase w h e n the 
temperature was l o w e r e d b e l o w the po in t at w h i c h the aqueous system 
began to freeze. S i m i l a r b iphas ic A r r h e n i u s plots w e r e subsequently 
reported for other enzymes (e.g., a lka l ine phosphatase a n d peroxidase) 
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1. TABORSKY Protein Alterations 7 

Table I. 

Enzyme 

L i p a s e 
Invertase 
T r y p s i n 

Arrhenius Activation Energies of Some 
" F r o z e n " Enzyme Reactions 0 

Arrhenius Activation Energy (kcal/mol) 

Above 0C 

7.6 
11.1 
15.4 

Below 0° 

37.0 
60.0 
65.0 

β A l l data were taken from Sizer and Josephson (16). 

(18). These results were interpreted to m e a n that l o w temperatures 
favored the f ormat ion of enzyme molecules w i t h a b unda nt h y d r o g e n 
bonds ( in t ramolecu lar ) a n d caused, thereby, a decrease i n enzyme 
act iv i ty . [ A l t h o u g h , as noted, this interpretat ion predates the in t roduc t i on 
of the concept of h y d r o p h o b i c interactions a n d perforce ignores the 
putat ive importance at t r ibuted to these interactions as the major con 
f o rmat ion -mainta in ing force, the not ion of enhanced h y d r o g e n b o n d i n g 
at l o w temperatures should not be s i m p l y dismissed as outdated . T h e 
recent ly postulated "structure defects" a t t r ibuted to incomple te ly h y d r o 
gen-bonded structures i n the nat ive pro te in inter ior (see Reference 12) 
are, i n p r i n c i p l e , f u l l y capable of c omple t i on at l o w e r e d temperatures, 
caus ing conformat ional rearrangements o n a scale that m a y be significant.] 
It shou ld be emphas ized that this hypothesis was even then regarded as 
over ly s impl is t i c i n that i t p r o b a b l y over looked a w h o l e range of other 
consequences of exposure to l o w temperature . R e c o g n i z e d possibi l i t ies 
i n c l u d e d : 1) a viscosity increase, 2 ) changes i n intermolecular in ter 
actions i n v o l v i n g enzyme, substrate, solvent, a n d buffer ions, a n d 3 ) shifts 
i n i on iza t i on e q u i l i b r i a of any of these components . T h u s , the stage was 
set for future investigations of a more searching nature. 

O n c e the importance of h y d r o p h o b i c interactions became general ly 
evident , i t became clear that these interactions m i g h t undergo important 
changes whenever proteins are exposed to l o w temperatures. T h i s v i e w 
dominates reports on m u l t i m e r i c enzyme systems, mice l l e - l ike aggregates, 
a n d membranous structures. I w i l l refer to several examples f r o m the 
re lat ive ly recent l i terature for purposes of i l lus trat ion . 

P r o m p t e d b y the s t r ik ing i n i t i a l observation that m u l t i p l e enzyme 
forms are p r o d u c e d u p o n f reez ing solutions of lact ic dehydrogenase (21), 
the properties of several other enzymes w e r e explored u n d e r f reez ing 
condit ions (22). These studies m a y be v i e w e d as the take-off po in t for 
m a n y studies that gave care ful attent ion to the diverse parameters that 
can affect the outcome of a f reez ing experiment. I t p r o d u c e d the tenta
t ive general izat ion that subuni t dissociat ion m a y be the p r i m a r y response 
of enzymes to freezing. 
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8 PROTEINS A T L O W TEMPERATURES 

B y not ing the behav ior of casein micel les of genet ical ly v a r i e d p o l y 
m o r p h i c compos i t i on (23), one can read i l y sense that f reez ing m a y have 
on ly subtle effects on the molecu lar structures of macromolecu lar c o m 
plexes. T h e p o l y m o r p h i s m of casein stems f r o m m i n o r variat ions i n the 
p r i m a r y structure of casein subunits . I t was f o u n d that f reez ing p r o d u c e d 
different changes i n mice l l e s tab i l i ty d e p e n d i n g o n the genetic var iant 
b e i n g studied . F o r example , i n the case of one par t i cu lar var iant complex , 
its s tab i l i ty (nonfrozen) exceeded that of the average casein mice l l e , b u t 
u p o n f reez ing this same var iant complex became less stable t h a n the 
average mice l le . A l l of this presumably occurred because of a f e w amino 
a c i d substitutions. I t is almost necessary to assume that the change i n 
stabi l i ty of the mice l l e reflects some rearrangement i n the manner i n 
w h i c h subunits interact . A n independent observation (24) tends to 
support this v i e w . L o n g f rozen storage was f o u n d to cause d is tort ion 
a n d , u l t imate ly , depo lymer i za t i on of the mice l le . 

T h e egg provides another system of interest because of the role that 
l i popro te in complexes p l a y i n the yo lk structure. E g g y o l k gels on freez
i n g . T h e r e is b r o a d u n a n i m i t y i n the l i terature , based o n a w e a l t h of 
exper imental data (25-30), that this response to f reez ing involves l i p o 
pro te in aggregation. Rep lacement of nat ive h y d r o p h o b i c interactions b y 
art i f i c ia l ones m a y occur because the nat ive arrangement m a y be d i s rupted 
b y f reez ing - induced changes i n the l ipoprotein 's aqueous environment . 
Importance has also been ascr ibed to the fatty a c i d spectrum of y o l k 
l ip ids [ inf luencing the temperature of t h e r m a l transitions (26)] a n d to 
the salt content [affecting the integr i ty of the yo lk granules of w h i c h 
the y o l k l ipopro te in is a major component (25, 27, 29)] T h e format ion 
of a d d i t i o n a l h y d r o g e n bonds d u r i n g f reez ing has also been suggested 
( 2 9 ) . 

H y d r o p h o b i c interactions are, of course, c r u c i a l to b i omembrane 
integr i ty . M e m b r a n e s , therefore, should exhib i t v u l n e r a b i l i t y to f reez ing , 
a n d they do. I t seems, however , that injuries need not p r i m a r i l y concern 
the protein chemist . F o r example , the fluorescence of the pro te in of 
erythrocyte membranjes undergoes a shift on freezing. T h i s is ind i ca t ive 
of a change i n the pro te in environment , most l i k e l y i n v o l v i n g membrane 
l i p ids ( 31 ) . Proteins are apparent ly not released (32). Nevertheless , 
m e m b r a n e - b o u n d proteins do not escape the effects of l o w temperature 
altogether. I t has been shown, for example, that the c i r cu lar d i chro i sm 
exhib i ted b y the erythrocyte membrane (due , presumably , to its p ro te in 
components) undergoes significant changes as the temperature of the 
membrane suspension is v a r i e d over a w i d e range, d o w n to near ly 0 ° C 
( 3 3 ) . (Sharp , cooperative transitions ref lect ing denaturat ion were shown 
to occur on ly at temperatures above 4 0 ° C under the condit ions of these 
experiments. ) 
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1. TABORSKY Protein Alterations 9 

T h e m i t o c h o n d r i a l membrane also sutlers alterations of its l i p i d 
content d u r i n g freez ing . F o r example, f reez ing alters ketoglutarate 
dehydrogenase ac t iv i ty a n d this change m a y result f r o m the i n h i b i t o r y 
act ion of free fatty acids that have been generated, presumably , b y 
f reez ing - induced ac t iv i ty of phosphol ipases ( 3 4 ) . I n another study, the 
" a n t i r a d i c a l a c t i v i t y " of l i p ids f r o m various f rozen a n d t h a w e d l i ve r 
organelles was shown to d i m i n i s h (35 ) . Studies w i t h f rozen b r a i n organ
elles l e n d a d d i t i o n a l strength to the v i e w that pro te in damage is not , 
perhaps , the p r i m a r y , funct iona l ly destruct ive event d u r i n g f reez ing of 
m e m b r a n e systems. I n these studies, some red is t r ibut ion of " m a r k e r " 
enzymes among subce l lu lar fractions was f o u n d b u t loss of enzyme 
act iv i ty was m i n i m a l , suggesting that the membrane b i n d i n g sites of these 
proteins were damaged rather than the proteins themselves ( 36 ) . 

Before I t u r n to more complex matters, I w o u l d l i k e to emphasize 
that m a n y of the putat ive conformat ional or other changes ment ioned 
above occurred i n a frozen rather than just a c o ld environment . T h u s , 
the changes observed p r o b a b l y invo lve more t h a n a s imple exposure to 
l o w temperatures. H o w e v e r , i n some instances the effects of l o w tempera 
ture per se m a y predominate , a n d this s imple hypothesis a lways merits 
consideration. 

Frozen Aqueous Solutions: Concentration Effects. A s solute is 
rejected b y the g r o w i n g i ce a n d as its concentrat ion increases i n the 
s h r i n k i n g l i q u i d phase, the temperature drops t o w a r d the eutectic po int , 
where the entire system approaches complete sol idi f ication. O f major 
importance is the fact that a h i g h l y concentrated l i q u i d phase can persist 
indef ini te ly at any po in t above the eutectic temperature. 

T h i s type of " freezing-out" has l o n g been k n o w n a n d has been 
explo i ted i n i n d u s t r i a l settings. B u t , i n a research setting, attent ion was 
focussed on i t only recently w h e n the cryochemist became concerned w i t h 
"anomalous" react ion kinet ics i n " f rozen" systems, a n d w h e n the c ryo -
biologist began l o o k i n g into the causes of f reez ing in jury . A n i l lus trat ion 
of such studies, as they per ta in to proteins, is n o w i n order. 

T h e t y p i c a l pro te in so lut ion contains a var iety of l o w molecu lar 
w e i g h t solutes (e.g. substrates, cofactors, buffer sa l ts ) . S u c h systems 
shou ld exhib i t several "eutect i c " points . D u r i n g f reez ing , the concentra
tions of various molecu lar species, because they have different eutectic 
points , w i l l change relat ive to each other. These changes w i l l cont inue 
u n t i l the final eutectic temperature has been attained. F o r example , 
re lat ive ly s imple aqueous systems composed on ly of s od ium a n d potass ium 
salts of phosphor ic a c i d were shown to have eleven eutectic points 
associated w i t h t h e m (see T a b l e I I ) . It is important f r o m a pro te in -
or iented po int of v i e w that the p H values a n d i on i c strengths of these 
eutectic solutions range w i d e l y w i t h i n the ir f reez ing range between 0° 
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10 PROTEINS A T L O W TEMPERATURES 

Table II. Eutectic Solutions of Phosphate Salts* 

Ionic Freezing 
Strength Point 

Solute(s) (M) (°C) 

N a 2 H P 0 4 0.33 - 0 . 5 
K H 2 P 0 4 0.92 - 2 . 7 
N a 2 H P 0 4 + K H 2 P 0 4 2.50 - 4 . 3 
N a H 2 P 0 4 3.42 - 9 . 7 
N a H 2 P 0 4 + N a 2 H P 0 4 3.60 - 9 . 9 
N a H 2 P 0 4 + K H 2 P 0 4 3.84 - 1 1 . 2 
N a H 2 P 0 4 + N a 2 H P 0 4 + K H 2 P 0 4 4.10 - 1 1 . 4 
K 2 H P 0 4 8.55 - 1 3 . 7 
N a 2 H P 0 4 + K 2 H P 0 4 9.00 - 1 4 . 4 
K H 2 P 0 4 + K 2 H P 0 4 9.40 - 1 6 . 7 
N a 2 H P 0 4 + K H 2 P 0 4 + K 2 H P 0 4 9.72 - 1 7 . 2 

8.9 
4.1 
5.5 
3.3 
3.6 
3.4 
3.6 
9.3 
9.3 
7.5 
7.5 

a A l l data were taken from Van den Berg and Rose (87) ; the ionic strength values 
were calculated from concentration data given in the reference. 

& p H measurements were made at 25° after separation of the unfrozen liquid 
from the solid phase. 

a n d about — 17°. T h u s , a d isso lved protein's s tructura l integr i ty c a n be 
expected to be cha l lenged b y these variat ions. M i l k , for example , i n 
w h i c h the proteins can experience f reez ing - induced changes, w i l l show 
a dec l ine i n p H on s low f reez ing f r o m 6.6 to 5.8. Fas t f reez ing causes no 
immedia te p H change, but a l o w p H develops u p o n " f r ozen" storage— 
presumab ly because e q u i l i b r i u m is s l owly establ ished between l i q u i d a n d 
so l id phases ( 3 8 ) . F r e e z i n g - i n d u c e d changes i n p H occur i n m a n y 
solutions a n d foods (39) a n d i t is to such p H variat ions that specific 
enzymic ac t iv i ty losses u p o n f reez ing have been at t r ibuted (40). S u c h 
f reez ing - induced p H effects can be counteracted b y the a dd i t i on of " c ryo -
protectants" such as g lycero l or d imethylsul fox ide , w h i c h are effective 
because the selective prec ip i ta t i on of buffer salts w i l l o ccur only at l o w e r 
temperatures i n the ir presence (41). T h e r e are numerous reports of 
p ro te in alterations a t t r ibuted to other concentrat ion changes as w e l l . 
D e n a t u r a t i o n of chymotryps in (42), ac t ivat ion of a phosphodiesterase 
( 4 3 ) , a n d d i s rupt i on of y o l k granules (29) have been ascr ibed , at least 
i n part , to increases i n salt concentrat ion u p o n freezing. (Parenthet i ca l ly , 
w e m a y note some technica l ly interest ing developments. A n apparatus 
has been descr ibed that permits the freeze concentrat ion of proteins 
themselves, on a m u l t i l i t e r scale. T e n - f o l d increases i n concentrat ion c a n 
be obta ined b y this means (44). A l s o i n the prac t i ca l d o m a i n is a recent 
report on the use of p H indicators i n f rozen solutions (45). F i n a l l y , w e 
m a y take note of a n experiment that is ind i ca t ive of the select ivity of the 
freezing-out mechanism. U p o n f reez ing a mixture of l i ght a n d heavy 
water (deuterated ) , a n isotope enr i chment a m o u n t i n g to 2 % c o u l d be 
ach ieved (46).) 
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1. TABORSKY Protein Alterations 11 

I n general , i t is c lear that f reez ing can cause concentrat ion of solutes 
to change b y orders of magni tude . Changes i n concentrat ion of this 
degree shou ld be able , potent ia l ly , to cause major alterations i n proteins . 
F u r t h e r m o r e , such alterations need not be confined to noncovalent 
changes. Substances capable of react ing covalent ly w i t h a pro te in m a y 
undergo such reactions w h e n pushe d b y the mass act ion of the i r increased 
concentrations. 

Reactions in Frozen Aqueous Systems. P a r t i c u l a r l y d u r i n g the 
sixties, there was a w a v e of concern about rates a n d mechanisms of 
chemica l reactions that occur i n the " f rozen state." E a r l i e r observations 
of c h e m i c a l changes were large ly acc identa l a n d f requent ly h e l d to be 
only of nuisance value . T h e one major exception concerned cryob io -
l og i ca l inquir ies into the causes of f reez ing in jury . I n these cases, h o w 
ever, the complex i ty of the mater ia l effectively masked the c h e m i c a l roots 
of the mechanism. E v e n t h o u g h most studies of " f r o z e n " c h e m i c a l 
reactions have i n v o l v e d l o w molecu lar w e i g h t reactants, they mer i t 
considerat ion because the ir conceptual f ramework is cer ta in ly app l i cab le 
to complex biomolecules or other biomatter . 

M u c h of the interest i n these reactions s temmed f r o m the attract ive
ness of the poss ib i l i ty that spec ia l properties of ice m a y be responsible 
for nove l react ion mechanisms. F o r instance, p ro ton m o b i l i t y is h igher 
i n ice t h a n i n l i q u i d water b y one or two orders of magn i tude a n d the 
effective d ie lectr ic constant i n ice is l ower than that of water b y about 
an order of magn i tude (47). U n d e r such condit ions , mechanisms i n v o l v 
i n g pro ton transport or charge interactions m a y change, even qual i tat ive ly . 
Changes i n membrane permeab i l i ty , for instance, m a y reflect changes i n 
d ie lectr ic properties of membranes resu l t ing f r o m altered pro ton behavior 
at l o w temperature (48). A n entirely different speculat ion has been 
advanced r e g a r d i n g the poss ib i l i ty of rec iproca l effects between i ce - l ike 
structures a n d the s tab i l i zat ion of e lectronical ly excited states of b i omole 
cules, thus g i v i n g rise to a hypothet i ca l , n o v e l energy t ransduct ion 
mechanism (49). 

A major po in t was m a d e after a c r i t i c a l r ev i ew of numerous reports 
o n react ion rates i n f rozen systems (50). K i n e t i c - m e c h a n i s t i c "surprises" 
i n " f r ozen" systems m a y not require except ional hypotheses. C o n c e n t r a 
t i o n effects m a y account for them. E v e n i f a system appears to be 
complete ly sol idi f ied a n d , therefore, not amenable to analysis i n terms of 
unfrozen l i q u i d " p u d d l e s " ( 5 1 ) , a l i q u i d phase shou ld s t i l l be cons idered 
a poss ib i l i ty . A case i n po in t is p r o v i d e d b y the efficient electron transfer 
observed between ferrous a n d ferr ic ions i n an aqueous system frozen 
be l ow its putat ive eutectic po in t (52). T h i s seemed to require a n ice 
structure i n order to br idge the distance between reactants that w e r e 
ca l cu lated to be too far apart for signif icant react iv i ty . H o w e v e r , i t was 
p o i n t e d out that the assumed eutectic po in t was based on ly o n the major 
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12 PROTEINS A T L O W TEMPERATURES 

solute component , whereas m i n o r components—the reactants, i n this case 
— c o u l d have l owered the effective eutectic po in t be l ow the react ion 
temperature , m a k i n g the assumption of a spec ia l mechan i sm super
fluous ( 5 0 ) . 

E l u c i d a t i o n of mechanisms of f rozen reactions w i l l be h i n d e r e d i f 
the coexistence of l i q u i d a n d so l id phases is v i e w e d necessarily as a 
t h e r m o d y n a m i c a l l y defined phenomenon , i m p l y i n g stable phases a n d 
concentrations. F r o z e n reactions c o u l d occur i n a l i q u i d phase that is 
on ly of transient significance. I n the t r i v i a l case, " p u d d l e s " m a y exist 
s i m p l y because f reez ing requires finite t ime. I n other cases, more sophis
t i cated ins ight into the dynamics of the f reez ing process m a y be needed. 
F o r example, transient puddles m a y exist i n a var iab le manner d e p e n d i n g 
on the rate of coo l ing . Unfor tunate ly , the r e q u i r e d ins ight is elusive 
because the process is too complex . A h i g h l y relevant, thought fu l analysis 
of the d is t inct ion between coo l ing kinet ics (i.e. temperature change) a n d 
f reez ing kinet ics (i .e. sol idi f icat ion) is avai lab le ( 53 ) . A n impor tant 
feature of this d is t inct ion is that f reez ing ve loc i ty depends o n the ab i l i t y 
of the system to dissipate the heat of c rysta l l i zat ion . T h i s requires t ime , 
d u r i n g w h i c h the supercooled l i q u i d must serve as a temporary heat sink 
w h i l e i t exists entrapped w i t h i n a "spongy" ice structure ( 5 4 ) . These 
l i q u i d pools can be the m e d i u m i n w h i c h c h e m i c a l reactions take p lace 
under condit ions that are large ly indeterminate . F o r example, the u n i 
f o rmi ty of this so lut ion i n terms of concentrations a n d temperature cannot 
be taken for granted, a n d any concentrat ion a n d t h e r m a l gradients are, 
for a l l p r a c t i c a l purposes, b e y o n d precise, quant i tat ive descr ipt ion . I n 
a d d i t i o n , re lat ive ly l i t t le contro l can be exercised over the rate of heat 
w i t h d r a w a l a n d this determines the size of the l i q u i d pools a n d h o w 
closely the ratios of the so l id a n d l i q u i d phases approach e q u i l i b r i u m . 
T h e r e also m a y be i r regular t h e r m a l c onduc t iv i ty gradients i n the system 
w h i c h , together w i t h features of gross geometry ( surf a c e / v o l u m e ratio 
a n d shape ) , w i l l have a major i m p a c t on the manner a n d speed w i t h 
w h i c h the heat of crysta l l i zat ion is finally taken u p b y the coo l ing source. 
T h i s is not an encouraging p i c ture but i t is a real ist ic out l ine of the 
prob lems that cannot be i g n o r e d — a t least not i n those cases i n w h i c h 
r a p i d , concentrat ion-dr iven changes m a y occur i n l i q u i d lacunae that 
exist (permanent ly or t rans ient ly ) w i t h i n the g r o w i n g ice. 

T h e r e are not m a n y reports of covalent, f reez ing - induced changes 
that are relevant to pro te in chemistry . A f ew examples can , however , be 
c i ted . A freezing-dependent enhancement of a d d i t i o n reactions i n v o l v i n g 
the f o r m y l groups of heme has been noted (55 ) . Presumably , a concen
trat ion effect operates here, expressed t h r o u g h a p H shift t o w a r d the 
react ion o p t i m u m . O f perhaps greater significance is the hypothesis that 
f reez ing in jury of proteins m a y come about t h r o u g h the f ormat ion of 
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1. TABORSKY Protein Alterations 13 

intermolecu lar disulf ide bonds ( b y air ox idat ion or b y disul f ide inter 
c h a n g e ) , p romoted b y the f reez ing - induced u n f o l d i n g a n d concentrat ion 
of proteins (56 ) . F o r example, a set of enzymes k n o w n to be inac t ivated 
b y f reez ing was recognized some t i m e ago as b e i n g of the s u l f h y d r y l 
var iety . Cryopro te c t i on was afforded for some of these enzymes b y the 
add i t i on of mercaptoethanol ( 57 ) . D e n a t u r a t i o n of myo f ibr i l lar proteins 
u p o n f rozen storage was at t r ibuted to the presumed ox idat ion of su l fhy
d r y l groups ( w h i c h were shown to undergo a loss as a consequence of 
f reez ing) (58 ) . M o r e recently , ox idat ion of a s u l f h y d r y l group i n ac t in 
was demonstrated to occur on freez ing , resu l t ing i n f o rmat ion of a d i m e r 
(59) . T h e f reez ing - induced inac t ivat ion c o u l d be reversed, or prevented , 
i f a r e d u c i n g agent was added . H o w e v e r , i t seems that us ing mercaptans 
as cryoprotectants w o u l d be counterproduct ive whenever the pro te in 
depends for its integr i ty on the intactness of its disulf ide bridges. W h e n 
mercaptans are desirable , their reactive effectiveness c a n usua l ly be 
enhanced b y the concentrat ion effect associated w i t h freezing. F o r 
example, significant alterations of peanut proteins can be p r o d u c e d b y 
r e d u c i n g agents, a n d the ir add i t i on p r i o r to f rozen storage of such pro te in 
solutions c a n promote alterations that are dependent o n r e d u c i n g agents 
(60) . W h e n e v e r proteins are more stable i n a r e d u c i n g environment , this 
approach m a y be useful . 

A final comment should be made. P r o t e i n structure is m a i n t a i n e d 
b y m a n y " w e a k " interactions. D u r i n g freezing, w e must be prepared for 
the poss ib i l i ty that con format ion -mainta in ing forces m a y be d r i v e n to 
seek a n e w balance , v i a a conformat ional adjustment. T h i s c o u l d occur 
i n response to interact ion of the pro te in w i t h " l i gands" present i n the 
solut ion, especial ly i f these l igands m i m i c the role of p ro te in groups 
i n v o l v e d i n weak interactions i n the nat ive structure. These l igands m a y 
compete w i t h in tramolecu lar ly interact ing groups. T h e f reez ing - induced 
concentrat ion of such l igands m a y result i n signif icant conformat ion 
changes even w i t h l igands that w o u l d , under " n o r m a l , " more d i lu te 
condit ions b i n d too w e a k l y to have an effect. ( F o r a re levant discussion, 
see Ref . 6 1 ) . 

Cryoenzymology (62). Recent l o w temperature studies of enzymes 
mer i t separate consideration. T h e y w i l l be g iven spec ia l emphasis i n a 
later chapter of this vo lume. These investigations have opened a n e w 
w i n d o w through w h i c h w e can ga in insights into the dynamics of enzyme 
act ion w i t h a reso lv ing p o w e r unatta inable , or attainable only w i t h diff i 
cu l ty , at " n o r m a l " temperatures. T h i s c a p a b i l i t y hinges on the use of 
cryosolvents that p e r m i t attainment of very l o w temperatures w h i l e 
a v o i d i n g the compl icat ions of the f ormat ion a n d presence of a so l id phase. 
T h e top ic was recent ly r e v i e w e d a n d the results of c ryoenzymolog i ca l 
studies were integrated w i t h results ga ined f r o m investigations of enzyme 
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14 PROTEINS A T L O W TEMPERATURES 

dynamics i n the crysta l l ine state (63, 64). T h e major attract ion of this 
a p p r o a c h l ies i n its po tent ia l for y i e l d i n g in fo rmat ion about enzymic 
processes under condit ions where otherwise inaccessible intermediates 
accumulate a n d become amenable to character izat ion . O b v i o u s l y , a r t i 
facts of d o u b t f u l signif icance to the t rue b i o l og i ca l mechan i sm c o u l d be 
expected to f o r m i n the presence of organic solvents. H o w e v e r , care fu l 
assessment of such undes i red effects is possible a n d there is a l ready a n 
apprec iab le n u m b e r of e n z y m i c systems for w h i c h mechanis t i ca l ly i m p o r 
tant features of the cata lyt i c process h a v e been ident i f ied (63). 

T h e poss ib i l i ty of p r e p a r i n g pro te in crystals i n e q u i l i b r i u m w i t h 
cryosolvents (64) m u t u a l l y enhances the va lue of c rysta l analysis b y 
X - r a y di f fract ion at l o w temperatures a n d of the c ryoenzymolog i ca l 
approach . B y this means i t has become possible to compare react ive 
intermediate forms t r a p p e d i n the crystal l ine state a n d i n so lut ion, 
respect ively (63). 

Cryosolvents and Protection Against Freezing Injury, C r y o s o l 
vents c a n assist the bio logist whose goa l is to protect b i o l og i ca l systems 
f r o m f reez ing in jury a n d thereby enable l ong- term preservat ion of func 
t i ona l ly in tac t tissues a n d cel ls . Protect ive cryosolvents m a y not alter 
the proteins i n a p a r t i c u l a r l y signif icant manner , rather they he lp assure 
that the pro te in s integr i ty remains essentially unaffected. T h e effects of 
cryoprotectants w i l l not be complete ly understood u n t i l i t becomes more 
f u l l y c lear w h a t the i r effects m a y be o n the structure of the aqueous 
m e d i u m o n w h i c h , i n t u r n , the conformat ional features of the pro te in 
component so in t imate ly depend . I n a d d i t i o n , the eventual explanat ion 
of cryoprotect ion i n molecu lar terms w i l l r equ i re more ins ight into the 
nature of the d irect interact ions be tween the pro te in a n d the protect ive 
solvent component . (Re levant discussions are p r o v i d e d , for example , i n 
References 7, 65, 66, 67). A n o t h e r aspect of the effectiveness of c ryopro 
tectants is the fact that they penetrate membranes w i t h ease a n d at least 
par t of the i r func t i on m a y be to extend the range of temperatures over 
w h i c h the c e l l contents can exist i n a l i q u i d state a n d to a v o i d deve lop
ment of deleteriously h i g h concentrations of ce l lu lar constituents d u r i n g 
freez ing . Select ion of these protect ive cryosolvents is l i k e l y to be based 
increas ingly on in format ion obta ined f r o m cryoenzymolog i ca l studies that 
revea l fundamenta l characteristics of c ryoso lvent -pro te in interactions as 
a "by -produc t . " 

T h e matter of cryoprotect ion , w i t h c l i n i c a l appl icat ions i n m i n d , w i l l 
u n d o u b t e d l y become better understood w i t h t ime . O b v i o u s l y , measures 
of c e l l or tissue v i a b i l i t y must be thought of w i t h more subtle a n d 
stringent cr i ter ia i n m i n d t h a n those n o r m a l l y used i n most studies of 
tissue preservat ion. Assessing v i a b i l i t y i n terms of one or a f e w b i o -
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1. TABORSKY Protein Alterations 15 

c h e m i c a l parameters rather t h a n i n terms of a w h o l e sweep of phys io 
l og i ca l characteristics o f a g iven tissue spells the difference be tween 
adequacy for a l i m i t e d purpose , such as i n v i t ro experiments, a n d suit 
a b i l i t y for , say, tissue transplantat ion. T h e complex i ty of this p r o b l e m 
w i l l increase further w h e n considerat ion is g i v e n to po tent ia l interact ions 
be tween cryoprotectants a n d other pharmaco log i ca l ly act ive agents a n d 
to the metabol i c state of the tissue. A l t h o u g h the art of c ryoprotect ion is 
not yet at a po int where these considerations can be effectively dealt w i t h , 
progress is b e i n g m a d e (68). 

Proteins in the Presence of Ice 

A c r i t i c a l re lat ionship exists be tween water a n d pro te in ( 6 9 ) . I have 
f o u n d i t convenient to dea l earl ier w i t h one mani festat ion of this re la t i on 
ship , namely h y d r o p h o b i c interactions. I t seems obvious, however , that 
this re lat ionship shou ld be affected b y any significant alterations i n the 
state of the aqueous component , regardless of whether the water is 
a t tempt ing to a v o i d contact w i t h nonpolar groups or is attracted to po lar 
groups. A l t h o u g h this assertion is obv ious ly true , difficulties arise w h e n a 
r igorous analysis is attempted. T h e p r o b l e m begins w i t h our l i m i t e d 
unders tand ing of water i t se l f—more t h a n one m o d e l of water structure 
c a n be fitted to ava i lab le data (70). F u r t h e r m o r e , theories of w a t e r -
pro te in interactions are incomplete a n d tentative (14). T h u s , an accurate 
descr ipt ion of w a t e r - p r o t e i n interactions i n complex b i o l og i ca l systems is 
not yet possible (71). [It is noteworthy that the authors of a recent 
r ev i ew of the role of solvent interactions i n pro te in conformat ion felt 
c o m p e l l e d to note that the "ver i tab le jungle of data a n d hypotheses" 
p r o d u c e d b y m a n y investigators " w o r k i n g i n closely a l l i e d fields" b u t 
w i t h a "general lack of c oord inat i on" m i g h t inv i te the cons iderat ion of 
" a more purpose fu l , joint attack on some of the prob lems" w h i c h " m a y 
w e l l be t i m e l y a n d y i e l d v a l u a b l e d i v i d e n d s " (13).] 

Agains t this somewhat f o r b i d d i n g background , I w i l l engage i n a 
cursory r e v i e w of some of the prob lems associated w i t h p r o t e i n - w a t e r -
ice systems w h e r e i n ice is suggested, or a cknowledged , to have a ro le i n 
pro te in alterations. A t this po int , attention w i l l be g iven to the effects of 
f reez ing on h y d r a t i o n of proteins. S u c h effects must l e a d to alterations 
of p ro te in structure i f the h y d r a t i o n shel l p lays a n in tegra l role i n ma inte 
nance of pro te in structure. ( H y d r o p h o b i c interactions have been dealt 
w i t h a lready i n the context of p ro te in behavior i n c o l d solutions. I w i l l 
s imp ly a d d here that i t is c lear ly unavo idab le that d i m i n i s h i n g the l i q u i d 
env ironment of the pro te in b y f reez ing w i l l remove the ra ison d'etre of 
these interactions a n d w i l l therefore w e a k e n this f o r m of structure s tab i l i -
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16 PROTEINS A T L O W T E M P E R A T U R E S 

zat ion . ) O u r discussion of f reez ing effects on pro te in h y d r a t i o n c a n be 
br ie f since m u c h of the pert inent in format ion a n d m a n y of the relevant 
ideas have been thought fu l ly r e v i e w e d qui te recent ly (15, 67) a n d w i l l 
be dealt w i t h later i n this vo lume . 

Protein Dehydration Upon Freezing. M o s t of the current models 
of p ro te in h y d r a t i o n postulate the existence of several classes of water 
molecules that are d is t inguished b y different degrees of "s tructure , " 
m o b i l i t y , a n d strength of interact ion w i t h the prote in . T a b l e I I I provides 
a n "orders -o f -magnitude" - type s u m m a r y of these classes. " S i t e - b o u n d " 
water consists of water molecules b o u n d i n d i v i d u a l l y a n d sto ichiometr ic -
a l l y to specific, t y p i c a l l y charged or po la r sites. T h i s water is b o u n d w i t h 
re lat ive ly great strength a n d exhibits greatly reduced m o b i l i t y c ompared 
to b u l k water . "Sur face" w a t e r is water adjacent to the pro te in structure, 
h e l d w i t h moderate strength, in termolecu lar ly hydrogen-bonded , a n d 
exh ib i t ing h i n d e r e d m o b i l i t y . W h i l e "water of h y d r a t i o n " must s t i l l be 
considered as a n operat ional ly def ined t e r m (dif ferent "classes" of water 
b e i n g ident i f ied dif ferently, d e p e n d i n g o n the p a r t i c u l a r exper imenta l 
m e t h o d chosen to revea l t h e m ) , most exper imenta l determinations of 
p ro te in h y d r a t i o n are l i k e l y to dea l , more or less, w i t h these t w o categories 

Table III. Classes of Water Molecules in 
Protein "Hydrat ion Shells"" 

Rota
tional 
Relax- Molecules Degree 
ation of Water of Hydra
Time per tion Freez-

Class Binding (sec) Residue (g/g) ability 

P r o t e i n - b o u n d 
s i te -bound strong 10~6 0.1-0.5 0.02-0.1 — 
surface m e d i u m 10" 9 1-3 0.2 - 0 . 6 — 
b u l k - l i k e loose 1 0 ' 1 1 — — + 

M o n o l a y e r — — 4 - 7 0.7 - 1 . 2 — 
Prote in - f ree 

l i q u i d — 10" 1 1 — — + ice — 10" 5 — — — 
β Information collected in this table is based on data from Kuntz and Kauzmann 

(67) and from Richards (16). Numerical values given here represent approximations 
based on numerous proteins and diverse experimental techniques. The class desig
nated as Monolayer is included for purposes of comparison with "Surface" water in 
particular. The latter is, presumably, an actual layer of uneven thickness that is 
variable from protein to protein. The former is an idealized concept of a uniform 
layer, one molecule in thickness, covering the protein surface. "Freezability" denotes 
whether or not a particular class of water is capable of transition into normal ice. 
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1. TABORSKY Protein Alterations 17 

of water . I t is noteworthy for our purposes that "s i te -bound w a t e r " or 
"surface w a t e r " is not capable of f o r m i n g n o r m a l i c e — i t is more m o b i l e 
than water molecules i n ice, even at l o w temperatures, but i t is less 
m o b i l e t h a n water i n the b u l k solvent at the same temperature (67). 
A l t h o u g h water of h y d r a t i o n appears to be " s t ructured , " i t is not " i c e - l i k e " 
(72). T h e t h i r d class, designated as " b u l k - l i k e , " is i n most ways i n d i s 
t inguishable f r o m b u l k solvent. Its existence is a cknowledged on ly 
because i t m a y contr ibute to some of the h y d r o d y n a m i c properties of 
the prote in . Presumably , the demarcat ion between "free" solvent water 
a n d " h y d r a t i o n " water is not a sharp one. T h e " b u l k - l i k e " water is 
envisaged as representing the transi t ion f r o m one to the other. 

It shou ld be stressed that this classif ication is an overs impl i f i cat ion. 
T h e properties of water of h y d r a t i o n most l i k e l y change more gradual ly 
that is i m p l i e d b y "classes" (67, 73). Nevertheless , they are useful i n 
that they fac i l i tate a reasonable conceptual izat ion of m a n y of the exper i 
m e n t a l da ta that bear o n pro te in hydra t i on . B u t i t is p r u d e n t to keep i n 
m i n d that these classes p robab ly represent averaged segments of a c on 
t i n u u m of water structures. I n any case, whatever m a y be its precise 
def init ion, the rea l i ty of the h y d r a t i o n shel l is profusely documented (67). 
It must be v i e w e d as an integra l par t of the prote in , the funct iona l ly 
significant entity. Indeed , p ro te in h y d r a t i o n is of c r i t i c a l importance to 
the protein 's func t i ona l integr i ty insofar as this func t i on is a n inherent 
mo lecu lar p r o p e r t y — a specific manifestat ion of p ro te in structure. T h e 
rea l i ty o f the h y d r a t i o n shel l appears also f r o m the vantage po int of a 
reactive l i g a n d to w h i c h the h y d r a t i o n shel l seems to represent a p h y s i c a l 
barr ier to be surmounted before the funct iona l ly significant, d i rect in ter 
act ion between pro te in a n d l i g a n d can be accompl ished . T h i s has been 
shown, for example, w i t h respect to the interact ion between m y o g l o b i n 
a n d oxygen, or carbon dioxide , where the i n i t i a l association be tween 
l i g a n d a n d pro te in is seen as a process that is slower t h a n di f fusion-
l i m i t e d a n d is a t tr ibuted to l i g a n d entry f r o m b u l k solvent t h r o u g h the 
hydra t i on shel l , a process noticeable d o w n to temperatures as l o w as 
about —60° ( i n g l y c e r o l - w a t e r mixtures ) (74). 

Interpret ing data re lat ing to the effects of f reez ing on pro te in integr i ty 
a n d pro te in h y d r a t i o n is diff icult since most studies p r o v i d e inferences 
rather t h a n proof. T h e closest to " p r o o f are those studies i n v o l v i n g the 
attributes of d r i e d proteins a n d the ir re lat ion to proteins i n f rozen systems. 
W h a t seems necessary is to show that d isturbance of the h y d r a t i o n she l l , 
perhaps b y ice crystals or b y more subtle changes i n the structure of 
water of h y d r a t i o n , has notable consequences o n pro te in structure. T h a t 
the d r y i n g of proteins has major consequences of this sort has been shown. 
T h i s is, of course, as w e w o u l d expect. I f the more in t imate ly b o u n d 
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18 PROTEINS A T L O W TEMPERATURES 

layers of the h y d r a t i o n shel l are removed , the o r i g i n a l pro te in conforma
t i o n w o u l d have to accommodate large stresses p r o d u c e d b y the s tructura l 
voids . Transconformat ion or denaturat ion w o u l d be the appropr iate a n d 
accessible response of the pro te in to such stresses (67). 

Some examples m a y serve to support this argument . T h e heme i r o n 
of cytochrome c experiences a l i g a n d exchange ( r e p l a c i n g a methionine 
by , perhaps, a lys ine s idechain) u p o n remova l of water b y l y o p h i l i z a t i o n 
( 7 5 ) . B o t h , desiccat ion a n d f reez ing of catalase have s imi lar consequences 
o n the act iv i ty of the enzyme (76). F r e e z i n g a n d t h a w i n g appear to alter 
certa in phys i ca l - chemica l properties of some proteins a n d s imi lar but 
greater changes are observed d u r i n g f reeze-dry ing , w h i c h is p resumably 
a more drast ic m e t h o d for affecting the h y d r a t i o n she l l (77). T h e r m a l 
transitions a n d irrevers ible s tructural changes occur i n the l i popro te in of 
egg yo lk d u r i n g f reez ing a n d these changes are strongly dependent o n 
water content where water is r educed b e l o w a c r i t i c a l va lue of 2 0 % 
( w h i c h corresponds approx imate ly to the two "nonfreezable" classes of 
water i n T a b l e I I I ) (78). T h e r e are, of course, numerous—most ly casual 
—references i n the l i terature to pro te in denaturat ion , or enzyme i n a c t i v a -
t i o n , d u r i n g f rozen storage. These observations are f requent ly c oup led 
w i t h the suggestion that the extensive (or complete? ) t rans i t ion of water 
to ice affected or destroyed the h y d r a t i o n shel l of the pro te in thus caus ing 
a s tructural change. These suggestions are for the most part based on 
inadequate exper imental evidence. 

"Unexplained" Effects. Some observations are dif f icult to at tr ibute 
to any of the f reez ing mechanisms cons idered so far . M o s t amenable to 
conceptual accommodat ion are those cases where a par t i cu lar react ive 
intermediate , or a par t i cu lar conformer, appears to have been " t r a p p e d . " 
T h i s is be l i eved to occur at very l o w temperatures w h e r e m o b i l i t y at the 
atomic l eve l is severely l i m i t e d par t ly because of l i t t l e t h e r m a l m o t i o n 
a n d p a r t l y because of the p h y s i c a l constraint p r o v i d e d b y the glassy or 
i c y structures of the m e d i u m . N o r m a l l y unstable free r a d i c a l derivatives 
of proteins can be s tud ied b y t r a p p i n g t h e m at l o w temperatures (e.g. 
79). T h i s t e chn ique also can be used to stabi l ize w h a t appear to be 
specific conformat ional isomers of n o r m a l structures. F o r example , this 
a p p r o a c h has enabled the detect ion of a n ammonia -cata lase complex (SO), 
conformers of the i r o n proteins c o n a l b u m i n a n d transferr in ( 8 1 ) , a n d a 
conformer of the flavoprotein L - a m i n o a c i d oxidase (82, 83). 

A n interest ing spec ia l case is p r o v i d e d b y aldolase. I f f rozen i n the 
presence of a l k y l a t i n g agents, i t undergoes inac t ivat i on b y s u l f h y d r y l 
a lky la t i on (84). H o w e v e r , this inact ivat ion appears to occur d u r i n g 
t h a w i n g , cond i t i oned supposedly b y conformat ional stresses that develop 
d u r i n g f rozen storage. 
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1. TABORSKY Protein Alterations 19 

Protein Alterations and Behavior Associated 
with Dynamic Aspects of Freezing 

I t seems appropr iate to d e a l somewhat more exp l i c i t l y w i t h the 
d y n a m i c aspects of the f reez ing process i n contrast to the effects of a 
g iven state of a c o l d or f rozen system. T h i s is p r o b a b l y also the best 
p lace to acknowledge a major omission throughout this overv iew. N o n e 
of the discussion has dealt speci f ical ly w i t h the process of t h a w i n g . I t 
must be taken for granted that some " f reez ing" effects are i n rea l i ty 
" t h a w i n g " effects a l though i n very f e w cases is there conclusive evidence 
on this po int . I t can be assumed that whatever arguments m a y be 
reasonably advanced regard ing the dynamics of f reez ing a n d its conse
quences also m a y be advanced , b y suitable extension, invers ion , or in fer 
ence, to the dynamics of the m e l t i n g process. U n d o u b t e d l y , " m e l t i n g 
effects" are rea l , however neglected the ir separate considerat ion m a y be. 

Protein Antifreezes. A n interest ing group of proteins merits spec ia l 
not ice not because f reez ing affects t h e m but because they affect the 
f reez ing process. F ishes i n h a b i t i n g po lar waters have recent ly been s h o w n 
to possess unusua l ly structured, a lan ine - r i ch serum glycoproteins that 
depress the f reez ing po int of aqueous systems b y some nonco l l igat ive 
process (85, 86). S i m i l a r antifreeze proteins also have been f o u n d i n the 
musse l (87). These proteins have a m a r k e d effect on the mode of i ce 
growth , i n d i c a t i n g that they m a y exert their f reez ing i n h i b i t i o n b y be
c o m i n g adsorbed onto par t i cu lar facets o f the g r o w i n g i ce crysta l . T h e 
presence of antifreeze proteins i n fish b l o o d has been shown to v a r y 
ac cord ing to a n a n n u a l cyc le (88). C i r c u l a r d i chro i c measurements 
ind i cate that some antifreeze proteins are d isordered i n so lut ion w h i l e 
others have a great he l ix content—suggest ing that there is no par t i cu lar 
conformat ion to w h i c h the antifreeze proper ty can be at t r ibuted ( 8 9 ) . 
Studies i n v o l v i n g R a m a n spectra t e n d to conf irm this suggestion a n d 
indicate also that these proteins do not affect the b u l k propert ies of water 
or i ce that exist i n the ir presence ( 9 0 ) . A synthetic a lan ine -aspart i c a c i d 
c o p o l y m e r — m o d e l i n g the n a t u r a l antifreeze pro te ins—was s h o w n to 
depress the f reez ing po in t of water to about one - th i rd the extent of the 
antifreeze proteins of fish (91). I t is noteworthy that this po lypept ide 
conta ined no carbohydrate sidechains as do the n a t u r a l anti freeze proteins. 

I t is not k n o w n whether s u c h n a t u r a l cryoprotectants occur w i d e l y 
d i s t r ibuted among a n i m a l species. H o w e v e r , a re levant experiment was 
conducted w i t h b r a i n slices, f r o m w a r m - a d a p t e d a n d h i b e r n a t i n g h a m 
sters, before a n d after f reez ing (92). T issue slices f r om the h i b e r n a t i n g 
hamster exh ib i ted h igher t h a n n o r m a l oxygen consumpt ion rates after 
f reez ing . T h i s result d i d not occur w i t h slices f r om the w a r m - a d a p t e d 
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20 PROTEINS A T L O W TEMPERATURES 

a n i m a l . These experiments p r o m p t e d the suggestion that , i n the h iber 
n a t i n g a n i m a l , membrane proteins of the b r a i n m a y be modi f i ed i n a 
w a y that enhances their antifreeze potent ia l . 

T w o early observations m a y have some relevance to the mechan i sm 
b y w h i c h anti freeze proteins act. P o l y m e r gels of h i g h l y rami f ied , net - l ike 
structures have been s h o w n to depress the f reez ing po int of water a n d 
cause the ice crystals to assume a dominant g r o w t h or ientat ion ( 9 3 ) . I t 
is also noteworthy , perhaps , that certain amino acids are good ice 
nucleators whereas others are not ( 9 4 ) . 

Events Occurring at or Near the Water—Ice Interface. I t w o u l d 
take us too far afield to attempt to dea l i n de ta i l w i t h theories a n d specu
lations concerning the s m a l l zone exist ing between supercooled l i q u i d 
a n d the g r o w i n g ice mass. B u t , i n v i e w of the po tent ia l importance this 
zone m a y have w i t h regard to f reez ing effects, some discussion of i t is 
appropr iate . I a lready acknowledged the significance of this interface 
w h e n considerat ion was g iven to the increase i n solute concentrat ion that 
occurs w h e n solutes are rejected b y the g r o w i n g i ce crystals. A l s o , the 
earl ier discussion of factors that inf luence the f o rmat ion of t rans ient ly 
exist ing, concentrated " p u d d l e s " h a d clear impl i cat ions r e g a r d i n g this 
interface. I shal l n o w consider this interface i n more deta i l . 

O f h is tor i ca l interest is a r ev iew of a century's w o r t h of exper iment 
a n d thought d irected at the nature of the ice surface (95 ) . A major 
conc lus ion i n this r ev iew is that a transit ion layer of water molecules does 
i n fact exist at the ice surface. T h i s r e v i e w is concerned, however , w i t h 
interfaces between ice a n d the vapor phase or another so l id phase. M o r e 
d i rec t ly pert inent to our purposes is another fasc inat ing r e v i e w that takes 
a de ta i l ed look at the interface "as seen f r o m the l i q u i d s ide" ( 9 6 ) . T h i s 
assessment of relevant ev idence also results i n the firm conc lus ion that 
a n interface layer w i t h spec ia l properties exists. O f par t i cu lar importance 
to the present discussion is the not ion that the trans i t ion layer consists of 
w a t e r molecules i n an or iented , po lar arrangement. T h e po lar i za t i on of 
this layer is ascr ibed to the need to rel ieve strains i n the ice latt ice. These 
strains arise f r o m the en larg ing of the n o r m a l hydrogen -oxygen angles i n 
order to fit the requirements of the te trahedral structure i n ice. T h i s strain 
re l ie f process w o u l d result , a m o n g other things , i n the maintenance of a n 
electric potent ia l be tween the l i q u i d a n d so l id phases a n d w o u l d account 
for the exper imental ly observed selective incorporat ion of ions i n the 
i ce structure. 

T h e no t i on of a po lar , or iented interface layer of water mo le c u l e s— 
w h i l e based o n a n a d hoc argument—is consistent w i t h exper imenta l data . 
I t is i n accord , for example , w i t h the large electric potentials that develop 
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1. TABORSKY Protein Alterations 21 

across the w a t e r - i c e interface d u r i n g f reez ing of d i lu te salt solutions ( 9 7 ) . 
T h i s occurrence p r o b a b l y results f r o m the often demonstrated selective 
incorporat ion of ions ( i n most cases, anions) into the ice (e.g. 98-106). 

Some t ime ago, I observed a f reez ing - induced conformat ional change 
i n a pro te in that appeared to be associated w i t h selective reject ion of ions 
at the l i q u i d - i c e interface (107). T h e results of this s tudy appeared to 
make a good case for the c l a i m that such solute redistr ibutions m a y have 
impor tant effects o n proteins d u r i n g freez ing , p a r t i c u l a r l y since a v e r y 
h i g h concentrat ion of protons m a y develop i n the interface reg ion . 
A l t h o u g h this concentrat ion of protons is transient, i t presumably persists 
for the durat i on of crystal g rowth . 

T h e rea l i ty of a n interface reg ion i n w h i c h solute concentrations m a y 
be h i g h d i n i n g the f reez ing process was s h o w n b y direct measurements. 
I t was f o u n d that the interface layer m a y have a thickness on the order 
of 100-1000 n m , the exact va lue v a r y i n g inversely w i t h the rate of ice 
propagat ion (108). 

I t has also been suggested that as the ice surface grows, the solute-
enr i ched layer just ahead of i t w i l l assume a l ower f reez ing po int than the 
solut ion of l ower concentrat ion that exists further a w a y f r o m the ice 
surface. T h i s s i tuat ion w o u l d be most l i k e l y to occur d u r i n g r a p i d f reez ing 
w h e n the diffusive red is t r ibut ion of solute (re jected b y the i ce ) is s l ow 
compared w i t h the rate of its concentrat ion b u i l d - u p . T h i s c o u l d l ead 
to nuc leat ion i n advance of the f reez ing boundary , thereby caus ing 
entrapment of concentrated solut ion pools w i t h i n the ice structure (109). 
It shou ld be noted that on a gross scale this w o u l d encourage more 
u n i f o r m solute d i s t r ibut i on i n the ice but on a microscale ( w h i c h w o u l d 
be re levant for molecu lar interact ions) the system w o u l d be dec ided ly 
heterogeneous a n d concentrat ion effects shou ld be great. 

It seems use fu l to conc lude this section w i t h data i l lus t ra t ing the 
effects of various solutes o n the propagat ion rates of ice ( T a b l e I V ) . 
D iscuss ion of the effects that solutes have on the re lat ionship be tween 
ice g r o w t h rate a n d the degree of supercool ing is avai lab le elsewhere 
( I I I ) . A more recent discussion of e q u i l i b r i u m a n d n o n e q u i l i b r i u m 
aspects of f reez ing provides a most h e l p f u l a i d i n the integrated con 
s iderat ion of aqueous solutions subjected to f reez ing , w i t h par t i cu lar 
reference to b i o l og i ca l systems (112). 

Possible "Interface Effects" on Proteins. Interface effects that arise 
d u r i n g g r o w t h of i ce crystals can influence proteins b u t this issue is 
rare ly addressed i n a direct fashion. D u r i n g f reez ing , the egg yo lk pro te in 
phosv i t in has been shown to undergo a major conformat ional change 
t o w a r d a n ordered structure. T h i s is caused b y the transient ly h i g h 
concentrat ion of protons shown to exist i n the i c e - l i q u i d interface reg ion 
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Table IV. Retardation of Ice Propagation by Diverse Solutes" 

Rate of Ice Growth (cm/sec) at Given 
Solute Concentration1" 

Solute 0% 10% 

Acetates 
l i t h i u m 1.41 0.13 
s o d i u m 2.76 0.33 
potass ium 2.69 0.62 
a m m o n i u m 1.74 0.35 

Chlor ides 
l i t h i u m 1.32 0.10 
s o d i u m 3.09 0.48 
potass ium 2.82 1.08 
a m m o n i u m 2.09 0.54 

T h i o c y a n a t e s 
sod ium 3.02 0.85 
potass ium 2.82 — 
a m m o n i u m 2.09 0.96 

A c i d s 
acetic 2.14 0.76 
g lyco l i c 2.14 0.83 
m a l i c 1.66 0.78 
c i t r i c 1.29 0.60 
aminoacet ic 2.19 — 

Alcoho l s 
methano l 1.20 0.25 
e thanol 0.43 0.09 
propano l 0.54 0.12 
g lycero l 1.38 0.41 

Sugars 
glucose 1.02 0.38 
fructose 1.20 0.46 
sucrose 0.85 0.36 

P r o t e i n s 
l y s o z y m e 0.81 0.56 
a l b u m i n 0.76 — 

N o n e (pure water ) ca . 7 — 
"Original data from Lusena (110). In the original article, values were in loga

rithmic form. Above data were recalculated to give dimensions of velocity. A l l 
experiments carried out with solutions supercooled 10° below their respective freezing 
points. The data have relative significance. 

&A11 experiments yielded a biphasic relationship between the logarithm of the 
rate of ice growth and the concentration of the solute. A t low concentrations of all 
solutes, the rate of ice growth fell drastically within a narrow concentration range. 
Further rate diminution occurred over a range of higher concentrations where the 
log rate vs. concentration relationship was linear. Extrapolation of the linear portion 
of this linear relationship to zero concentration produces the values listed under the 
heading " 0 % . " The data in the "10%" concentration column reflect growth rates 
which tend to be associated with the lower end of the concentration range in which 
the linear relationship holds. 
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d u r i n g crysta l f o rmat ion (113). I t is also noteworthy that a h i g h l y 
ordered p o l y m e r forms d u r i n g f reez ing of a so lut ion of p o l y a d e n y l i c 
a c id . T h i s transconformation m a y also be a n " interface effect" (114). 

W h e n pro te in alterations occur as a result of exper imental condit ions 
that are expected to influence the dynamics of the f reez ing process, i t 
seems reasonable to postulate that interface effects m a y be operative . 
H o w e v e r , such experiments are rare ly des igned for the purpose of e l u c i 
d a t i n g the mechan ism b y w h i c h f reez ing causes p ro te in alteration. T h e r e 
fore, the mechan ism remains large ly a matter of conjecture. F r o m a m o n g 
the m a n y candidates for an interface effect, a f e w w i l l be c i ted—essen
t i a l l y r a n d o m l y — s i m p l y to u n d e r p i n the suggestion that these effects 
m a y have a broader signif icance i n the context of pro te in cryochemistry 
t h a n is general ly acknowledged . 

T h e poss ib i l i ty of interface effects has been speci f ical ly noted i n a 
study i n v o l v i n g f reez ing of l i p o a m i d e dehydrogenase (115). T h i s poss i 
b i l i t y was also ment ioned i n a study of c o n a l b u m i n a n d transferr in , 
re ferred to earl ier (81). A n interface mechan ism also m a y be operative 
w i t h regard to f reez ing - induced alterations of p h y c o e r y t h r i n (116), lac t i c 
dehydrogenase (117), catalase (118), a n d other proteins, some of w h i c h 
were re ferred to earl ier (22). F i n a l l y , i t m a y be noted that interface 
effects, especial ly the transient d i s t r ibut i on of solutes, m a y under l i e some 
of the anomalous kinet ics that have been descr ibed for cer ta in reactions 
i n the " frozen state" (119). 

Conclusions 

I set out to g ive a n overv iew of f reez ing - induced alterations of p r o 
teins. I approached the task w i t h a bias that , I hope , became clear as 
the discussion progressed. I t seems to m e that inquir ies into p r o t e i n 
behavior at l o w temperatures a n d i n f reez ing systems are r ipe for more 
sharply focussed studies of the mechanisms b y w h i c h " f reez ing effects" 
operate. A massive amount of data exists concern ing the consequences 
of l o w temperature exposure. A c o m m o n deficiency is the fa i lure to 
p r o v i d e ins ight in to u n d e r l y i n g causes. Inte l lec tual ly sat is fy ing a n d 
p r a c t i c a l l y use fu l general izations are needed a n d these s h o u l d emerge i n 
the future . Indeed , the b r o a d range of topics i n c l u d e d i n this sympos ium 
makes i t evident that on-go ing investigations are effectively m o v i n g to
w a r d this goal . 
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2 
Properties of Protein-Water Systems at 
Subzero Temperatures 

I. D. KUNTZ 

Department of Pharmaceutical Chemistry, University of California, 
San Francisco, CA 94143 

The hydration of proteins at subzero temperatures is re
viewed. The thermodynamics of the protein-water system 
and the water molecule dynamics are discussed. The hydra
tion layer around a protein at low temperature is best 
thought of as being in a glass-like state with the water mole
cules selectively oriented near ionic and polar groups at the 
protein surface. Water motions in the nanosecond and 
microsecond range have been detected. 

l his paper w i l l summarize the avai lab le in f o rmat i on o n a n u m b e r of 
x propert ies of p r o t e i n - w a t e r systems b e l o w 0 ° C . W e w i l l d irect our 

attention to thermodynamic data a n d to experiments that speak t o the 
dynamics of the systems. I n some cases, w e use results at h igher t e m 
peratures to infer low-temperature behavior . O u r p r i m a r y purpose is to 
organize the exper imental results. N o single m o d e l is l i k e l y to cover a l l 
the facts. 

Thermodynamic Properties 

Phase Diagram. W e w i l l treat p r o t e i n - w a t e r systems as t w o -
component systems a l though m a n y preparat ions conta in buffer or sup
p o r t i n g electrolytes that f o rmal ly requ i re three (or more ) components. 
These a d d i t i o n a l components c a n always be expected t o inf luence a 
n u m b e r of measurements a n d w i l l alter the entire phase d i a g r a m , i n c l u d 
i n g the b u l k m e l t i n g behavior , i n complex ways . W e w i l l c a l l attent ion 
to such effects where appropr iate . 

0-8412-0484-5/79/33-180-027$5.00/0 
© 1979 American Chemical Society 
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28 PROTEINS A T L O W TEMPERATURES 

T h e first impor tant observat ion is that any p r o t e i n - w a t e r system 
w i l l conta in some water molecules that do not freeze into a crystal l ine 
state at temperatures far b e l o w zero ( J , 2, 3 ) . A l t h o u g h the lowest 
temperatures reached v a r y f r o m one t e chn ique to another ( ca . — 7 0 ° C 
for N M R a n d — 196°C for i r ) no evidence for a first-order crysta l l i zat ion 
for the "nonfreez ing" water has been reported . F u r t h e r , annea l ing p r o 
cedures do not induce crysta l l i zat ion , suggesting strongly that a state 
w i t h some degree of s tabi l i ty has been achieved . F o r most proteinaceous 
systems, the start ing preparat ion contains water i n excess of the n o n -
f reez ing water , a n d the excess water r ead i l y freezes to a n o r m a l i ce phase 
i f no l o w molecu lar we ight addit ives are present. F o r preparations w i t h 
b u l k water contents less t h a n 0.3-0.5 g w a t e r / g pro te in , no ice f o rmat ion 
is detectable b y N M R at any l o w temperature. T h e development of very 
s m a l l subnucleat ion crystal lo ids of i ce has been suggested i n some 
cases (5 , β ) . 

W a t e r - p r o t e i n systems show d is t inc t ly different f reez ing behavior 
t h a n aqueous solutions that conta in m a n y l o w molecu lar w e i g h t c om
ponents. A d i l u t e N a C l so lut ion, for example , w i l l have l i q u i d water i n 
stable e q u i l i b r i u m w i t h ice. T h e amount of unfrozen water w i l l be qu i te 
temperature-dependent , f a l l i n g smoothly u n t i l the eutectic po in t is 
at ta ined, w h i c h for N a C l is — 21°C. A t a degree or so b e l o w this 
temperature , no water s ignal can be detected b y convent ional N M R 
techniques , a n d i r w i l l ind i cate a mixture of ice a n d N a C l - H o O , a w e l l 
character ized crystal l ine monohydrate . D i l u t e aqueous pro te in solutions 
w i l l also show ice f o rmat ion b e g i n n i n g at about zero degrees, w i t h the 
amount of un f rozen water decreasing r a p i d l y w i t h decreasing temperature 
u n t i l a va lue i n the 0.3-0.5 g H 2 0 / g p ro te in range is reached (usua l ly 
at about — 10°C i n the absence of sa l ts ) . H o w e v e r , i n contrast to the 
eutectic behavior descr ibed above for N a C l , the amount of f rozen water 
then remains essentially constant w i t h further decreases i n temperature. 
P r o t e i n c rys ta l s—normal ly h y d r a t e d at r ough ly 1 g w a t e r / g p r o t e i n — 
show s imi lar behavior to aqueous solutions conta in ing the same pro te in 
compos i t ion . ( H o w e v e r , some exceptions to this pat tern have been 
repor ted (7 , S, 9 ) . These i n c l u d e t ropomyos in ( a musc le pro te in ) a n d 
a n u m b e r of po lypept ide solutions that show a cont inua l decrease i n the 
f ract ion of un f rozen water , at least d o w n to the l o w temperature l i m i t 
of N M R . ) N o s imple explanat ion has been offered for these t w o types 
of behavior . Perhaps the most s tra ight forward qua l i ta t ive explanat ion 
is that convent ional eutectic behavior arises because of the intersect ion 
of two phase boundar ies : the f reez ing po int curve that represents 
e q u i l i b r i u m condit ions be tween the so lut ion a n d i ce a n d the m e l t i n g 
p o i n t curve that represents e q u i U b r i u m condit ions between the so lut ion 
a n d (genera l ly ) a w e l l def ined crystal l ine hydrate . P o l y m e r solutions 
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2. KUNTZ Properties of Protein-Water 29 

have w e l l character ized f reez ing po in t curves, but they usua l ly do not 
f o r m w e l l behaved crystal l ine hydrates . T h u s the lack of a eutectic p o i n t 
is not too surpr is ing . T h e slope of the f reez ing po in t curve at temperatures 
far b e l o w zero is not easily de termined but i t is thought to d e p e n d o n a 
n u m b e r of parameters such as Δ Η of fus ion a n d the F l o r y - H u g g i n s 
interact ion constant, a n d these c o u l d account for the range of behavior 
descr ibed above. W e k n o w that certa in solutions conta in ing l o w mo lecu lar 
w e i g h t h y d r o x y l i c solutes (sugars, alcohols, etc.) can f o r m glasses at l o w 
temperatures. P r o t e i n solutions at h i g h p o l y m e r concentrations a n d / o r 
l o w temperatures have m a n y features i n c o m m o n w i t h these glasses. 

F o r systems i n w h i c h the unfrozen water content is independent of 
temperature , the amount of unfrozen water at any g iven subfreez ing 
temperature is re lated to the ion ic compos i t ion of the m a c r o m o l e c u l e — 
the m o r e ion ic , the more unfrozen water observed (4, 8 ) . Negat ive ions 
are f o u n d to be h y d r a t e d more extensively t h a n posit ive ions ( 8 ) . 
Preparat ions conta in ing opposite ly charged macromolecules (e.g., r i b o -
somes, viruses, a n d membrane prote ins) f requent ly are less h y d r a t e d 
t h a n w o u l d be p r e d i c t e d based on the behavior of the f i xed components 
(4). T h i s suggests that i on i c groups become b u r i e d i n a m i x e d system. 
I a m not aware of a general treatment of counter - ion effects o n macro -
molecu lar hydrat i on . T h e w i d e l y v a r y i n g eutectic points i n such systems 
m a k e a def init ive study qui te diff icult . A phase d i a g r a m for w a t e r - p r o t e i n 
systems has been proposed (4) to summarize the above discussion. 

Enthalpy, Entropy, and Heat Capacity of Protein—Water Systems 
Below 0 °C . A n u m b e r of investigators have reported the apparent 
entha lpy of fus ion as a func t i on of temperature a n d compos i t ion for 
several h y d r a t e d proteins. M a c K e n z i e a n d coworkers (10) de termined 
absorpt ion isotherms at l o w temperatures a n d f o u n d that : 1) these 
absorpt ion isotherms have essentially the same s igmoida l shapes as those 
observed above zero degrees; 2 ) the magnitudes of the values for p a r t i a l 
m o l a l enthalpy a n d entropy increase as the content of unfrozen w a t e r 
decreases; 3 ) the heat of fus ion decreases as the content of un f rozen 
water decreases; a n d 4 ) the heat capaci ty of the system increases as the 
content of unfrozen w a t e r increases. T a k i n g these findings a l l together, 
the thermodynamic properties of " u n f r o z e n ' water are not very different 
f r o m those of supercooled water at comparab le temperatures. 

O n e should a lways remember that i t is diff icult to proceed f r o m 
t h e r m o d y n a m i c measurements to mo lecu lar properties. T h i s is p a r t i c u 
lar ly t rue i n mul t i component systems. T h a t is, w a t e r - w a t e r a n d w a t e r -
pro te in interactions are inextr i cab ly m i x e d w i t h p r o t e i n - p r o t e i n inter 
actions w h e n one measures p a r t i a l m o l a l quantit ies . Assumpt ions a n d 
experiments b e y o n d those y i e l d i n g t h e r m o d y n a m i c in format ion are needed 
to determine w h a t is h a p p e n i n g at the molecu lar leve l . T h e major cause 
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30 PROTEINS A T L O W TEMPERATURES 

for concern, here, is the r ea l poss ib i l i ty that significant changes i n pro te in 
conformat ion can occur at l o w temperatures. T h e r e is some evidence, for 
example , that pro te in denaturat ion is important i n some cases (11)· 
C l e a r l y , the concentrations of any solutes increase dramat i ca l l y as b u l k 
water freezes. T o the extent that apprec iab le denaturat ion or s tructura l 
modi f i cat ion occurs, one can expect difficulties i n in terpre t ing thermo
d y n a m i c measurements o n these systems. 

I n summary , I suggest that the phenomenon of nonfreez ing water i n 
p r o t e i n - w a t e r systems at l o w temperature might arise f r om the lack of 
e q u i l i b r i u m w i t h a w e l l def ined crystal l ine pro te in hydrate phase. F o r 
proteins i n w h i c h a crystal l ine phase is k n o w n to exist, M a c K e n z i e has 
s h o w n that samples can be taken t h r o u g h the c rys ta l l i za t i on reg ion w i t h 
n o crysta l f o rmat ion (10). T h i s lack of e q u i h b r i u m is qu i te l i k e l y a k ine t i c 
p r o b l e m because of the very h i g h viscosity present. Surface effects m i g h t 
also contr ibute s igni f icantly since the surface area per u n i t v o l u m e is very 
large for any mo lecu lar ly d ispersed po lymer . O n the who le , the thermo
d y n a m i c propert ies reported for nonfreez ing w a t e r appear rather s i m i l a r 
to those of supercooled water . 

Motions in Protein-Water Systems 

T h e most p o w e r f u l technique for s tudy ing molecu lar motions i n 
p r o t e i n - w a t e r systems b e l o w 0 ° C is magnet ic resonance. D i e l e c t r i c 
re laxat ion measurements can be used, but these measurements are more 
suitable at h igher temperatures i n homogenous solutions (13). Recent ly , 
the f requency dependence of the mehcan i ca l properties of b iopo lymers 
has been s h o w n to y i e l d considerable k inet i c in format ion (14). I w i l l 
l i m i t discussion to the salient results attainable f r o m these techniques. 

N M R . M a g n e t i c resonance experiments at l o w temperatures have 
been l i m i t e d large ly to p ro ton a n d deuteron N M R of the water molecules 
i n w a t e r - p o l y m e r preparations. T h i s is reasonable because of the sensi
t i v i t y attainable a n d because the most r a p i d l y m o v i n g molecu lar species 
(water ) is the most easily detected. I w i l l discuss only systems w i t h o u t 
macroscopic order (e.g., f rozen solutions of g lobular prote ins) b u t the 
interested reader w i l l find i n t r i g u i n g reports of n m r measurements on 
pro te in crystals a n d on fibrous or layered materials ( 1 5 , 1 6 , 1 7 ) . 

Important results that have been obta ined f r o m N M R analysis of 
p r o t e i n solutions at subzero temperatures are : 

(1 ) T h e water pro ton l i n e w i d t h at — 20 °C is 100 times sharper for 
w a t e r than for ice , a n d even at — 60°C the difference is very m a r k e d . 

(2 ) A l l systems w e have s tudied to date show a m i n i m u m s p i n -
latt ice re laxat ion t ime ( T i ) or a m a x i m u m spin- latt ice re laxat ion rate 
( 1 / T i ) at ca . — 35°C for a larmor f requency of 40 M H z . T h e m i n i m u m 
for Γι moves to l ower temperatures as the larmor f requency decreases. 
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2. KUNTZ Properties of Proteinr-Water 31 

(3 ) I n our work , the pro ton l i n e w i d t h is approx imate ly equa l to the 
sp in -sp in re laxat ion rate ( 1 / Γ 2 ) a n d this re laxat ion is not i ceably faster 
t h a n Ι / Τ Ι at a l l subzero temperatures. 

(4 ) T h e spin- latt ice re laxat ion rate ( 1 / Γ ι ) is reported to be qu i te 
f requency-dependent (see (2 ) above ) , a n d ro tat ing f rame experiments 
( l / T i p ) at l o w temperatures also indicate f requency dependent re laxa
tions (18,19). 

(5 ) N o r a p i d mot i on i n the macromolecu lar components has been 
reported . 

C e r t a i n conclusions can be d r a w n f r o m these observations a l though 
deta i led interpretat ion w i l l d e p e n d on future quant i tat ive developments. 
F i r s t , most of the water molecules detected b y N M R are m o v i n g qu i te 
r a p i d l y at subzero temperatures. T h e sharp N M R s ignal for protons of 
unfrozen water is perhaps the best evidence that a noncrysta l l ine state 
of water is present i n these samples. Q u a n t i t a t i v e conclusions about 
pro ton m o b i l i t y can be der ived f r o m the re laxat ion data g iven above. 
W i t h o u t go ing into deta i l , above — 35 ° C the average rotat ional corre la 
t i o n t ime for water protons is certa in ly less that 4 X 10~9 seconds. I n our 
early papers w e expressed the v i e w that this average corre lat ion t i m e 
a p p l i e d to most of the water molecules that contr ibute to the n m r s ignal . 
It is n o w clear that there is no h a r d evidence i n support of this pos i t ion . 
T h e T i m i n i m u m is b r o a d a n d not as deep as s imple theory (20) w o u l d 
predic t . Contr ibut i ons f r o m sp in -sp in dif fusion are r ead i l y detected (17, 
21, 22). There is a r ea l chance that a very significant f ract ion of the 
unfrozen water molecules have rotat ional correlat ion t imes cons iderably 
shorter than 10" 9 seconds. T h e corre lat ion t ime for supercooled water at 
these temperatures is about 3 X 10~ 1 0 seconds. T h e def init ive experiment 
w o u l d invo lve measurement of h i g h f requency die lectr ic d ispers ion i n 
these materials . 

Second, observations (3 ) a n d (4 ) suggest thas some of the water 
molecules exhibit s low motions (e.g., s lower t h a n 4 Χ 10" 9 seconds) . 
T h e r e are two important restrictions here. I t is not possible to be v e r y 
quant i tat ive i n d iscuss ing s l ow motions because there is a substant ia l 
ampl i f i cat ion factor for the w a y s low motions influence N M R l i n e w i d t h . 
A l s o , there is nô reason to assume that a g iven water molecu le experiences 
a single rotat ional mot ion . I t is m u c h more l i k e l y that any g iven molecu le 
samples a l l possible motions for v a r y i n g periods of t ime . Observat i on of 
nonexponent ia l decay of N M R signals is not, i n itself, ev idence of s l owly 
exchanging populat ions of w a t e r molecules (17, 21, 22). T h u s , the c o n 
servative conc lus ion is that a s m a l l f ract ion of the water motions at, say, 
— 35 ° C are considerably s lower t h a n 10" 9 a n d m i g h t approach 10" 6 

seconds. 
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32 PROTEINS A T L O W TEMPERATURES 

T h i r d , there is no N M R evidence for r a p i d t u m b l i n g of the macro -
molecules or for r a p i d mot i on of their s idechains. H o w e v e r , these motions 
w o u l d be dif f icult to detect. C a r e f u l experiments of p ro te in re laxat ion i n 
concentrated solutions a n d gels are needed before accurate conclusions 
c a n be d r a w n w i t h regard to motions of macromolecules . 

T h u s w e interpret the N M R results to date as p r o v i d i n g reasonable 
evidence for t w o classes of mot i on i n f rozen pro te in solutions i n the 
subzero range. T h e first a n d most prominent m o t i o n is the qu i t e r a p i d 
t u m b l i n g of nonfrozen water molecules . T h e second, more poor ly def ined 
m o t i o n involves m a n y f ewer water protons at any instant of t ime a n d 
these have corre lat ion t imes of approx imate ly 10" 5 to 10" 7 seconds i n the 
temperature range of — 20 to — 50°C. 

Dielectric Measurements. Recent d ie lec tr i c experiments at above-
zero temperatures have detected a n u m b e r of mo lecu lar motions that 
m i g h t occur at l o w temperatures (23, 24, 2 5 ) . I n par t i cu lar , s idechain 
motions a n d the motions of counter- ions c o u l d contr ibute to the w a t e r 
re laxat ion processes. Frequenc ies i n the range of 10 4 to 10 8 have been 
suggested for such effects, but , at present, there is no d irect l ine of 
evidence connect ing these motions to the l o w f requency n m r results. 

Mechanical Properties. H i l t n e r a n d coworkers have measured the 
d y n a m i c propert ies of h y d r a t e d proteins a n d po lypept ides at l o w t e m 
peratures (6,14). T h i s technique involves d irect m e c h a n i c a l de format ion 
a n d has a very l o w f requency " w i n d o w " for motions at 1 H z . C o l l a g e n , 
for example, shows t w o processes, the faster one m o v i n g t h r o u g h the 1 
H z w i n d o w at approx imate ly —125 ° C w h i l e the s lower process is seen 
at — 75°C. H i l t n e r suggests that the first mot i on is re lated to p o l y m e r 
s idechain effects, w h i l e the second is assigned to a specific w a t e r - p r o t e i n 
interact ion . A large ac t ivat i on barr ier w o u l d move these motions into 
the N M R frequency range at h igher temperatures. 

I n summary , a substant ial n u m b e r of possible motions exist for water 
molecules associated w i t h proteinaceous materials at l o w temperatures. 
A v e r y w i d e range of frequencies exists: f r o m a f e w H z to a f e w G H z . 
A c ombinat i on of studies, i n v o l v i n g N M R measurements of the f requency 
dependence of re laxat ion rates a n d the d ie lectr ic a n d m e c h a n i c a l tech 
niques descr ibed above, w i l l be r e q u i r e d to character ize a n d assign a l l 
these motions. O u r present interpretat ion is that the water motions appear 
to reflect the to ta l spectrum of k ine t i c events i n the system. 
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3 
Enzyme-Catalyzed Reactions in Unfrozen, 
Noncellular Systems at Subzero Temperatures 

ANTHONY L. FINK 

Division of Natural Sciences, University of California, Santa Cruz, CA 95064 

Methods used to determine the effects of both cryosolvents 
and low temperatures on the catalytic and structural prop-
erties of enzymes are detailed, along with representative 
results. Observed effects of subzero temperatures on the 
structure of enzymes include increased association of oligo
mers, minor temperature-induced structural changes, and in 
most cases no detectable effects. Examples demonstrating 
the very good correspondence between the kinetics observed 
at subzero temperatures and those for the corresponding 
reaction techniques, are given. Systems illustrating changes 
in the rate-determining step and ΔΗ with a decrease in 
temperature, and the potential of cryoenzymology to provide 
details about individual intermediates and their interconver-
sions during catalysis, are presented. 

T V J " a n y b i o c h e m i c a l processes invo lve very r a p i d reactions a n d transient 
intermediates. F r e q u e n t l y the r a p i d i t y of the react ion causes major 

t e chn i ca l difficulties i n ascertaining the details of the events o c curr ing i n 
the process. O n e approach to overcome this inherent p r o b l e m is to 
ut i l i z e the fact that most c h e m i c a l reactions are temperature dependent . 
T h i s re lat ionship is quant i tat ive ly descr ibed b y the A r r h e n i u s equat ion , 
k = Ae~E*/RT, where k represents the rate constant, A is a constant ( the 
f requency f a c t o r ) , a n d E a is the energy of act ivat ion . Consequent ly , b y 
i n i t i a t i n g the react ion at a sufficiently l o w temperature , interconvers ion 
of the intermediates m a y be effectively s topped a n d they m a y be a c c u m u 
la ted a n d stab i l i zed i n d i v i d u a l l y . A l t h o u g h the focus of this art ic le is o n 
the app l i ca t i on of this low-temperature a p p r o a c h to the study of enzyme 
catalysis, that is , c ryoenzymology , the techn ique is potent ia l ly of m u c h 
w i d e r b i o l og i ca l app l i ca t i on (1,2,3). 

0-8412-0484-5/79/33-180-035$5.00/0 
© 1979 American Chemical Society 
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36 PROTEINS A T L O W T E M P E R A T U R E S 

Because of the ir cata lyt i c func t i on , w h i c h prov ides one w i t h a n 
a d d i t i o n a l " h a n d l e " or probe for detect ing s tructura l effects, enzymes are 
p a r t i c u l a r l y w e l l sui ted for s tudy ing the behavior of proteins at l o w 
temperatures. I n this art ic le the emphasis w i l l be o n i l lus t ra t ing the effect 
of subzero temperature o n b o t h the s tructura l a n d catalyt ic properties of 
the enzymes a n d the a b i l i t y to accumulate , s tabi l ize , a n d character ize 
intermediates o n the catalyt ic react ion p a t h w a y w i t h very l o w tempera 
tures. Because the low-temperature effects are in t imate ly re lated to the 
cryosolvents used, a br ie f d iscussion of the effects of the organic cosol -
vents is i n c l u d e d . 

A l t h o u g h the examples used to i l lustrate the points of this art ic le have 
been d r a w n most ly f r o m re lat ive ly s imple h y d r o l y t i c enzymes s tudied i n 
the authors laboratory , over 25 different enzymes have current ly been 
subjected to c ryoenzymolog i ca l investigations at several laboratories ( 6 ) . 
A l t h o u g h the first reports of enzyme-cata lyzed reactions at subzero t e m 
peratures i n fluid aqueous organic solvents appeared 25 years ago, i t is 
on ly since the p ioneer ing studies of D o u z o u , b e g i n n i n g about 10 years 
ago, that more comprehensive investigations have been per formed . C o n 
siderable impetus to the deve lopment of the approach was g iven b y the 
elegant studies of D o u z o u a n d coworkers (2) o n the horseradish perox i 
dase system, w h i c h demonstrated the f eas ib i l i ty of " t empora l ly r e so lv ing " 
discrete enzyme-substrate intermediates a n d the accumulat i on a n d char 
acter izat ion of i n d i v i d u a l intermediates . 

A comprehensive qual i tat ive a n d quant i tat ive unders tand ing of 
enzyme catalysis has been a long-s tanding goal of b iochemistry . A 
necessary requirement to achieve this is a deta i led k n o w l e d g e of a l l the 
intermediates a n d transition-state structures a long the react ion p a t h w a y . 
T h e technique of c ryoenzymology has the potent ia l to prov ide m u c h of 
this in format ion . Because several recent reviews cover ing various aspects 
of the technique are ava i lab le (2 , 4-9), this art ic le w i l l emphasize some 
of the effects of subzero temperatures observed on the catalyt ic a n d 
s tructura l propert ies of select enzymes. 

C r y o e n z y m o l o g y ut i l izes the f o l l o w i n g features of enzyme catalysis : 
the existence o n the catalyt ic react ion p a t h w a y of several e n z y m e -
substrate (or p r o d u c t ) intermediate species, t y p i c a l l y separated b y energy 
barriers w i t h enthalpies of ac t ivat ion of 7 to 20 k c a l m o l " 1 ; a n d the fact 
that the energies (enthalpies ) of ac t ivat ion for the i n d i v i d u a l steps i n 
the overa l l catalyt ic p a t h w a y are usua l ly s igni f icantly different. F o r such 
e lementary steps temperatures of — 100°C w i l l result i n rate reduct ions 
o n the order of 10 5 to 1 0 1 1 c o m p a r e d to those at 25 or 3 7 ° C ( 5 ) . T h e 
theoret ica l basis of c ryoenzymology has been presented i n de ta i l else
w h e r e (5 , 7, 9, 1 0 ) . I f the react ion is in i t ia ted b y m i x i n g enzyme a n d 
substrate at a su i tab ly l o w temperature , on ly the i n i t i a l noncovalent E S 
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3. FINK Enzyme-Catalyzed Reactions 37 

complex w i l l be formed. T h i s is a result of there b e i n g insufficient energy 
avai lable to overcome the energy barr ier to the subsequent intermediate . 
I f the temperature is g radua l ly increased, a po int w i l l be reached w h e r e 
E S is transformed into the f o l l o w i n g intermediate ( I i ) . M a i n t e n a n c e or 
reduc t i on of the temperature w i l l a l l ow this intermediate to be t rapped . 
F u r t h e r ra i s ing of the temperature w i l l result i n transformation of I i to a 
subsequent intermediate ( I 2 ) , a n d so o n u n t i l the overa l l r a t e - l i m i t i n g 
step is reached, at w h i c h po in t turnover w i l l occur. A n y intermediate 
whose rate of f o rmat ion is more r a p i d than its rate of b r e a k d o w n m a y 
be accumulated i n this manner . 

T h e major advantages u n i q u e to c ryoenzymology stem f r o m the 
potent ia l to accumulate essentially a l l of the enzyme i n the f o r m of a 
par t i cu lar intermediate . T h e large rate reduct ions a l l ow the most specific 
substrates to be used a n d hence prov ide the most accurate m o d e l for the 
i n v ivo cata lyzed reactions. V i r t u a l l y a l l the s tandard c h e m i c a l a n d b i o 
p h y s i c a l techniques used i n s t u d y i n g proteins a n d enzymes u n d e r n o r m a l 
condit ions m a y be used at subzero temperatures. T h e m a i n l imitat ions 
of the technique are the necessity to use aqueous organic cryosolvent 
systems to prevent the inherent r a t e - l i m i t i n g enzyme-substrate di f fusion 
of f rozen solutions, a n d the poss ib i l i ty that the potent ia l -energy surface 
for the react ion m a y be such that condit ions i n w h i c h a n intermediate 
accumulates cannot be attained. 

T h e general approach that has been deve loped i n the author's 
laboratory for c ryoenzymolog i ca l studies involves the f o l l o w i n g : (1 ) 
Select ion of a suitable cryosolvent a n d demonstrat ion that i t causes no 
adverse effects o n either the catalyt ic or s tructura l propert ies of the 
enzyme (e.g., 11); (2 ) T h e detect ion of intermediates at subzero t e m 
perature b y m o n i t o r i n g suitable spectral probes i n the substrate or 
enzyme, a n d the k inet i c a n d thermodynamic character izat ion of the 
intermediates (e.g., 12); a n d (3 ) T h e acquis i t i on of s tructural ly re lated 
data concern ing the t r a p p e d intermediates , b y techniques such as X - r a y 
di f fract ion a n d n m r (nuc lear magnet ic resonance) (e.g., J 3 ) . De ta i l s 
concern ing the exper imental methodology for experiments us ing proteins 
at subzero temperatures m a y be f o u n d i n the f o l l o w i n g references: 5, 6, 
8 , 9 , I I , 12. 

Cryosolvents 

A t present the most versati le m e t h o d of ob ta in ing a fluid so lut ion of 
p r o t e i n at subzero temperatures seems to be that of u s i n g aqueous 
organic solvent mixtures . A n u m b e r of such solvent systems are k n o w n 
w i t h f reez ing points i n the v i c i n i t y of — 100°C. These usua l ly conta in 
6 0 - 8 0 % of the organic component. T h e most useful cryosolvents are 
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38 PROTEINS A T L O W TEMPERATURES 

Table I. Physical-Chemical Properties of Cryosolvents" 

Freez- pH* at 

™9 . Dielectric Constant at 2 ( ζ ° , 2{ T 7 . Point pH 4.75 Viscosity 
Cryosolvent (°C) 0° -50° -100°CAcetate* (cps) 

D i m e t h y l sulfoxide 
5 0 % s . c / 84 105 132 5.40 
6 5 % s.c. d 79 98 124 6.7 

M e t h a n o l 
5 0 % - 4 9 68 — — 5.45 38 @ - 4 0 ° 
7 0 % - 8 5 57 71 — 5.95 48 @ - 6 0 ° 
8 0 % - 1 0 0 49 66 88 6.1 

E t h y l e n e g l y c o l -
methano l 

4 0 % : 2 0 % - 7 1 67 88 — 5.60 420 @ - 6 0 ° 
1 0 % : 6 0 % s.c. e 59 79 6.20 76 @ - 6 0 ° 

D i m e t h y l f o r m a -
mide 

8 0 % - 1 0 0 56 70 86 6.9 

E t h y l e n e g lyco l 
5 0 % - 4 4 72 93 — 5.25 125 @ - 4 0 ° 

β Based on Ref. 29 and 80. 
b The apparent p H of the mixed aqueous organic solvent when the aqueous com

ponent was p H 4.75. 
0 s.c. = super cooled. 
d Fluid to < - 9 0 ° C . 

those based o n methano l , ethanol , d i m e t h y l sulfoxide, d i m e t h y l f o r m a -
m i d e , a n d ethylene g ly co l -methano l . Extens ive phys i ca l - chemica l studies 
of these solvents have been carr ied out b y D o u z o u a n d coworkers (14, 
1 5 ) . I n general the viscosity, the p H * ( the apparent p H i n the cryoso l 
v e n t ) , a n d the d ie lectr ic constant increase w i t h decreasing temperature . 
Representat ive data for some c o m m o n cryosolvent systems are shown 
i n T a b l e I . 

Cosolvent Effects 

S t r u c t u r a l . E x p e r i m e n t a l l y , one of the most not iceable features 
caused b y the presence of organic cosolvents on pro te in structure is the 
decrease i n the temperature at w h i c h denaturat ion occurs. Interest ingly , 
for most of the enzymes thus far s tud ied , at the 60 to 8 0 % cosolvent 
concentrat ion r e q u i r e d i n the cryosolvents, the m i d p o i n t of the t h e r m a l 
denaturat ion t rans i t ion is usua l ly i n the —1 0 ° to + 10°C range i n the 
p H * reg ion of catalyt ic act iv i ty . T h i s means that i n such solutions the 
enzymes are usua l ly denatured at r o o m temperature , b u t are i n their 
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3. FINK Enzyme-Catalyzed Reactions 39 

nat ive states at subzero temperatures. T h e effect of increas ing cosolvent 
concentrat ion on the m i d p o i n t of the t h e r m a l denaturat ion of r ibonuclease 
A is g iven i n T a b l e I I . A s the concentrat ion of ethanol increases the T m 

moves to increas ingly l o w e r temperatures. T h i s behavior seems qui te 
t y p i c a l ( 3 ) . 

I n general the effect of cosolvent o n the structure of a pro te in m a y 
be determined b y examin ing the intr ins i c u v spectral propert ies of the 
pro te in as the cosolvent concentrat ion increases. Smooth monotonie or 
l inear curves reflect solvent effects on the exposed aromatic residues, 
whereas sharp breaks i n such plots occur i f a s t ructura l per turbat i on 
occurs ( F i g u r e 1 ) . F o r example , i f the effect of increas ing d i m e t h y l 
sul foxide concentrat ion on β-galactosidase is examined at 0 ° C , p H * 7.0, 
b y either fluorescence or absorpt ion spectroscopy, smooth curves are 
observed u p to a n d i n c l u d i n g 5 0 % d i m e t h y l sulfoxide, whereas a sharp 
break i n these curves becomes apparent at h igher concentrations ( F i g u r e 
1) ( I S ) . T h e intr ins i c fluorescence, absorbance, a n d c i r cu lar d i chro i sm 
spectra are most convenient for such studies (11, 16, 17, 18). A d d i t i o n a l 
techniques that c a n be used for this purpose i n c l u d e pro ton n m r [e.g., 
the n m r spectrum for subt i l i s in i n 6 5 % d i m e t h y l sul foxide, a n d for 
r ibonuclease A i n 50 or 7 0 % methano l , is essentially the same as i n 
aqueous so lut ion under otherwise s imi lar condit ions ( F i n k a n d K a r , 
u n p u b l i s h e d observat ions) ] a n d X - r a y crysta l lography, vide infra (13). 
B a s e d o n the ac cumula ted data for some 15 enzymes examined i n the 
authors laboratory , w e are able to state that for each enzyme invest igated 
there is considerable evidence to ind icate that for suitable cryosolvents 
the cosolvent has l i t t le detectable effect on the structure at appropr ia te ly 
l o w temperatures a n d def initely causes no major changes i n the conforma
t i o n of the prote in . These statements a p p l y to o l igomer ic as w e l l as 
m o n o m e l i c enzymes, for example , β-galactosidase, β-glucosidase, a n d 

Table II. Effect of Cosolvents on the Midpoint ( T m ) of the 
Reversible Native *± Denatured Transition of 

Ribonuclease A at p H * 2.8a 

Solvent (v/v) Tm r e ) 

Aqueous 40.0 ± 0.5 

E t h a n o l 
1 5 % 
3 0 % 
4 5 % 
6 0 % 

38.5 ± 0.5 
31.5 ± 0.5 
20.5 ± 0.5 

9.0 ± 0.5 

M e t h a n o l 
7 0 % 15.0 db 1.0 

"Determined by absorbance change at 286 nm (5). 
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J I I 1 1 ί -
Ο 10 20 30 40 50 

% D M S 0 ( V / v ) 

Biochemistry 

Figure 1. The effect of dimethyl sulfoxide on the structure of β-gàlactosidase, 
as monitored by: (A) the intrinsic fluorescence; (B) the intrinsic uv absorption. 
Conditions: 0°C, pH* 7.0, excitation at 285 nm, χ = 300 nm, Δ = 290 nm, 

0=280. (IS) 

glucose oxidase. H o w e v e r , as noted be low, temperature - induced struc
t u r a l isomerizations have been seen i n a f e w cases. T h e above statements 
a p p l y on ly to those enzyme-cryosolvent systems i n w h i c h the enzyme is 
act ive. I t must also be noted that for m a n y enzymes on ly one of several 
cryosolvents examined has been f o u n d to be satisfactory. F o r example , 
m a n y enzymes are p a r t i c u l a r l y sensitive to methanol . 

C a t a l y t i c . T y p i c a l l y the effects of the cryosolvent o n the cata lyt i c 
parameters m a y be de termined b y e x a m i n i n g the effect o f increas ing 
concentrat ion of the cosolvent o n k ine t i c parameters , such as fcCat> ̂ m> 
a n d rate constants corresponding to more e lementary steps i n the overa l l 
reac t ion such as fcaCyiation, fcdegaiactosyiation, as w e l l as i n h i b i t i o n constants 
(e.g. , K i ) a n d p H - r a t e profiles. I n general , on ly the expected effects o n 
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3. FINK Enzyme-Catalyzed Reactions 41 

fccat a n d p H dependence are f o u n d (11, 16, 17, 18). H o w e v e r , for Km 

a n d Κι one f requent ly finds a n exponent ia l increase as the cosolvent 
concentrat ion increases ( I I , 17). A l t h o u g h this was at t r ibuted to a 
combinat i on of d ie lectr ic a n d compet i t ive i n h i b i t i o n effects i n earl ier 
publ i cat ions (16, 17, 19, 20), i t is more l i k e l y due to a h y d r o p h o b i c 
effect (18) i n w h i c h h y d r o p h o b i c substrates par t i t i on more favorab ly to 
the b u l k cryosolvent t h a n to the act ive site, c o m p a r e d w i t h b u l k water 
as the solvent. 

Effects of Low Temperature on Structure 

Since most proteins are i n a de l i cate ly ba lanced e q u i l i b r i u m w i t h 
solvent water , large concentrations of organic solvents m i g h t be expected 
to cause substantial perturbations . W e attr ibute the demonstrated sta
b i l i t y of enzymes a n d proteins i n h i g h concentrations of organic solvent 
at subzero temperatures to the f o l l o w i n g m a i n features: the increase of 
d ie lec tr i c constant w i t h decreasing temperature (21); the increase of 
hydrogen -bond strength w i t h decreasing temperature (22); oppos ing 
effects on h y d r o p h o b i c interactions w h i c h t end to cance l as the tempera 
ture drops ( 5 ) ; a n d the " t r a p p i n g " of the nat ive state due to the h i g h 
act ivat ion energy for denaturat ion, as w e l l as the s tab i l i z ing influence of 
substrate or other b o u n d l igands ( 5 ) . 

Because our current unders tanding of the interactions between water 
a n d proteins is re lat ive ly poor i t is not possible to give a deta i led , q u a n t i 
tat ive explanat ion of the add i t i o na l effects a n d compl icat ions caused b y 
an a d d e d organic cosolvent a n d subzero temperatures. I t is possible , 
however , to make some qual i tat ive estimates of the ant i c ipated effects 
a n d to rat ional ize to some extent the observed stabi l i ty under such 
condit ions. Adverse effects on the enzyme structure c o u l d arise f r o m 
destabi l i zat ion of the nat ive conformat ion or f r om stabi l i zat ion of a 
non-native noncata lyt i ca l ly act ive (denatured ) state. I n this discussion 
the former is of p r i m e interest. A more deta i led discussion of the 
ant i c ipated effects of l o w temperatures and organic cosolvents on pro te in 
structure has been g iven elsewhere ( 5 ) . 

W e have observed three types of effects o n the structures of enzymes 
as the temperature is l o w e r e d i n cryosolvents: ( 1 ) no apparent change i n 
the p r o t e i n conformation , w i t h the possible exception of decreased 
m o b i l i t y of the surface side chains; (2 ) conformat ional transit ions, 
usua l ly m a r k e d b y l i t t le effect on the catalyt ic propert ies ; a n d (3 ) 
increased association of subunits . I n most cases no detectable effects of 
decreasing temperature on the enzyme's structure have been detected 
b y such procedures as mon i t o r ing the intr ins i c fluorescence (16), or 
intr ins ic v is ib le absorbance i n the case of flavin enzymes ( F i n k a n d 
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42 PROTEINS A T L O W TEMPERATURES 

A h m e d , i n p r e p a r a t i o n ) , or i n the pro ton n m r spectrum (e.g., subt i l i s in ) 
( F i n k a n d T s a i , i n p r e p a r a t i o n ) . I n a d d i t i o n , the structure of crystal l ine 
elastase has been compared at 25 ° C i n aqueous so lut ion w i t h that at 
— 55°C i n 7 0 % methanol . E x c e p t for changes on the p r o t e i n s surface, 
d u e to decreased m o b i l i t y o f surface s ide chains, the structures are 
i d e n t i c a l ( 1 3 ) . 

W h e n β-galactosidase is cooled i n either d i m e t h y l sulfoxide, m e t h 
ano l , o r ethylene g l y c o l - m e t h a n o l cryosolvents, u n d e r cer ta in condit ions 
of enzyme concentrat ion a n d ion ic environment , an increase i n the u v 
absorpt ion of the enzyme is noted at temperatures b e l o w — 30°C. T h e 
kinet ics of this react ion are first-order a n d the rates are s imi lar i n a l l 
three cryosolvents ( I S ) . T h e catalyt ic ac t iv i ty remains unchanged d u r i n g 
the progress of this react ion. T h e increase i n absorbance is a t t r ibuted to 
a temperature - induced conformat ional change i n the /?-galactosidase 
subunits , w h i c h does not affect the active-site or catalyt ic act iv i ty . A 
s imi lar phenomenon has been noted also w i t h a - chymotryps in ( F i n k 
a n d G o o d , u n p u b l i s h e d observat ions) . 

Because m a n y metabo l i ca l ly significant enzymes are o l igomeric i t is of 
par t i cu lar interest to determine the effects of cryosolvents a n d subzero 
temperatures on the state of association of m u l t i s u b u n i t enzymes. A t 
appropr iate ly l o w temperatures ( be l ow the denaturat ion trans i t ion) w e 
find no evidence of subuni t dissociat ion i n the case of β-galactosidase i n 
aqueous d i m e t h y l sulfoxide ( 1 8 ) , glucose oxidase i n aqueous m e t h a n o l -
ethylene g l y c o l ( F i n k a n d A h m e d , i n p r e p a r a t i o n ) , a n d l iver a l coho l 
dehydrogenase ( L A D H ) i n aqueous d i m e t h y l sul foxide o r d i m e t h y l 
f o rmamide ( F i n k a n d Geeves, u n p u b l i s h e d observat ions) . H o w e v e r i n 
the case of β-glucosidase ( a l m o n d ) the tetrameric enzyme dissociates at 
2 5 ° C i n 5 0 % d i m e t h y l sulfoxide, as determined b y loss of cata lyt i c 
ac t iv i ty , a n d gel - f i l tration chromatography (24). A s the temperature 
decreases the degree of association increases: f r om 1 3 % at 25°C , p H * 
7.0 to 1 0 0 % at - 17°C (see T a b l e I I I ) (24). C o n f i r m a t i o n that inact ive 
monomers predominate at h igher temperatures i n this cryosolvent comes 

Table I I I . The Effect of Temperature on the Dissociation of 
β-Glucosidase in 5 0 % Dimethyl Sulfoxide 0 

Solvent (v/v) Temperature (°C) % Tetramerb 

Aqueous 25 100 
5 0 % D i m e t h y l sulfoxide 25 13 ± 5 

0 76 ± 7 
- 1 7 100 

e p H * 7 . 0 . 
* Using exclusion chromatography on CPG-glycophase porous glass beads, 100 X 

1 cm column . 
Biochemistry 
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3. FINK Enzyme-Catalyzed Reactions 43 

f r o m measurements of the amount of p -n i t ropheno l l i berated i n the 
react ion w i t h p-nitrophenyl - /? -D -g lucoside (24, 29), w h i c h indicate 1 0 0 % 
act ive tetramer at — 25 ° C a n d be low, a n d on ly 3 0 % tetramer at 
- 5 ° C (24). 

Effects of Low Temperature on the Kate of Catalysis 

T h e effect of temperature o n the catalyt ic react ion is most easi ly 
de termined w i t h A r r h e n i u s plots. S u c h plots of the turnover rate, or of 
the rate of i n d i v i d u a l steps i n the catalyt ic react ion (e.g., fcacyiation, 
-̂deglycosylation ) can be very useful i n comparisons between the cata lyt i c 

react ion i n the cryosolvent at subzero temperature a n d the react ion u n d e r 
n o r m a l condit ions. 

T y p i c a l effects of temperature o n catalysis w i l l be i l lus t rated w i t h the 
react ion of β-galactosidase a n d o- a n d p - n i t r o p h e n y l galactosides (18). 
T h e m i n i m u m react ion p a t h w a y m a y be represented b y Scheme 1 i n 
w h i c h E S is the noncovalent M i c h a e l i s complex , a n d E G represents a n 
enzyme-galactose intermediate (25, 26). 

Scheme 1 

E + S « ± E S - * E G - » E + G 
+ 
P i 

F r o m k inet i c considerations k2 is ra te - l imi t ing for the p - n i t r o p h e n y l 
galactoside substrate, a n d k3 is ra te -determining for the o-nitro-substrate 
at 25°C , aqueous so lut ion (27). F o r b o t h substrates the A r r h e n i u s plots 
at subzero temperatures were f o u n d to be l inear ( F i g u r e s 2 A a n d B ) 
i n d i c a t i n g no change i n the r a t e - l i m i t i n g step, a n d no significant s t ructura l 
per turbat i on of the pro te in (18). T h e affinity of enzymes for the i r 
substrates w o u l d be expected to increase w i t h decreasing temperature 
because the react ion i n the f o r w a r d d i rec t ion is dif fusion contro l led , a n d 
hence has a l o w energy of ac t ivat ion compared to the dissociat ion reac
t ion . Because the enzyme-substrate dissociat ion constant is a major 
component of the Km t e rm, one w o u l d expect that K m , i n m a n y cases, 
w o u l d also decrease w i t h decreasing temperature . T h i s is i n d e e d ob
served, for example, i n the above-ment ioned β-galactosidase case (18). 

W e have not i ced for several systems examined that extrapolations 
of the A r r h e n i u s plots for intermediate format ion to ambient temperatures 
suggest that the rates of intermediate interconvers ion w i l l be of the same 
order of magn i tude at the temperatures at w h i c h the enzymes n o r m a l l y 
operate (12). T h e convergence of A r r h e n i u s plots is s h o w n for the 
papa in - ca ta lyzed hydrolys is of N-carbobenzoxy -L - l ys ine p -n i t roani l ide i n 
F i g u r e 3 (28). 
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{/T ( ° Κ ' 1 Χ Ι Ο 3 ) 

Biochemistry 

Figure 2A. Arrhenius plot for the reaction of β-galactosidase with p-nitro-
phenyl^-O-galactoside in 60% aqueous dimethyl sulfoxide, pH* 7.0. Rate-

limiting step is degalactosylation. (18) 
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3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 
l / T (°K X I 0 3 ) 

Biochemistry 

Figure 2B. Arrhenius plot for the reaction of β-galactosidase with p-nifro-
phenyl-fi-O-gahctoside in 60% dimethyl sulfoxide, pH* 7.0. Rate-determining 

step is formation of the galactose-enzyme intermediate. (IS) 
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0 -10 -20 -30 -40 °C 

3.7 3.8 3.9 40 4.1 4.2 4.3 

'/j X I 0 + 3 ° K " ' 

Figure 3. Arrhenius plots for the rates of formation of intermediates in the 
reaction of papain with Na-carbobenzoxy-i.-lysine p-nitroanilide. The solvent 
was 60% dimethyl sulfoxide, pH* 6.1, E0 = 3.0 Χ ΙΟ6 M, S0 = 3.0 X 10s M 
(32). Reactions 2 and 3 correspond to enzyme isomerization (32), Reaction 4 

corresponds to the formation of the tetrahedral intermediate (32). 

Enzyme 

E l a s t a s e 

T r y p s i n 
P a p a i n 

L y s o z y m e 
β-Glucosidase 
S u b t i l i s i n 
Ribonuc lease A 

Table IV. 

Substrate* 

A c A l a P r o A l a P N A 
C B Z - A l a P N P 
C B Z - L y s P N P 
C B Z - L y s P N A 
C B Z - L y s P N P 
N A G 6 

P N P G l u 
B z P h e V a l A r g P N A 
2 ' 3 ' C M P 

Conditions Necessary 

Cryosolvent^ 

7 0 % M e O H 
7 0 % M e O H 
6 5 % D M S O 
6 0 % D M S O 
6 0 % D M S O 
7 0 % M e O H 
5 0 % D M S O 
7 0 % M e O H 
5 0 % M e O H 

e P N A = p-nitroanilide; P N P = p-nitrophenyl ester; N A G e = hexamer of N-
acetyl-glucosamine; C B Z = 2Va-carbobenzoxy-; Glu = glucoside; Bz = benzoyl; 
2'3' cyclic cytidine monophosphate. 
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3. FINK Enzyme-Catalyzed Reactions 47 

Conditions Necessary to Stop Turnover 

T h e temperature necessary to effectively stop the turnover reac t ion 
varies great ly d e p e n d i n g on the par t i cu lar enzyme-substrate system, the 
cryosolvent, the p H * , a n d the enzyme concentrat ion. I n some cases, 
w h e r e the energy of ac t ivat ion of the rate -determin ing step is large, as i n 
the glycosidases, temperatures as h i g h as — 2 0 ° C at the p H o p t i m u m 
are sufficient (24, 29, 30, 31). B y choosing a n o n o p t i m a l p H * the t u r n 
over react ion for most enzymes c a n be brought to a hal t at — 50° C or 
higher . Some representative data are g iven i n T a b l e I V . I n general the 
often large effect of the cosolvent o n Km means that substant ia l a d d i 
t i ona l rate reduct ions can be effected b y w o r k i n g w i t h nonsaturat ing 
substrate concentrations ( 5 ) . 

F o r reactions i n w h i c h a chromophor i c p roduc t is released p a r t w a y 
t h r o u g h the catalyt ic reac t i on—for example , i n protease catalysis w h e r e 
a n acy l -enzyme intermediate is f o r m e d — i t is often possible to see the 
release of a n equivalent amount of the p r o d u c t f o rmed concurrent ly to 
the f o rmat ion of the enzyme-substrate intermediate . F o r example , as 
s h o w n i n F i g u r e 4, i n the react ion of p a p a i n w i t h N a - c a r b o b e n z o x y - L -
lys ine p - n i t r o p h e n y l ester i n 6 0 % d i m e t h y l sul foxide at p H * 6.1 ( the p H 
o p t i m u m ) a sto ichiometric "burs t " of p -n i t ropheno l is observed at t e m 
peratures be l ow — 40 ° C as the acy l -enzyme is f ormed , f o l l o w e d b y no 
further release of p -n i t rophenol , i n d i c a t i n g that no turnover is o c c u r r i n g 

( 1 2 ) . 

to Effectively Stop Turnover 

pH* Ε· (M) Temperature (°C) 

9.2 
7.2 
7.7 
6.1 
7.0 
5.8 
7.1 
9.5 
2.1 

3.8 X 1 0 e 

1.3 Χ 10" 5 

2.8 Χ 10" 5 

3.0 X 1 0 e 

1.4 χ 10" 5 

3.6 Χ 10" 7 

4.7 Χ 10" 5 

2.4 X 10" e 

8.0 Χ 10" 5 

5.0 Χ 10" 4 

3.2 Χ 10" 3 

1.0 X 10" 3 

3.0 X 1 0 s 

1.0 X 10" 3 

2.0 Χ 10" 5 

1.0 X 10" 2 

6.9 Χ 10" 5 

3.2 Χ 10" 4 

- 6 0 
- 4 0 
- 4 5 
- 1 5 
- 7 0 
- 2 0 
- 2 0 
- 2 1 
- 4 0 

' M e O H methanol; D M S O = dimethyl sulfoxide. 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington. D. C. 20036 
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Figure 4. The acylation of papain by Na-carbobenzoxy-^lysine \>-nitrophenyl 
ester under nonturnover conditions in 60% dimethyl sulfoxide, —70°C, pH* 6.8. 

(See Ref. 11) 

Correspondence Between Subzero and Normal Temperature Data 

I n order for c ryoenzymology experiments to p r o v i d e mechanis t i ca l ly 
signif icant in format ion , i t is important that the react ion at l o w tempera 
ture be analogous to that u n d e r n o r m a l condit ions , that is , aqueous 
so lut ion a n d ambient temperature . O n e definit ive w a y to demonstrate 
this is to take the k inet i c data for a par t i cu lar in termediate at subzero 
temperatures a n d to calculate the expected rates of f o rmat ion a n d break
d o w n under n o r m a l condit ions. I f these rates are accessible to measure
m e n t (e.g., b y stopped-f low techniques) t h e n compar ison can be made 
be tween the low-temperature a n d high- temperature data . 

I n the react ion of p a p a i n w i t h 2V a - carbobenzoxy -L - lys ine p -n i t ro -
an i l ide , s tud ied at subzero temperatures i n 6 0 % d i m e t h y l sulfoxide, the 
slowest step p r e c e d i n g the overa l l ra te - l imi t ing step corresponds to the 
format ion of a tetrahedral intermediate (28). T h e react ion appears as a n 
increase i n absorbance i n the 360-400 n m reg ion ( F i g u r e 5 ) , a n d at h i g h 
p H * (above 9 ) essentially a l l the enzyme can be t r a p p e d i n the f o r m of 
this intermediate . B y correct ion for the effect of cosolvent o n the rate, 
a n d extrapolat ion to 25 ° C us ing the A r r h e n i u s p lot , a va lue of 65 db 10 
s"1 was est imated for the observed rate of format ion u n d e r a g iven set 
of enzyme a n d substrate condit ions. T h e react ion shou ld therefore be 
read i ly observable u s i n g stopped-f low spectrophotometry, as p r o v e d to 
be the case. T h e measured rate was f o u n d to be 70 ± 4 s"1 (32). I n 
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add i t i on , at the l o w temperatures the concentrat ion of the tetrahedral 
intermediate that c o u l d be accumula ted was p H * - d e p e n d e n t , increas ing 
to a m a x i m u m at h i g h p H * . E x a c t l y the same re lat ionship was f o u n d i n 
the stopped-f low studies. S i m i l a r l y the rate of f o rmat ion of the inter 
mediate was p H * - d e p e n d e n t b o t h at subzero a n d ambient t empera 
tures ( 32 ) . 

S u c h correlations are not always possible because the est imated 
rates at 2 5 ° C m a y be too fast to measure w i t h r a p i d - m i x i n g techniques 
a n d because the rates of format ion of more t h a n one intermediate m a y 
be of the same order of magni tude at the h igher temperature ( 1 2 ) . 

300 320 340 360 380 400 420 440 460 480 500 
WAVELENGTH nm 

Biochemistry 

Figure S. Formation of the tetrahedral intermediate in the reaction of papain 
with Na-carbobenzoxy^-lysine p-nitroanilide in 60% dimethyl sulfoxide at 
—3°C, pH 9.3. The kinetics were followed by repetitive spectral scans, Xmaw of 
the intermediate is at 361 nm. The value of k o 6 s is 2.4 X 10'5 sec'1 for Ê0 = 7.5 

Χ ΙΟ-5 M , S0 = 2.7 X 10'5 M (32;. 
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50 PROTEINS A T L O W TEMPERATURES 

Change in Rate-Determining Step at Low Temperature 

A n a d d i t i o n a l potent ia l advantage of c ryoenzymology is that reactions 
i n w h i c h intermediates cannot be detected at ambient temperature , 
because they b r e a k d o w n more r a p i d l y t h a n they are f o rmed , m a y undergo 
changes i n the rate -determining step such that the intermediate break
d o w n becomes s lower t h a n its rate of f o rmat ion at l o w temperatures. 

T h e m i n i m u m react ion p a t h w a y for most h y d r o l y t i c enzymes c a n be 
represented b y Scheme 2 i n w h i c h E S ' is a n enzyme-substrate in ter 
mediate such as an acy l - , phosphory l - , or g lycosyl -enzyme. 

Scheme 2 

ki k2 ks 
Ε + S *± E S - » E S ' - » E + P 2 

+ 
P i 

I f k2 is less than fc3 at ambient temperatures E S ' cannot be accumulated . 
H o w e v e r , i f the energies of ac t ivat ion ( E a ) of steps 2 a n d 3 are different 
a n d i n par t i cu lar such that E a for fc3 is greater t h a n E a for k2, then as the 
temperature is decreased there w i l l come a po in t at w h i c h k2 is greater 
t h a n k3 a n d E S ' w i l l accumulate . 

A t least t w o such examples are k n o w n . I n the react ion of pancreat ic 
carboxypeptidase w i t h an ester substrate a change i n rate -determining 
step f r om format ion to b r e a k d o w n of a postu lated a c y l - e n z y m e inter 
mediate occurs at — 1 0 ° C (33 ) . T h u s the intermediate is detectable at 
subzero temperatures but not under n o r m a l condit ions . I n the react ion 
of β-glueosidase ( a l m o n d ) w i t h p -n i t ropheny l -£ -D - g lucos ide a g lucosy l -
enzyme intermediate can be read i ly detected a n d s tab i l i zed at subzero 
temperatures (24, 29). T h e intermediate has also been detected at 20 °C 
u s i n g stopped-f low techniques b y T a k a h a s i (34). H o w e v e r , L e g l e r (35) 
f a i l ed to detect the intermediate at 37° us ing stopped-f low experiments. 
T h e reason for these apparent ly contradictory results becomes c lear f r o m 
a n examinat ion of F i g u r e 6, w h i c h shows the A r r h e n i u s plots ob ta ined 
for the g lucosylat ion a n d deglucosylat ion reactions i n 5 0 % d i m e t h y l 
sul foxide at subzero temperatures. T h e energies of ac t ivat ion for the t w o 
steps are qu i te different a n d are such that g lucosylat ion is faster at 
h igher temperatures, whereas hydro lys is of the g lucosyl -enzyme is rate-
l i m i t i n g at temperatures be l ow 0 ° C (24). 

Temperature-Dependent Changes in Δ Η 

A l t h o u g h the A r r h e n i u s plots at subzero temperatures for m a n y of 
the reactions invest igated have been l inear (e.g., F i g u r e s 2 a n d 3 ) , some 
cases have been observed i n w h i c h changes i n the enthalpy of ac t ivat ion 
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3. FINK Enzyme-Catalyzed Reactions 51 

VT ( ° K X I 0 3 ) 

Figure 6. Change in the rate-determining step in the reaction of β-glucosidase 
with p-nitrophenyl^-O-glucoside in 50% dimethyl sulfoxide, pH* 7.1. The 
rate constant k0l)S is that for formation of the enzyme-glucose intermediate; 
kcat corresponds to the rate constant for deglucosylation at temperatures below 

0°C. 

occur (e.g., F i g u r e 6 ) . L y s o z y m e (hen egg-white ) is another such case, 
a n d represents some interest ing features ( 3 1 ) . A q u e o u s methano l c ryo 
solvents are suitable for l o w temperature investigations of lysozyme 
catalysis (31). T h e interact ion between lysozyme a n d the hexasaccharide 
of IV-acetyl-glucosamine, or the corresponding tr isaccharide inh ib i t o r , c a n 
be f o l l o w e d b y changes i n the in tr ins i c fluorescence of the enzyme. T h r e e 
intermediate interconversions c a n be detected w i t h the substrate p r i o r 
to the ra te - l imi t ing step, a n d t w o interconversions c a n be seen i n the 
case of the inh ib i t o r (31). B o t h the rate constants for each i n d i v i d u a l 
transformation a n d the dissociat ion constants for the overa l l nonturnover 
process have been determined as a func t i on of temperature , b o t h at 
subzero temperatures (31) a n d at h igher temperatures under n o r m a l 
condit ions (36). C o m p a r i s o n of the t w o sets of data indicate that a 
break occurs i n the A r r h e n i u s a n d V a n t H o f f plots i n the v i c i n i t y of 
15 -20°C . L y s o z y m e is k n o w n to undergo a structura l rearrangement i n 
this temperature reg ion (37). 

Some other systems i n w h i c h nonl inear A r r h e n i u s plots have been 
f o u n d at subzero temperatures have been reported b y D o u z o u ( 2 ) . 
There is no reason at present to assume that the observed changes i n 
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52 PROTEINS A T L O W TEMPERATURES 

energy of ac t ivat ion at temperatures above —100 ° C are not due to the 
same phenomena as cause s u c h deviations at h igher temperatures i n 
aqueous solutions (e.g., change i n rate -determining step a n d temperature-
i n d u c e d conformat ional change i n the p r o t e i n ) . H o w e v e r , at temperatures 
closer to absolute zero Frauen fe lder s observations r e g a r d i n g the kinet ics 
of l i g a n d recombinat ion w i t h heme proteins suggest that adherence to 
the s imple A r r h e n i u s expression is no longer v a l i d ( 3 8 ) . 

Conclusions 

F r o m our investigations of several different enzyme-cata lyzed reac
tions at subzero temperatures i n aqueous organic solvent systems w e 
have been able to make a n u m b e r of general izations. T h e first is that , i n 
m a n y cases, the react ion p a t h w a y a n d catalyt ic mechan ism seem to be 
u n c h a n g e d under these condit ions , c o m p a r e d to the react ion u n d e r n o r m a l 
condit ions. These conclusions are based on a var ie ty of evidence, i n c l u d 
i n g k inet i c a n d thermodynamic propert ies , types of intermediate detect
able , a n d lack of s t ructura l changes i n the prote in . Secondly , i t appears 
that i n most, i f not a l l , cases the i n i t i a l b i n d i n g of substrate to the enzyme 
is f o l l o w e d b y a n i somer izat ion step i n v o l v i n g at least some of the act ive-
site catalyt ic groups. F u r t h e r m o r e i t seems, based o n a l i m i t e d n u m b e r 
of systems, that the extrapolated rates for each intermediate t ransforma
t i o n to 25-37° indicates that under n o r m a l condit ions the rates of most 
of the intermediate interconversions are very s imi lar . T h i s is ent ire ly 
consistent w i t h the ideas of enzyme evo lut ion ( ca ta ly t i c ) as enunc iated 
b y K n o w l e s a n d coworkers ( 3 9 ) . I m p l i c i t i n the above findings is the 
fact that the structure of the enzyme at subzero temperatures, i n the 
appropr iate cryosolvent, is not s ignif icantly different f r o m that i n aqueous 
so lut ion a n d ambient temperatures. 

A l t h o u g h the enzymes used i n this art ic le to i l lustrate various features 
of c ryoenzymology have been re lat ive ly s imple a n d w e l l character ized , 
the rather general a p p l i c a b i l i t y of the technique to p r o t e i n - l i g a n d inter 
actions is i n d i c a t e d b y successful investigations of m u c h more compl i ca ted 
systems. Several b i o c h e m i c a l systems i n v o l v i n g e lectron transport have 
been subjected to deta i led examinat ion at subzero temperatures i n fluid 
solvents. F o r example , chloroplasts a n d some of the ir i n d i v i d u a l c o m 
ponents i n the photosynthet ic electron-transport c h a i n have been f o u n d 
b y C o x (40, 41) to be funct iona l , i n d i c a t i n g that c ryoenzymolog i ca l 
techniques are app l i cab le to m e m b r a n e - b o u n d enzymes. I n fact D o u z o u 
a n d coworkers have carr i ed out extensive investigations of l i v e r m i c r o 
somal , a n d bacter ia l , oxidase (hydroxy la t ing ) systems i n v o l v i n g cyto
chrome P 4 5 o (42-44). 
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3. FINK Enzyme-Catalyzed Reactions 53 

E l e c t r o n transport i n m i t o c h o n d r i a l systems has been s tudied b y 
C h a n c e i n some low-temperature (to 7 7 ° K ) experiments i n v o l v i n g inter 
mediates i n the ox idat ion of cytochrome oxidase (45, 46). F l a s h photo 
lysis was used to dissociate the C O complex under condit ions where the 
reassociation w i t h oxygen is favored . Intramolecule enzyme- l ike reactions, 
w h i c h can be c a r r i e d out i n nonf lu id (i .e. glass) solvents have also been 
p r o b e d successfully at very l o w temperatures (e.g., r hodhops in a n d 
bacter iorhodops in (47) a n d the reassociation of l igands to heme proteins 
i n w h i c h Fraeunfe lder a n d coworkers (38, 48, 49) have observed some 
very i n t r i g u i n g phenomena over the temperature range 20 to 3 0 0 ° K ) . 
O n e other invest igat ion of note is that of Hast ings a n d coworkers (50, 
51 ) i n w h i c h several intermediates i n the react ion of bac ter ia l l u c i f erase 
have been t r a p p e d a n d character ized. Rev i ews of these investigations 
m a y be f o u n d elsewhere (2,8). 

O n e of the u l t imate goals of our c ryoenzymology studies is to o b t a i n 
deta i led , h igh-reso lut ion s t ructura l in f o rmat i on about each intermediate 
o n the react ion p a t h w a y . T h e present m e t h o d of choice to accompl i sh 
this goal is X - r a y crystal lography. O t h e r techniques can prov ide specific 
in format ion i n the d e t a i l r e q u i r e d for on ly l i m i t e d parts of the structure 
at best. T h e first steps i n this d i rec t ion have n o w been accompl i shed . 
F o r example , the feas ib i l i ty of ob ta in ing X - r a y di f fract ion data o n t r a p p e d 
crystal l ine enzyme-substrate intermediates has been demonstrated (13, 
23) as fol lows. Crysta ls of elastase were g r o w n i n the n o r m a l manner , 
transferred to 7 0 % m e t h a n o l cryosolvent, a n d the substrate a l l o w e d to 
diffuse i n at — 5 5 ° C u n t i l the acy l -enzyme was f o r med ( i n ^ 8 0 % 
y i e l d ) . D i f f rac t i on data w e r e t h e n col lected, l e a d i n g to the eventual 
so lut ion of the structure of the t rapped acy l -enzyme (13). B a s e d o n 
experiments u n d e r w a y w e expect that a set of " t ime- lapse" pictures of 
the step-wise transformation of substrate to produc t w i l l become avai lab le 
i n the near future . C l e a r l y the potent ia l of cryoenzymology is just 
b e g i n n i n g to become apparent . 
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4 
Parameters of Freezing Damage to Enzymes 

WILLIAM N. FISHBEIN and JOHN W. WINKERT 

Biochemistry Division, Armed Forces Institute of Pathology, 
Washington, DC 20306 

An extensive evaluation of the several parameters involved 
in freezing damage to catalase has revealed a number of 
analogies to cellular systems, although the operative mecha
nisms differ. In all media, damage increased at slower 
warming rates and on progressive dilution of the enzyme. 
In phosphate buffer, it increased with faster freezing rates 
and with lower nucleation temperatures. In phosphate
-buffered saline it also increased at very slow freezing rates, 
thus generating an optimum recovery at cooling rates of 
1-20°/min. Here damage was progressive at —40° and was 
aggravated by low doses of common cryoprotectants, al
though not by polymers or oligosaccharides. Moreover, the 
sugars blocked the damaging effects of the cryoprotectants 
which in turn blocked the protective effects of the polymers, 
suggesting a hierarchy of biologic interactions by these 
agents. Several of these features have also been demon
strated with another enzyme, adenylate deaminase. Most 
of the findings can be explained by pH changes during 
freeze-thaw and by nonequilibrium phase transitions. 

T i T o s t enzymes can be stored w i t h i m p u n i t y i n an o rd inary freezer w i t h 
l i t t l e r egard for coo l ing a n d w a r m i n g rates, seeding, storage t e m 

perature , a n d the other parameters k n o w n to be of importance i n the 
storage of cells a n d tissues. T h i s re lat ive s imp l i c i t y of storage i n the 
u s u a l case has resul ted i n a p a u c i t y of deta i led studies of f reez ing damage 
to enzymes. W e have under taken such a s tudy w i t h the enzyme catalase 
f r o m the perspect ive of the cryobiologist . B y care fu l considerat ion of a l l 
of the factors w h i c h have been f o u n d to b e impor tant i n compl i ca ted 
ce l lu lar systems, w e are seeking w h a t behav ior m a y be observed i n the 
s implest possible b i o l og i c system, a n iso lated macromolecule . T h e gen-

This chapter not subject to U.S. copyright 
Published 1979 American Chemical Society 
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56 PROTEINS A T L O W TEMPERATURES 

era l i ty of the observations t o f o l l o w is uncer ta in , s ince only catalase has 
been s tud ied i n deta i l ; however , w e w i l l ment ion other studies as a v a i l 
able , at appropr iate points . 

T h e mater ia ls , methodology , a n d instrumentat ion used i n this w o r k 
have been de ta i l ed elsewhere (1,2) a n d w i l l be repeated here o n l y w h e n 
essential to the unders tand ing of specific experiments. T h e catalase, f r om 
S i g m a C h e m i c a l C o . , s h o w e d a single b a n d o n a c r y l a m i d e ge l electro
phoresis w i t h a n est imated mo lecu lar we ight of 250,000 ( i n d i c a t i n g 
persistence of tetrameric structure) at the lowest concentrat ion tested, 
1 / x g / m L . A l l coo l ing a n d w a r m i n g rates u p to 3 0 ° / m i n . were l i n e a r l y 
contro l l ed w i t h the apparatus prev ious ly descr ibed ( I ) ; h igher rates are 
average values for the range specif ied. 

Studies in Neutral Potassium Phosphate 

W e began this s tudy u s i n g catalase d i l u t e d i n l O m M neutra l potas
s i u m phosphate buffer. E q u i l i b r i u m phase diagrams for this buffer show 
a eutect ic at —17° a n d n o m o r e t h a n 0.5 units p H change throughout 
the f reez ing range ( 3 ) . T h i s a l lows us to presume that any damage 
o c c u r r i n g f r o m freeze-thaw is not d u e to alterations i n p H . U s i n g a 
s tandard f r e e z e - t h a w procedure , w e first eva luated the sensit iv ity of the 
e n z y m e to damage at different concentrations as s h o w n i n F i g u r e 1. 

20 30 40 50 60 

CATALASE (micrograms per ml) 
70 

Cryobiology 

Figure 1. Effect of enzyme concentration on freeze-thaw inactivation of cata
lase. Catalase was frozen unseeded at 15°C/min to —78° and warmed at 

10°C/minto +5.0° C (1). 
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4. FisHBEiN AND wiNKERT Damage to Enzymes 57 

Sensi t iv i ty to damage m a r k e d l y increased w i t h catalase d i l u t i o n as has 
been observed for a n u m b e r of other enzymes (4-11). A l t h o u g h not 
s h o w n i n F i g u r e 1, w e have tested concentrations u p to 1 m g / m L w i t h o u t 
observing any r e t u r n of freeze-thaw damage ; so sensit iv i ty appears to 
increase monoton i ca l ly w i t h enzyme d i l u t i o n . W e selected a concentra
t i o n of 1.7 / A g / m L , as shown b y the arrow, for further studies, s ince this 
l e v e l d i s p l a y e d an apprec iab le a n d reproduc ib le ac t iv i ty loss a n d was 
convenient for assay. T o insure r e p r o d u c i b i l i t y of the system the f o l l o w i n g 
a d d i t i o n a l factors w e r e then evaluated , a n d f o u n d to have n o inf luence 
o n the f reez ing damage : increase i n buffer concentrat ion to l O O m M , 
f reez ing n a d i r of —30° to —196° , storage at —30° or b e l o w for 10 
minutes to 24 hours , t h a w i n g t ime at + 5° of 1 /5 to 10 minutes , a n d post-
t h a w standing at 0° of 10 to 120 minutes . 

T h e next quest ion was the nature of the inact ivat ion . A n u m b e r of 
enzymes have been s h o w n to b e susceptible to c o l d inac t iva t i on (12-18), 
or w h a t the cryobio logist m i g h t term t h e r m a l shock (19,20), r esu l t ing 
f r o m a f a l l i n temperature u n a c c o m p a n i e d b y any phase changes. T h i s 
phenomenon is restr ic ted p r i m a r i l y to large ol igomers, a n d results f r o m 
dissoc iat ion, or rare ly , f r o m conformat iona l u n f o l d i n g (17). T h e r m o d y 
n a m i c revers ib i l i ty has been demonstrated i n the case of two self-associ
a t i n g proteins ( n o n - e n z y m a t i c ) , tobacco mosaic v i rus coat pro te in (21), 
a n d ca l f -b ra in t u b u l i n (22,23). D e t a i l e d phys i co chemica l analyses have 
been presented for these entropie reactions. O f course the same p h e 
nomenon m i g h t also occur on f reez ing of other macromolecules , conse
quent to a s t i l l greater f a l l i n temperature plus the attendant increase i n 
solute levels ; analysis , however , w o u l d be m u c h more diff icult i n the 
presence of phase changes. 

W e interpret the f o l l o w i n g experiments to ind i cate that catalase 
inac t iva t i on is i rrevers ib le , associated w i t h denaturat ion , a n d is t rue 
f reez ing damage not c o l d inac t ivat ion . F i r s t , our attempts to p r o d u c e 
damage b y d r o p p i n g or c y c l i n g the temperature w i t h o u t f reez ing have 
been unsuccessful (some of these w i l l be ment i oned b e l o w ) . Second, 
post - thaw act iv i ty r emained unchanged after 24 hours s tanding at 0 ° . 
T h i r d , a c ry lamide ge l electrophoresis of the enzyme taken through five 
f r e e z e - t h a w cycles to produce 8 5 % damage , showed a po lydisperse 
smear r e p l a c i n g the n o r m a l b a n d of mo lecu lar w e i g h t 250,000. N o 
subuni t bands w e r e present, a l though dissociat ion a n d reaggregation 
m i g h t have generated the po lydispers i ty . 

T h e next factor invest igated was the w a r m i n g rate, w i t h a n d w i t h o u t 
p r i o r seeding b y a i r in ject ion of microsamples of f rozen buffer at — 1° to 
— 2° . F o r completeness, F i g u r e 2 shows the results i n samples conta in ing 
a d d e d K C 1 a n d a d d e d N a C l as w e l l as i n phosphate buffer alone. T h e 
patterns are essentially the same, a l though there is greater damage i n 
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— ι — 
1000 0.5 10 50 100 500 

WARMING RATE (°C/MIN) 
5000 

Cryobiology 

Figure 2. Warming-rate dependence of catalase inactivation in various solu
tions after seeding and quenching in liquid nitrogen. Mean and SE are shown 
for 4-6 samples in each case. Rates were controlled from —20, —30, and — 50°C 
or lower for solutions containing phosphate only, KCl, and NaCl, respectively 

(20). 

the presence of a d d e d salt. T h e pattern was also the same whether or 
not the samples h a d been seeded. D a m a g e increased progressively as 
the w a r m i n g rate was decreased b e l o w 2 0 ° / m i n ; a n d throughout our 
studies this has r e m a i n e d the most impor tant extrinsic factor i n f r e e z e -
t h a w damage to catalase. 

S ince w a r m i n g rates i n excess of 2 0 ° / m i n prevented enzyme damage , 
w e u t i l i z e d this feature to evaluate the temperature range over w h i c h 
damage occurred . I n F i g u r e 3 A samples were q u i c k l y f rozen at —78° 
t h e n transferred to a — 20° a l coho l b a t h w h i c h was then w a r m e d s l owly 
to various subzero temperatures, after w h i c h the tubes were q u i c k l y 
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i m m e r s e d a n d s w i r l e d i n a 37° water ba th . T h e resu l t ing w a r m i n g rate 
is about 50 ° /min . D a m a g e was neg l ig ib le w h e n s l o w - w a r m i n g was 
terminated at —10° a n d progressed to 6 0 % w h e n i t was cont inued to 
+ 2 ° . I n F i g u r e 3 B the a p p r o a c h was reversed w i t h s l ow w a r m i n g 
in i t i a ted at some subzero temperature a n d cont inued u n t i l t h a w i n g was 
complete . T h i s exper iment is less exact because the trans i t ion f r o m r a p i d 
to s low w a r m i n g occurs g radua l l y i n the damage zone, b u t i t does show 
that 6 0 % damage was the m a x i m u m obta inable whether s l ow w a r m i n g 
was b e g u n ( n o m i n a l l y ) at — 5 ° , — 1 0 ° , or — 2 0 ° . W e can, therefore, 
conc lude that the damage zone for catalase i n this m e d i u m extends no 
l o w e r t h a n - 7 ° or - 8 ° . 

: — 4 _ 

-10 -5 
Temperature 

-10 -5 ο 
Temperature °C 

+5 

Cryobiology 

Figure 3. Temperature zone of freeze-thaw damage to catalase. Half-milliliter 
aliquots of the enzyme (1.7 ^g/ml) were frozen at 900°C/min without seeding 

and held at -78°C. 
In both graphs, the arrows show the temperature range over which slow warming 
(0.6°C/min) was carried out, and the dashed lines show the inactivation signature. 
(A) The tubes were transferred to a —20°C bath (warming rate ̂  50°C/min) and 
after equilibration were warmed at 0.6°C/min to various temperatures, after which 
pairs of tubes were rapidly immersed and swirled in a 30°C water bath (warming rate 
30-50°C/min). Negligible inactivation occurred when slow warming was interrupted 
at — 10°C. Interruption at higher temperatures resulted in progressive inactivation to 
a maximum of 60% when slow warming was continued to + 2 ° C . (B) Pairs of tubes 
were transferred to a bath at various temperatures between —20 and + 2 ° C and sub
sequently warmed to - f 5 ° C at 0.6°C/min. Average warming rate on transfer was 
^ 50°C/min but this dropped sharply as the endpoint was approached, so that rates 
less than 5°C/min were present for several degrees below the indicated transfer tem
perature. The maximum inactivation obtained was 60%, whether slow warming was 
initiated at +20, —10, or — 5°C. Initiation at higher temperatures resulted in pro

gressively less damage (1). 
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T h e effect of coo l ing rate was next invest igated us ing a w a r m i n g 
rate of 0 .6° /min. I n the absence of seeding, a constant l eve l of damage 
was obta ined at a l l coo l ing rates tested. W e noted , however , that super
coo l ing increased progressively at l o w e r coo l ing rates w i t h spontaneous 
nuc leat ion o c c u r r i n g at progressively l ower temperatures. W h e n this 
factor was e l i m i n a t e d b y seeding a l l solutions at — 2 ° , a clear cut d e p e n d 
ence of damage on the coo l ing rate was observed as shown i n F i g u r e 4. 
D a m a g e increased w i t h coo l ing rate u p to 5 ° / m i n after w h i c h i t p l a -
teaued. T h i s i n d i c a t e d that the rate of freez ing , i.e., sohdi f icat ion, was a 
significant factor i n damage b u t was obscured i n the absence of seeding 
b y the progressive supercoo l ing a n d l o w e r nuc l ea t i on temperatures 
o c c u r r i n g at l o w coo l ing rates. 

T h i s was ver i f ied b y the exper iment s h o w n i n F i g u r e 5 where seeding 
was carr i ed out at progressively l o w e r temperatures. A l t h o u g h a l l samples 
were carr i ed t h r o u g h the ident i ca l f r e e z e - t h a w procedure , those seeded 
at —11° showed twice the damage sustained b y those seeded at — 1° . 
M o r e o v e r , less t h a n 8 % damage appeared i n samples seeded a n d h e l d 
at — 1° then s l owly r e w a r m e d , a n d also i n samples supercooled at —11° 
a n d s l owly r e w a r m e d w i t h o u t freezing. T h i s indicates that a phase 
change f o l l o w e d b y essentially complete sohdif icat ion is i n v o l v e d i n the 
p r o d u c t i o n of damage to catalase. 

60 r 

50 Γ-

ΙΟ h 

0 I J I I ι J 1 1 1 

0.1 0.5 1.0 5.0 10 50 100 500 1000 
Cooling Rate °C/min 

Cryobiology 

Figure 4. Cooling rate dependence of freeze-thaw inactivation of seeded 
catalase solutions. After seeding at —2°C9 samples were cooled at the rate noted 
to —25°C or below, held at -78°C, then warmed at 0.6°C/min from —25 to 

+S°C (1). 
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0 1 1 1 1 1 1 I I I I I L_ 
-I "2 -3 -4 -5 -6 -7 -8 -9 Ï O -II 

Seeding Temperature °C 
Cryobiology 

Figure 5. Effect of seeding temperature on freeze-thaw inactivation of cata
lase. All samples were cooled at 0.8°C/min to the seeding temperature noted, 
and thence to —20°C, followed by warming at 0.7°C/min to + 4 ° C . The solid 

line is least-squares best-fitting parabola (1). 

T h e poss ib i l i ty of t h e r m a l shock at tending the increas ing concentra
t i on of phosphate on f reez ing was invest igated b y i n c u b a t i n g catalase i n 
a saturated so lut ion of neutra l potass ium phosphate at r o o m temperature 
( 2 . 2 M ) a n d also at 2° w h e r e a considerable amount of phosphate 
prec ip i ta ted . T a b l e I shows that some inac t ivat i on d i d occur i n stat ionary 
samples b u t d i d not differ s igni f icantly at 2° a n d 23° . I n st i rred samples, 
however , damage was severe a n d signif icantly worse at 23° , where no 
prec ip i tate was present a n d therefore, enzyme adsorpt ion a n d p H changes 
c o u l d not have contr ibuted to act iv i ty loss. S ince inac t iva t i on does not 

T a b l e I . Percent R e c o v e r y o f A c t i v i t y " 

2° 23° 

S t a t i o n a r y 74.4 ± 5.5 81.7 ± 4.2 
M a g n e t i c s t i r r i n g 34.1 ± 1.1 18.5 ± 1.0 

"Activity recovered from solutions of 1.7 μ% catalase/mL 22M potassium phos
phate, p H 7.0 after 2.5 hrs incubation at two temperatures, with or without gentle 
magnetic stirring, using a large external water bath to maintain constant tempera
tures. Mean ± S E are shown for 3 tubes in each experiment. The solution was clear 
at 23°, but a heavy precipitate was present at 2°. Supernatant aliquots were taken 
directly from the incubating tubes for assay at 23° in all cases. 
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occur o n s t i r r ing solutions of catalase i n d i lu te po tass ium phosphate , w e 
conc lude first, that h i g h phosphate levels can produce signif icant i n a c t i v a 
t i on of the enzyme i n so lut ion, p r o b a b l y due to the h i g h i on i c strength; 
second, that a d r o p i n temperature makes no contr ibut i on to this process; 
a n d t h i r d , that shear ing or in ter fac ia l forces between the pro te in a n d the 
so lut ion make a large contr ibut i on to this process. S t i r r i n g is not used 
d u r i n g our f r eeze - thaw procedures b u t these results suggest that attempts 
to increase the t h a w i n g rate b y s t i r r ing m a y introduce another component 
of damage. 

Since the sensit ivity of catalase to f r e e z e - t h a w damage increases w i t h 
d i l u t i o n , i t seemed reasonable to presume that the d a m a g i n g effect of 
r a p i d sol idi f icat ion was due to the t r a p p i n g of the macromolecules i n the 
m a t r i x at l o w concentrations, whereas s l ow coo l ing w o u l d p e r m i t their 
concentrat ion a n d thus render t h e m resistant to damage. I f this were so, 
then sufficiently r a p i d coo l ing rates m i g h t be expected to produce e q u i v a 
lent damage at h igher concentrations of catalase. W e were u n a b l e to 
demonstrate this , however , over a n 8 - f o l d range of catalase concentrations 
w i t h coo l ing rates u p to 1000° /min. A l t h o u g h damage increased w i t h 
c oo l ing rate, i t r e m a i n e d a strong funct ion of the i n i t i a l catalase concen
t ra t i on at every coo l ing rate. 

W e must emphasize at this po int , the dominant effect of w a r m i n g 
rate as c o m p a r e d to coo l ing rate i n the p r o d u c t i o n of damage to catalase. 
A l t h o u g h the coo l ing rate pat tern s h o w n is clear cut, i t was e l i m i n a t e d i f 
the w a r m i n g rate was r a p i d , w h e r e u p o n no damage is evident. I n con
trast, a s low w a r m i n g rate e l i c i t ed damage regardless of the p r i o r coo l ing 
rate. 

A l t h o u g h extensive studies i n s o d i u m phosphate were not undertaken , 
w e d i d try , w i t h o u t success, to dup l i ca te Shikama's studies o n catalase i n 
l O m M neut ra l s o d i u m phosphate ( 6 ) . H e f o u n d a constant loss of 2 0 % 
ac t iv i ty on q u e n c h i n g samples for 10 m i n or longer at any temperature 
f r o m — 10° to — 80° , even i f this f o l l o w e d pre freez ing at l ower t empera 
tures w h i c h d i d not cause damage. W e are unab le to account satisfac
t o r i l y for this d iscrepancy. 

Studies in Media Containing Buffer and Salts 

T h e rate pat tern of the damage, namely , increas ing w i t h coo l ing rate 
a n d decreasing w i t h w a r m i n g rate was unexpected a n d w o u l d be con 
s idered b y most cryobiologists to ind i cate in t race l lu lar f reez ing. N o w 
that interpretat ion is not so pecu l iar as i t sounds because the enzyme is 
i n d e e d exposed to any i ce that is f o rmed , just as t h o u g h b o t h were 
present w i t h i n a ce l l . H o w e v e r , i t is also obvious that none of the u s u a l 
c ompar tmenta l explanations for this pat tern i n cells, such as osmotic or 
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m e m b r a n e damage, can be i n v o k e d i n this system. T h e cryobio logist 
w o u l d argue that damage due to concentrat ing solutes d u r i n g f reez ing 
shou ld instead produce damage that decreases w i t h increas ing coo l ing 
rate. A c c e p t i n g that argument , w e w o u l d say that the damage to catalase 
must not be due to concentrat ing solute, a n d further , u p o n a d d i n g this 
factor ( b y a d d i n g a neutra l salt to the system) w e ought to be able to 
i n d u c e an o p t i m u m coo l ing rate curve s imi lar to those considered t y p i c a l 
of ce l lu lar systems (24). W e t r i e d addit ions of 2 7 m M K C 1 a n d N a C l to 
our s tandard potass ium phosphate buffer. T h e e q u i l i b r i u m phase d i a 
grams for these systems have also been descr ibed a n d ind icate , first, that 
they shou ld b o t h be f u l l y so l id i f ied b y — 2 3 ° ; a n d second, that the N a C l 
system w o u l d become a c i d d u r i n g f reez ing whereas the K C 1 system w o u l d 
not (25). 

W e dec ided to independent ly test the n a d i r of the damage zone for 
catalase i n each system b y storage at var ious subzero temperatures for 
per iods of t w o to four days f o l l o w e d b y r a p i d w a r m i n g . I n the potas
s i u m ch lor ide -phosphate system the nad i r for incrementa l damage was 
about — 2 0 ° , i n agreement w i t h the phase diagrams. I n the sod ium 
chlorides-phosphate system, however , the nad i r was about — 4 5 ° , m u c h 
l ower t h a n expected. These nadirs defined the temperature range over 
w h i c h w e w o u l d have to contro l the coo l ing a n d w a r m i n g rates to inves t i 
gate each m e d i u m . 

T h e potass ium ch lor ide -phosphate m e d i u m was explored first, since 
i t i n v o l v e d no p H change that m i g h t contr ibute to damage. U s i n g a fixed 
w a r m i n g rate ( 0 . 5 ° / m i n ) , damage was h igher at a l l c oo l ing rates t h a n i n 
phosphate alone b u t the increase was greater at the l o w e r coo l ing rates to 
y i e l d a flat response. T h u s damage appeared to be independent of the 
coo l ing rate despite seeding. 

W e proceeded next to the s o d i u m ch lor ide -phosphate m e d i u m , the 
results of w h i c h are shown i n F i g u r e 6. These results p rov ide a n u n e q u i v 
oca l demonstrat ion of a n o p t i m u m recovery coo l ing rate curve for a 
s imple soluble prote in . I n the absence of salt, damage increased i n this 
experiment as the coo l ing rate was increased f r o m 1° to 2 5 ° / m i n a n d was 
re lat ive ly constant outside this range. O n a d d i t i o n of 3 - 9 m M N a C l , 
damage increased at a l l rates but especial ly so at very l o w rates to y i e l d 
a n o p t i m u m recovery or m i n i m u m act iv i ty loss at 0 .5° /min. W i t h 2 7 m M 
N a C l , damage increased further b u t most s t r ik ing ly at l o w coo l ing rates 
a n d the o p t i m u m became more p r o n o u n c e d a n d shi f ted to 5 ° / m i n . W i t h 
8 1 m M N a C l , a d d e d damage became qui te severe b u t the o p t i m u m 
r e m a i n e d dist inct a n d shi fted further to 2 0 ° / m i n . 

A s w i t h ce l lu lar systems, w e w o u l d argue that the presence of a n 
o p t i m u m indicates two factors i n v o l v e d i n f reez ing damage, one operat ing 
at h i g h coo l ing rates a n d the other at l o w coo l ing rates. T h e nature of 
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COOLING RATE (ec/MIN) 
Cryobiology 

Figure 6. Cooling-rate dependence of catalase inactivation in lOmM neutral 
KHPO4 solutions containing various concentrations of NaCl. All solutions were 
seeded, cooled at stated rates to — 50°C or lower, and then warmed at 0.5°C/ 
min from — 50°C. Mean and SE are shown for four to six samples in each case 

(20). 

the h i g h coo l ing rate factor is s t i l l obscure b u t the l o w coo l ing rate factor 
must be salt or some consequence of salt, since w e c a n a d d or remove i t 
at w i l l . A s w e freeze w i t h h igher start ing levels of salt, the intermediate 
l i q u i d u s concentrations must increase, p r o d u c i n g m o r e damage at l o w -
coo l ing rates a n d sh i f t ing the o p t i m u m or m i n i m u m to the r ight . 

N o t e , however , that damage at h i g h coo l ing rates is also increased 
i n the presence of salt so that i f a separate factor is i n v o l v e d , i t is 
accentuated nevertheless b y the presence of salt. A t l o w coo l ing rates 
damage to catalase was m u c h greater i n N a C l t h a n i n K G , a l though the 
eutectic composit ions of the two salts differ l i t t le . T h e damage therefore 
m a y be due not solely to concentrat ing salt but to either of the a dd i t i o n a l 
factors operat ing on ly i n N a C l solutions: ac id i f i cat ion d u r i n g f reez ing 
a n d the m u c h broader temperature zone of damage. 

Cryoprotectant Effects 

W e w i l l first explore i n more de ta i l the unexpectedly b r o a d damage 
zone, aga in m a k i n g use of the fact that r a p i d w a r m i n g prevents damage. 
A l inear rate-contro l led a l coho l b a t h is w a r m e d at 0 .5° /min start ing at 
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— 70° . Seeded samples quenched i n l i q u i d n i trogen a n d stored at —80° 
are transferred to the b a t h at 10° intervals , w a r m e d s l owly for 10° , a n d 
then transferred to a 37° water b a t h for r a p i d t h a w i n g . T h u s w e c a n 
evaluate the re lat ive effect of a n a d d e d cryoprotectant i n var ious subzero 
temperature zones. T h i s cons iderat ion h a d become i m p o r t a n t since i n 
p r e l i m i n a r y experiments w e h a d observed a net increase i n damage at 
l ow , but not at h igher , levels of cryoprotectants. A s imi lar observat ion 
h a d been made i n 1973 b y W h i t t a m a n d Rosano d u r i n g f reez ing studies 
of α-amylase, also i n phosphate-buf fered saline (26) b u t the i r study d i d 
not address the z o n a l l ocat ion of the damage. 

F i g u r e 7 shows the effect of a d d i n g d i g l y m e (d ie thylene g l y c o l 
d imethy le ther ) to the l O m M p h o s p h a t e - 2 7 m M N a C l m e d i u m . T e n m M 
d i g l y m e was a n effective protectant of catalase i n a l l zones except that 
near — 4 0 ° , where i t p r o d u c e d m a r k e d enzyme damage. T h e w e i g h t 
rat io of cryoprotectant to salt is less than 1, so i t should not s ignif icantly 
affect the eutectic temperature accord ing to ternary phase d i a g r a m 
studies. M o r e o v e r the damage must not be a d i rect toxic effect of d i g l y m e 
because a 5-fold h igher dose el iminates the damage l e a v i n g instead a 
zone of w e a k protect ion . T h e same findings were obta ined w i t h the 
same concentrat ion of d i m e t h y l sulfoxide ( D M S O ) a n d of g lycero l , the 
t w o most w i d e l y used cryoprotectants. O n l y occasional ly was the damage 
near — 40° severe enough to y i e l d net damage i n a fu l l - range freeze-thaw 
experiment ; i n the usua l case the net effect was sl ight protect ion . W e 
emphasize , therefore, that ineffective cryoprotect ion m a y result f r o m the 
in terp lay of two oppos ing effects p r o d u c e d b y the same agent, at least 
i n phosphate-buffered sal ine: protect ion i n one temperature zone a n d 
damage i n another temperature zone. 

C o m p a r i s o n w i t h a macromolecu lar cryoprotectant is s h o w n i n F i g u r e 
8. P V P ( p o l y v i n y l p y r r o l i d o n e ) is m a r k e d l y protect ive i n a l l temperature 
zones whereas d i g l y m e produces m a r k e d damage i n the zone near — 4 0 ° . 
I f the two agents act v i a the same mechanism, they should be funct iona l ly 
addi t ive a n d a mixture should show no zone of excess damage whereas 
i n fact d i g l y m e p r o d u c e d almost as m u c h damage i n the presence of P V P 
as i n its absence. Po lyethy lene g l y c o l at molecu lar weights 20,000 a n d 
4 m i l l i o n behaved qui te analogously to P V P , w h i l e D M S O a n d g lycero l 
behaved l ike d ig lyme . T h u s macroprotectants w e r e rendered inoperat ive 
i n the presence of l ow-molecu lar -we ight agents. 

N o w i f the damage zone involves a persistent l i q u i d u s , as seems 
l ike ly , then w e should be able to s impl i f y future experiments b y q u e n c h 
i n g samples a n d s tor ing t h e m at —35° to —40° for progressive intervals 
before fast w a r m i n g , thus y i e l d i n g greater damage w i t h less effort. W e 
also w i l l scale u p our concentrations to m a i n t a i n the same ratios w h i l e 
p r o v i d i n g the 1 % sal ine l eve l that is used i n most phase d i a g r a m studies. 
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Figure 7. Effect of diglyme on recovery of catalase activity after slow warming 
through discrete subzero temperature zones. 

Tubes contained 1.7 μ% catalase I ml lOmM KPO* (pH 7.0) + 27mM NaCl ± lOmM 
or 50mM diglyme, and were seeded at —1.5° and quenched in alcohol at —80° before 
warming. Pairs of tubes with and without diglyme were transferred to a linear-rate 
warming bath (0.5°/min) at the initial temperature of each decade and after the 10° 
interval was traversed, they were removed and thawed rapidly in 37° water bath. 
The % effect was calculated as 100 (A — B)/A, where A = activity lost with diglyme 

absent, and Β = activity lost with diglyme present. 
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Figure 8. Effect of diglyme and PVP, separately and together, on recovery of 
catalase activity after slow warming through discrete temperature zones. 

Experimental procedures and calculations were the same as noted in Figure 7. Ex
pected summation of effects is shown for comparison with the actual effect observed 
for the combination. Except below —50° where little damage occurs, the combina

tion gave results very similar to that produced by diglyme alone. 
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68 PROTEINS A T L O W TEMPERATURES 

F i g u r e 9 shows that o n storage at —40° , catalase was not apprec iab ly 
d a m a g e d i n 1 % sal ine b u t d i d show progressive damage w h e n phosphate 
buffer was a d d e d a n d a s t r i k i n g further progress ion of damage w h e n 
d imethy l su l f ox ide was also a d d e d . O v e r n i g h t storage i n this temperature 
range therefore c o u l d be used to evaluate a var ie ty of other agents. 

Sucrose was the first l ow-molecu lar -we ight c o m p o u n d encountered 
that was protect ive i n this zone at l o w concentrations a n d i t l e d us to 
survey a var ie ty of sugars. A s s h o w n i n T a b l e I I , monosaccharides were 
not protect ive , a l though they p r o d u c e d m u c h less damage t h a n d i d 
g lycero l (or D M S O ) . A l l o l igosaccharides were protect ive , a n d no e v i 
dent d i s t inc t ion was apparent w i t h r e g a r d to compos i t i on or g lycos ide 
configuration. M o s t s t r ik ing was the observat ion that l o w concentrations 
of sucrose c o u l d reverse the d a m a g i n g effects of g lycero l a n d D M S O as 
s h o w n i n T a b l e I I I . T h e damage p r o d u c e d b y g lycero l or b y D M S O 

HOURS AT -400 

Figure 9. Progression of catalase inactivation on storage at —40° in various 
media. 

All tubes contained 1.7 μg catalase/mL 170mM NaCl ± other solutes as noted. They 
were seeded and quenched at —80° before transfer to the —40° alcohol bath and 
thawed rapidly in a 37° water bath. Although not shown in this figure, damage in 
170mM NaCl + 63mM DMSO matched that of saline alone. Freezing damage (about 
20%), measured after rapid thawing without transfer to the —40° bath, was sub-
traded from total damage at each interval to give the storage damage shown in the 

figure. 
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4. FisHBEiN AND wiNKERT Damage to Enzymes 69 

Table II. Effect of Various Polyols Added to PBS e 

Damage (—) or Protection (-\-) 
Relative to PBS Alone (%) 

Compound Composition Mean ± SE (N) 

G l y c e r o l - 3 7 ± 6 (3) 
G lucose α-glu - 7 ± 3 (7) 
Fructose / î -fru - 2 ± 3 (3) 
Ga lac tose 0 - g a l - 2 ± 1 (3) 
Lac tose g l u - ^ - g a l + 22 ± 1 (3) 
Sucrose glu-£-iru + 4 9 ± 3 (15) 
Cel lobiose glu-y8-glu + 6 0 ± 3 (5) 
M a l t o s e g l u - e - g l u + 6 3 ± 6 (10) 
M e l i b i o s e g l u - a - g a l + 5 0 ± 7 (3) 
Raffinose fru-a-glu-«-gal + 3 4 z t 1 (3) 
Stachyose ga l -a -ga l -a -g lu - jS - f ru + 3 6 ± 3 (4) 
"Added at 25mM to PBS (10mM K P 0 4 + 170mM N a C l , p H 7) on damage to 

catalase (1.7 / ig/mL) produced by one day storage at —36°. The % effect was calcu
lated as lOOOoss in PBS-loss with polyol)/loss in PBS. Activity loss in PBS averaged 
48 ± 1% for 26 experiments. A l l samples were seeded and quenched to —80° before 
storing at —36°. 

was not not iceably decreased o n d o u b l i n g the l eve l f r o m 1 2 . 5 m M to 
2 5 m M . Sucrose was m i l d l y protect ive at the l ower l eve l a n d strongly 
protect ive at the h igher l eve l , but most surpr is ing ly i t a lmost complete ly 
reversed the damage p r o d u c e d b y a s tandard cryoprotectant w h e n they 
were present together. A g a i n this suggests that the agents act b y separate 
mechanisms w i t h the act ion of sucrose p r e e m p t i n g that of D M S O a n d 

Table III. Effect of Added Agents on Damage to Catalase"' 5 

Damage (—) or Protection (-{-) 
Relative to PBS Alone (%) 

m M Agent in PBS Glycerol Sucrose Both Expected Sum 

12.5 each - 2 7 . 4 + 0 . 6 + 2 . 6 - 2 6 . 8 
25.0 each - 3 0 . 3 + 2 0 . 8 + 4 . 8 - 9 . 5 

DMSO Sucrose Both Expected Sum 

12.5 each - 5 1 . 2 + 7 . 9 - 7 . 2 - 4 3 . 3 
25.0 each - 4 8 . 8 + 1 4 . 5 - 4 . 8 - 3 4 . 3 

β 1.7 Mg/mL catalase after one day storage at —36°. 
* Procedure and medium are as described in Table II . However, the % effect in 

this table was calculated as % loss in PBS-%loss with agent(s), so as to permit deter
mination of expected sums by simple addition. Mean values are shown for 6 tubes/ 
group ; C V was 10-15% for all groups. 
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70 PROTEINS A T L O W T E M P E R A T U R E S 

g lycero l . Potent cryoprotect ion of enzymat i c f u n c t i o n at such l o w con 
centrations of sucrose ( a n d other o l igosaccharides) has also been d e m o n 
strated i n more compl i ca ted systems, such as chloroplast thy lako ids (27) 
a n d l i ver m i t o c h o n d r i a ( 2 8 ) . 

Freezing Damage to Adenylate Deaminase 

T h e damage zone near —40° presents another cur ious p a r a l l e l for 
cryobiologists . B i o l o g i c systems are f requent ly very sensitive to damage 
i n this zone because of in t race l lu lar f reez ing a n d procedures have been 
des igned to p e r m i t cells to dehydrate f u l l y at a temperature 10° or so 
above this zone before q u e n c h i n g i n l i q u i d n i trogen ( 2 9 ) . These p h e 
n o m e n a c o u l d have no re levance to a p u r e enzyme so lut ion , so w e must 
presume the zone relat ionships are p u r e l y co inc identa l . H o w e v e r , w e 
do k n o w that this zone is not u n i q u e for catalase i n phosphate-buffered 
sal ine. W e have done some p r e l i m i n a r y studies w i t h another te tramer ic 
meta l l oenzyme w h i c h c a n o n l y be pur i f i e d a n d stored i n strong salt 
solutions so the p r o b l e m is not t r i v i a l . T h i s enzyme, adenylate deaminase 

Table IV. Recovery of Purified 

EXP mgP/mL KCl (wM) NaCl (wM) KP04 (mM) MEt (wM) 

A 1 600 40 14 
1 600 — 40 1 

Β 0.5 600 40 0.5 
0.5 300 300 40 0.5 

C 0.33 600 — 40 0.33 

0.33 200 400 40 0.33 

D 0.1 600 — 40 0.1 

0.1 60 600 40 0.1 

β After frozen storage at several temperatures in various media. A l l samples were 
quenched in alcohol at —72° before transfer to alcohol at the stated storage tempera
tures, and all were thawed rapidly in a 37° water bath for assay. A l l samples in a 
given experiment were prepared, frozen, stored, thawed, and assayed simultanously. 
ppt = precipitated on thawing. Ρ = protein. M E t = mercaptoethanol. 
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4. FisHBEiN AND wiNKERT Damage to Enzymes 71 

(pur i f i ed f r o m h u m a n m u s c l e ) , requires 0 . 6 M salt levels , n o r m a l l y bu f 
fered w i t h phosphate. R e l y i n g o n our knowledge ga ined f r o m the catalase 
studies, w e used a n a l l potass ium system so that w e c o u l d freeze safely 
at any temperature . W e froze the samples w i t h great confidence a n d 
destroyed t h e m complete ly . A s shown i n T a b l e I V this was due to the 
presence of 1 4 m M mercaptoethanol w h i c h w h i l e benef ic ia l at 4 ° , d e n a 
tured the enzyme d u r i n g f reez ing , so that t h a w e d samples were not on ly 
inact ive b u t h a d extensive precipitates . O n d r o p p i n g the t h i o l l eve l to 
I m M , this p r o b l e m was e l iminated a n d the enzyme c o u l d be stored 
successfully at a l eve l of 1 m g / m L . ( M e r c a p t o e t h a n o l also inactivates 
catalase o n f reez ing , b u t this is h a r d l y surpr i s ing since i t also causes 
ac t iv i ty loss at 4 ° ) . W h e n the adenylate deaminase was d i l u t e d 2- fo ld 
to 10- fo ld i n the same m e d i u m , i t became progressively more l a b i l e to 
damage d u r i n g freeze-storage, especial ly at — 1 8 ° . D i l u t e d i n phosphate 
buffered N a C l , rather t h a n K C 1 , damage was most severe at — 36° . A s 
w i t h catalase, then, l a b i l i t y increased w i t h d i l u t i o n ; a l o w temperature 
zone of damage was present i f the m e d i u m conta ined more sod ium t h a n 
potass ium; a n d damage was m u c h less at —70° t h a n at h igher t e m 
peratures. 

Human Muscle Adenylate Deaminase 0 

Activity Recovered after Storage (%) 

Days — 18° 16° f2o 

1 3 (ppt) 4 (ppt) 27 (ppt) 
1 103 103 93 

19 85 98 97 
80 — — 90 

7 74 84 103 
7 48 38 82 

3 60 94 94 
10 21 49 91 

3 55 58 82 
10 38 8 67 

3 30 54 80 
10 17 42 68 

3 22 0 51 
10 0 0 40 
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Effects of Buffer Composition 

T h e damage zone at —35° to —40° is more t h a n 12° b e l o w the 
eutectic temperature for phosphate-buffered saline. S ince i t is operat ive 
for t w o qu i te different enzymes, the quest ion arises as to whether i t is 
u n i q u e to this m e d i u m , the one most w i d e l y used i n b io logy a n d cryo 
bio logy . I n T a b l e V w e compare the loss i n catalase ac t iv i ty after one 
d a y storage at —40° a n d at —80° i n 1% saline conta in ing a var i e ty of 
buffers at 4, 20, a n d l O O m M levels . I n brief , there is l i t t l e enzyme damage 
i n any system h e l d at — 80° , a n d there is l i t t l e damage i n tr is , t r i e thano l -
amine , c itrate, a n d bicarbonate buffers at — 4 0 ° . Imidazo le a n d phos
phate p r o d u c e d severe damage at —40° b u t were qu i te d ist inct ive i n 
behavior . Imidazo l e p r o d u c e d the same degree of damage i n the absence 
of salt despite the fact that saturated solutions of this buffer w e r e 
innocuous i n the absence o f f reez ing . I n the case o f phosphate , the 
presence of sal ine was essential for damage a n d the cat ion a d d e d was 
c ruc ia l . D a m a g e was m u c h reduced at h i g h concentrations of a d d e d 
potass ium phosphate but not at a l l w i t h a d d e d sod ium phosphate. F i n a l l y , 
note that potass ium phosphate i n 1 % K C 1 results i n neg l ig ib le damage 
at — 40° at a l l concentrations. T h u s the l o w temperature damage zone 
appears only w i t h cer ta in buffers a n d i n the case of phosphate-buffered 
sal ine is c lear ly dependent also o n the K / N a rat io w h i c h ac co rd ing to 
phase d i a g r a m studies determines the degree of a c id i ty p r o d u c e d d u r i n g 
f reez ing . 

T h i s re lat ionship is shown i n more de ta i l i n F i g u r e 10 where catalase 
damage after one d a y storage at —40° is shown as a func t i on of the 
phosphate l eve l a d d e d to 1% saline. Less than I m M phosphate is suffi
c ient to give m a r k e d damage a n d 3 - 4 m M is sufficient to produce m a x i m a l 

Table V . Effect of Various Buffers on Catalase Inactivationa* * 

Buffer (pH 7 0) s t o r a 9 e Loss After 1 Day at -40° (or -80°) (%) 

(in 170mM NaCl) 4mM 20mM lOOmM 

T r i s 14.7 (0.5) 17.8 (0.9) 10.8 (3.6) 
T r i e t h a n o l a m i n e 3:6 ( - 0 . 1 ) 6.8 (3.7) 7.5 (7.6) 
N a c i trate 1.0 ( - 0 . 7 ) - 1 . 3 ( - 3 . 9 ) 21.8 (15.2) 
N a b icarbonate 5.3 (17.2) 15.3 ( - 2 . 8 ) 26.3 (12.0) 
I m i d a z o l e 65.4 ( - 0 . 3 ) 73.3 ( - 0 . 6 ) 70.4 ( - 1 . 0 ) 
N a phosphate 81.0 (8.0) 88.0 (6.4) 90.0 (5.1) 
Κ phosphate 81.0 (6.5) 86.0 (4.2) 23.0 (7.8) 
Κ phosphate ( in 

(6.7) 1 7 0 m M K C l ) 3.1 (10.4) 5.3 (9.2) 8.8 (6.7) 
e I n 1% saline. 
5 After one day storage at —40° and —80°. Tubes were seeded and quenched in 

liquid nitrogen before transfer to alcohol baths at the stated temperatures, and were 
thawed in a 37° water bath. Mean values are shown for 2 tubes/group. 
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Figure 10. Inactivation of catalase after one day storage at —40° in 170mM 
NaCl containing various additions of sodium or potassium phosphate (pH 7.0 at 

25°). Experimental procedure was the same as described in Figure 9. 

damage w h i c h remains unchanged at a l l h igher levels i f s od ium phosphate 
is added . H o w e v e r , addit ions of potass ium phosphate above 3 0 m M result 
i n d e c l i n i n g damage as the K / N a w e i g h t rat io approaches 1 a n d damage 
disappears altogether w h e n the rat io reaches 3. T h i s figure, therefore, 
taken together w i t h phase diagrams for the phosphate-sal ine system, 
argue strongly that ac idi f icat ion is the factor responsible for damage. T h e 
on ly pecu l ia r i ty is that the damage is o c c u r r i n g at a temperature far 
be l ow the po in t of tota l sol idi f icat ion, a c cord ing to the same phase d i a 
grams. Since damage is progressive w i t h t ime , w e presume that there 
must be a l i q u i d u s , a n d hence that despite p r i o r seeding a n d quench ing , 
the f reez ing a n d t h a w i n g are not occurr ing u n d e r e q u i l i b r i u m condit ions . 
It is w e l l recognized that metastable states are quite c o m m o n i n f rozen 
systems a n d m a y persist for m a n y hours or even days, despite constant 
s t i r r ing ( 3 ) . D i n i n g the f reez ing of enzymes a n d cells where s t i rr ing is 
n o r m a l l y omit ted , n o n e q u i l i b r i u m behavior m a y be m u c h more p r o 
nounced a n d pro longed . T h e r e has been increasing recogni t ion of this 
factor recently a n d supplemented phase diagrams have been deve loped 
to incorporate such behavior (30,31 ). 

Acidity During Freezing and Thawing 

T h e above considerations l e d us to explore d i rec t ly the ac id i ty i n the 
frozen state w i t h the use of water soluble p H indicators . A s imi lar 
approach has recent ly been used b y O r i i a n d M o r i t a to investigate buffer 
p H changes d u r i n g f reez ing but not d u r i n g t h a w i n g , u s i n g l ow- tempera -
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74 PROTEINS A T L O W TEMPERATURES 

ture spectrophotometry i n v o l v i n g complex instrumentat ion ( 3 2 ) . T h e y 
f o u n d that most indicators tested w e r e prac t i ca l ly free f r o m extrinsic 
color changes that w o u l d interfere w i t h p H interpretations a n d that m a n y 
buffers changed p H more t h a n 3 units o n freez ing . W e chose to use 
electronic flash photography of our sample tubes together w i t h appro 
pr ia te color standards, after w h i c h the deve loped transparencies c o u l d 
be used at le isure for compar ison w i t h the o r i g i n a l tubes, v i s u a l eva lua 
t i on , a n d spectrophotometry. W e first employed F i s h e r U n i v e r s a l I n d i 
cator evaporated to its aqueous layer , a n d d i l u t e d 12-fold into the m e d i u m 
to g ive ind i cator levels of 6-80/AM. Standards w e r e prepared u s i n g p u r e 
K 2 H P 0 4 a n d N a H 2 P 0 4 w h i c h g ive essentially constant p H at a l l t empera 
tures t h r o u g h the eutectic. A l t e rnat ive ly , standards were p r e p a r e d b y 
t i t r a t i n g the ind i cator i n d i s t i l l ed water to selected p H values. W i t h either 
set of standards, the co lor i n the f rozen state corresponded qu i t e c losely 
to that seen at 25° through frosted glass. W i t h the basic v a l i d i t y of this 
a p p r o a c h thus establ ished, the un iversa l ind icator p e r m i t t e d us to 
evaluate the p H range 4 - 9 w i t h a n est imated prec i s i on of 1 u n i t v i s u a l l y 
a n d 0.5 un i t b y spectrophotometric absorbance ratios at 550 /675 n m . 

W i t h this procedure w e noted that phosphate-buffered saline solutions 
r e m a i n e d neutra l after seeding a n d after q u e n c h i n g to — 80°, b u t became 
qu i t e a c i d on subsequent storage at — 40° whereas s imple saline solutions 
r e m a i n e d neutra l throughout . F o u r specific points were evaluated b y 
absorbance ratios for the curve shown i n F i g u r e 10. A t the t w o extreme 
points (sal ine alone, a n d saline p lus 1 7 0 m M potass ium phosphate ) where 
there was no damage, the p H remained 7.0 at — 4 0 ° . I n the presence of 
I m M or of 90 m M potass ium phosphate i n saline, each of w h i c h gave 
4 0 % ^ 5 0 % damage, the p H reached 4.0-4.5 after one d a y storage. 

Since these values are at the end of the a c i d range of the un iversa l 
indicator , w e chose C o n g o r e d at 35 μg/mL a n d a detect ion range of p H 
3.5-5.5 for further studies. F i g u r e 11 shows the s t r ik ing color change at 
r o o m temperature f r om r e d to b lue as the p H of a n aqueous so lut ion is 
t i t rated f rom 5.0 to 3.0. B e l o w that are seen the same colors w h e n the 
tubes are w r a p p e d i n frosted tape to m i m i c the f rozen state. B e l o w that 
are shown the corresponding colors of the same solutions f rozen a n d 
stored at — 36° . T h e color m a t c h is qui te satisfactory for the correspond
i n g tubes at 25° a n d — 36° a n d v isual compar ison c a n be used to estimate 
the p H i n the f rozen state. F i g u r e 12 shows the color of this ind i ca tor i n 
phosphate buffered saline stored one d a y at — 80° a n d at — 36° . O n l y at 
the h igher storage temperature has the p H d r o p p e d be l ow 4.0. I f the 
system is tota l ly sol idi f ied at — 80° , then a l i q u i d u s must have reappeared 
at —36° i n order for the ind i cator to have a l tered its i on izat i on a n d 
reflect the increas ing ac idi f icat ion. Moreover , this l eve l of a c id i ty w o u l d 
r e a d i l y exp la in the denaturat ion of catalase a n d other enzymes o n f reez ing . 
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4. FiSHBEiN AND wiNKERT Damage to Enzymes 75 

Figure 11. Appearance of 35 μg Congo red/mL distilled water titrated to 
various pH levels. Top row: Transparent tubes at 25°. Middle row: The same 
tubes wrapped in frosted tape to mimic the frozen state. Bottom row: Trans

parent tubes frozen at —36° for one day. 
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Figure 12. Appearance of 35 μg Congo red/mh 170mM NaCl + lOmM KPOu 

(pH 7.0 at 25°) stored one day at —80° and at —36° (after seeding and quench
ing at -80°). 

Figure 13. Effect of DMSO and sucrose, separately and together, on the ap
pearance of 35 μg Congo red/mh 170mM NaCl + lOmM KPOh (pH 7.0 at 25°) 

stored one day at —36° (after seeding and quenching at —80°). 
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4. FisHBEiN AND wiNKERT Damage to Enzymes 77 

W e can use this procedure to reevaluate the interact ion of sucrose 
a n d D M S O i n phosphate-buffered sal ine, r e c a l l i n g that D M S O exagger
ated the damage to catalase at —36° w h i l e sucrose prevented i t a n d 
reversed the D M S O effect. W e n o w ask whether this m a y be due to p H 
effects. F i g u r e 13 shows a corresponding experiment i n w h i c h catalase 
has been rep laced b y C o n g o red . W i t h 12.5 or w i t h 2 5 m M D M S O the 
p H is be l ow 4.0 whereas w i t h 1 2 . 5 m M sucrose i t is above 5.0. T h i s was 
also true w i t h h igher levels of sucrose. I n the mixture conta in ing 1 2 . 5 m M 
of each agent, the p H is aga in above 5. W h i l e w e cannot say f r o m these 
experiments that the D M S O lowers the p H as c o m p a r e d to phosphate-
buffered saline alone, i t is c lear that the protect ion a n d reversal p r o d u c e d 
b y sucrose is reasonably exp la ined as a consequence of its decreasing 
the ac id i ty at - 3 6 ° . 

F r o m the standpoint of these studies w e can differentiate three classes 
of cryoprotectants : the s tandard water -misc ib le solvents w h i c h produce a 
low-temperature-zone damage at l o w doses; macromolecu lar agents w h i c h 
do not b u t are ineffective i n the presence of the solvents; a n d ol igosac
charides w h i c h are protect ive i n this zone at l o w concentrations a n d 
reverse the damage p r o d u c e d b y s tandard agents. I t is pert inent to note 
here that d u r i n g studies o n f reez ing of invertase w h i c h was lab i l e at p H < 
4.8, T o n g a n d P i n c o c k (S ) f o u n d that 2 5 m M D M S O exaggerated the 
f reez ing damage i n a c i d solutions w h i l e h igher levels of D M S O de
creased i t . 

N o w the importance of a c id i ty i n damage to catalase i n phosphate-
buffered saline is not a surprise, except for the temperature at w h i c h i t 
occurred a n d its reversal b y sucrose. Because of these findings, however , 
w e re turned to the un iversa l ind i ca tor i n l O m M neutra l potass ium phos
phate buffer alone i n w h i c h w e h a d b e g u n these studies. A s s h o w n i n 
T a b l e V I , this buffer r e m a i n e d neutra l o n seeding a n d on q u e n c h i n g to 

Table V I . Estimated p H Values during Freezing and T h a w i n g " 

Indicator pH 

A . Seeded, cooled at 0 .7 ° /min to —20° 6.1 
B . Seeded, quenched i n a lcohol at —80° 7.0 

then equi l ibrated at —20° 7.2 
then w a r m e d at 0 .7 ° /min to —5° 4.0 

- 1 ° 5.2 
0 ° 6.3 

+ 1 ° 6.6 
+ 5 ° 7.0 

a 1 0 m M neutral potassium phosphate buffer containing a universal indicator. 
Values were calculated for absorbance ratios at 550 nm and 675 nm measured on color 
transparencies as described in the text. During warming, the solution remained par
tially frozen until + 5 ° . 
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78 PROTEINS AT LOW TEMPERATURES 

— 80°. O n s low w a r m i n g the sample f r o m — 20° , the ind i cator r e m a i n e d 
n e u t r a l u n t i l the temperature reached about — 5 ° , at w h i c h p o i n t i t 
shi f ted to a p H of about 4.0, t h e n gradua l ly re turned to neutra l o n 
t h a w i n g . T h i s unexpected result i n d i c a t e d that ac id i f i cat ion was also 
impor tant i n the neutra l phosphate buffer system. 

Interaction of Freezing and Thawing 

D e s p i t e p r i o r seeding, f reez ing a n d t h a w i n g do not usua l ly occur 
u n d e r e q u i l i b r i u m condit ions. I n this event, the degree of d i s e q u i l i b r i u m 
m a y reflect the interact ion of the two parts of the f reeze - thaw cyc le ; the 
sample , so to speak, remembers its history. T a b l e V I I i l lustrates this for 
the t h a w i n g of fast-frozen versus s lowly- f rozen catalase samples. A t any 
selected temperature i n the t h a w i n g reg ion , the fast f rozen sample is more 
damaged . T h e damage is most severe at —1.5° , the same temperature 
at w h i c h the samples w e r e i n i t i a l l y seeded a n d h e l d for the same t ime 
w i t h neg l ig ib le damage. F i n a l l y , at — 8° damage was m i n i m a l a n d self-
l i m i t e d so that the s lowly a n d fast f rozen samples eventual ly sustained 
e q u a l damage. W e conc lude that damage due to fast f reez ing occurs 
d u r i n g t h a w i n g not d u r i n g freez ing. 

Table VII. Activity Lost in Solutions of Catalase 0 

Activity Lost (%) 

H e l d 2 0 m i n - 8 ° 
H e l d 3 hrs - 8 ° 
H e l d 2 0 m i n - 5 ° 
H e l d 2 0 m i n - 1 . 5 C 

Fast Frozen 

8.5 ± 1.0 
10.7 db 3.5 
28.8 ± 2.6 
43.2 ± 1.3 

Slowly Frozen 

1.6 ± 2.7 
12.8 ± 2.2 
16.1 =fc 3.1 
27.1 ± 1.2 

e1.7 Atg/mL lOmilf potassium phosphate, p H 7.0 held in various thawing zones 
after slow or rapid freezing. A l l samples were seeded and held 20-30 mins at —1.5°. 
Four samples were then fast warmed in a 37° water bath and served as controls 
(these had 5%-10% activity loss compared to stock tubes). Sixteen tubes were then 
quenched and stored in ethanol at —70° (fast frozen, 90°/min). Sixteen tubes were 
cooled at 0.5° /min to —24°, then transferred to ethanol at —70° (slowly frozen). 
Four tubes from each group were then transferred to an alcohol bath at the tempera
ture noted, after which all were fast thawed at 37°. Mean ± S E are shown for each 
group of four. 

Conclusions 

N o w c a n w e present a n elementary f ramework o n w h i c h to h a n g 
these isolated observations? W e w i l l present the simplest possible inter 
pretat ion w e c a n imagine , i n our best Socratic manner . I n d i lu te neutra l 
solutions o f potass ium phosphate buffer the m a i n intr ins i c factor i n 
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4. FisHBEiN AND wiNKERT Damage to Enzymes 79 

f r eeze - thaw damage to catalase is the enzyme concentrat ion w h i l e the 
m a i n extrinsic factor is the w a r m i n g rate. W h a t are the explanations for 
these factors? T h e increas ing l a b i l i t y to f reez ing damage on enzyme 
d i l u t i o n paral le ls the inac t ivat i on behavior of catalase, a n d of most other 
enzymes i n solut ion, a n d w e invoke the u s u a l exp lanat ion : h igher con
centrations p r o v i d e increas ing macromolecu lar interactions w h i c h r e t a r d 
inac t iva t i on p r o d u c e d b y solvent, solute, p H , a n d in ter fac ia l effects. 
S l o w w a r m i n g is d a m a g i n g because t h a w i n g occurs under n o n e q u i l i b r i u m 
condit ions , a c companied b y ac id i f i cat ion of the m e d i u m . T h e s lower the 
w a r m i n g rate, the longer the enzyme is exposed to the a c i d a n d the 
greater the damage. N o t e that w e are p r e s u m i n g here that f r eeze - thaw 
damage occurs on ly w h i l e the enzyme is i n so lut ion a n d not w h i l e i t is 
prec ip i ta ted . 

W e l l then, w h y is s low f reez ing not e q u a l l y damaging? F i r s t , keep i n 
m i n d that s low coo l ing is not equivalent to s low freezing. I n the absence 
of p r i o r seeding, s low coo l ing produces supercoo l ing f o l l o w e d b y spon
taneous nuc leat ion a n d r a p i d sohdif icat ion so that the enzyme is b u t 
brief ly exposed to any a c i d generated. O n s l ow coo l ing after seeding, 
the system freezes close to e q u i l i b r i u m condit ions a n d significant ac id i f i 
cat ion does not occur. A n o t h e r factor that m a y be of e q u a l importance 
is the concentrat ion of the enzyme d u r i n g the two phases of the cycle . 
O n s low f reez ing the enzyme is concentrated, a n d thus protected , as w a t e r 
is i n i t i a l l y f rozen out selectively f r o m the solution. D u r i n g t h a w i n g , 
however , the l i q u i d u s i n i t i a l l y contains no enzyme; the enzyme redis -
solves gradual ly , present ing a d i lu te so lut ion that is more read i l y i n a c t i 
vated . T h i s combinat i on of a d i lu te so lut ion of enzyme i n a n a c i d i f y i n g 
m e d i u m explains w h y t h a w i n g damage does not b e g i n u n t i l — 7 ° to — 8 ° , 
a l though a l i q u i d u s shou ld be present at —1 7 ° . 

W e l l , that w o u l d exp la in w h y f reez ing itself is re lat ive ly innocuous , 
b u t w h y shou ld r a p i d f reez ing produce increased damage? T w o factors 
m a y exp la in this observation. F i r s t , the greater the f reez ing rate the 
greater the d i s e q u i l i b r i u m a n d ac idi f i cat ion that w i l l occur on subsequent 
t h a w i n g . Second, the greater the f reez ing rate the more l i k e l y is the 
enzyme to be t r a p p e d i n m u l t i p l e , sma l l prec ip i tant packets resu l t ing i n 
earl ier resolvation u p o n t h a w i n g . E i t h e r or b o t h of these factors result 
i n greater t h a w i n g damage subsequent to r a p i d f reez ing . 

N o w w h a t happens o n a d d i n g N a C l to the m e d i u m ? U n d e r these 
condit ions w e are c ont r ibut ing large increments of concentrat ing salt as 
w e l l as p r o f o u n d ac idi f i cat ion over a m u c h w i d e r temperature range, 
d u r i n g b o t h the f reez ing a n d t h a w i n g phases of the cyc le . Consequent ly , 
s low-coo l ing rates n o w produce m a r k e d damage d u r i n g the f reez ing phase 
as the enzyme is exposed for longer periods before prec ip i ta t ing . T h i s 
p o r t i o n of damage becomes less m a r k e d as the f reez ing rate is increased 
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80 PROTEINS A T L O W TEMPERATURES 

b u t aga in the increas ing rate promotes d i s e q u i l i b r i u m t h a w i n g w i t h 
greater a c id i ty a n d / o r earl ier resolvat ion of the enzyme, resul t ing i n more 
extensive damage d u r i n g the t h a w i n g phase. 

Does i t not f o l l ow then that w e are exp la in ing a n o p t i m u m coo l ing 
rate recovery curve b y the operat ion of a single d a m a g i n g agent? I n 
effect, yes: concentrat ing a c i d a n d / o r salt are p r o d u c i n g the damage at 
b o t h extremes of the coo l ing rate curve . A t very s low-coo l ing rates the 
damage is o c curr ing p r i m a r i l y on f reez ing w h i l e at very r a p i d - c o o l i n g 
rates the damage is o c c u r r i n g p r i m a r i l y on t h a w i n g . T h e appearance of 
a n o p t i m u m is due to the influence of the p r i o r f reez ing rate o n the 
compos i t ion of the m e d i u m a n d the rate of resolvat ion of the enzyme 
d u r i n g subsequent t h a w i n g . T h e appearance of damage at temperatures 
far b e l o w the e q u i l i b r i u m eutectic indicates that the system, i n fact, is 
operat ing far f r om e q u i l i b r i u m condit ions, at least w h e n s low t h a w i n g 
fo l lows r a p i d freezing. 

W h a t then is the effect of a d d i n g a macromolecu lar cryoprotectant to 
this system? S u c h agents are effective at doses near ly sto ichiometr ic w i t h 
the catalase concentrat ion a n d w e interpret the i r effect as s imi lar to that 
of increas ing the enzyme concentrat ion or to a d d i n g a l b u m i n to enzyme 
solutions, as is c o m m o n l y done i n b iochemistry , to i m p r o v e stabi l i ty . T h e 
generic effect is to increase macromolecu lar interactions w h i c h re tard 
so lvent-so lute inact ivat ion . 

B u t w h y should the usua l l ow-molecu lar -we ight cryoprotectants 
increase damage at l o w doses w h i l e protec t ing at h igher doses? L o w 
doses m i g h t increase the d i s e q u i l i b r i u m a n d ac id i ty or m i g h t increase 
the enzyme so lub i l i ty i n the low-temperature zone w i t h o u t s ignif icantly 
d i l u t i n g the toxic solutes. A t h igher doses the agents w o u l d increase the 
water content of the l i q u i d u s sufficiently to d i lute toxic solutes a n d 
ac id i ty , a n d thereby decrease damage. 

H o w then c o u l d ol igosaccharides reverse the potent iat ion of damage 
noted above? O n e s imple poss ib i l i ty is that ol igosaccharides m a y f o r m 
n e w inso luble species w i t h a c i d phosphate resu l t ing i n a p H closer to 
neutra l a n d hence decrease damage whether or not other agents are 
present. 

N o w undoubted ly this p i c ture , c ompl i ca ted as i t is , is too s imple to 
be a f u l l explanat ion for cryodamage to enzymes; nevertheless, i t m a y 
serve pro tempore as a basis for future experiments. I n any event w e can 
l ist the f o l l o w i n g suggested rules for cryopreservat ion of enzymes a n d 
other macromolecules i n the absence of cryoprotectants : (1 ) keep the 
enzyme as concentrated as possible ; (2 ) keep the v o l u m e of the samples 
s m a l l a n d the surface area large so that r a p i d t h a w i n g is feasible ; (3 ) 
keep the content of salt, buffer, a n d other addit ives as l o w as possible ; 
a v o i d buffers w h i c h m a r k e d l y alter p H d u r i n g f reez ing ; i n par t i cu lar , 
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4. FiSHBEiN A N D W I N K E R T Damage to Enzymes 81 

a v o i d phosphate-buffered sal ine; ( 4 ) since n o n e q u i h b r i u m states are 
l i k e l y to occur i n any case, freeze the sample q u i c k l y b y q u e n c h i n g i t i n 
a lcoho l at —80° or better, i n l i q u i d n i trogen; (5 ) store the sample at 
— 70° or be l ow whenever possible ; a n d (6 ) t h a w the sample r a p i d l y b y 
s w i r l i n g i n a w a r m b a t h u n t i l t h a w i n g is complete . 

F i n a l l y , to end this c ommunica t i on w i t h the most succinct possible 
summary of factors i n v o l v e d i n freez ing damage to enzymes, w e w o u l d 
have to say, the message i s : the m e d i u m . 
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5 
Anomalous Depression of the Freezing 
Temperature by Blood-Serum Proteins of Fishes 

ROBERT E. FEENEY and DAVID T. OSUGA 

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

YIN YEH 

Department of Applied Science, University of California, Davis, CA 95616 

Two types of antifreeze proteins that function noncolli-
gatively appear to exist in blood serum from fishes of polar 
oceans. One type found in Antarctica and the Arctic is a 
glycoprotein of repeating units of a glycopeptide composed 
of the tripeptide, Ala-Ala-Thr, with all threonines glyco-
sidically α-linked to the disaccharide, β-D-galactopyranosyl-
(1->3)-N-acetyl-D-galactosamine. The second type, a non
-glycoprotein, exists in some northern fish. Ala constitutes 
approximately two-thirds of both types of protein. Both 
lower the freezing temperatures without affecting the melt
ing temperature. A structural model has been suggested 
in which these antifreeze molecules shield the ice embryo 
surface. Roles are postulated for the carbohydrates and the 
methyl side chains of the glycoprotein and for the hydro-
philic residues and methyl groups of the nonglycoprotein. 

D o i k i l o t h e r m i c organisms of mar ine waters m a y be exposed to t e m -
·*- peratures that are be low the f reez ing temperatures of the b o d y fluids 

of fish f r o m nonsalt waters . I n fact, the freez ing temperatures of ocean 
waters i n e q u i U b r i u m w i t h ice are usua l ly a round —1.8° to — 1.9°C. 
A c h i e v i n g such a l o w freez ing temperature b y the u s u a l mechan i sm of 

0-8412-0484-5J79J33-180-083$6.25J0 
© 1979 American Chemical Society 
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co l l igat ive act ion w o u l d require that the ir fluids have a concentrat ion of 
N a C l (or its equivalent i n other substances) equa l to that of ocean water , 
name ly a round 3 . 2 % . S u c h a h i g h concentrat ion of co lhgat ive ly ac t ing 
substances is at least 5 0 % h igher t h a n that w h i c h m a n y tissues can 
tolerate osmotical ly . 

M a r i n e organisms attempt to survive i n i ce - laden mar ine waters b y 
several different routes. Some organisms, l a c k i n g the more advanced 
phys io l og i ca l systems such as those f o u n d i n teleosts, ac tua l ly c a n be 
f rozen a n d then rev ived u p o n t h a w i n g . S u c h is the case w i t h some mar ine 
mussels a n d snails ( I ) . O t h e r organisms, i n c l u d i n g some teleosts, can 
r e m a i n supercooled for p r o l o n g e d periods unless seeded w i t h ice crystals 
(2,3). F i s h i n this latter category often are c i t ed as the ones that freeze 
w h e n caught i n deeper waters a n d h a u l e d to the surface w h e r e ice exists. 
A n o t h e r route for several fishes has been the development of substances 
that l ower the f reez ing temperature nonco l l igat ive ly a n d therefore do not 
cause osmotic difficulties. These have been t e r m e d anti freeze substances 
(4,5,6) a n d are the subject of this chapter. 

T w o different types of anti freeze substances have been f o u n d i n the 
bloods of fishes. T h e first of these, a g lycoprote in ca l l ed antifreeze g lyco
pro te in ( A F G P ) (4,5,6,7,8), is f o u n d i n c o l d fishes f r om b o t h the 
A n t a r c t i c a n d the A r c t i c po lar areas. M o s t of the in format ion current ly 
avai lab le concerns this substance. T h e second substance, a nonglyco -
pro te in w h i c h w e w i l l t e rm antifreeze pro te in ( A F P ) , has been f o u n d 
i n fish of c o l d but nonpo lar waters (8). A l t h o u g h A F P is not a g lycopro 
te in , i t has a very important s t ructura l s imi lar i ty to A F G P w h i c h w i l l be 
discussed be low. T h e presence of A F G P or A F P i n a fish serum can be 
easily detected b y de te rmin ing the temperature of f reez ing of the serum 
before a n d after dialysis ( 5 , 6 , 8 ) . A f reez ing temperature less t h a n 
— 1.5°C before dialysis a n d a f reez ing temperature somewhere be l ow 
0 ° C (usua l ly less than — 0 .2°C) after dialysis is essentially conclusive 
evidence for the presence of a h igh -molecu lar -we ight antifreeze substance 
( T a b l e I ) (9,10). S t i l l further conf irmation of its presence is a deter
m i n a t i o n of the m e l t i n g temperature of the u n d i a l y z e d serum. W h e n 
antifreeze is present, the m e l t i n g po int is h igher t h a n the f reez ing tem
perature (11). ( T h e t e r m antifreeze pro te in is used i n l i e u of the t e r m 
" freez ing-point depressing p r o t e i n " prev ious ly used ( 9 ) , a n d the t e m 
perature at w h i c h its so lut ion freezes is t e rmed its f reez ing temperature 
rather t h a n its f reez ing point . T h i s is because the temperature of f reez ing 
is depressed, but the temperature of m e l t i n g is not ( I I ) . T h e p h y s i c a l 
def init ion of the f reez ing (or m e l t i n g ) po int is the temperature at w h i c h 
so l id a n d l i q u i d phases are i n e q u i l i b r i u m , i.e., f reez ing a n d m e l t i n g 
temperatures are ident i ca l , a n d these terms are therefore incorrect for 
this system.) 
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Table I. Freezing Temperature of Sera before and after Dialysis" 

Freezing Temperature (°C) 

Species 

H o m o sapiens 
(human) 

Oncorhynchus 
tschawtscha 

( k i n g salmon) 
Oncorhynchus 

tschawtscha 
( k i n g salmon) 

Sa lmo ga i rdner i i 
( ra inbow trout ) 

M a l l o t u s v i l losus 
(capelin) 

Lycodes v a h l i 
L i p a r i s montagu i 
Boreogadus saida 

(polar cod) 
T r e m a t o m u s 

borchgrev ink i 
Dissost i chus 

mawson i 

Location 

C a l i f o r n i a coast 

C a l i f o r n i a r i v e r 

C a l i f o r n i a hatchery 

B a r e n t s Sea, A r c t i c 

B a r e n t s Sea, A r c t i c 
B a r e n t s S e a r A r c t i c 
Barents Sea, A r c t i c 

Ross Sea, A n t a r c t i c a 

Ross Sea, A n t a r c t i c a 

Before 
Dialysis 

- 0 . 5 6 

- 0 . 8 4 

- 0 . 5 8 

- 0 . 6 5 

- 1 . 1 8 

- 0 . 9 8 
- 1 . 2 6 
- 2 . 1 1 

- 2 . 0 7 

- 1 . 9 9 

After 
Dialysis 

- 0 . 0 1 

- 0 . 0 1 

- 0 . 0 1 

- 0 . 0 1 

- 0 . 0 1 

0.00 
0.00 

- 0 . 6 3 

- 0 . 5 6 

- 0 . 4 9 

β Data from Komatsu (9) and Osuga and Feeney (10). 

C e r t a i n details of these substances have been presented prev ious ly . 
A general descr ipt ion of the research programs a n d of the procedures 
used to obta in fish i n A n t a r c t i c a has been g iven ( 1 2 ) . Recent ly , one 
art ic le s u m m a r i z e d the more theoret ica l concepts of the mode of ac t ion 
of the antifreeze proteins (7 ) w h i l e a second, more extensive art ic le was 
d i rec ted at pro te in chemists ( S ) . T h e latter art ic le describes i n de ta i l 
the general chemistry a n d propert ies of the antifreeze substances, as w e l l 
as present ing hypotheses a n d models for their modes of act ion. 

I n this chapter the authors have at tempted to focus o n the properties 
a n d functions of the antifreeze substances as w e l l as to summar ize that 
in format ion w h i c h has become avai lable since the previous articles w e r e 
prepared . 

Earlier Studies on Antifreeze Proteins. Scholander a n d co-workers 
( 2 , 1 3 , 1 4 ) f o u n d that the b l o o d sera of A r c t i c fish h a d l ower f reez ing 
temperatures t h a n d i d the sera of fish not adapted to the co ld . T h e y 
reported nonsalt substances i n the serum w h i c h h e l p e d to l ower the 
f reez ing temperature. These were f o u n d i n the f ract ion soluble i n t r i 
chloroacet ic a c i d u p o n c h e m i c a l f ract ionat ion of the serum. 
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T h e existence of an anti freeze- l ike substance i n northern po lar fish 
has been conf irmed more recent ly b y Scholander a n d M a g g e r t ( 1 5 ) , 
H a r g e n s ( 16), a n d R a y m o n d et a l . (17), w h o f o u n d i t i n the saffron cod , 
Eleginus gracilis. A n antifreeze substance also has been reported i n the 
w i n t e r flounder (Pseudopleuronectes americanus) (18,19,20). O u r 
laboratory recent ly has f o u n d anti freeze glycoproteins i n the p o l a r c o d 
(Boreogadus saida) f r o m the Barents Sea n o r t h of R u s s i a ( J O ) . 

T h e first definit ive report o n southern po lar areas was g iven i n 1969 
b y D e V r i e s a n d W o h l s c h l a g (21), w h o reported on the antifreeze pro te in 
i n A n t a r c t i c fish. T h e first extensive c h e m i c a l studies o n the antifreeze 
proteins were w i t h proteins obta ined f r o m A n t a r c t i c fish (22,23,24,25). 
These were done under the auspices of, a n d w i t h the faci l i t ies of, the 
U . S . N a t i o n a l Science F o u n d a t i o n (12). 

Arctic Studies. A r c t i c studies o n fish have been done for centuries 
a n d intensive studies have been done d u r i n g the past 50 years. T h i s is 
because of the proximit ies of humans to these areas a n d because of the 

Table II. Freezing Temperature and Salt Concentration 
of Barents Sea Fish Sera" 

Freezing Tempera
ture (°C) 

Fish sera 

Boreogadus saidaa 

Before 
Dialysis 

After 
Dialysis 

Conduct
ance 

( ohms"1 

X500) 
NaCl* 
(gJL) 

Freezing 
Tempera
ture (°C)' 

F i s h l - 1 . 9 4 - 0 . 7 8 0 540 13.8 - 0 . 8 3 1 
F i s h 2 - 2 . 3 7 - 0 . 6 3 8 600 15.5 - 0 . 9 3 3 
F i s h 3 - 2 . 0 6 - 0 . 6 8 7 570 14.6 - 0 . 8 7 9 

Mallotus villosus* 
F i s h l - 1 . 4 7 - 0 . 0 2 0 430 11.0 - 0 . 6 6 2 
F i s h 2 - 0 . 9 8 4 - 0 . 0 1 9 440 11.2 - 0 . 6 7 4 
F i s h 3 - 1 . 1 0 0.0 470 11.7 - 0 . 7 0 4 

Liparis montagui' - 0 . 9 7 6 - 0 . 0 0 2 310 8.0 - 0 . 4 8 2 

Lycodes vahli' - 1 . 2 6 0.0 460 11.5 - 0 . 6 8 9 
a Data from Osuga and Feeney (10). Fish sera (0.2 mL) were checked for freez

ing temperature before and after dialysis immediately after the preparation of the 
sera. Conductance was measured by diluting 0.010 m L of sera to 5.0 m L with H2O 
and measured by a dip-type conductivity cell attached to a conductivity bridge. 

6 N a C l concentrations were calculated by assuming that the conductance was 
only caused by the presence of N a C l in the sera. 

0 Freezing temperature calculated from the N a C l concentrations. 
d The samples were taken from the same pooled sera on which the physiological 

fluid analyses were done (see Table I II ) . 
* Determination on the serum from individual fish. 

Journal of Biological Chemistry 
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5. F E E N E Y E T A L . Blood Serum Proteins of Fishes 87 

economic importance a n d food supp ly of these areas. Consequent ly , 
most o f the numerous northern studies have concerned surveys of fish 
populat ions or b i o l og i ca l investigations a i m e d at ensur ing a n adequate 
f ood supply . 

T h e A r c t i c p r o g r a m of the authors ' laboratories began i n 1976 w h e n 
t w o of us were guests for near ly a m o n t h aboard the N o r w e g i a n research 
vessel, the G . O . Sars. T h e b l o o d of f our species f r o m the Barents Sea 
a n d A r c t i c O c e a n were examined. F r o m one of t h e s e — B . saida, ob ta ined 
at 6 2 Έ a n d 7 8 ° N — A F G P was iso lated a n d character ized ( 1 0 ) . T h e 
bloods of fishes conta in m a n y s m a l l molecules w h i c h l o w e r the b loods ' 
f reez ing points , i n c l u d i n g amino acids a n d salts. H o w e v e r , as seen f r o m 
Tables I I a n d I I I , u p o n examinat ion of samples of sera f r o m two A r c t i c 
fishes, B. saida ( c onta in ing A F G P ) a n d Mallotus villosus (not c onta in ing 
an antifreeze substance) , the on ly noteworthy difference affecting f reez ing 
temperature was a smal l increase i n conduct iv i ty i n the B. saida serum 
(10). T h i s was attr ibutable to salt w h i l e the m u c h h igher amount of 
D,L -0 -phosphoser ine was s t i l l too smal l to mater ia l ly affect the f reez ing 
temperature. 

Antarctic Studies. Poss ib ly some of the most constant t empera 
tures of ice-ocean waters exist i n the Ross Sea of A n t a r c t i c a , p a r t i c u l a r l y 
o n the western e n d of Ross I s land a long the edge of the Ross Ice Shelf 
i n M c M u r d o Sound . T h e U . S . N a t i o n a l Science F o u n d a t i o n has operated 
a b i o l og i ca l research laboratory at M c M u r d o Base ( a U . S . N a v y ins ta l la 
t i on ) for near ly t w o decades, a n d nearby is the smal ler N e w Z e a l a n d 
insta l lat ion , Scott Base (12). T h e A n t a r c t i c p r o g r a m of the authors ' 
laboratories began i n 1964 under the auspices of the U . S . N a t i o n a l Science 
F o u n d a t i o n at M c M u r d o Base o n Ross I s l a n d (12). Research programs 
v a r y i n g f r om two to five months i n durat i on were conducted i n each of 
seven different years i n that v i c i n i t y . 

T h e r e have been studies o n at least one dozen species of fishes i n 
M c M u r d o Sound . Those most s tudied b y A n t a r c t i c investigators are 
Trematomus borchgrevinki, T. bernacchii, a n d Dissostichus mawsoni. T h e 
characteristics of the fish are discussed elsewhere (8,12). 

Antifreeze Glycoproteins 

Occurrence in Antarctic Fish Serum. T h e A F G P of t w o A n t a r c t i c 
fish, T . borchgrevinki a n d D. mawsoni, have been s tud ied i n deta i l . T h e 
l ow-b lood -serum freez ing temperature of the T. borchgrevinki is a t t r ib 
u ted 7 0 % to d ia lyzab le solutes a n d 3 0 % to nond ia lyzab le solutes w h i c h 
is A F G P ( T a b l e I V ) o c curr ing i n the serum at a tota l concentrat ion of 
~ 15 m g J m L . T h e A F G P f r o m these t w o very different A n t a r c t i c fishes 
have very s imi lar structures (22,23,24,25). A F G P is a co l lect ive n a m e 
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Amino Acids 
(Ninhydrin Reacting 

T a b l e I I I . P h y s i o l o g i c a l - F l u i d A n a l y s i s on Sera 

Mallotus villosus* 

Constituents 1° 2° 8° Αν % 
DL-O-Phosphoser ine 1.1 1.7 3.2 2.0 0.25 
T a u r i n e 113 127 164 135 17 
A s p a r t i c a c i d 19 22 9.1 17 2.2 
T h r e o n i n e 37 55 32 41 5.2 
Serine 23 30 8.3 20 2.5 
G l u t a m i c a c i d 17 17 25 20 2.5 
G l u t a m i n e 26 34 5.1 22 2.8 
P r o l i n e 15 31 14 20 2.5 
G l y c i n e 79 97 73 83 10.6 
A l a n i n e 68 104 61 78 9.9 
C i t r u l l i n e 0.6 4.0 1.4 2.0 0.25 
α-Amino-n-butyric ac id 2.3 1.9 1.1 1.8 0.23 
V a l i n e 44 87 51 61 7.8 
M e t h i o n i n e 1.7 5.5 1.0 2.7 0.34 
C y s t a t h i o n i n e 1.1 2.2 0.3 1.2 0.15 
Isoleucine 18 35 19 24 3.1 
L e u c i n e 39 71 42 51 6.5 
T y r o s i n e 12 20 11 14 1.8 
P h e n y l a l a n i n e 12 18 11 14 1.8 
J3-Alanine n d " β β n d n d 
T r y p t o p h a n 1.8 2.5 1.2 1.8 0.23 
E t h a n o l a m i n e 10 12 10 11 1.4 
A m m o n i a 88 84 116 96 12 
O r n i t h i n e 3.1 6.1 4.5 4.6 0.58 
L y s i n e 13 51 30 31 3.9 
H i s t i d i n e 9.4 12 14 12 1.5 
1 - M e t h y l h i s t i d i n e 3.1 1.7 2.0 2.3 0.29 
A r g i n i n e 6.9 33 17 19 2.4 
T o t a l 664.1 965.6 727.2 787.4 100 

" D a t a from Osuga and Feeney (10). Equal volumes of pooled serum (40 J*L) 
and 6% sulfosalicyclic acid were mixed, centrifuged for 5 min at 8000 X g, and the 
entire supernatant analyzed on a Beckman amino-acid analyzer by the physiological-
fluid system. The units used are ^molJ100 m L serum. 

b A l l sera samples contained approximately 1 Jxmol of urea per 100 m L of serum 
in addition to small amounts of numerous unidentified ninhydrin positive components. 

° Pooled samples of sera from fish caught at one trawl catch. The approximate 
temperature and depth of the catch were: M. villosus (1) —1.5°C, 120 m, (2) 2.0°C, 
30 m, (3) - 1 . 3 ° C , 190 m ; B. saida (1) - 1 . 0 ° C , 160 m, (2) - 1 . 0 ° C , 160 m, (3) 1.1°C, 
150 m. 

for a f a m i l y of at least eight c losely re la ted glycoproteins. T h e y w e r e 
n a m e d A F G P - 1 to A F G P - 8 accord ing to the ir re lat ive migrat ions o n ge l 
electrophoresis i n borate buffer ( F i g u r e 1 ) . A F G P - 1 to A F G P - 5 ( the 
larger ones) have antifreeze ac t iv i ty w h e n tested alone. A F G P - 6 to 
A F G P - 8 i n i t i a l l y tested negat ive ly for antifreeze act iv i ty , a result w h i c h 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

5

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



5. F E E N E Y E T A L . Blood Serum Proteins of Fishes 89 

f r o m Mallotus villosus a n d Boreogadus saida0. 

Boreogadus saida* 

r 2° 3" Αν % 
61 96 73 77 6.0 

139 178 227 181 14 
36 38 42 39 3.0 
47 56 56 53 4.1 
60 52 69 60 4.7 
36 45 42 41 3.2 
33 30 29 31 2.4 
23 23 27 24 1.9 

114 87 104 102 7.9 
129 136 160 142 11 

1.9 7.0 2.5 3.8 0.30 
5.3 1.0 2.6 3.0 0.23 

37 58 52 49 3.8 
8.8 17 20 15 1.2 
2.2 4.7 2.2 3.0 0.23 

24 32 30 29 2.3 
70 103 93 89 6.9 
19 31 25 25 2.0 
18 27 26 24 1.9 
18 23 β 21 1.6 

2.3 3.0 3.3 2.9 0.23 
7.8 3.4 11 7.4 0.58 

105 69 69 81 6.3 
0.5 1.8 0.9 1.1 0.09 

102 119 139 120 9.3 
11 17 14 14 1.1 

1.8 1.5 1.3 1.5 0.12 
49 50 57 52 4.1 

1161.6 1309.4 1377.8 1291.7 100 
a Not determined (nd). 
* β-Alanine had a constant factor for some 15 times less than phenylalanine, thus 

resulting in a very low sensitivity of jS-alanine. A n estimated amount of ^-alanine 
was ~ 5 μιηοΙJ100 m L of sera. 

Journal of Biological Chemistry 

1 234 5 6 7 8 
T. borchgrevinki || | | | | § φ f 

Figure 1. Reproduction of slab-gel 
Ek saida Ι I ft I É Eft electrophoretic pattern representing 

1 " w ψ * all of the major antifreeze glycopro-
origin teins present in the T . borchgrevinki 

and B . saida. The numbers on top 
refer to the components present in 

Journal of Biological Chemistry T . borchgrevinki (10). 
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Table IV. Properties of Antifreeze 

Glycoprotein 
Component* 

Number of 
MolWt0 Triglycopeptides* 

1 
2 
3 

3,4 e 

32,000 50 
29,000 45 
21,500 35 

4 17,500 28 

5 10,500 
11,000 ± 2 , 0 0 0 ' 

17 

6 ' 
V 
8 ' 

7800 
4000 
2600 
2646* 

12 
6 
4 

β Summarized from Feeney (6) and Feeney and Yeh (8). 
b Values for Glycoproteins 2, 3, and 4 are probably correct within ± 5 % ; those 

for 6, 7, and 8 are slightly more accurate : data of Glycoprotein 1 is less accurate than 
the others. The inaccuracies are possibly caused by difficulties in the determinations 
of glycoproteins, and all preparations contained small and varying amounts of im
purities. 

0 Data determined by sedimentation equilibrium unless otherwise noted. 

p u z z l e d investigators (6). H o w e v e r , recent studies show that A F G P - 7 
or A F G P - 8 have extensive antifreeze ac t iv i ty as mixtures w i t h A F G P - 1 
to A F G P - 5 (26). ( I n this chapter w e w i l l refer to "ac t ive " A F G P for 
mixtures of one or more of Components 1-5, or to the ac tua l components 
present, e.g., A F G P - 4 or A F G P - 1 to A F G P - 5 . ) 

Structure and P h y s i c a l Propert ies o f Antarctic A F G P . T h e r e are 
on ly t w o amino acids , a lanine a n d threonine, i n A F G P - 1 to A F G P - 5 . T h e 
fundamenta l structure is that of a g lycotr ipept ide of two alanines f o l l o w e d 
b y a threonine w i t h the sugars g lycos id i ca l ly l i n k e d to the threonines 
( F i g u r e 2 ) . T h e d isacchar ide is galactosyl -N-acetylgalactosamine w i t h a 
β, l - » 3 in terna l l inkage (25,28). T h i s fundamenta l subuni t is repeated 
approx imate ly 17-50 t imes i n A F G P - 1 to A F G P - 5 molecules . O n e or t w o 
alanines are a d d e d at the N H 2 - t e r m i n a l e n d of each po lymer . 

A F G P - 1 to A F G P - 5 is compr ised of several po lymers of molecu lar 
weights greater t h a n 10,000 ( T a b l e I V ) . A F G P Components 3, 4, a n d 5 
also w i l l not pass t h r o u g h 3 J 3 2 - i n . V i s k i n g dialysis t u b i n g . H o w e v e r , 
some heterogeneity of the i n d i v i d u a l components usua l ly was f o u n d , 
perhaps because of some sl ight contaminat ion w i t h other recognized 
A F G P components or w i t h s m a l l amounts of unrecognized A F G P p o l y 
mers w i t h d i f fer ing p o l y m e r i c lengths. S m a l l amounts of a component 
prov i s i ona l ly n a m e d A F G P - 5 ' , for example , have been f o u n d (29). 
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5. F E E N E Y E T A L . Blood Serum Proteins of Fishes 91 

Glycoproteins of Trematomus borchgrevinki11 

Antifreeze 
Activity Other Properties 

strong 
strong 
strong 
strong v iscos i ty , [n] (17°C) = 2 0 c c J g ; no α-helix 
strong diffusion constant (20°C) = 5.64 Χ 10" 7 c m 2 sec* 1; 

radius of gyra t i on , R e = 37 Â 
strong 

w e a k 
potentiates* 
potentiates* diffusion constant (20°C) = 12.1 Χ 10" 7 c m 2 sec" 1 ; 

radius of g y r a t i o n , R e = 18.8 A ; v iscos i ty , [n] 
(17°C) = 5 c c J g 

d Values for number of triglycopeptides are calculated from molecular weights. 
Complete weight of glycoprotein also includes additional two NH2-terminal alanines. 

6 Determination on mixtures of 3 and 4 (22). 
1 Determination by membrane osmometry (22). 
9 Glycopeptides 6, 7, and 8 also contain Pro. 
* A F G P - 7 and A F G P - 8 have very weak activity when tested alone but show ex

tensive antifreeze activity in mixtures with A F G P - 1 to A F G P - 5 under certain con
ditions. 

* Determination by amino-acid sequence (28). 

T h e smal l A F G P components, 6, 7, a n d 8, a l l h a d some prol ines 
f o l l o w i n g threonines, a n d existed, at least p r i m a r i l y , as easily separable 
species. Sequence heterogeneity has been f o u n d w i t h regard to the 
prol ines (28) ( F i g u r e 3 ) . 

A F G P components are i n an expanded state as based on data f r o m 
intr ins i c viscosity, c i r cu lar d i chro i sm spectra, a n d di f fusion b y u l t racen -
tr i fugat ion or quasi-elastic l i ght scattering. E x a m i n a t i o n of R a m a n spectra 

» I Î " 3 H I 

J N \ J \ J C H \ J V J \ 
N C H N N X X C X X C H X 

I n 11 I 
CH 3 0 H C - C H , 

H2C—OH I J 

OH } 0 ? 

OH C 0. J I 

\J\ \ ( \=o 
h \ Î ^ _ H J H Îh3 

H j* Figure 2. Polymer unit of the active 
OH antifreeze glycoprotein (27). 
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Τ . BORCHGREVINKI: 

( 1 ) NH^LA^LA-THR^LA^LA-THR^RMLA-THR^LA^LA-THR-^RO-ALA-COOH 

(2) NH 2 ^LA^LA-THR^LA^LA-THR^ 

( 3 ) N H 2~AL A-ALA-TH R-AL Α-ALA—ΤΗ R-AL Α-ALA—Τ H R-AL Α-ALA—ΤΗ R-P RO-AL A-COOH 

1 2 3 4 5 6 7 8 9 1 0 11 12 13 14 

B. SAIDA: 

NH2-ALA-ALA-THR-PRO^LA-THR-ALA^LJV-THR-PRO-ALA-THR-ALA-ALA-C00H 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Journal of Biological Chemistry 

Figure 3. Amino-acid sequences of Glycopeptide 8 isolated from the 
blood sera of T . borchgrevinki (28) and B . saida (10). T . borchgrevinki 
samples apparently exist as a mixture of glycopeptides as indicated in 
Sequences 1, 2, and 3 with a relative distribution of 7:2:1 respectively 
(28). B . saida consists of only one sequence (10). Positions 7,10, and 13 
of the T . borchgrevinki are underlined to indicate the varying positions of 

prolines (10). 

A F G P + 0 . 0 5 M N a C l 

S o l u t i o n ( m g J m l ) 

Adapted from Journal of Biological Chemistry 

Figure 4. Freezing temperatures of solutions of NaCl, galactose, lyso
zyme, and a mixture of antifreeze glycoproteins (AFGP 3, 4, and 5 from 
T. borchgrevinki (22, 26)), and a mixture of glycoprotein and NaCl (22). 
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5. FEENEY ET A L . Blood Serum Proteins of Fishes 93 

suggested some structures w i t h α-helical a n d considerable ^ - conformat ion 
(30 ) . F r a n k s a n d M o r r i s (31) recent ly suggested that the seemingly 
d isordered conformat ion as ev idenced b y c i r c u l a r d i chro i sm data m a y b e 
exp la ined also b y a fixed conformat ion w i t h a comparable degree of 
d i ssymmetry to the ^ -conformat ion but w i t h substantial ly different molec 
u l a r geometry. T h e y have suggested that perhaps the h i g h carbohydrate 
content of A F G P c a n force such a conformat ion where the h y d r o p h o b i c 
side of the carbohydrates is associated w i t h the pept ide backbone w h i l e 
the h y d r o p h i l i c side is exposed to the H 2 0 . 

Preparat ions of A F G P l ower the f reez ing temperature more t h a n 
200 times that w h i c h w o u l d be expected based o n its molecu lar size 
( F i g u r e 4 ) . I n fact, mixtures of these preparations at l o w e r concentra
tions can be more active than an equa l w e i g h t of N a C l . 

Occurrence, Structure, and Properties of Arctic A F G P . M u c h less 
in f o rmat i on has been avai lable for the structures a n d properties of the 
A r c t i c antifreeze proteins as c o m p a r e d w i t h those of the A n t a r c t i c ones. 
T h e g lycoprote in of E. gracilis has a compos i t ion qua l i ta t ive ly s imi lar to 
the A F G P f r o m the A n t a r c t i c species, but def init ive structures have not 
been reported ( 1 9 ) . T h e recent studies on the A F G P of B. saida m a d e 
deta i l ed comparisons w i t h the A F G P f r o m the A n t a r c t i c fish T . borch
grevinki (10). T h e composi t ion a n d sequence of the larger active f rac t i on 
were s imi lar , i f not ident i ca l , i n b o t h species, a l though there were dif fer
ences i n the n u m b e r of m u l t i p l e molecu lar forms present ( F i g u r e 1 ) . 
B o t h the larger a n d smal ler glycoproteins conta ined a lanine , threonine, 
a n d disaocharide. A l t h o u g h the distr ibut ions of different lengths of the 
pept ides v a r i e d between the species, the larger antifreeze glycoproteins 
f r om b o t h po lar regions h a d the ident i ca l fundamenta l structure consist ing 
of repeat ing units of the g lycopept ide A l a - A l a - T h r , w i t h a l l the threo 
nines g lycos id i ca l ly α-linked to a β, l - » 3 galactosyl -N-acetylgalactosamine. 
T h e smaller A F G P - 6 to A F G P - 8 also contained prol ines f o l l o w i n g some of 
the threonines, but the positions w e r e different i n the A r c t i c a n d A n t a r c t i c 
materials a n d there were differences i n the amounts of pro l ine present. 

Cooperative Functioning in Mixtures of Larger and Smaller A F G P . 
I n a recent study ( 2 6 ) , smal l amounts of the smaller A F G P - 7 or A F G P - 8 
were a d d e d to even less amounts of A F G P - 1 to A F G P - 5 . W i t h this a d d i 
t i on , the mixture gave rise to a dramat ic enhancement of ant i f reez ing 
capaci ty , w h i c h w e have ca l l ed potent iat ion a n d have interpreted as a 
cooperative funct ion . I n the presence of 10 m g of A F G P - 8 , the potent ia 
t i on of the l o w e r i n g of the f reez ing temperature w i t h 2 m g of act ive 
A F G P was approx imate ly f our fo ld , whereas w i t h 25 m g of A F G P - 8 the 
potent iat ion was more than e ight fo ld . W i t h s t i l l h i g h e r amounts of 
A F G P - 8 , even greater effects were observed. H o w e v e r , at levels of 6 -8 
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94 PROTEINS AT LOW TEMPERATURES 

m g J m L of act ive A F G P , the potent iat ing act ion of even 25 m g of A F G P - 8 
was s m a l l a n d the f reez ing curves began to p la teau a n d merge. 

F u r t h e r studies have s h o w n that potent ia t ion occurs only i n super
coo led solutions ( 3 2 ) . I n solutions w i t h neg l ig ib le supercoo l ing , A F G P - 8 
has weak ac t iv i ty b y itself , b u t i n supercoo led solutions its ac t iv i ty is 
expressed on ly i n the presence of the larger , act ive A F G P - 1 to A F G P - 5 . 

Antifreeze "Proteins (Nonglycoprotein) 

Occurrence of Nonglycoprotein Antifreeze Proteins ( A F P ) . T h e 
S c u l p i n (M. verrucosus) c onta ined a n antifreeze substance that h a d 
amino acids other than a lanine a n d threonine a n d no carbohydrate , b u t 
w h i c h was s imi lar to the antifreeze g lycoprote in i n that a lanine compr i sed 
approx imate ly two- th irds of its to ta l amino acids (17). I n a d d i t i o n to 
a lanine , apprec iable amounts of aspartic a c i d or asparagine, g lutamic 
a c i d or g lutamine , leuc ine , lys ine , a n d threonine, as w e l l as other amino 
acids, were reported . 

T h e laboratories of D e V r i e s (17) a n d H e w (20,33) reported a 
s imi lar anti freeze pro te in f r o m the northern flounder ( P . americanus), 
w h i c h resides i n the nor thern A t l a n t i c coastal waters of A m e r i c a a n d 
C a n a d a . B o t h conf irmed that i t is not a g lycoprote in a n d that i t has a 
h i g h a lanine content approx imate ly s imi lar to the antifreeze p ro te in f r o m 
M. verrucosus. 

T h r e e active components of flounder A F P w i t h molecu lar weights 
est imated at 3000, 8000, a n d 12,000 b y S D S ge l electrophoresis were 
repor ted b y D u m a n a n d D e V r i e s (18). A . L . D e V r i e s ' (18) a n d C . L . 
H e w ' s laboratories (20,33) have f o u n d that flounder A F P has almost the 
i d e n t i c a l rat io of a lanine to other amino acids as does A F G P , i.e., 2 :1 . 
T h e pro te in contains on ly eight amino acids w i t h a reported compos i t ion 
i n residues per 10,000 g of: A l a , 64.6; A r g , 2.0; A s p , 14.0; G l u , 1.7; L e u , 
5.6; L y s , 2.9; Ser, 3.4; T h r , 11.2 (18). O n e repor ted sequence of the 
smal ler component is (34): 

10 
N H 2 - A s p - T h r - A l a - S e r - A s p - A l a - A l a - A l a - A l a - A l a ~ A l a - L e u -

15 20 25 
T h r - A l a - A l a - A s x - A l a - A l a - A l a - A l a - A l a - L y s - L e u - T h r - A l a -

30 35 
A s x - A s x - A l a - A l a - A l a - A l a - A l a - A l a - A l a - T h r - A l a - A l a - C O O H 

A p a r t i a l sequence has been reported for the first N - t e r m i n a l sequence 
of a m a i n component (20,33) . T h i s sequence i s : 

A s p - T h r - A l a - S e r - A s p - A l a - A l a ~ A l a - A l a - A l a - A l a - L e u - T h r -
A l a - A l a - A s n - A s x - L y s - A l a - A l a - A l a - G l u - L e u - T h r - A l a - A s p -
A s n - L y s 
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P r e l i m i n a r y experiments w i t h Carboxypept idase A digest ion also ind i ca te 
the presence of a cluster of alanines at the C - t e r m i n a l . 

A n a n t h a n a r a y a n a n a n d H e w (35) have shown t h r o u g h c i r cu lar 
d i chro i sm measurements that flounder A F P possesses a large propor t i on 
( ~ 8 5 % ) of a n α-helical conformat ion at a l o w temperature ( — 1 ° C ) . 
T h e h e l i c a l content decreases as the temperature rises. V i s cos i ty data at 
— 1 ° C indicate a n asymmetr i ca l shape for the pro te in molecu le c o m 
pat ib l e w i t h its h i g h h e l i c a l content. T h e data for c i r cu lar d i chro i sm 
has recently been conf irmed ( 36 ) . N o data is avai lable c oncern ing the 
assumption that this h i g h l y h e l i c a l structure at — 1°C is re lated to its 
funct ion . 

M i x t u r e s of A F P a n d A F G P - 1 to A F G P - 5 recent ly have shown a d d i 
t ive increments i n l o w e r i n g the freez ing temperature ( 3 7 ) . T h u s , they 
appeared to act independent ly of one another. H o w e v e r , as m i g h t be 
expected, mixtures of A F P a n d A F G P - 8 d i d not exhib i t potent iat ion . 

T h e levels of A F P i n the serum are the highest i n January a n d 
F e b r u a r y w h e n the water is the coldest a n d l o w or absent i n the summer 
(33,38). Its seasonal synthesis a n d clearance f r o m the serum also are 
affected b y hypophysec tomy ( F i g u r e 5) (39). H e w a n d Y i p have pre -
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Canadian Journal of Zoology 

Figure 5. Seasonal changes in 
plasma-freezing-temperature depres
sion and Na+ and Cl~ concentrations 
of hypophysectomized (HYPEX) and 
sham-operated winter flounder. Val
ues are plotted as means ± 1 stand
ard error. Numerals at each point 
represent the number of fish sam
pled. The initial values for Septem
ber (S) are pre-operated concentra 
Hons. Modified from Fletcher et al 
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Table V . Properties of the Synthetic Polypeptide* 

Composition (moll%)* Helical 

Sample No. Alanine AsparticAcid MolWf Content9, 

S A F - Γ 65.5 34.5 45,000-70,000 15 
S A F - I I r 64.8 35.2 50,000-70,000 20 

a From Ananthanarayanan and Hew (40). 
h Determined on a Beckman Model 121M amino-acid analyzer after 24-48 hr of 

hydrolysis in 12M HC1 at 110°C. The compositions of the polypeptides before de
blocking the side-chain benzyl group were almost identical to those of the final 
products. 

0 Estimated using a Sephadex G-75 column calibrated with protein markers. 
* Estimated on the basis of the circular dichroism data of Ananthanarayanan and 

Hew (35). 
e Synthesized using HF-pyridine debenzylation method; S A F , synthetic antifreeze. 
1 Synthesized using the H B r debenzylation method. 

Nature 

10 20 30 40 50 

CONCENTRATION (mgJml) 

Nature 

Figure 6. Lowering of the freezing temperature by the antifreeze pro-
tein of the flounder (Π) and a synthetic polypeptide (Δ) composed of 
alanine and aspartic acid. The synthetic polypeptide is a random polymer 
of alanine and aspartic acid in the molar ratio of 2:1 (sample SAF-1, Table 

V)(40). (O, albumin) 
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sented data i n d i c a t i n g that A F P is synthesized r ibosomal ly ( 20 ) . W h e n 
a 6-10 S, p o l y Α-rich R N A f r o m the l i ver of the flounder was in jected 
into Xenopus oocyte, the R N A preparat i on s t imulated a f o u r f o l d incor 
porat ion of [ 3 H ] alanine into the antifreeze p r o t e i n fract ion. 

A n a n t h a n a r a y a n a n a n d H e w (40) recent ly have reported synthesis 
of a po lypept ide w i t h s tructural s imilarit ies to the A F P f r o m the flounder 
( T a b l e V , F i g u r e 6 ) . T h e p r o d u c t is a r a n d o m p o l y m e r consist ing of 
a lanine a n d aspartic a c i d i n a m o l a r ratio o f 2 :1 . A l t h o u g h i t is stated to 
have on ly approx imate ly one - th i rd the antifreeze act iv i ty of the natura l ly 
o c curr ing f lounder A F P , contro l led syntheses of such synthetic po lymers 
c o u l d be one of the most p r o m i s i n g ways to investigate the s tructura l 
requirements for antifreeze act iv i ty . T h i s synthetic a p p r o a c h should be 
especial ly va luab le for de te rmin ing the roles of the h y d r o p h o b i c a n d 
h y d r o p h i l i c groups as f o u n d i n A F P a n d A F G P . 

Studies on the Mechanism of Functions of Antifreeze Glycoproteins 

Essent ia l l y a l l the ava i lab le studies a t tempt ing to answer the quest ion 
of h o w these proteins func t i on to l ower the f reez ing temperature n o n -
co l l igat ive ly have been done w i t h A F G P a n d not A F P . T h e reason for this 
s imp ly has been that A F G P has been avai lable i n m u c h larger quantit ies 
a n d for a m u c h longer t ime t h a n A F P has. A l t h o u g h these relat ionships 
n o w shou ld change w i t h the ava i lab i l i ty of synthetic A F P (40), w e sha l l 
at this t ime restrict this section to studies w i t h A F G P f r o m the A n t a r c t i c 
fish T . borchgrevinki. 

Size o f the Peptide Chain. T rea tment of A F G P - 5 w i t h subt i l i s in 
or f u n g a l protease resul ted i n loss of the antifreeze act iv i ty (23). W h e n 
this loss was p lo t ted against the n u m b e r of amino groups present a n d a 
Une was extrapolated to zero ac t iv i ty , i t was f o u n d that the antifreeze 
ac t iv i ty was lost w h e n an average of 1.5 to 1.8 pept ide bonds per 10,000 
g of A F G P h a d been c leaved. Progressive degradations of A F G P C o m 
ponent 5 b y the E d m a n procedure caused no significant losses of antifreeze 
ac t iv i ty for the first three or f our degradations (6,27). A f t e r six or seven 
degradations approximate ly 8 5 % act iv i ty was retained. A single at tempt 
to estimate the m i n i m u m size of the po lypept ide c h a i n needed for a n t i 
freeze b y p a r t i a l proteolysis a n d separations of large fragments i n d i c a t e d 
that chains shorter t h a n two- th irds of the smaller active A F G P C o m p o n e n t 
5 were inact ive . T h u s , a m i n i m u m size w i t h greater t h a n approx imate ly 
10 g lycotr ipept ides or 30 amino acids appeared necessary. 

Proteo lyt i c f ragmentat ion of A F G P - 8 destroyed the potent iat ion i n 
mixtures w i t h A F G P - 1 to A F G P - 5 (26). W h e n A F G P - 8 was treated w i t h 
the enzyme elastase, its potent iat ing act iv i ty o n active A F G P was de 
stroyed complete ly . S i m i l a r l y , w h e n A F G P - 1 to A F G P - 5 was treated w i t h 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

5

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



98 PROTEINS AT LOW TEMPERATURES 

elastase, i t c o u l d not be potent iated b y nat ive A F G P - 8 . I n one such 
experiment, the f reez ing temperatures of A F G P - 1 to A F G P - 5 (2 m g J m L ) , 
A F G P - 8 (15 m g J m L ) , a n d the so lut ion of bo th , w e r e - 0 . 0 3 3 ° C , 
- 0.016°C, a n d - 0.185°C, respectively . A f t e r the A F G P - 8 was treated 
w i t h elastase, its f reez ing temperature was — 0.022°C, a n d the so lut ion 
of b o t h was - 0.063°C. Therefore , the elastase-treated A F G P - 8 h a d < 
1 0 % of its o r i g ina l potent iat ing act iv i ty . 

Covalent Modification of Carbohydrate Chains. W i t h the excep
t i o n of one modi f i cat ion , a l l covalent changes of the carbohydrate side 
chains of A F G P - 1 to A F G P - 5 resulted i n loss of ac t iv i ty (4,22,23,25,41-
44). Those caus ing losses of a c t iv i ty i n c l u d e d acety lat ion of > 3 0 % of 
the hydroxyls , oxidat ive destructions b y per iodate , ox idat ion of the C -6 
hydroxy ls to the carboxy l group b y bromine , a n d ^ - e l i m i n a t i o n of the 
disaccharides w i t h a l k a l i or acetonation. H o w e v e r , r e m o v a l of the acety l 
group f r o m the acety lated A F G P caused complete recovery of ac t iv i ty . 
T h e one modi f i cat ion not affecting ac t iv i ty was the ox idat ion of the C - 6 
hydroxy ls of the galactose to the a ldehyde group b y treatment w i t h 
galactose oxidase. F o r m a t i o n of the bisulf ite adduc t to this A F G P p o l y -
a ldehyde resul ted i n complete loss of ac t iv i ty w h i c h c o u l d be rega ined 
b y revers ib ly r e m o v i n g the sulfite i n ac id i c solution. 

O t h e r enzymat ic changes i n v o l v i n g the carbohydrate chains also 
have caused losses i n activit ies . A d d i t i o n s of s ia l ic a c i d to the galactoses 
of A F G P - 1 to A F G P - 5 r educed the act iv i ty to less t h a n 1 0 % (41). 
Subsequent r e m o v a l of the s ial ic a c i d resulted i n considerable r e g a i n i n g 
of the o r ig ina l act iv i ty ( 4 5 - 7 5 % ) , d e p e n d i n g u p o n the amounts of s ial ic 
a c i d removed . R e m o v a l of the disaccharides f r o m A F G P - 8 caused a loss 
of more t h a n 9 0 % of the potent iat ion observed i n mixtures w i t h A F G P - 1 
to A F G P - 5 . 

Formation of Complexes with Borate. A F G P - 1 to A F G P - 5 ac t iv i ty 
was lost w h e n 2 m o l of borate w e r e b o u n d per d isaccharide side c h a i n 
a n d these losses a n d b ind ings were p H dependent (43). B o t h the 
ac t iv i ty a n d the amount of borate b o u n d to the antifreeze g lycoprote in 
w e r e inf luenced strongly b y the p H of the solut ion between 7.0 a n d 9.0. 
T h e n u m b e r of moles of borate b o u n d per d isaccharide un i t was only 
about 0.5 at p H 8.0 b u t approached 2 at p H 9.0. W h e n approx imate ly 
2 0 % of the antifreeze ac t i v i ty was lost, 0.5 m o l of borate were b o u n d 
per mole of d isaccharide a n d almost 1 0 0 % of the ac t iv i ty was lost w h e n 
2.0 m o l of borate were b o u n d . T h e effects of p H a n d borate o n the 
conformat ion of the antifreeze g lycoprote in were s tud ied i n a n effort to 
see whether o r not the inac t ivat i on was a result of a conformat ional 
change on the b i n d i n g of borate. N o significant changes were observed 
i n the dif fusion coefficients as determined b y quasi-elastic l i ght scattering 
or e q u i l i b r i u m centr i fugat ion or i n the s2o values. 
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5. FEENEY ET AL. Blood Serum Proteins of Fishes 99 

Unfor tunate ly , none of the above studies p r o v e d unequ ivoca l l y that 
the carbohydrate side chains were or were not r e q u i r e d for funct ion . 
H o w e v e r , they i n d i c a t e d that losses of ac t iv i ty c o u l d be caused b y pos i 
t i o n i n g numerous negat ively charged groups (e.g., carboxyls , borates, or 
sulfites) o n the s ide -chain sugars. 

The Physical Aspects of the Action of Antifreeze Glycoprotein 

T h e antifreeze act ion of A F G P is different i n m a n y respects f r o m 
the act ion o f co l l igat ive ly func t i on ing substances or the effects f o u n d i n 
supercooled solutions. 

Freezing Temperatures. F r e e z i n g températures of aqueous so lu 
tions of Glycoprote ins 3, 4, a n d 5 as a funct ion of concentrat ion are shown 
i n F i g u r e 4 {22). O n l y one curve is s h o w n because each of the g lyco 
proteins depressed the f reez ing temperature to the same extent. I n other 
experiments the freezing-temperature curve i n the presence of 0 . 0 5 M 
N a C l p a r a l l e l e d that for solutions of A F G P alone, i n d i c a t i n g that the salt 
does not interact w i t h the glycoproteins i n a manner w h i c h influences the 
antifreeze act iv i ty of the glycoproteins. W h e n the antifreeze act iv i ty was 
measured i n the presence of buffers over the p H range f r om 3 to 12, the 
same add i t ive effect was noted. A t l o w concentrations A F G P was as 
efficient as N a C l but at h igher concentrations ( > 10 m g J m L ) A F G P was 
m u c h less efficient, a n d the p l o t c u r v e d into near ly a flat p la teau . 

The Hysteresis between Freezing and Melting. A de ta i l ed study of 
the differences i n f reez ing a n d m e l t i n g temperatures of A F G P solutions 
has p r o v e n an absolute hysteresis w i t h different sharp- freez ing tempera 
tures a n d m e l t i n g temperatures ( T a b l e V I ) (11). 

Possible Functions as an Inhibitor of Nucleation. T h e prevent i on 
of f reez ing b y A F G P i n the presence of ice crystals w o u l d indicate that 
A F G P must funct ion also at a post -nucleat ion stage, but i t has not been 
p r o v e n whether or not A F G P functions to prevent nuc leat ion . 

H o w e v e r , one set of attempts to prove that i n h i b i t i o n of nuc leat ion 
was the basis of func t i on b y A F G P was unsuccessful . These data were 
obta ined b y di f ferential thermal ana ly t i ca l experiments (11). 

Distribution of A F G P between Ice and Liquid Phase. D u m a n and 
D e V r i e s (45) f o u n d that the concentrat ion of A F G P - 1 to A F G P - 5 i n the 
l i q u i d phase was unchanged u p o n p a r t i a l f reez ing of the solut ion a n d 
conc luded that the act ive g lycoprote in is incorporated into the ice phase. 
T h e y also reported that A F G P - 8 was reta ined par t ia l l y i n the ice phase 
a n d that i t funct ioned as a weak antifreeze agent. T h e incorporat ion of 
act ive A F G P into the i ce phase has been conf irmed b y T o m i m a t s u et a l . 
( 3 0 ) , but A F G P - 8 has not been f o u n d to be incorporated into the i ce 
phase. A greater resistance to exclusion of N a C l i n A F G P solutions has 
been reported also (46). 
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Table V I . Freezing and Melting of Water and Solution 
of Antifreeze Glycoproteins in Water" ' 5 

Observed Changes 

Temperature 
Adjustments 
(°C phase) 

In Water 
Containing 

Ice Crystals 

In Water Solution of 1% Antifreeze 
Glycoproteins Containing 

Ice Crystals 

0.0 ho ld ing 
—0.1 l ower ing 
—0.7 lower ing 
—0.8 ho ld ing 

melt a n d freeze 

frozen 

crysta ls mel t 
crysta ls do not mel t , l i q u i d does not 

frozen 
freeze 

crysta ls grow, new crystals f o r m 
u n t i l a l l solutions frozen 

—0.7 r a i s i n g 
—0.1 ra i s ing frozen a l l frozen, no me l t ing 

0.1 h o l d i n g mel t a n d freeze me l t 

"From Feeney and Hofmann (11). 
b Water and antifreeze glycoprotein solution initially was frozen at —3°C and then 

allowed to melt at +0.1 °C until 5-10% of solution remained as ice crystals. The 
temperature then was adjusted to 0.0°C and periodically lowered and then raised as 
indicated. The times at each temperature intermediate between freezing and melting 
were 5-10 min. A l l observations were made microscopically. 

Characteristics of the Ice Frozen from Solutions of Active A n t i 
freeze. Since the m e l t i n g temperatures of ice f rozen f r o m solutions of 
ac t ive A F G P are n o r m a l (i .e. , approx imate ly 0 ° C ) , the crystal structure 
of the ice f r o m A F G P solutions w o u l d most l i k e l y be s imi lar to the 
crysta l structure of pure ice. T h e s imi lar i ty of the A F G P ice to n o r m a l 
ice has been reported b y D u m a n a n d D e V r i e s (45), w h o c i ted that f r o m 
x-ray studies the i ce f r o m A F G P solutions was o r d i n a r y hexagonal ice . 

T h e s imi lar i ty of the i ce f r om A F G P solutions to o rd inary i ce also 
has been conf irmed b y R a m a n studies ( 3 0 ) . A l l spectra comparisons 
i n d i c a t e d that the i ce f r o m A F G P solutions was o r d i n a r y ice. T h e R a m a n 
spectrum i n the O H stretch reg ion showed no difference f r o m the spec
t r u m of pure ice. T h e spectra also s h o w e d that the O H spectrum of 1 % 
solutions of A F G P - 4 is s imi lar to that of p u r e water . 

A l t h o u g h the ice f o r m e d f r o m A F G P - 4 solutions appeared to be 
o rd inary ice , d isor ientat ion of the crysta l a n d poor ly defined i ce -so lut ion 
interfaces have been observed (30,47). W h e n a 1% so lut ion of G l y c o 
p r o t e i n 4 was used to g r o w a n or iented α-axis single c rysta l of i ce , i t was 
imposs ib le to ob ta in a reasonable u n i f o r m crystal of i ce , even w i t h the 
v e r y s low g r o w t h at — 4.5 °C a n d the continuous sweep ing of the ice-
so lut ion interface w i t h fresh g lycoprote in solut ion. T h e i ce that f o r m e d 
showed poor po lar i za t i on properties w i t h numerous regions of uneven 
ext inct ion between cross polaro ids ( 3 0 ) . 

Nature 
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5. FEENEY ET AL. Blood Serum Proteins of Fishes 101 

C h a r a c t e r i s t i c s o f the A n t i f r e e z e G l y c o p r o t e i n i n S o l u t i o n a n d i n 
the Ice Phases. R a m a n spectroscopic studies of A F G P - 1 to A F G P - 5 
f rozen into the i ce phase or r e m a i n i n g i n the l i q u i d phase showed some 
structura l differences that m a y be useful i n a mechanist i c interpretat ion 
( 3 0 ) . Di f ference spectra is most p r o n o u n c e d i n the C O H v i b r a t i o n a l 
reg ion . 

D i r e c t observat ion of the A F G P i n solut ion b y quasi -elast ic l i g h t 
scattering d i d not show any conformat ional changes that c o u l d be re lated 
to func t i on (30 ) . C o m p a r i s o n of measurements of di f fusion coefficients 
at different temperatures a n d at — 0.2 ° C i n the presence of ice crystals 
d i d not show that any conformat ional changes i n the proteins occurred 
u n d e r condit ions w h e r e the pro te in was funct i on ing , i.e., p revent ing 
i ce -crysta l g r o w t h at — 0.2°C. 

Possible Mechanisms of Antifreeze Functions 

T h e Physics o f the F r e e z i n g Process. A c o m m o n l y encountered 
process resu l t ing i n l o w f reez ing temperatures is supercoo l ing ( 7 , 8 ) . 
P u r e water has been k n o w n to exhibi t f reez ing temperatures of near ly 
— 4 0 ° C because of extensive supercool ing. T h i s can be exp la ined b y 
cons ider ing the statist ical p r o b a b i l i t y that w a t e r molecules w i l l c luster 
a n d exceed the c r i t i c a l d imens ion for crystal f o rmat ion t h r o u g h favorable 
l o c a l enthalp ic a n d entropie condit ions. T h e large degree of supercoo l ing 
reflects the fact that extensive s tructura l rearrangements occur i n the 
process of f reez ing f r o m the l i q u i d phase. Seed ing pure water w i t h i ce -
structure promoters usua l ly leads to less supercoo l ing . These substrates 
st imulate a more favorab le ice- latt ice b o n d i n g environment ( 4 8 , 4 9 ) . 
Converse ly , co l l igat ive depressants func t i on s imply b y the fact that as 
they dissolve there is a decrease i n the free energy of the to ta l system. 

A n t i f r e e z i n g molecules m a y func t i on as inhib i tors of ice nuc leat ion 
or i ce -crysta l g r o w t h b y several means. These nonco l l igat ive mechanisms 
c o u l d i n c l u d e the po i son ing of nuc l ea t i on sites w h i c h were p r o v i d e d b y 
seeding w i t h heterogeneous nucleators. A n o t h e r possible mechan ism is 
a change i n the properties of water , p r o b a b l y t h r o u g h a res tructur ing of 
water b y the randomiza t i on of the l o ca l te trahedral h y d r o g e n b o n d i n g 
feature of l i q u i d H 2 0 interact ion w i t h the addi t ive . T h e f reez ing process 
w o u l d require expenditure of energy i n reorder ing l i q u i d H 2 0 a n d subse
qu en t l y conver t ing i t to ice structure. T h e excess energy needed for 
o rder ing c o u l d result i n the l o w e r i n g of the f reez ing po int . F i n a l l y , the 
m e c h a n i s m c o u l d be a n interact ion of the antifreeze agent w i t h H 2 0 , 
f o r m i n g some type of s o l id so lut ion w h i c h has a c rysta l structure that is 
not n o r m a l ice. 
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A l l of the above suggested mechanisms b y w h i c h these ant i f reez ing 
b iopo lymers m i g h t func t i on seem h i g h l y improbab le . C o l l i g a t i v e p h e 
n o m e n a c a n be exc luded o n the basis of the l o w concentrat ion of the 
po lymer . C o l l i g a t i v e effects c a n contr ibute on ly 1J500 of the to ta l l o w e r 
i n g of the f reez ing temperature ( 6 , 8 ) . Nuc leat ion-s i te po i son ing p r o b 
a b l y can be exc luded also because A F G P functions i n the presence of 
ice crystals (11). 

Interactions w i t h l i q u i d water or the i ce phase are u n l i k e l y o n several 
grounds. E v e n a l l o w i n g for a m a x i m u m of 10 H 2 0 molecules per disac
char ide group ( 2 9 ) , a 1 % so lut ion of A F G P c o u l d b i n d less t h a n 0 . 2 M 
H 2 0 , far less t h a n the tota l H 2 0 molecu lar content. R a m a n study (30) 
of the b u l k l i q u i d water w i t h a n d w i t h o u t A F G P showed that the O H -
stretching regions of these t w o samples are ind is t inguishab le , aga in 
suggesting that no n e w H 2 0 - A F G P bonds are f o r med at the f u n c t i o n i n g 
temperature . 

I f A F G P w e r e to enter into some f o r m of so l id so lut ion w i t h H 2 0 
i n the b u l k phase, then the entire structure of such a phase w i l l differ 
f r o m that of p u r e ice . F u r t h e r m o r e , the m e l t i n g temperature w i l l not be 
that of the p u r e ice . These features have not been observed ( 8 , 3 0 , 5 0 ) . 

A more probab le s i tuat ion can occur i f the A F G P molecules f o r m a 
u n i q u e so lut ion w i t h a surface layer of H 2 0 molecules . S u c h a layer has 
been postulated to exist for the p u r e ice b y F l e t c h e r ( 5 1 ) . F o r the 
present case, w e postulate that such a so lut ion layer sufficiently alters 
the g r o w t h proper ty of the i ce n u c l e i a n d yet its presence is unseen b y 
convent ional methods. I n order to satisfy the observation o f n o r m a l 
m e l t i n g temperature , w e further postulate that the phase e q u i l i b r i u m 
curves of this so lut ion he w i t h i n the ac tua l antifreeze func t i on ing t e m 
perature range. I n this manner , phase separat ion at temperatures b e l o w 
—0.8°C w o u l d l e a d to c o n t i n u e d g r o w t h of the prev ious ly i n h i b i t e d ice 
c rys ta l embryo . 

A n o t h e r possible m e c h a n i s m of antifreeze func t i on is through in ter -
fac ia l d i s rupt i on of the g r o w t h sites of the subcr i t i ca l i ce nuc le i . S u c h a 
mechan ism has been suggested prev ious ly (25 ,47 ) a n d has been e labo
rated on recently (7,8). 

E v i d e n c e for a n inter fac ia l mechan ism must necessari ly be based 
u p o n the existence of an i c e - l i q u i d H 2 0 interface. W e postulate that the 
existence of a p r e c r i t i c a l embryon i c i ce crysta l is possible . Consequent ly 
the 0 ° C environment permits the d y n a m i c e q u i l i b r i u m between l i q u i d 
H 2 0 molecules ( H 2 0 ( 1 ) ) a n d n u c l e i ( H 2 0 ( t ) ) , w h e r e i is the i n d e x of 
n u c l e i size. I n p a r t i c u l a r : 

H 2 0 ( 1 ) ±̂ ΣΗ 20(ι) 
âllvalues 
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5. F E E N E Y E T A L . Blood Serum Proteins of Fishes 103 

exists. W i t h o u t A F G P supercoo l ing is a measure of t i m e for deve lopment 
of a nucleus w h i c h is supercr i t i ca l i n size i > i c . 

T h e presence of A F G P molecules leads to a further react ion : 

A F G P + ΣΗ 20(ί) ^± Σ A F G P · Η 2 0 ( ΐ ) 
*al lvalue. 4<*c 

S u c h a react ion w i l l d isplace the p o p u l a t i o n o f s u b c r i t i c a l b u t free n u c l e i , 
a n d thus reduce the poss ib i l i ty of macroscopic i ce development . 

A s the temperature of the to ta l system is l owered , w e suggest that a 
barr i e r begins to f o r m , m a k i n g the prev ious ly favorable species, A F G P · 
H 2 0 ( i ) , less favorable . T h i s barr ier m a y have its o r i g i n i n the s tructura l 
m i s m a t c h w h i c h w i l l be dealt w i t h i n the next section. T h e increas ingly 
unfavorable s tructura l m a t c h between A F G P a n d the specif ied ice struc
ture leads to the existence of A F G P - f r e e species aga in . T h e r m o d y -
n a m i c a l l y , 

Σ A F G P · H 2 0 ( i ) ^± A F G P + ΣΗ 20(ΐ) 
i < i c i 

at this stage ( — 0 . 8 ° C ) , the more favorable reac t ion : 

ΣΗ20({) ^ ± H 2 0 ( S ) 
i 

c a n take p lace . Consequent ly , n o r m a l i ce is f o rmed a n d A F G P has done 
its share as a n e q u i l i b r i u m deterrent against spontaneous ice format ion . 
I n studies o n the g r o w t h pat tern of ice i n the presence of A F G P at l o w 
temperatures u n d e r crossed-polaroid examinat ion , the α-axis g r o w t h is 
greatly i m p a i r e d w h e n the act ive forms of A F G P are present ( 3 0 ) . T h i s 
observat ion suggests that A F G P m a y be i n h i b i t i n g i ce f o rmat ion b y 
sh ie ld ing cer ta in g r o w t h sites. A F G P becomes entrapped (30,47) as i ce 
g r o w t h continues. H e r e entrapment means that the ice w h i c h is f o r m e d 
is i n every w a y n o r m a l ice, b u t A F G P s t i l l is w i t h i n the ice reg ion . T h i s 
c o u l d occur i f the gra in boundaries of the ice crystals t rap a n d h o l d the 
A F G P molecules w i t h i n the ir boundaries . S u c h an A F G P entrapment 
p i c ture aga in is consistent w i t h a n inter fac ia l mechanism. H o w e v e r , 
exper imenta l evidence is not ava i lab le at this t ime to describe the or ienta 
t i o n of either the h y d r o p h o b i c or h y d r o p h i l i c groups at the interface. 

T h e s i tuat ion is not comple te ly revers ible u p o n w a r m i n g to the 
n o r m a l i ce -mel t ing temperature. H e r e , the v e r y f e w A F G P molecules 
( 1 0 " 3 M ) cannot interact f u l l y w i t h a l l of the h y d r o g e n - b o n d i n g poss ib i l i 
ties w h i c h f o rm ed the macroscopic i ce structure. A f e w surface- inter
ac t ing regions do not affect the vo lumetr i c effect of n o r m a l i ce since for 
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a macroscopic crysta l , the surface-to-volume rat io is ~ (N)~m, w h e r e Ν 
is the n u m b e r of molecules. A s Ν - » oo, this rat io tends t o w a r d zero. 
Consequent ly , such a system w i l l r e t u r n to 0 ° C before m e l t i n g , just l i k e 
n o r m a l ice , a n d hence the observed hysteresis i n the f reez ing process. 

Mechanisms of A c t i o n of A F G P a n d A F P . I n F i g u r e 7 the u n i t - c e l l 
direct ions of the ice I structure have been out l ined specif ical ly o n top of 
the tetrahedral b o n d i n g structure. I t is impor tant to note that the s low 
g r o w t h axis of i ce , the o a x i s , has a u n i t repeat distance of 7.36 A w h e n 
the temperature is close to the p u r e i ce -mel t ing temperature . W h e n the 
A F G P molecules are i n a n expanded conf iguration, the ir d isacchar ide 
groups can be near ly 10 A apart. S u c h a distance c a n read i ly fac i l i tate 
coverage of the sites perpend i cu lar to the c-axis of the i ce crystal . 
F u r t h e r m o r e , w h e n such a s i tuat ion occurs, the tr ipept ides c a n most 
r ead i l y be forced to expose their m e t h y l h y d r o p h o b i c groups a l ong the 
α-axis of the ice crystal . S ince the α-axis is the fast -growth axis for i ce -
crysta l propagat ion , A F G P i n such a d isacchar ide -bonded c o n d i t i o n m a y 
be able to prevent b o t h α-axis propagat ion as w e l l as basal-face g rowth . 

S u c h coverage b y A F G P is even more s t r ik ing w h e n one examines the 
hexagonal layout of the i ce -crystal p lane perpend i cu lar to the o a x i s 
( F i g u r e 7 ) . O n e sees that the Ο—H— b o n d i n g distance i n H2O ( ca . 2.76 
A ) is s imi lar i n magni tude to the distance be tween h y d r o x y l groups of 
the d isacchar ide (ca . 2.86 A ) . 

W i t h respect to the A F P , D e V r i e s a n d L i n (34) have stated that the 
4.5 A between the h y d r o p h i l i c amino -ac id groups ( A s p - G l u ) of the 
α-helical con format ion w i l l be able to lay o n the i ce -basal p lane as r ead i l y 
as the sugar -r ing structure does. F u r t h e r m o r e , w h e n these groups are 
hydrogen b o n d e d across more than one p lane , the section of A l a - A l a - A l a 
be tween h y d r o p h i l i c groups is again free to be b l o c k i n g α-axis g r o w t h i n 
the same manner that the A F G P m i g h t funct ion w i t h the A l a - A l a - T h r 
backbone. P r e l i m i n a r y results f r o m our laboratory ind icate that the 
mechan ism of act ion of A F G P a n d A F P m i g h t be the same. These p r e 
l i m i n a r y results show that mixtures of solutions of A F G P a n d A F P l o w e r 
the f reez ing temperature i n the same w a y as the i n d i v i d u a l solutions 
l ower i t ( 37 ) . 

These s tructura l matches w h i c h w e have d i sp layed are of great 
interest a n d importance i n our attempt to unders tand h o w these systems 
l ower the i ce - freez ing temperature i n a nonco l l igat ive manner . I n p a r 
t i cu lar , w e have emphas ized here not on ly the s tructura l m a t c h o n the 
basal planes, b u t that the m e t h y l groups of the predominant a m i n o - a c i d 
residue can indeed p l a y a major role i n the ant i f reez ing mechanism. 

Vandenheede et a l . (25) first p o i n t e d out possible roles for the 
h y d r o p h o b i c m e t h y l groups. T h e y suggested that the A F G P m i g h t f o r m 
clathrate-type inc lus i on bodies w i t h deve lop ing ice crystals a n d stated 
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Figure 7. Schematic diagram of the 
unit cell of Ice I. The c-axis and 

α-axis directions are indicated. 

that the mechanism of act ion p r o b a b l y i n v o l v e d an interface separating 
the so l id a n d l i q u i d phases d u r i n g the g r o w t h of ice crystals. A l t h o u g h 
the complete structure of the several types of A F P are not k n o w n at this 
t ime , the ir h i g h a lanine content strongly indicates a p r i m a r y role for the 
h y d r o p h o b i c m e t h y l group i n the i r antifreeze act ion. 

I n cons ider ing h o w the cooperative potent iat ion of antifreeze ac t iv i ty 
c a n occur between A F G P - 1 to A F G P - 5 a n d A F G P - 8 , a most obvious 
quest ion is whether the A F G P - 1 - 5 activates the A F G P - 8 , or whether the 
A F G P - 8 potentiates the funct ion of the A F G P - 1 to A F G P - 5 . A l i k e l y 
m o d e l appears to be one i n w h i c h A F G P - 1 to A F G P - 5 prov ides a center 
a r o u n d w h i c h the smal ler A F G P - 8 c a n funct ion . E x t e n d i n g this to a 
m o d e l w h e r e b y the A F G P - 1 to A F G P - 5 functions at a n inter fac ia l reg ion 
between the ice or ice nucleus a n d the solut ion, A F G P - 8 c o u l d somehow 
fit alongside molecules of A F G P - 1 to A F G P - 5 . Based o n this m o d e l , 
A F G P - 8 w o u l d not be present to any significant degree at the interface i n 
the absence of A F G P - 1 to A F G P - 5 i n supercooled solutions. 

D e t a i l e d studies of the i c e - w a t e r inter fac ia l reg ion , i n the presence 
a n d absence of the mixture , are presently u n d e r w a y . F i n a l l y , any 
considerat ion of the func t i ona l models for antifreeze g lycoprote in , w h i c h 
n o w inc ludes potent iat ion , also must be tested o n A F P . Potent ia t ing 
substances i n the sera of species w i t h A F P p r o b a b l y w o u l d be very 
different f r o m those i n the species w i t h A F G P . 
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6 
Chemical Reactions in Proteins Irradiated at 
Subfreezing Temperatures 

IRWIN A. TAUB and JOHN W. HALLIDAY 

Food Engineering Laboratory, U. S. Army Natick Research and Development 
Command, Natick, MA 01760 

MICHAEL D. SEVILLA 

Department of Chemistry, Oakland University, Rochester, MI 48063 

The course of chemical reactions in irradiated proteins is 
determined by factors that influence the reactivity of the 
primary free radicals, the kind of protein radicals formed, 
and the decay of these protein radicals to stable products. 
To understand these reactions, basic radiation chemical 
concepts are considered, chemical changes in several repre
sentative proteins irradiated under different conditions are 
compared, and results from optical and electron spin reso
nance studies on model systems are presented. Among the 
reactions described are those involving cation, anion, and 

α-carbon radicals of amino acids and peptides. Analogous 
reactions common to proteins are then summarized. These 
mechanistic considerations have important implications for 
the irradiation of hydrated muscle proteins at —40°C and 
for radiation sterilization of foods. 

r T n h e c h e m i c a l reactions o c c u r r i n g i n a p r o t e i n system exposed to 
i o n z i n g r a d i a t i o n are affected b y several factors. T h e nature of the 

prote in , its state of h y d r a t i o n , the phase a n d temperature of the system, 
a n d the presence of react ive compounds are p a r t i c u l a r l y important 
factors. Prote ins conta in ing disul f ide groups, m e t a l ions, or large propor 
t ions of aromat ic or heterocyc l i c amino acids w i l l undergo reactions 
di f fer ing f r o m those w i t h o u t these constituents. Proteins that are h y d r a t e d 

0-8412-0484-5J79J33-180-109$8.00J0 
© 1979 American Chemical Society 
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undergo different c h e m i c a l a n d p h y s i c a l processes t h a n proteins that are 
desiccated. M o s t important , however , is the p h y s i c a l state: fluid solutions 
are m u c h more susceptible to rad ia t i on i n d u c e d changes t h a n frozen 
aqueous systems. Temperature , par t i cu lar ly as i t affects the viscosity of 
the m e d i u m , can change the c h e m i c a l consequences marked ly . Solutes i n 
these systems, such as oxygen or m e t a l ions, c a n alter the course of the 
reactions as w e l l . 

I r r a d i a t i o n init iates a series of reactions as a consequence of electrons 
b e i n g ejected a n d bonds i n the pro te in be ing r u p t u r e d . V a r i o u s i on i c 
a n d free r a d i c a l intermediates are generated that u l t imate ly become 
s tab i l i zed b y the f ormat ion of covalent ly b o n d e d compounds . React ions 
of the p r i m a r y radica ls c a n generate other radicals a n d these i n t u r n 
c ombine to f o r m the final products . A n y factor that affects the rates a n d 
routes of these intermediates w i l l inf luence w h i c h products are f o rmed . 
F o r the proteins of interest here, the final effects m i g h t be observable as 
valence change, deaminat ion , decarboxylat ion , d isul f ide loss or f o rmat ion , 
c h a i n degradat ion or aggregat ion, or modi f i ca t ion of i n d i v i d u a l a m i n o 
a c i d moieties. 

A n unders tand ing of these reactions a n d h o w they are affected, 
p a r t i c u l a r l y b y i r rad ia t i on at subfreez ing temperatures, c a n be achieved 
b y cons ider ing cer ta in basic concepts a n d major exper imental observa
tions. Consequent ly , the basic rad ia t i on c h e m i c a l concepts, the techniques 
used to d iscern intermediate species a n d the i r eventual products , the 
major findings o n such proteins as m y o g l o b i n a n d myos in , a n d the 
general ized reactions of p r i m a r y a n d secondary radicals as g leaned f r o m 
studies o n amino a c i d a n d pept ides w i l l be considered here in . T h e 
impl i cat ions of these f ind ings , t h o u g h general ly re levant to rad ia t i on 
b io logy , redox processes i n b iochemistry , a n d pro te in dynamics , w i l l be 
discussed i n re lat ion to l o w temperature rad ia t i on ster i l izat ion of h i g h 
pro te in foods. 

Basic Radiation Chemical Concepts 

Energy Deposition and Free Radical Distribution. T h e interact ion 
of penetrat ing g a m m a rays or h i g h energy electrons w i t h the valence 
shells of the atoms c o m p r i s i n g the molecules of the condensed m e d i u m 
results i n energy b e i n g deposi ted i n the m e d i u m . These electrons c a n 
be p r o d u c e d d i rec t ly i n m a c h i n e sources such as a l inear accelerator or 
a V a n de Graaf f accelerator, a n d w o u l d have energies t y p i c a l l y i n the 
range of 2 -10 M e V . G a m m a rays, such as those f r o m cobalt-60 or ces ium-
137 sources, as a consequence of interact ing v i a the C o m p t o n process 
produce energetic electrons as w e l l . Because of its charge, i t is the 
e lectron that is p a r t i c u l a r l y e xective i n excitat ion a n d i on i za t i on processes. 
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B y successive i on izat i on acts, the p r i m a r y e lectron gradua l ly becomes 
degraded i n energy a n d concomittant ly produces secondary electrons, 
also capable of i o n i z i n g the molecules . U l t i m a t e l y , these p r i m a r y , sec
ondary , a n d tert iary , etc. electrons c a n no longer cause ionizat ions , a n d 
lose their r e m a i n i n g energy v i a electronic , v ib ra t i ona l , a n d rotat ional 
excitation. A n energetical ly degraded electron m i g h t be d r a w n back to 
the pos i t ive i o n f o r m e d u p o n i on iza t i on , m i g h t be t r a p p e d i f the m e 
d i u m is po lar a n d become solvated, or m i g h t react w i t h a n i m p u r i t y of 
h i g h electron affinity. Some of the excited molecules f o r m e d d i rec t ly or 
p r o d u c e d u p o n electron-posit ive i o n react ion w i l l dissociate into free 
radicals . T h e overa l l effect is the i n i t i a l f o rmat ion of ions a n d free 
radicals nonun i f o rmly d i s t r ibuted i n regions ca l l ed spurs a long the track 
of the i o n i z i n g part i c le . 

T h e d i s t r ibut i on of these p r i m a r y species a n d the ir eventual fate is 
de termined b y the nature a n d state of the m e d i u m . I f the viscosity is 
extremely h i g h as i n solids or glasses, the d i s t r ibut i on remains n o n u n i f o r m 
a n d the reactions that occur invo lve species w i t h i n the same, or closely 
re lated , spur. I f the viscosity is l ow , such as i n a fluid system, these 
species t end to diffuse apart a n d l ead to a u n i f o r m d i s t r ibut i on t h r o u g h 
out the m e d i u m . I n this case, the reactions conform to k ine t i c laws for 
a homogeneous system. 

T h e y i e l d of any species f o r m e d as a d irect consequence of the 
energy b e i n g absorbed b y the component molecules is g iven i n terms of 
a G -va lue , w h i c h is defined as the n u m b e r of ions, free radicals , or 
excited molecules f o rmed for every 100 e V of energy absorbed. G-values 
m a y also be g iven for the stable products that are eventual ly f o rmed . 

Direct Effect on Water. F o r water , radio lys is leads to the f o r m a 
t ion of species w i t h rather spec ia l features that have been the subject of 
considerable invest igat ion (1,2,3). E q u a t i o n 1 describes the overa l l 
effect: 

H 2 0 — ~ — > ( H 2 0 + ) ; e a q - , O H - , H 3 0 + , H - , H 2 , H 2 0 2 (1) 

T h e molecular i o n of water is shown i n parenthesis because it r a p i d l y 
converts to O H - a n d H 3 0 + . T h e solvated electron (2), corresponding to 
a n electron b o u n d to several water molecules i n a fluid system, is des ig 
nated here as e a q ", bu t w i l l also be denoted as es~ for an electron b o u n d i n 
other po lar med ia . I t is h i g h l y mobi le , has a broad , intense absorpt ion 
spectrum w i t h a m a x i m u m at 720 n m , a n d is a p o w e r f u l reductant . T h e 
h y d r o x y l r a d i c a l , O H - , is also very mob i l e a n d is a strong oxidant ; i t 
exhibits a weak absorpt ion i n the 240 n m region . T h e hydrogen atom, 
H ·, is a reductant a n d exhibits on ly a weak absorpt ion i n the u l trav io let 
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reg ion . A l l three radicals have been detected a n d character ized b y v i r tue 
of the i r e lectron sp in resonance ( E S R ) spectra. E v i d e n c e for a n unso l -
va ted electron is extensive a n d is based o n chemica l a n d conductometr ic 
measurements, w h i c h w i l l be ment ioned be low. G-values for the e a Q", 
O H - , a n d H - u n i f o r m l y d i s t r ibuted i n water at r oom temperature are 
2.8, 2.7, a n d 0.55, respect ively ; G-values for these same species i n ice at 
— 5 ° C are approx imate ly 0.3, 1.0, a n d 0.7, respect ively . 

F o r proteins or other organic constituents, radio lysis p resumab ly 
leads to analogous species, a l though these have not been unequ ivocab ly 
establ ished. E q u a t i o n 2 describes the overa l l effect: 

P H ( P H + ) , e", Ρ ·, P H 2
+ , Η •, H 2 , P 2 (2) 

T h e general ized pro te in molecule is s h o w n as P H . T h e e" is left unspec i 
fied; its fate w o u l d depend o n the m e d i u m a n d other condit ions . A s w i l l 
be descr ibed later, there are several free radica ls that have been detected, 
b u t the general des ignat ion P - is a l l that is needed here. 

EfFect o f Phase, T e m p e r a t u r e , Solutes, a n d Dose on the Rad io lys i s . 
Since the p r i m a r y r a d i c a l species must diffuse to other r a d i c a l species or 
molecules i n the system to transfer or share electrons a n d become stable, 
the phase a n d temperature, because they affect viscosity, determine w h i c h 
reactions w i l l occur. Those reactions i n v o l v i n g the p r i m a r y species a n d 
the molecules not d i rec t ly affected b y the rad ia t i on g ive rise to n e w 
species—secondary r a d i c a l s — w h i c h are considered as b e i n g a n ind i re c t 
consequence of the radio lys is . I n fluid aqueous systems, e a q ", O H - , a n d 
Η · r ead i l y react w i t h each other a n d w i t h solutes, even those present at 
l o w concentrations ( ~ 10" 4 M ) . I n f rozen systems, such reactions are 
i m p e d e d b y the r i g i d i t y of the m e d i u m . Indirec t consequences are 
l i m i t e d to systems w i t h v e r y h i g h solute concentrations 1 M ) a n d at 
temperatures near 0 ° C , bo th factors c ont r ibut ing to f ormat ion of amor
phous or fluid-like regions. Studies of the react ion of e s" w i t h various 
solutes i n p o l y cry stall ine systems at — 40 ° C have s h o w n that G-values 
for products are only about 1 % to 1 0 % of the corresponding values 
f o u n d for fluid systems ( 4 , 5 , 6 ) . W h e n chloroacetic a c i d was used as a 
probe for the electrons, the G-va lue for C I " f o rmat ion increased f r o m 
approx imate ly 0.03 to 0.8 as the chloroacet ic a c i d concentrat ion was 
increased f r o m 10" 2 M to 1 M . S i m i l a r l y , studies of reactions of O H · i n 
po lycrysta l l ine ice at — 4 0 ° C have shown that this species is even more 
restr icted than e f i n its a b i l i t y to migrate a n d react ( 4 ) . These exper i 
ments i n v o l v e d us ing ferrocyanide as a probe for Ο Η · . I t has been 
est imated that on ly 4 % of the avai lable Ο Η · c a n be scavenged us ing 
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0.5 M ferrocyanide , the highest p r a c t i c a l concentrat ion obta inable . C o n 
sequently, the overa l l c h e m i c a l change i n a f rozen or so l id system is 
s ignif icantly r e d u c e d b y l i m i t i n g the ind i rec t f o rmat ion of other species. 

T h e course of p r i m a r y species reactions i n a fluid system, w h i c h is 
dependent u p o n the rate constants for react ion (see T a b l e I ) a n d the 
concentrations of react ive solutes, determines the nature of the ind i re c t 
effects. T h e solutes c o u l d be in t roduced d i rec t ly or c o u l d be f o r med as a 
consequence of the radio lys is . F o r systems i n w h i c h homogeneous k inet i c 
laws app ly , the predominant react ion is de termined b y compet i t i on 
p r i n c i p l e s : the react ion i n v o l v i n g the highest p roduc t of rate constant k 
t imes concentrat ion predominates . I f a react ive p roduc t is f o r med i n the 
radio lys is w i t h a reasonably h i g h G-va lue , i t w i l l t end to compete as the 
dose is increased. 

Table I. Rate Constants for Reaction of Primary Water 
Radicals with Some Amino Acids and Peptides 

in Fluid Aqueous Solutions' 

k , M'1 s 1 (pH) 

Amino AddJPeptide eaq' OH- H-

G l y c i n e 8.2 χ 10 6 (6.4) 1.6 Χ 10 7 (5.2) 9 Χ 10 4 (7) 
G l y c y l g l y c i n e 3.7 Χ 10 8 (6.4) 4.4 χ 10 8 (5.2) 2.6 Χ 10 6 

A l a n i n e 5.9 Χ 10 6 (6.4) 4.7 Χ 10 7 (6) 2.9 Χ 10 5 

L y s i n e 2 χ 10 7 (7) 6.0 Χ 10 8 (2) 1.6 Χ 10 6 

A r g i n i n e 1.8 Χ 10 8 (6) 3.5 Χ 10 9 (6.5-7.5) 4.9 Χ 10 6 

A s p a r t i c a c id 1 Χ 10 7 (7.3) 2.1 χ 10 7 (6.8) 2.9 Χ 10 6 (7) 
H i s t i d i n e 6 Χ 10 7 (7) 5.0 Χ 10 9 (6-7) 2.5 Χ 10 8 (7) 
P h e n y l a l a n i n e 1.5 Χ 10 8 (6.8) 6.6 Χ 10 9 8.0 Χ 10 8 

T r y p t o p h a n 4.0 Χ 10* (6.8) 1.4 Χ 1 0 1 0 (6.1) 2.3 Χ 10 9 

M e t h i o n i n e 3.5 χ 10 7 (6.0) — — 
C y s t e i n e 8.7 Χ 10 9 (6.3) — 4 Χ 10 9 

C y s t i n e 1.3 Χ 1 0 1 0 (6.1) — 8 Χ 10 9 

e FromRefs .2 ,S ,£2 ,50 . 

Major Pbysicochemical and Analytical Techniques 

Techniques for Examining and Characterizing Irradiated Proteins. 
Several techniques have been e m p l o y e d to detect the presence of in ter 
mediate species i n the i r r a d i a t e d pro te in or to character ize the changes 
brought about i n its structure or composi t ion . O p t i c a l techniques have 
been used b o t h for detect ing intermediates as w e l l as for de te r min ing 
final changes. Because only species w i t h u n p a i r e d electrons c a n be 
detected b y E S R , this t echnique has been a p p l i e d for detect ing inter 
mediates d i rec t ly or, most recent ly , for d i scern ing the ir nature after 
t r a p p i n g w i t h stable free radicals ( 7 ) . A m o n g the more s tandard b i o -
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c h e m i c a l approaches for character iz ing the permanent modif ications i n 
the pro te in are the electrophoretic methods, c h e m i c a l analyses of p r o d 
ucts or constituent moieties, a n d several structure-related methods. E l e c 
trophoresis , isoelectric focusing , a n d chromatographic separations are 
use fu l for d i scern ing changes due to loss or modi f i cat ion of moieties that 
inf luence size, shape, a n d charge o n the prote in . A m i n o a c i d analyses, 
S H group analysis, a n d determinat ion of amide a n d fatty a c i d products 
p e r t a i n to s imi lar modif ications. Exper iments i n v o l v i n g enzymat ic act iv 
i ty , sedimentat ion rates, a n d b i n d i n g of radioact ive labels also per ta in 
to s t ructura l alterations or specific moiety modif ications. I n general , the 
analysis of permanent changes is re lat ive ly insensit ive, a n d very h i g h 
doses, often i n the range of 3000 k G y (1 M r a d = 10 k G y ) , must be used. 
C o n s i d e r a b l y greater sensit ivity is ava i lab le a n d a more d irect under 
s tanding of the chemistry is possible i f one uses the techniques recent ly 
deve loped for s t u d y i n g the intermediates. 

Detection of Transient (Short-Lived) Intermediates. B y pulse 
i r r a d i a t i n g (8) a system, i t is possible to detect the presence of short
l i v e d intermediates a n d to characterize the ir s tructura l a n d k inet i c 
propert ies . T h e technique involves the use of e lectron accelerators 
capable of de l i ve r ing a h i g h dose to a system i n a t ime that is short 
c ompared to the l i fe t ime of the species b e i n g studied . T y p i c a l l y , such 
machines de l iver doses of about 200 G y (1 k r a d = 10 G y ) i n a square 
w a v e pulse last ing about 1 Jxs. F o r systems i n w h i c h intermediate is 
f o r m e d w i t h a G -va lue of 3, the instantaneous concentrat ion after the 
pulse is 6 χ 1 0 ' 5 M . If the species has a re lat ive ly h i g h ext inct ion 
coefficient ( ~ 10 3 M " 1 c m - 1 ) , i t can be moni tored w i t h fast spectrophoto-
metr i c techniques . T h i s op t i ca l approach has been used p r i m a r i l y for 
aqueous solutions; but i t has also been a p p l i e d to aqueous glasses ( 9 ) . 
W h e r e the magnet i c resonance properties of the radicals do not l e a d to 
b r o a d fines, E S R c a n also be used (10,11,12). P r o v i d e d a par t i cu lar 
species has a reasonably h i g h or sufficiently different conduct iv i ty , electro
c h e m i c a l detect ion is especial ly effective for charged intermediates (13). 
A recent var ia t i on o n these techniques has been descr ibed b y W a r m a n 
(14) , i n w h i c h mic rowave devices are used to detect h i g h - m o b i l i t y 
unso lvated electrons i n ice. A l t h o u g h not considered a p u l s e d or fast 
react ion approach , the technique deve loped b y E i b e n a n d Fessenden 
(15 ) , i n v o l v i n g cont inuous i r r a d i a t i o n a n d i n s i tu E S R detect ion, is 
especial ly effective. W i t h this technique , radicals that have atta ined a 
requis i te steady-state concentrat ion can be examined , a n d a substant ial 
catalogue of spectra for free radicals i n fluid aqueous solutions has been 
c o m p i l e d . 

Detection of Trapped or Stabilized Intermediates. I n systems of 
h i g h viscosity, the free radicals of interest i n pro te in radio lysis c a n be 
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i m m o b i l i z e d a n d examined w i t h s tandard op t i ca l or E S R techniques. 
Transparent m e d i a must be used for examin ing the radicals opt i ca l ly 
a n d for generat ing them photo ly t i ca l ly ( 16 ) . Aqueous glasses made f r o m 
hydrox ide , perchlorate , or e thanedio l solutions are used at l o w tempera
tures ( < — 9 0 ° C ) . F o r a glass equimolar i n water a n d ethanedio l a n d 
conta in ing a solute of interest, the procedure involves i r rad ia t ing at less 
t h a n — 130°C w i t h γ rays, photob leach ing us ing v i s ib le l i ght the electrons 
that are t r a p p e d i n the matr ix , a n d then scanning the spectrum of the 
species der ived f r o m the electron-solute react ion. F o r generat ing the 
radicals photo ly t i ca l ly a n d examin ing t h e m w i t h E S R , the procedure 
involves either d irect photo ionizat ion (17) of the solute or first photo -
e ject ing electrons f r om ferrocyanide i o n w i t h u v l i g h t a n d then photo -
b l each ing the t r a p p e d electrons to obta in the desired electron-solute 
react ion (18,19,20). O p a q u e m e d i a such as po ly crystal l ine ice p lugs 
can be used i f the radicals are generated rad io ly t i ca l l y a n d then examined 
w i t h E S R as descr ibed. I n systems such as powders or crystals, the 
radicals f o rmed u p o n y i r rad ia t i on are also re lat ive ly i m m o b i l e a n d c a n 
be s tudied (21). Since l o w e r i n g the viscosity i n a l l of these cases al lows 
various rotat ional processes a n d di f fusional processes to take p lace , d i f 
ferent radicals can be f o rmed a n d observed as the viscosity a n d J o r 
temperature is changed. These techniques have been used to ident i fy 
a n d characterize m a n y of the free radica ls f r o m proteins , amino acids , 
a n d peptides that w i l l be discussed here. 

Major Effects on Representative Proteins 

Before s u m m a r i z i n g the reactions general ly o c curr ing i n proteins 
i r rad ia ted at l o w temperatures, i t is instruct ive to r ev iew some of the 
major observations that have been made for certa in representative p r o 
teins. Those selected for i l lustrat ion are m y o g l o b i n , r ibonuclease ( R N a s e ) , 
the myof ibr i l lar proteins m y o s i n a n d actomysin , a n d gelat in . W h e r e v e r 
possible , comparisons w i l l be m a d e between results for fluid a n d f rozen 
systems. 

Myoglobin: A Representative Metallo-protein. Because the i r o n in 
m y o g l o b i n can exist i n t w o stable valence states, + 3 for m e t m y o g l o b i n 
( m e t M b ) a n d + 2 for deoxymyog lob in ( M b ) , the rad ia t i on chemistry 
of m y o g l o b i n i n fluid aqueous solut ion is dominated b y ox idat ion a n d 
reduc t i on reactions. A c c o r d i n g l y , Satterlee (22), w h o was p r o m p t e d b y 
the w o r k of others (23,24) to s tudy co lor changes i n i r r a d i a t e d meats a n d 
m y o g l o b i n solutions, showed b y proper selection of condit ions that Ο Η · 
was not responsible for the reduc t i on of m e t M b . Subsequent ly , S i m i c 
a n d coworkers (25,26) a n d Sh ieh a n d coworkers (27,28) systematical ly 
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examined the pert inent reactions, a n d demonstrated that m e t M b c a n be 
r e d u c e d b y a var ie ty of free radicals . Reac t i on 3 appl ies for b o t h nat ive 
a n d denatured m e t M b : 

e a q " [ C C V - , ( C H 3 ) 2 C O H ] + m e t M b -> M b (3) 

Rate constants for the reduc t i on b y e a q~ a n d C 0 2 " - ( a reductant der ived 
f r o m formate i o n ) are 2.5 Χ 1 0 1 0 a n d 2.0 Χ 10 9 M ' V 1 respect ively , 
w h i c h açproach di f fusion-control led l imi ts . T h e reduc t i on of m e t M b b y 
( C H 3 ) 2 C O H i n d i c a t e d i n F i g u r e 1 is t y p i c a l , b e i n g l inear ly dependent 
u p o n dose u n t i l almost a l l the m e t M b is depleted . I n this experiment 
e a q~ is converted to O H - b y react ion 4 w h i c h , i n t u r n , is converted to 
( C H 3 ) 2 C O H b y react ion 5: 

H + 

e a q - + N 2 0 -+ N 2 + O H - (4) 

O H - + ( C H 3 ) 2 C H O H - > ( C H 3 ) 2 C O H + H 2 0 (5) 

Converse ly , the d iva lent i o n i n o x y m y o g l o b i n ( M b 0 2 ) is r ead i ly o x i d i z e d 
to m e t M b , as react ion 6 indicates : 

O H - + M b 0 2 -> m e t M b + O H " (6) 

Since m e t M b is not easily ( i f at a l l ) fur ther o x i d i z e d to a h igher valent 
i r o n , its react ion w i t h O H - does not appear to affect the i r o n , b u t 
apparent ly involves the amino a c i d moieties o n the surface of the prote in . 
T h e i r invo lvement is supported b y the f o rmat ion of d i m e r i c m e t M b at 
h i g h doses. 

I f the i r rad ia t i on is carr ied out i n a f rozen system, however , these 
reactions are either m i n i m i z e d or e l iminated . R e d u c t i o n b y es~ is possible 
b u t restr icted. Exper iments i n v o l v i n g m e t M b i n w a t e r - e t h a n e d i o l glasses 
at — 130°C show that i f electrons c o u l d interact w i t h this c o m p o u n d , 
r educ t i on w o u l d take place . F i g u r e 2 shows the deve lopment of M b i n 
the glass f o l l o w i n g i r rad ia t i on a n d photob leach ing of t r a p p e d electrons, 
w h i c h moves the electron to the i m m o b i l e prote in . T h e i m p l i c a t i o n of 
these results is conf irmed b y experiments (29) on p o l y crystal l ine solutions 
of m e t M b i r rad ia ted over a range of temperatures f r o m — 8 0 to 0 ° C . 
T h e G - v a l u e for reduct ion , w h i c h is 3.1 at r oom temperature , is on ly 
0.07 at — 45°C . There is a s l ight increase i n this va lue i n go ing f r o m 
— 45 to 0 ° C , w h i c h is consistent w i t h other studies o n f rozen ices (4,5). 
R e a c t i o n w i t h O H · is even less probable , a n d chromatographic analyses 
of m e t M b i r rad ia ted at — 45° C to doses as h i g h as 80 k G y show no h i g h 
molecu lar w e i g h t m y o g l o b i n ol igomers. 
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ο » » 1 1 
500 600 700 

λ (nm) 
Figure 1. Spectral changes associated with reduction of metmyoglobin by iso-
propanol radicals at 20°C. Solution contained 1 X 10~4M metmyoglobin, 0.05M 
isopropanol, and 10~2M phosphate buffer (pH = 7.5), and was saturated with 
N80. Spectrum before irradiation is designated by Mb(III), and after comple
tion of irradiation, by Mb(II); spectra for intermediate cases are dotted. (InsetJ 

Plot of absorbance at 555 and 630 nm vs. dose. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



118 PROTEINS A T L O W TEMPERATURES 
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Figure 2. Spectral changes associated with electron reduction of metmyoglobin 
in an ethanediol-water glass at —150°C. Glass was formed from an equimolar 
mixture of ethanediol and water containing 1 gJliter of metMb, irradiated to 
approximately 8 kGy at —196°C, and exposed to visible light to bleach the 
trapped electrons at —150°C. Solid curve corresponds to the unirradiated sys
tem; dotted curve, which is displaced vertically for clarity, corresponds to the 

final spectrum. Change of scale is indicated by the -Î-I designation. 

RNase: A Representative Enzyme. B o t h H - a n d O H - radica ls i n 
fluid, aqueous solutions react w i t h R N a s e i n ways that l e a d to inact ivat ion . 
M e e a n d coworkers (30) have f o u n d that H - leads to aggregation, a n d 
that cystine, methionine , a n d tyrosine are m a i n l y affected. A d a m s a n d 
coworkers ( 3 1 ) , invest igat ing the specif icity of free r a d i c a l react ion w i t h 
R N a s e , f o u n d that O H - a n d B r 2 ~ - are effective inact ivators because 
they r a p i d l y react w i t h h is t id ine , w h i c h is associated w i t h the act ive site. 

S t ruc tura l changes can be discerned i n R N a s e i r rad ia ted i n so lut ion 
or i n the d r y state. Delincée a n d R a d o l a (32) c o u l d show f r o m isoelectric 
f ocus ing measurements o n i r rad ia ted 0.1 a n d 1% R N a s e solutions that 
several act ive components h a v i n g l o w e r isoelectric po ints are p r o d u c e d . 
T h e i r ge l chromatographic results showed that aggregates are f o r m e d 
stepwise f r o m monomer to d i m e r to h igher po lymers . Exper iments o n dry 
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R N a s e gave s imi lar results b u t r e q u i r e d m u c h h igher doses: the ge l 
chromatographic pat tern obta ined f r o m a 0 . 1 % R N a s e so lut ion i r r a d i a t e d 
to 0.5 k G y c o u l d be matched b y i r r a d i a t i n g a d r y preparat ion to 150 k G y . 
F r i e d b e r g (33) also s tudied d r y R N a s e a n d f o u n d that its apparent 
average molecu lar w e i g h t is increased u p o n i r r a d i a t i o n to 300 k G y . H e 
c o n c l u d e d that the structure of g lobular proteins imposes constraints 
f avor ing combinat ion of radicals . 

T h e effectiveness of i r r a d i a t i o n i n i n a c t i v a t i n g d r y R N a s e depends 
on the temperature, as shown b y F l u k e (34). H e de termined the doses 
needed to reduce the act iv i ty to 3 7 % of its o r ig ina l va lue ( D 3 7 ) at 
temperatures f r o m —160 to 182°C. Arrhen ius - type plots of D37"1 vs. 
T " 1 are f o u n d to be nonl inear a n d were interpreted i n terms of a t e m 
perature- independent term a n d two temperature-dependent terms. T h e 
inac t ivat i on becomes re lat ive ly effective above about 60°C. 

T h e significance of structure a n d temperature o n the types of free 
radicals f o rmed i n i r rad ia ted , d ry R N a s e has been demonstrated b y R iesz 
a n d W h i t e (35). U s i n g a l a b e l l i n g technique i n w h i c h t r i t i u m becomes 
d i s t r ibuted among the amino acids as a result of free radicals reac t ing 
w i t h t r i t ia ted h y d r o g e n sulfide, H S T , they c o u l d show different sets of 
radicals a n d reactions occurr ing at — 78°C a n d at 25°C. T h e y f ound , for 
example , that the d i s t r ibut ion of t r i t i u m i n nat ive R N a s e at — 78 °C is 
the same as i n denatured R N a s e at 25°C, b u t is different than i n nat ive 
R N a s e at 25°C. A p p a r e n t l y , at the lower temperature the radicals are 
f o rm ed r a n d o m l y a n d independent of conformation, but the ir conversion 
at h i g h e r temperature is specific a n d depends o n the par t i cu lar pro te in 
conformation. 

Actomyosin and Myosin: Representative Myofibrillar Proteins. T h e 
rad io ly t i c effects on solutions of e ither actomyos in or m y o s i n above a n d 
be low the temperature of f reez ing cannot easily be compared . So f ew 
studies on these proteins i n fluid systems have been conducted , p r e s u m 
ab ly because of their l o w so lub i l i ty . H o w e v e r , results f r o m a study b y 
Coe lho (36) on actomyosin i n solutions conta in ing C a C l 2 a n d M g C l 2 , i n 
w h i c h b o t h act iv i ty ( A T P a s e ) a n d chemica l analyses were made , can 
serve as reference. O f interest here was whether any effect of radio lysis 
o n enzyme act iv i ty c o u l d be correlated w i t h c h e m i c a l a n d J o r s tructural 
changes. Coe lho f o u n d that as the dose was increased, the ac t iv i ty 
increased u p to a m a x i m u m (ach ieved at 2.5 k G y ) a n d then decreased 
monotonica l ly thereafter. T h e n u m b e r of accessible a n d J o r b u r i e d S H 
groups, i n contrast, decreased steadily w i t h increas ing dose. U l t r a c e n -
tr i fugat ion measurements were also made a n d these showed that the 
deve lop ing re t i cu lat ion m i g h t be re lated to the changes i n enzyme 
act iv i ty . There is no definite conc lus ion that can be reached about the 
reactions responsible for either the change i n act iv i ty or the overa l l 
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120 PROTEINS AT LOW TEMPERATURES 

indicat ions of c h e m i c a l change. Since C I " was used i n h i g h concentrations, 
C l 2 ~ - , f o rmed through react ion 7, w o u l d have been the predominant 
react ive species: 

c i -
O H - + C 1 - *± C l 2 - - + O H - (7) 

Consequent ly , m a n y amino a c i d sites o n the actomyosin w o u l d have been 
susceptible to ox idat ion b y this r a d i c a l . 

C o n s i d e r a b l y more in format ion on the radiolysis of f rozen, h y d r a t e d 
actomyos in a n d m y o s i n has recently become avai lable (5,6,37,38) show
i n g that these proteins are re lat ive ly stable towards rad io ly t i c decompos i 
t i on . T h e exper imental procedures i n v o l v e d i so lat ing the proteins f r o m 
prer igor beef, d i a l y z i n g to remove CI " , denatur ing some of the samples 
w i t h a m i l d heat treatment ( 7 0 ° C , 30 m i n ) , p r e p a r i n g the samples either 
as suspensions or precipates , f reez ing t h e m , i r r a d i a t i n g them, a n a l y z i n g 
some b y E S R or electrophoresis, a n d de te rm in ing the amino a c i d c o m 
pos i t i on i n others after des iccat ing a n d h y d r o l y z i n g . I n this w a y the 
influence, i f any, of structure c o u l d be ascertained a n d the format ion a n d 
fate of free radicals as they relate to pro te in degradat ion or aggregation 
a n d to amino a c i d modi f i cat ion c o u l d be discerned. 

E L E C T R O N S P I N R E S O N A N C E R E S U L T S . I r rad ia t i on of b o t h actomyosin 
a n d m y o s i n i n either the nat ive or heat -denatured state at — 4 0 ° C leads 
to the format ion of the same sp in centers. F i g u r e 3 shows a h i g h reso lu
t i o n spectrum for actomyosin. I t is character ized b y a b r o a d doublet 
s ignal , h a v i n g a peak-to-peak separation of 28 gauss, a n d eight other, 
weaker lines extending about 130 gauss. T h e absence of signals a t t r ibut 
able to N-centered or S-centered radica ls rules out contr ibutions f r o m 
other than C-centered radicals . Based o n comparisons w i t h spectra f r o m 
d i p e p t i d e radica ls ( to be discussed b e l o w ) , this spec t rum is a t t r i b u t e d 
to contr ibut ions p r i m a r i l y f r o m different α-carbon radica ls on the pept ide 
backbone a n d secondari ly f r o m side c h a i n radicals . Signals for backbone 
radicals of the type 

correspond to interact ion of the u n p a i r e d electron w i t h protons o n the 
associated methylene carbon. D e p e n d i n g on the nature of the R a n d R ' 
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MAGNETIC FIELD, GAUSS • 

Figure 3. High resolution electron spin resonance spectrum of an irradiated, 
frozen suspension of actomyosin. Sample was irradiated to 50 kGy at —40°C 
and spectrum was recorded at —40°C. The central portion of the spectrum 
corresponding to a gain of XI shows the doublet feature with a shoulder on 
either side. At a gain of X10, an additional three lines are clearly discernible 

on both the high and low field portions of the spectrum. 

groups, sets of doublet a n d quartet l ines w o u l d be p r o d u c e d . O f the 
side group radicals that c o u l d contr ibute , analyses show that the H atom 
adduc t of the pheny la lan ine r i n g 

Ο H H 

is responsible for the extreme l ines a n d accounts for about 4 % of the 
tota l radicals . I n general , the spectra obta ined are very s imi lar to those 
obta ined f r o m other proteins (39,40). 

O n the basis of convent ional E S R measurements, the radicals 
observed at — 4 0 ° C appear stable at this temperature . S u c h backbone 
radica ls o n so large a p r o t e i n w i t h two he l i ca l l y e n t w i n e d m a i n chains 
w o u l d be i m m o b i l e i n this matr ix . M o r e recent ly , however , pulse E S R 
experiments o n beef muscle samples (41) ind i cate that a p o r t i o n of the 
radica ls f o r m e d at — 4 0 ° C do react w i t h i n several minutes f o l l o w i n g 
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i r rad ia t i on . T h e por t i on r e m a i n i n g thereafter corresponds to radica ls that 
have been observed before. T h e general t r e n d i n these results c a n be 
seen i n F i g u r e 4 i n w h i c h the intensi ty of the m a i n doublet s ignal , 
recorded w i t h i n 10 sec after each pulse , is shown as a funct ion of the 
n u m b e r of pulses. A t certa in points more t ime has e lapsed be tween pulses 
a n d the decrease i n intensity is noticeable . T h e curvature i n the i n t e n s i t y -
dose p lo t also indicates a contr ibut ion f r o m transient species. T h e s ignal 
intensi ty corresponding to the stable pro te in radicals h a d been f o u n d 
prev ious ly to increase l inear ly w i t h dose at l o w doses, a n d then to reach a 
saturation l i m i t at doses above 200 k G y . 

T h a t the p r o t e i n radicals are not indef inite ly stable i n a f rozen system 
is shown b y ra i s ing the sample temperature to — 1 0 ° C ( 5 ) . T h e decay 
is s low, the hal f l i f e b e i n g about 8 hours. I f the sample is t h a w e d , 

10 20 30 40 50 60 70 

NUMBER OF PULSES 

Figure 4. Effect of pulses of irradiation on the ESR signal intensity for radicals 
in beef at —40 C. Beef samples contained NaCl and tripolyphosphate and had 
been heat treated to approximately 73°C. Signal intensity corresponds to the 
peak-to-peak height of the two most intense Unes in the spectrum (38). Each 
spectrum was scanned within 10 seconds after each 5 vsec pulse from a 10 MeV 
linear accelerator. After every 15 pukes, several minutes elapsed before the 

pulsing was reinitiated. The dose per pulse was approximately 1 kGy. 
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refrozen, a n d re -examined w i t h i n 30 m i n , no s ignal c a n be detected. 
Reac t i on , therefore, is possible p r o v i d e d that cer ta in re laxat ion processes 
or short translat ional motions are p r o m o t e d at the h igher temperatures 
i n the ice . R e a c t i o n readi ly occurs w h e n the constraints of the m e d i u m 
are removed , that is , u p o n t h a w i n g . 

SOLUBILITY A N D E L E C T R O P H O R E T I C R E S U L T S . I r rad ia t i on of these p r o 

teins at — 40°C over a dose range of about 200 k G y causes a decrease i n 
the ir overa l l so lub i l i ty that is associated w i t h noncovalent aggregation of 
the m a i n m y o s i n chains (42). T h i s decrease i n the amount of pro te in 
extracted into a so lut ion 8 M i n urea a n d ΙΟ" 3 M i n d i th io thre i to l or 
^-mercaptoethanol is nonl inear w i t h dose a n d reaches a l i m i t at about 
80 k G y . T h e loss i n soluble p r o t e i n is matched b y the recoverable p ro te in 
i n the residue. E lec t rophore t i c separations (us ing S D S a n d 5 % p o l y -
acry lamide gels ) of extracts of samples rece iv ing successively h igher doses 
show no n e w bands, no increase i n the l o w molecu lar w e i g h t fragments, a 
sl ight development of a very diffuse reg ion centered at about 100,000 
daltons, a n d the g r a d u a l loss of the 210,000-250,000 da l t on m a i n c h a i n 
bands. S o l u b i l i z i n g the residue w i t h a guanid ine h y d r o c h l o r i d e - u r e a 
mixture a n d d i a l y z i n g the solut ion against urea make i t possible to 
examine the pro te in pattern . Electrophores is of this m a t e r i a l (also w i t h 
S D S ) shows that the m a i n m y o s i n chains have been reta ined intact . 
D e s p i t e the h i g h doses, no significant aggregation or degradat ion of 
actomyosin or myosin occurs under these condit ions. 

A M I N O A C I D A N A L Y S I S R E S U L T S . I rradiat ions for these analyses were 

done w i t h cons iderably h igher doses, 0 -400 k G y , to compensate for the 
l imitat ions i n detect ing smal l changes i n amino a c i d composit ion. A l l 
samples were desiccated a n d then h y d r o l y z e d w i t h p-toluenesulfonic a c i d . 
T h e n u m b e r of residues de termined for a par t i cu lar amino a c i d was 
n o r m a l i z e d per 1000 residues of a l l amino acids analyzed . Plots of this 
rat io for each amino a c i d against dose are straight fines w i t h zero slope. 
S u c h results indicate that, w i t h i n the l imi ts of r e p r o d u c i b i l i t y of about 
2 % , none of the amino acids is d i scern ib ly modi f i ed (37,42) under these 
condit ions . 

G e l a t i n : A d d i t i o n a l Compar isons . Severa l experiments o n ge la t in 
i r r a d i a t e d as a ge l a n d i n a d r y system p r o v i d e a n interest ing compar i son 
of m e d i u m effects. 

Ste in a n d co-workers (43) i r rad ia ted solutions of ge lat in r a n g i n g i n 
concentrat ion f r o m 1 % to 2 0 % a n d conta in ing 4 X 10" 4 M of ferr i cyanide 
i o n at 25°C. Reac t i on of the ge lat in free radicals w i t h ferr i cyanide w o u l d 
produce ferrocyanide . G-values for this r educ t i on i n n i t rogen-purged , 
1 % a n d 1 0 % gelat in solutions are approx imate ly 2.6 a n d 5.3, respectively . 
Since the gels become "stiffer ' at h igher ge lat in concentrations, react ion 
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between gelat in radicals becomes less l i k e l y a n d reduc t i on of the more 
freely di f fusing ferr i cyanide i o n predominates . 

B a c h m a n a n d coworkers (44), u s ing E S R techniques , mon i tored the 
l i f e t ime of free radicals i n d r y ge lat in i r rad ia ted to approx imate ly 50 k G y 
a n d stored i n a ir at 20°C . U n l i k e the radicals i n the gel , these are 
re lat ive ly i m m o b i l e , a n d r e q u i r e d several days to decay apprec iab ly . Some 
w e r e s t i l l detectable after about a month . T h e w o r k a n d F r i e d b e r g a n d 
coworkers (45) indicates that the f o rmat i on of these ge lat in radica ls i n 
the d r y state involves rupture of pept ide bonds a n d that their decay does 
not invo lve combinat i on of l o n g chains. T h e y f o u n d a decrease i n the 
viscosity of solutions m a d e f r o m d r y ge lat in i r r a d i a t e d to a dose of 
155 k G y . 

Other Proteins. I n general , the findings descr ibed above for these 
proteins are c o m m o n to m a n y proteins. M o r e specific in format ion about 
other proteins can be obta ined f r o m avai lab le reviews (46,47,48,49). 

Formation and Conversion Reactions of 
Amino Acid and Peptide Radicals 

Some unders tand ing of the c h e m i c a l reactions responsible for changes 
observed i n proteins i r rad ia ted i n fluid a n d f rozen systems can be ach ieved 
b y cons ider ing results f r o m studies on amino acids a n d peptides . F o r the 
sake of s impl i c i ty , these reactions are classified accord ing to whether 
f o rmat ion of the r a d i c a l f o rmal ly involves donat ing or accept ing a n 
electron, whether f ormat ion or decay involves conversion f r o m or to 
another r a d i c a l , or whether decay involves b i m o l e c u l a r r a d i c a l interact ion . 
Results f r o m fluid aqueous solutions w i l l be used for reference a n d those 
f r om frozen systems w i l l be emphasized . T h e impl i cat ions of these 
findings to observations on proteins descr ibed above w i l l be g iven where 
possible . 

Electron Donation: Ionization, O H - A d d u c t Formation, and H y d r o 
gen Abstraction. I on i za t i on of amino acids or pept ides either t h r o u g h 
photolysis or radiolysis leads to cat ion radica ls , the fate of w h i c h w i l l be 
inf luenced b y the nature of the c o m p o u n d a n d the m e d i u m . 

Photo ly t i c studies of aromatic d ipept ides a n d tr ipept ides i n N a C 1 0 4 

a n d N a O D glasses (50) show that ττ-cation radicals of pheny la lan ine , 
tyrosine, a n d t ryp tophan can undergo different reactions d e p e n d i n g on 
the ir d ispos i t ion i n the molecule a n d the molecu lar conformat ion . ( E l e c 
trons p r o d u c e d u p o n photolysis of the perchlorate system are converted 
to Ο"·, for w h i c h corrections c a n be m a d e ) . F o r P h e A l a a n d P h e G l y 
charge transfer f r o m the — C O O " occurs, f o l l o w e d b y decarboxylat ion , 
as s h o w n b y reactions 8, 9, a n d 10: 
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* N H 3 C H C O N H C H 2 C 0 2 " 
I 

C H 2 

(8) 

+ N H 3 C H C O N H C H 2 C 0 2 -

C H . , 

(9) 

+ N H 3 C H C O N H C H 2 C 0 2 · 

C H , 

(10) 

+ N H : t C H C O N H C H - . + C O , 
ι 

C H , 
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F o r T y r A l a , T y r G l y , T r p A l a , a n d T r p G l y , radicals o n the r i n g group are 
observed, a l ong w i t h the decarboxylated rad i ca l . D e p r o t o n a t i o n of t y ro 
sine l e a d i n g to the p h e n o x y l r a d i c a l is s h o w n i n react ion 11 : 

+ N H , C H C O N H C H 2 C O L > -

C H 2 

0 · 

F o r the t r ipept ide , P h e G l y G l y , i n w h i c h the cat ion is not favorab ly 
d isposed for charge transfer, on ly the ττ-cation r a d i c a l of pheny la lan ine is 
observed (this species w o u l d read i ly h y d r o l y z e i n water to f o r m the 
O H - a d d u c t r a d i c a l of p h e n y l a l a n i n e ) . These results have a d irect b e a r i n g 
o n the reactions i n an i r r a d i a t e d system. 

R a d i o l y t i c studies o n ices conta in ing pept ides a n d N- a ce ty la mino 
acids have been conducted recent ly (51) that p r o v i d e evidence for 
cat ion ic processes. (E le c t rons generated concurrent ly w i t h the solute 
cations part i c ipate i n reactions descr ibed be low, b u t those f o r med i n the 
i ce do not contr ibute to the observed reactions. ) T h e appearance of the 
decarboxylated species, the y i e l d of w h i c h depends o n the nature of the 
c o m p o u n d , provides this evidence. A t — 196°C, approx imate ly 2 5 % jof the 
radica ls observed for N-acety la lan ine corresponds to C H 3 C O N D C C H 3 , 
i n d i c a t i n g that C 0 2 has been lost. F o r the d ipept ide G l y A l a , the decar
boxy lated r a d i c a l is observed to be equiva lent i n y i e l d to the produc t 
f r o m the e lectron react ion , i n d i c a t i n g a n efficient mechan i sm for decar
boxylat ion . T h e findings for other d ipept ides are v e r y s imi lar . Consistent 
w i t h the photo ly t i c results, the extent of decarboxylat ion is p H dependent , 
ref lect ing a n influence of charge state o n the mechanism. 

These compet i t ive pathways for react ion of cat ionic species i m p l y 
that several different radicals c o u l d be f o rmed i n proteins , d e p e n d i n g o n 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



6. T A U B E T A L . Irradiated Proteins 127 

the i r structure a n d the condit ions. T h e evo lut ion of C 0 2 that has been 
observed c a n be understood as ar i s ing f r o m s u c h cat ionic precursors. T h e 
f o rmat ion of O H - a d d u c t s of pheny la lan ine moieties a n d f o rmat i on of the 
p h e n o x y l radicals f r o m tyrosine moieties m i g h t also result f r o m such 
cations a n d need to be invest igated. 

O x i d a t i o n of the amino a c i d moieties i n i r rad ia ted aqueous systems 
b y react ion w i t h O H - is w e l l establ ished for fluid systems, b u t i t is not 
l i k e l y to be encountered i n f rozen systems. B e i n g a s trong oxidant , the 
O H - reacts b y e lectron transfer. I t also adds read i ly to double bonds 
a n d abstracts H f r o m C — Η , Ν — Η , a n d S — H bonds, b u t w i t h l o w e r 
react ion rate constants. A c o m p e n d i u m of rate constants for aqueous 
solut ion has been p u b l i s h e d (52) a n d a f e w representative values for 
amino acids are s h o w n i n T a b l e I . A s discussed b y S i m i c ( 5 3 ) , the 
predominant sites for react ion i n amino acids a n d pept ides c a n be 
in fe r red f r om these values, w h i c h indicate that the r i n g groups are 
favored , w h i l e abstract ion f r o m the pept ide backbone is less l i k e l y . 
H y d r o x y l a t i o n of the pheny la lan ine r i n g also occurs as was f o u n d for the 
prototype react ion w i t h benzene (54). F o r m a t i o n of p h e n o x y l r a d i c a l 
f o l l o w i n g O H - a d d i t i o n to tyrosine shou ld be s imi lar t o the mechan ism 
establ ished for p h e n o l (55) i n w h i c h e l iminat i on of w a t e r occurs as is 
shown i n react ion 12: 

— C H R C O N H C H C O N H — 

C H 2 

O H 
(12) 

C H 2 

+ H 2 0 

H o w e v e r , these a d d u c t f o rmat ion reactions are not expected to occur w i t h 
m u c h efficiency i n f rozen, h y d r a t e d proteins , because of the l i m i t e d 
m o b i l i t y of O H · i n the r i g i d matr ix . 
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F o r m a t i o n of α-carbon radica ls e ither f r o m cat i on decompos i t ion or 
t h r o u g h abstract ion of H b y O H - is considered here because i t can be 
construed f o r m a l l y as loss of a n e lectron f o l l o w e d b y p r o t o n transfer . I f 
the cat ion deprotonates f r o m the pept ide c h a i n b y transfer to components 
of h i g h pro ton affinity t h e n the α-carbon r a d i c a l is f o r m e d d i rec t ly . 
A b s t r a c t i o n b y O H · i n fluid systems gives the same result . 

( A b s t r a c t i o n of H b y H· is also possible i n b o t h fluid a n d f rozen 
systems. R a t e constants for H - w i t h a m i n o acids are k n o w n (56,57) a n d 
the intermediates f o rmed have been character ized (53 ) . ) 

Electron Acceptance: Reduction and Adduct Formation. A c c e p t 
ance of electrons at specific sites o n amino acids a n d pept ides depends o n 
the i r react ivit ies a n d produces different c h e m i c a l consequences. A m o n g 
the sites of p a r t i c u l a r importance are the t e r m i n a l amino a n d c a r b o x y l 
groups, the r i n g groups, the p e p t i d e c a r b o n y l , a n d the sul fur bonds. 
React iv i t ies of these are reflected i n the rate constants for react ion of 
so lvated electrons w i t h i n d i v i d u a l amino acids i n aqueous solutions, as 
s h o w n i n T a b l e I a n d as discussed b y S i m i c ( 5 3 ) . M o r e deta i l ed i n f o r m a 
t i o n , however , r e g a r d i n g the stepwise progression f r o m attachment to 
specific r a d i c a l f o rmat ion has been obta ined f r o m l o w temperature studies. 

A T T A C H M E N T T O A M I N O G R O U P . T h e e lectron reacts w i t h the 
protonated t e r m i n a l amino group i n a l iphat i c amino acids, l e a d i n g to 
deaminat ion (53,58). T h e rate constants i n so lut ion depend o n p H , k 
decreasing as p H is increased. E S R studies on e lectron react ion w i t h 
a m i n o acids i n neut ra l glasses at — 1 9 6 ° C ind i cate that dissociat ive at 
tachment r e a d i l y occurs p r o d u c i n g a fat ty a c i d r a d i c a l : 

T h e format ion of a m m o n i a does not necessarily i m p l y d irect reac t i on w i t h 
the + N H 3 group. 

A T T A C H M E N T T O T H E C A R B O X Y L A T E G R O U P . I n basic systems where 
the amino group is not protonated , attachment occurs o n the carboxylate 
i o n , as ev idenced f r o m E S R studies on hydrox ide glasses (16). A t — 1 9 6 ° C 
spectra are observed for the d i a n i o n r a d i c a l of several amino acids. A t 
h igher temperatures, the fatty a c i d radicals are f o rmed , i n d i c a t i n g that 
deaminat ion has taken p l a c e : 

T h e two-step sequence demonstrated for f rozen systems c o u l d also occur 
i n fluid systems, but at rates too fast to observe. 

e." + + N H 3 C H R C O O " -> N H 3 + - C H R C O O " (13) 

H 2 0 
e.- + N H 2 C H R C 0 2 - - » N H 2 C H R C 0 2

= -

N H 3 + - C H R C O j f + O H - (14) 
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τ • r 

Τ \ Irradiated ι ι 

_ _ ι 1 — 

250 300 
WAVELENGTH, nm 

Figure 5. Optical spectrum of hydrogen adduct of phenylalanine in an ethane-
diol-water glass at —196°C. Glass was formed from an equimolar mixture of 
ethanediol and water containing 4 X 10~2M phenylalanine, irradiated to ap
proximately 4 kGy, and exposed at —196°C to visible light to bleach trapped 
electrons. Solid curve corresponds to phenylalanine in the unirradiated glass; 
dotted curve is displaced vertically for clarity and corresponds to the +NH3CH-

(CH2(C6H6)-)COB' radical 
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A T T A C H M E N T T O A R O M A T I C A N D H E T E R O C Y C L I C G R O U P S . E lec t rons 
react more r a p i d l y w i t h h is t id ine , t ryptophan , pheny la lan ine , a n d tyrosine 
t h a n w i t h the a l iphat i c amino acids, f o r m i n g radica ls i n v o l v i n g the r i n g 
groups. S u c h e lectron-adduct radicals r ead i l y protonate i n aqueous sys
tems ( 5 9 ) g i v i n g the equivalent of an H - a d d u c t r a d i c a l . S i m i l a r reactions 
occur i n f rozen systems for w h i c h extensive E S R evidence has been 
obta ined ( I S ) . O p t i c a l evidence for the H - a d d u c t of pheny la lan ine i n a 
w a t e r - e t h a n e d i o l glass (60) is shown i n F i g u r e 5. Reac t i on 1 5 indicates 
the sequence: 

+ N H 3 C H C 0 2 - + O H -

Ç H 2 (15) 

o. 
A t t a c h m e n t to the r i n g is not the exclusive fate of the electron, b u t i t is 
p a r t i c u l a r l y compet i t ive w i t h other pathways for react ion. 

A T T A C H M E N T T O T H E P E P T I D E C A R B O N Y L . A S the pept ide l ength 
increases, the rate constant for electron react ion increases (61), i n d i c a t i n g 
that react ion occurs at a pept ide carbony l . T h e resu l t ing r a d i c a l c a n be 
protonated depend ing on the p K for the f o l l o w i n g e q u i l i b r i u m (62) : 

H + 

— C H R C H N R — *± — C H R C N H R — 
I . I (16) 

0 " O H 

E S R evidence for this e lectron adduct of the c a r b o n y l group i n f rozen 
solutions of acety lamino acids a n d d i - a n d tr ipept ides is extensive ( 5 0 ) . 
A t y p i c a l spectrum is s h o w n i n F i g u r e 6 for the an ion r a d i c a l of β-alanyl-
g lyc ine at — 1 5 3 ° C . D e p e n d i n g o n the pept ide a n d p H , deaminat i on c a n 
occur b y a process i n v o l v i n g either inter - or intramolecu lar electron 
transfer. D issoc ia t i on at other C — Ν bonds is also possible , l e a d i n g to a n 
a m i d e a n d a " fatty a c i d " r a d i c a l (20,63); this process w i l l be re ferred to 
as " d e a m i d a t i o n " or "secondary deaminat i on . , , A s w i l l be ment i oned 
be low, this react ion a n d the chemistry that fo l lows are impor tant for 
pept ides a n d proteins. 

A T T A C H M E N T T O S U L F U R G R O U P S . O f a l l t i e amino acids , the t w o 
most react ive i n solut ion t o w a r d the electron are cyst ine a n d cysteine. 
R e a c t i o n w i t h the former leads to the disulf ide an ion r a d i c a l , 

+ N H 3 C H ( C O O " ) C H 2 [ S - ^ S ] " C H 2 ( C O O " ) C H N H 3
+ , 

e." + + N H 3 C H C 0 2 " + N H 3 C H C 0 2 -
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J I I I L 

MAGNETIC FIELD, GAUSS • 

Figure 6. ESR spectrum of the peptide anion radical derived from electron 
attachment to β-alanylglycine at —196°C in a LiCl glass. Sample contained 
5 X I 0 " 2 M of β-alanylglycine and the electrons were generated photolytwally 
(64). Spectrum was recorded at —153°C and is attributed to the radicat+NDs-

CH2CH2CONDCH2C02: 
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a n d w i t h the latter , to + N H 3 C H ( C O O ) C H 2 - a n d H S ' . R e a c t i o n w i t h the 
—CH2SCH3 group i n meth ion ine also occurs a n d appears to p roduce t w o 
types of rad i ca l s : 

e a Q - + + N H 3 C H ( C O O - ) C H 2 C H 2 S C H 3 - » 
(17) 

~ S C H 3 + + N H 3 C H ( C O O - ) C H 2 C H 2 a n d 
+ N H 3 C H ( C O O - ) C H 2 C H 2 S " + - C H 3 

E S R studies of the amino acids i n glasses conf irm the f o rmat ion of the 
disulf ide an ion ( 2 0 ) , w h i c h is especial ly stable, a n d the m e t h y l r a d i c a l 
( 2 0 ) . S i m i l a r reactions m a y be expected to occur d i rec t ly or ind i re c t l y 
o n pept ides . 

C O M P E T I T I O N F O R E L E C T R O N S B Y R E A C T I V E G R O U P S O N P E P T I D E S . 

Since there are m a n y sites for react ion o n pept ides , the fate of the e lectron 
w i l l be in f luenced b y the specific moieties a n d the i r d isposit ion. Several 
i l lustrations can be g iven . F o r peptides w i t h an aromatic group, d e a m i n a 
t i o n competes w i t h r i n g attachment, but pept ide c a r b o n y l attachment 
predominates as the n u m b e r of pept ide groups increases. I n the series 
( a ) G l y P h e , ( b ) P h e G l y , a n d ( c ) P h e G l y G l y : deaminat ion is pre ferred 
for ( a ) , ring attachment a n d deaminat ion are equivalent for ( b ) , a n d 
pept ide attachment begins to compete w i t h these t w o processes i n ( c ) . 
F u r t h e r m o r e , r i n g attachment is exclusive i n H i s G l y , but about 4 0 % 
of the electrons react w i t h G l y H i s to deaminate i t . I n acetylpept ides , 
for w h i c h no sites for deaminat ion exist, e lectron attachment to the 
p e p t i d e c a r b o n y l predominates , b u t compet i t i on b y methionine , cysteine, 
pheny la lan ine , tyrosine, t ryptophan , g lu tamic a c i d , a n d aspartic a c i d is 
extensive. D e t a i l e d comparisons of these processes w i l l be reported 
elsewhere (64). 

R e a c t i o n o f Pept ide R a d i c a l s . O n the basis of the k i n d of phys i co -
c h e m i c a l evidence presented here a n d of the c h e m i c a l evidence descr ibed 
elsewhere (46,47), i t is apparent that the various radicals f o rmed i n i t i a l l y 
i n the i r rad ia t i on of pept ides a n d proteins convert to other radicals that 
subsequently react to f o r m products . Convers i on of cat ion radicals has 
a lready been ment ioned . Convers ions of the pept ide α-carbon radica ls 
are especial ly important to unders tand ing the radio lys is of proteins , so 
some i l lustrat ive examples w i l l be g iven . T h e eventual react ion of the 
α-carbon radica ls is not w e l l understood , but certa in assumptions c a n be 
m a d e re levant to the systems s tud ied . 

D E C O M P O S I T I O N O F T H E P E P T I D E C A R B O N Y L R A D I C A L S . D e p e n d i n g o n 
the nature of the constituent groups, these radicals c a n decompose b y 
transferr ing the e lectron to the t e r m i n a l amino group or b y sp l i t t ing off 
a n amide . B o t h processes, deaminat i on a n d deamidat i on , l e a d to the 
f o rmat ion of · C H R C O N H — radica ls , deaminat ion corresponding to c h a i n 
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scission. A s a n i l lus t ra t i on , F i g u r e 7 shows the spectra for D 2 0 ices of 
N - a c e t y l a l a n i n e (190 m g J m l ) i r r a d i a t e d at —196 ° C a n d t h e n annea led 
(64). T h e c a r b o n y l a n i o n predominates i n the spec trum after annea l ing 
at — 1 5 3 ° C ( to e l iminate O D - ) a n d amounts to about 6 5 % of the r a d i 
cals; the next most abundant r a d i c a l is the decarboxylated species. U p o n 
annea l ing to — 8 0 ° C , the a n i o n converts b y deamidat i on to the amide a n d 
fatty a c i d r a d i c a l : 

T h e spectrum s h o w n can be c o m p a r e d w i t h that of the p rop i on i c a c i d 
r a d i c a l f o r m e d independent ly or b y the deaminat i on of a lanine . T h i s 
sequence is representative of several acety lamino acids s tudied . 

A B S T R A C T I O N O F H F R O M T H E P E P T I D E B Y C A R B O N R A D I C A L S . T h e 

c a r b o n radica ls d e r i v e d f r o m deaminat ion , deamidat i on , a n d decarboxy la 
t i o n react subsequent ly w i t h the pept ides to abstract hydrogen , f o r m i n g 
the more stable α-carbon pept ide radica ls ( 6 3 ) . T h i s react ion can be 
demonstrated i n i r r a d i a t e d ices conta in ing acety lamino acids. C o n t i n u i n g 
w i t h the N-ace ty la lan ine example , one c a n also see i n F i g u r e 7 that u p o n 
further annea l ing to — 50 ° C , another r a d i c a l appears corresponding to 
react ion 19: 

T h e quartet spec t rum s h o w n is assigned to the r a d i c a l f r o m acety la lanine . 
T h e same type of react ion occurs w i t h d ipept ides . Consequent ly , a series 
of a l iphat i c d ipept ides i n D 2 0 ices were i r rad ia ted a n d the resultant 
radica ls at approx imate ly — 5 0 ° C were examined to ob ta in deta i l ed 
spectral data for compar ison w i t h proteins. T a b l e I I shows the subst i tu -
ents o n the m o d e l pept ide r a d i c a l , + N D 3 C H ( R 0 C O N D C R C O 2 " , a n d the 
type of spectra observed. Because pept ides w i t h R = H or C H 2 R " 
predominate i n proteins a n d because these w o u l d give r ise to doublet 
spl i tt ings at l o w temperatures, i t is understandable w h y the i r r a d i a t e d 
p r o t e i n spectra for actomyosin , m y o s i n , a n d others are character ized b y a 
b r o a d doublet s ignal . C o m p u t e r s imula t i on of the pro te in s igna l b y 
p r o p e r l y c o m b i n i n g the pept ide spectra is u n d e r w a y . 

B I M O L E C U L A R R E A C T I O N O F T H E « - C A R B O N R A D I C A L S . T h e eventual 
f o rmat ion of stable covalent bonds requires that pro te in α-carbon radica ls 
(whose d i s t r ibut i on is de termined b y molecu lar conformat ion a n d the 
condi t ions ) combine or disproport ionate w i t h s imi lar or other radica ls . 

C H 3 C (O") N D C H ( C H 3 ) C < V -> 

C H 3 C O N D 2 + - C H ( C H 3 ) C 0 2 - (18) 

C H ( C H 3 ) C 0 2 " + C H 3 C O N D C H ( C H 3 ) C < V -> 

C H 2 ( C H 3 ) C C V + C H 3 C O N D C C H 3 C 0 2 - (19) 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



134 P R O T E I N S A T L O W T E M P E R A T U R E S 

M A G N E T I C F I E L D , G A U S S — • 

Figure 7. ESR spectra of radicals derived from N-acetyl^-alanine in an irradi
ated D20 ice plug. Sample contained 190 mgJml of N-acetyhlanine and was 
irradiated to 5 kGy at —196°C. Spectrum a was recorded at —196°C; spec
tra b and c at —135°C. All spectra have markers from Fremy's salt superim
posed, (a) Composite spectrum of radicals present after annealing at —153 e C 
(approximately 65% corresponds to the anion), (b) Composite spectrum of the 
radicals formed upon annealing the ice plug to —80°C, of which 55% corre
sponds to the fatty acid radical, -CH(CHs)COz~. (c) Spectrum of the peptide 
radical, CH3CONDC(CH3)C02~, formed upon further annealing the ice plug 

to - 5 0 ° C . 
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Table II. ESR Spectral Features for Different 

* N D 3 C H ( R ' ) C O N D C ( R ) C 0 2 - Radicals' 

Number of 
Parent Dipeptide R' R Lines" 

G l y c y l g l y c i n e H H 2 
A l a n y l g l y c i n e C H 3 H 2 
G l y c y l a l a n i n e H C H 3 4 
A l a n y l a l a n i n e C H 3 C H 3 4 
G l y c y l g l u t a m i c a c id H CH2CH2CO2" 2 
G l u t l m y l g l u t a m i c a c id CH2CH2CO2" CH2CH2CO2" 2 
G l y c y l a s p a r t i c a c id H CH2CO2" 2 
G l y c y l m e t h i o n i n e H (CH2) 2SCH3 

2 
G l y c y l s e r i n e H C H 2 0 H 2 
L y s y l l y s i n e ( C H 2 ) 4 N D 3

+ ( C H 2 ) 4 N D 3
+ 2 

"Species stable after y -irradiating approximately 200 mgJml of the correspond-
ing dipeptide in ice plugs 
- 5 0 ° C . 

at —196°C to a dose of about 5 kGy and annealing to 

b Hyperfme splittings are found to be 18-20 gauss for all the radicals observed. 

T h e i r large size a n d relat ive i m m o b i l i t y w o u l d render such reactions 
s l ow i n fluid m e d i a a n d i m p r o b a b l e i n viscous or r i g i d m e d i a . R e a c t i o n 
i n d r y systems a n d i n frozen systems w o u l d invo lve either sma l l m o b i l e 
radica ls d i f fus ing to the larger radicals or free r a d i c a l sites o n the large 
molecules b e i n g i n p r o x i m i t y to each other. F r a g m e n t radica ls such as 
C H 3 , C H R C 0 2 ~ , or S C H 3 c o u l d account for some of the decay. F o r large , 
g lobu lar po lypept ides or proteins, the radicals o n fo lded-over chains 
c o u l d combine i f close enough. F o r the l ong , fibrous molecules , the 
radicals o n ne ighbor ing chains m i g h t be able to react i f sufficient b e n d i n g 
occurs to p lace these sites i n a n appropr iate d ispos i t ion . Since m y o s i n 
has two chains entwined about each other, some cross react ion m i g h t be 
expected. I f the proteins are desiccated there s h o u l d be some u n r a v e l i n g 
i n the structure, m a k i n g react ion even less l ike ly . S igni f icant ly more 
k inet i c in format ion is needed before these final steps i n the rad io ly t i ca l l y 
in i t i a ted sequence of reactions are understood. 

Summary 

M a n y of the reactions that occur i n the specific systems descr ibed are 
c o m m o n to most i r rad ia ted proteins. These reactions are s u m m a r i z e d i n 
the general ized scheme g iven be low. N o attempt is m a d e to show a l l 
possible pathways for react ion or to exp la in a l l of the observations no ted 
for proteins. F o r the sake of c lar i ty , the pro te in structure is i d e a l i z e d a n d 
schematica l ly represented b y J X J X J X J X J X J , w h i c h is e q u i v a 
lent to (20) (detai ls i n the structure are i n c l u d e d on ly for specific cases) : 
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H,.() - V W V ·• c s", O H ·, I T , H · 

ΛΛΛΪΛΛJ ( 2 2 a> 
ionization 

J W V W v w -
excitation 

( Λ Λ Λ Λ Λ J ) * 

(21) 

(22b) 

+ A J W W attachment AAJVVAJ 
cr 

0 H - + J V W W 
abstraction J W v V V + H - ' 0 

addition-elimination J V J V J V J V J V J -|- Η 0 

~ 0 
-Η-

JW\JW 
charge transfer-
decarboxylation 

- Λ Λ J W V 

(23) 

(24a) 

124b) 

(25a) 

charge transfer-
hydrolysis 

θ ; 
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deexcitation 

neutralization-
excitation 

-(ΛΛΛΛΛJ)* 

- Λ Λ Λ Λ Λ J . (26a) 

- Λ Λ Λ Λ ν + Η · ( 2 6 ΐ ) ) 

Η 

Η 

deamination 

Λ J W W 
ι 

0 " 

Ν Η 3 + V W W 

deamidation (+Η*) J J J J 

demethylation 

Η 

4 
ΛΛΛΛΛJ + C H 3 

C H , 
I 

C H , 
I 
s -

(27a) 

(27b) 

(27c) 

W + Λ Λ Λ J W a b s t r a c t i o n * Λ Λ Λ J W + W (28) 

Λ Λ Λ Λ Λ J + ΛΛΛΛΛJ Η 

disproportionation Q 
^ΛΛΛ^ΛΛJ+ΛΛΛΛΑJ (29a) 

Ν 
combination V V W s A 

Λ Λ Λ Λ Λ J 

(29b) 

A s is i m p l i e d i n this scheme, there w i l l be certa in modif icat ions i n 
the pro te in resu l t ing f r o m i r rad ia t i on that d e p e n d o n specific condit ions . 
T h e ind i rec t effects of reactions of p r i m a r y water r a d i c a l , as w e l l as those 
resu l t ing f r o m u n i m p e d e d di f fusion of secondary radica ls , w i l l be m i n i 
m i z e d or e l i m i n a t e d i n d r y systems or f r ozen aqueous systems. F o r m a t i o n 
of the pept ide r a d i c a l b y l o n g c h a i n , fat ty ac id - type radica ls abstract ing 
h y d r o g e n c o u l d occur i n fluid, concentrated solutions, b u t w o u l d be 
diff icult i n rigid m e d i a , b e i n g l i m i t e d to either n e i g h b o r i n g molecules or 
p r o x i m a l parts of the same molecule . Effects o n g l obu lar a n d fibrous 
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proteins w i l l differ for this reason. F i n a l react ion of the large pept ide 
radica ls , i n t u r n , w o u l d be affected b y the constraints of the m e d i u m o n 
their flexing a n d di f fusional motions. S u c h reactions i n f rozen, hydra ted , 
fibrous proteins m i g h t invo lve on ly ne ighbor ing radicals brought close 
enough together b y flexing a n d tors ional modes of mot ion . I n d r y systems, 
the interact ion of these w o u l d be more diff icult because of a less favorable 
d ispos i t ion of the chains. 

Since the proteins i n f ood preserved b y i r rad ia t i on to approx imate ly 
40 k G y at — 40 °C are h y d r a t e d a n d fixed i n a r i g i d m e d i u m , the observa
t i o n (6) that these proteins are m i n i m a l l y affected is consistent w i t h the 
impl i ca t i ons of this scheme. T h e major free radicals der ived f r o m the 
pro te in are of the pept ide backbone type , a n d they do not persist i n the 
t h a w e d product . These radicals apparent ly undergo reconst itut ive re com
b i n a t i o n reactions, so no signif icant degradat ion or covalent aggregat ion 
of the l o n g molecu lar c h a i n is observed. O t h e r free radicals f r o m side 
c h a i n groups represent a smal l contr ibut ion to the tota l , a n d consequently , 
none of the a m i n o acids is d i s cern ib ly affected. T h e l i m i t e d extent to 
w h i c h changes occur i n the proteins, as w e l l as i n the equa l ly impor tant 
l i p i d components (65,66,67), explains the h i g h q u a l i t y of the l o w -
temperature i r rad ia ted meat, fish, a n d p o u l t r y products . 

Acknowledgment 

T h e authors are grateful to D r . M i c h a e l G . S i m i c , D r . James J . Sh ieh , 
M r . J o h n E . W a l k e r , a n d M r . James B . D ' A r c y for h e l p f u l discussions of 
this subject a n d for m a k i n g ava i lab le data i n advance of p u b l i c a t i o n . 

Literature Cited 

1. Spinks, J. W. T.; Woods, R. J. "An Introduction to Radiation Chemistry"; 
2nd ed.; John Wiley: New York, 1976. 

2. Hart, E. J.; Anbar, M. "The Hydrated Electron"; Wiley-Interscience: New 
York, 1970. 

3. Anbar, M.; Bambenek, M.; Ross, A. B. "Selected Specific Rates of Reac
tions of Transients from Water in Aqueous Solution. Hydrated Elec
tron," Natl. Bur. Stand. (U.S.) Rep. 1973, NSRD-NBS 43. 

4. Taub, I. Α.; Kaprielian, R. A. Abstr. First Int. Cong. Eng. Food, Aug 9-13, 
1976, Boston, ΜΑ; p 82. 

5. Taub, I. Α.; Kaprielian, R. Α.; Halliday, J. W. IAEA Proc. Int. Symp. 
Food Preserv. Irradiation, Nov. 21-25, 1977 1978, 1, 371. 

6. Taub, Ι. Α.; Robbins, F. M.; Simic, M. G.; Walker, J. E.; Wierbicki, E . 
Food Tech. 1979, 33, 184. 

7. Rustgi, S.; Joshi, A; Friedberg, F.; Riesz, P. Int. J. Radiat. Biol. and Relat. 
Stud. Phys. Chem. Med. 1977, 32, 533. 

8. Matheson, M. S.; Dorfman, L. M. "Pulse Radiolysis"; MIT: Cambridge, 
1969. 

9. Taub, I. Α.; Hurwitz, P. Α.; Tocci, J. Abstr. Fifth Int. Cong. of Radiat. 
Res., 1974, Seattle, WA, p 196. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



6. TAUB ET AL. Irradiated Proteins 139 

10. Trifunac, A. D., Johnson, K. W.; Clifft, Β. E.; Lowers, R. H. Chem. Phys. 
Lett. 1975, 35, 566. 

11. Fessenden, R. W. J. Chem. Phys. 1973, 58, 2489. 
12. Smaller, B.; Avery, E. C.; Remko, J. R. J. Chem. Phys. 1971, 55, 2414. 
13. Asmus, K. D. In "Fast Processes in Radiation Chemistry," Adams, G. E., 

Fielden, Ε. M., Michael, B. D., Eds.; John Wiley: New York, 1975; p 40. 
14. Verberne, J. B.; Warman, J. M.; deHaas, M. P.; Hammel, Α.; Prinsen, L. 

Nature 1978, 272, 343. 
15. Eiben, K.; Fessenden, R. W. J. Phys. Chem. 1971, 75, 1186. 
16. Sevilla, M. D. J. Phys. Chem. 1970, 74, 2096. 
17. Ibid. 1976, 80, 1898. 
18. Van Paemel, C.; Frumin, H.; Brooks, V. L.; Failor, R.; Sevilla, M. D. 

J. Phys. Chem. 1975, 79, 839. 
19. Sevilla, M. D.; Brooks, V. L. J. Phys. Chem. 1973, 77, 2954. 
20. Sevilla, M. D. J. Phys. Chem. 1970, 74, 3366. 
21. Henriksen, T.; Nelo, T. B.; Sexebol, G. In "Free Radicals in Biology," 

Pryor, W. Α., Ed.; Academic: New York, 1976; Vol. II, p 213. 
22. Satterlee, L. D.; Wilhelm, M. S.; Barnhart, Η. M. J. Food Sci. 1971, 36, 

549. 
23. Giddings, G. G.; Markakis, P. J. Food Sci. 1972, 37, 361. 
24. Tappel, A. L. Food Res. 1956, 21, 650. 
25. Simic, M. G.; Taub, I. Α.; Rosenkrans, R. L. J. Food Proc. Preserv., in 

press. 
26. Simic, M. G.; Taub, I. A. Biophys. J. 1978, 24, 285. 
27. Shieh, J. J.; Hoffman, M. Z.; Simic, M. G.; Taub, I. A. "Abstracts of 

Papers," 174th National Meeting, ACS, Aug. 28-Sept. 2, 1977, Chicago, 
IL; BIOL 86. 

28. Shieh, J. J.; Sellers, R. M.; Hoffman, M. Z.; Taub, I. Α., Proc. Assoc. Radiat. 
Res. (Great Britain), June 3-5, 1979, Wrexham, Clwyd, Wales, in press. 

29. Shieh, J. J., unpublished data. 
30. Mee, L. K.; Adelstein, S. J.; Stein, G. Radiat. Res. 1972, 52, 588. 
31. Adams, G. E.; Bisby, R. H.; Cundall, R. B.; Redpath, J. L.; Willson, R. L. 

Radiat. Res. 1972, 49, 290. 
32. Delincée, H.; Radola, Β. J. Int. J. Radiat. Biol. and Relat. Stud. Phys. 

Chem. Med. 1975, 28, 565. 
33. Friedberg, F. Radiat. Res. 1969, 38, 34. 
34. Fluke, D. J. Radiat. Res. 1966, 28, 677. 
35. Riesz, P.; White, F. H., Jr. Radiat. Res. 1970, 44, 24. 
36. Coelho, R. Enzymol. Aspects Food Irradiat., Proc. Panel, 1968, 1969, 1. 
37. Taub, I. Α.; Halliday, J. W.; Holmes, L. G.; Walker, J. E.; Robbins, F. M. 

Proc. Army Sci. Conf., June 6-9, 1976, West Point, NY; Vol. III. 
38. Halliday, J. W.; Taub, I. A. J. Food Proc. Preserv., in press. 
39. Henriksen, T.; Sanner, T.; Pihl, A. Radiat. Res. 1963, 18, 147. 
40. Gordy, W.; Shields, H. Radiat. Res. 1958, 9, 611. 
41. Halliday, J. W.; Taub, I. Α., unpublished data. 
42. Taub, I. A.; Halliday, J. W.; Holmes, L. G.; Walker, J. E.; Robbins, F. M., 

unpublished data. 
43. Stein, G.; Tomkiewicz, M. Radiat. Res. 1970, 43, 25. 
44. Bachman, S.; Galant, S.; Gasyna, Ζ.; Witkowski, S. IAEA Proc., Panel 

Improvement Food Quality, 1973, 1974, 77. 
45. Hayden, G. Α.; Rogers, S. C.; Friedberg, F. Arch. Biochem. Biophys. 

1966, 113, 247. 
46. Garrison, W. Radiat. Res. Rev. 1972, 3, 305. 
47. Friedberg, F. Radiat. Res. Rev. 1969, 2, 131. 
48. Meyers, L. S., Jr., In "Radiation Chemistry of Macromolecules," Dole, M., 

Ed.; Academic: New York, 1970; Vol. II, p. 323. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



140 PROTEINS AT LOW TEMPERATURES 

49. Alexander, P.; Lett, J. T. In "Comprehensive Biochemistry," Florkin, M.; 
Stotz, Ε. H.; Eds.; Elsevier: New York, 1971; Vol. 27, p 267. 

50. Sevilla, M. D.; D'Arcy, J. B. J. Phys. Chem. 1978, 82, 338. 
51. Sevilla, M. D.; D'Arcy, J. B., unpublished data. 
52. Dorfman, L. M.; Adam, G. E. "Reactivity of Hydroxyl Radical in Aqueous 

Solution," Nat. Bur. Stand. (U.S.), Rep. 1973, NSRD-NBS 46. 
53. Simic, M. G. J. Agric. Food Chem. 1978, 26, 6. 
54. Dorfman, L. M.; Taub, I. Α.; Buhler, R. E. J. Chem. Phys. 1962, 36, 3051. 
55. Land, E. S.; Ebert, M. Trans. Faraday Soc. 1967, 63, 1181. 
56. Neta, P. Chem. Rev. 1972, 72, 533. 
57. Volker, W. Α.; Kuntz, R. R. J . Phys. Chem. 1968, 72, 3394. 
58. Weeks, B. M.; Cole, S.; Garrison, W. M. J. Phys. Chem. 1965, 69, 4631. 
59. Hayon, Ε.; Simic, M. Acc. Chem. Res. 1974, 7, 114. 
60. Taub, I. Α.; Heinmets, F., unpublished data. 
61. Simic, M.; Hayon, E. Radiat. Res. 1971, 48, 244. 
62. Rao, P. S.; Hayon, Ε. J. Phys. Chem. 1974, 78, 1193. 
63. Garrison, W. M.; Jayko, M. E.; Rodgers, M. A. J.; Sokol, Η. M.; Bennett

-Corniea. Adv. Chem. Ser. 1968, 81, 384. 
64. Sevilla, M. D.; D'Arcy, J. B., unpublished data. 
65. Nawar, W. W. J. Agric. Food Chem. 1978, 26, 21. 
66. Merritt, C. M.; Angelini, P.; Graham, R. A. J. Agric. Food Chem. 1978, 26, 

29. 
67. Simic, M. G.; Merritt, C. M.; Taub, I. A. In "Fatty Acids," AOCS Mono

graph; Pryde, E. H., Ed.; in press. 

RECEIVED June 16, 1978. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

6

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



7 
The Role of Proteins in the Freezing Injury 
and Resistance of Biological Material 

J. LEVITT 

Carnegie Institution, Department of Plant Biology, 290 Panama Street, 
Stanford, CA 94305 

The first protein hypothesis explained freezing injury by a 
precipitation of proteins due to the freeze-induced increase 
in salt concentration. This concept is opposed by the 
absence of a reduction in the activity of most enzymes in 
freeze-killed plants. Many results point to membranes, and 
more specifically to their ATPases as the initial locus of 
freezing injury. Due to their role as ion pumps, their 
inactivation by freezing is the probable cause of the well
-known efflux of ions from freeze-injured tissues. Freezing 
tolerance of plants is apparently associated with protein 
changes in both quality and quantity, and also with the 
accumulation of protective substances that prevent ATPase 
inactivation. 

F R E E Z I N G I N J U R Y ( 1 ) 

Effect of Freezing on Animals and Plants 

H p h e conversion of water to ice i n temperate cl imates poses a serious 
Α s u r v i v a l p r o b l e m for a l l organisms exposed to this change. A l l h igher 

animals a n d most l o w e r animals are k i l l e d w h e n frozen i n nature. Those 
that survive f reez ing temperatures do so p r i m a r i l y b y f reez ing avoidance 
— t h e a b i l i t y to r e m a i n unfrozen at env i ronmenta l f reez ing temperatures. 
I n contrast, a l l overwinter ing p lants of temperate c l imates ( the h igher as 
w e l l as the l ower ones) possess f reez ing tolerance. T h e y surv ive at the 
temperatures of the i r na tura l environment . T h e biologist , a n d even the 
phi losopher of earl ier c iv i l i zat ions , has l o n g been fasc inated b y this 
extraordinary adaptat ion of p l a n t s — t h e i r a b i l i t y to freeze s o l i d w i t h o u t 

0-8412-0484-5/79/33-180-141$5.00/0 
© 1979 American Chemical Society 
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suffering any in jury . T h i s adaptab i l i t y is of more p r a c t i c a l interest 
because of man's transfer of economica l ly important plants to env i ron 
ments to w h i c h they are not adapted . M a n y agr i cu l tura l , forest, a n d 
ornamenta l p lants are k i l l e d each year b y f reez ing . H o w does the f reez ing 
of tissues k i l l t h e m a n d h o w do resistant plants prevent this f reez ing 
in jury? 

Physical Explanations of Freezing Injury 

M a n y hypotheses have been proposed to exp la in f reez ing in jury . 
Because f reez ing is a p h y s i c a l phenomenon , these hypotheses have been 
m a i n l y p h y s i c a l i n nature. T h e early theorists v i e w e d f reez ing i n j u r y 
as a s imple r u p t u r e of cells d u e to the expansion of water o n f reez ing , 
analogous w i t h the burs t ing of water p ipes i n w in ter . N e a r l y 150 years 
ago this theory was p r o v e d to be w r o n g b y a very s imple e x p e r i m e n t — 
the observation of f rozen cells under the microscope. H u n d r e d s of species 
of p lants w e r e observed w i t h o u t finding any r u p t u r e of f rozen a n d 
t h a w e d cells. U n d e r art i f i c ia l condit ions of f reez ing i t has jsince been 
f o u n d that some t h i n - w a l l e d cells c a n be r u p t u r e d b y f reez ing , b u t this 
has never been observed i n cells f rozen i n nature. T h e reason for the 
absence of r u p t u r e was also d iscovered a century a n d a ha l f ago. W h e n 
f rozen natura l ly , p l a n t tissues freeze extracel lular ly , i n the a i r - f i l l ed inter 
ce l lu lar spaces, at the expense of water that gradua l ly diffuses out of the 
cells to the extracel lular l o c i of ice . T h e cells are dehydrated i n the 
proccess a n d col lapse to a greater or less degree, d e p e n d i n g o n the 
temperature to w h i c h they are f rozen a n d their w a t e r contents before 
f reez ing ( F i g u r e s 1 a n d 2 ) . F r e e z i n g of p lants i n w i n t e r is , therefore, a 
d e h y d r a t i o n process, analogous to the evaporat ive dehydra t i on of p lant 
cells d u r i n g a summer drought . F r e e z i n g in jury a n d drought in jury must , 
therefore, be bas ica l ly s imi lar . A s a result , bacter ia , yeasts, a n d other 
microorganisms that can be a i r d r i e d w i t h o u t in jury c a n also survive 
extracel lu lar f reez ing w i t h o u t in jury . 

U n d e r some art i f i c ia l condit ions, however , p lants freeze in t race l lu -
l a r l y due to the m u c h more r a p i d f reez ing (e.g., a coo l ing rate of 1°J 
m i n ) w h i c h does not p e r m i t sufficient t i m e for the w a t e r to diffuse out of 
the cells to the extracel lular l o c i of ice . E v e n then , c e l l r u p t u r e does not 
n o r m a l l y occur because of the elastic extensibi l i ty of the c e l l wa l l s . T h e 
intrace l lu lar ice crystals m a y , however , p ierce the c e l l membranes . T h i s 
leaves holes on t h a w i n g , a l l o w the c e l l contents to diffuse out, r esu l t ing i n 
dea th of the ce l l . 

U n d e r n a t u r a l condit ions of s low freez ing , the c e l l col lapse that 
accompanies extracel lular f reez ing subjects the cells to another k i n d of 
p h y s i c a l stress, as po in ted out 50 years ago b y I l j in . Instead of expanding , 
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7. L E V I T T Freezing Injury and Resistance 143 

as occurs d u r i n g intrace l lu lar f reez ing , s low freez ing results i n col lapse 
of the c e l l because of freeze dehydrat i on , a n d this subjects the c e l l surface 
to tension. I n its s implest sense, this tension m a y be thought of as 
p r o d u c i n g cracks or crevices i n the c e l l surface, or more speci f ical ly i n 
the c e l l membrane . S u c h postulated cracks a n d crevices w o u l d not be 
seen microscop i ca l ly because they presumably occur i n b imo lecu lar m e m 
branes. T h u s , i f they do occur they must take p lace at the molecu lar 
l eve l a n d c h e m i c a l reactions m a y be invo lved . H o w e v e r , a stronger a r g u 
m e n t c a n be m a d e for invo lvement of c h e m i c a l reactions i n f reez ing 
in jury . T h i s concerns the l o n g k n o w n fact that the h a r d e n i n g process, 
d u r i n g w h i c h the p l a n t increases its f reez ing resistance, involves m a n y 
c h e m i c a l changes (see b e l o w ) . 

Figure 1. Spirogyra (X300). (a) Normal, unfrozen, (b) frozen extracelluhrly 
showing cell collapse without any ice inside the cell, (c) thawed. From Molisch, 

1897. 
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Figure 2. (Left) Large ice masses formed between the much smaller cells. 
(Right) Contraction of tissue caused by ice masses formed beneath the epider

mis. From Prillieux, 1869. 

Effect of Freezing on Cell Proteins 

Protein Precipitation. T h e l i v i n g p a r t of a c e l l is the pro top lasm, 
w h i c h consists o f proteins , l i p i d s , nuc le i c acids, a source of energy 
(usua l ly carbohydrates ) , metabo l i c intermediates , cer ta in inorganic ions, 
a n d cofactors necessary for the enzyme ac t iv i ty of m a n y proteins. Because 
the proteins comprise the largest component of pro top lasm ( T a b l e I ) , i t 
is l og i ca l to look first at t h e m as the seat of c e l l in jury . I t is perhaps for 

Table I. Components of Protoplasm 

Approximate 
Percent of Relative Number 

Substance Fresh Weight of Molecules 

W a t e r 8 5 - 9 0 18,000 
Prote ins 7-10 1 
F a t t y substances 1-2 10 
Other organic substances 1-1.5 20 
Inorganic ions 1-1.5 100 

this reason that the first c h e m i c a l theory of f reez ing in jury i n v o l v e d 
proteins. Some 70 years ago, i t was suggested b y G o r k e , o n the basis o f 
f r eez ing of p l a n t saps, that f reez ing in jury is due to a prec ip i ta t i on of 
proteins , that occurs p r i m a r i l y because of a f reeze- induced increase i n the 
concentrat ion of c e l l salts. T h i s salt p rec ip i ta t i on theory of Gorke ' s was 
reasonable at the t ime , a n d a s imi lar hypothesis was proposed i n d e p e n d -
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ent ly some 50 years later to exp la in the hemolysis of r e d b l o o d cells b y 
f reez ing . It is n o w ca l l ed the "salt concentrat ion hypothes is" a n d is s t i l l 
the most p o p u l a r explanat ion a m o n g m e d i c a l cryobiologists . M o r e recent 
attempts to support Gorke 's hypothesis have , however , l e d to f a i lure 
(see b e l o w ) . 

Ef fec t o f F r e e z i n g o n E n z y m e A c t i v i t y , I f proteins p l a y any ro le 
i n f reez ing in jury , a n effect of f reez ing on the i r enzyme ac t iv i ty shou ld b e 
detect ible . T h a t f reez ing temperatures, pe r se, do not inact ivate enzymes 
i n general has been repeatedly s h o w n b y investigators i n the n e w field of 
c ryoenzymology—the measurement of enzyme ac t iv i ty at temperatures 
b e l o w the f reez ing p o i n t of water ( 2 ) . These act ivit ies , however , are 
general ly measured i n the absence of ice, w h i c h is avo ided b y the a d d i t i o n 
of antifreezes. M o r e pert inent evidence is easily der ived f r o m the fact 
that f reez ing is used as a rout ine method for preserv ing enzyme ac t iv i ty 
i n tissues k i l l e d b y f reez ing ( 3 , 4 ) . T h e activit ies of the enzymes so 
obta ined are quite comparable to those of enzymes obta ined b y conven 
t i ona l extract ion ( 3 ) . T h e presence of soluble , f u l l y act ive enzymes i n 
f reeze -k i l led cells is, of course, the strongest evidence against theories of 
f reez ing in jury that invo lve irrevers ible prec ip i ta t i on of proteins. N e v e r 
theless, some enzymes are inact ivated b y f reez ing ( 5 , 6 , 7 ) , a n d this m a y 
invo lve changes i n enzyme conformat ion ( S ) . 

I n a l l the above cases, f reez ing was per f o rmed r a p i d l y a n d , therefore, 
undoubted ly i n v o l v e d intrace l lu lar f reez ing. If , however , even this more 
severe k i n d of f reez ing fai ls to inact ivate most enzymes, cer ta in ly the less 
severe extracel lular f reez ing w o u l d also f a i l to do so. T h i s fact has been 
corroborated b y the evidence of u n d i m i n i s h e d enzyme ac t iv i ty i n n a t u 
r a l l y f rozen a n d k i l l e d plants . Therefore , f reez ing in jury cannot be due 
to a general inac t ivat i on of enzymes. M o s t enzymes, i n fact , must be 
exc luded f r om the cause of f reez ing in jury . O n e or a f ew enzymes, h o w 
ever, m a y conce ivab ly be invo lved . 

Effects of Low Temperature on Isolated Enzymes 

I n order to exp la in the possible ro le of proteins i n f reez ing in jury , 
evidence must be b o r r o w e d f r o m the effects of l o w temperatures o n 
iso lated enzymes a n d other m o d e l systems. T h e r e are t w o major , d i s r u p 
t ive effects of l o w b u t nonfreez ing temperatures ( 0 - 5 ° C ) o n pro te in 
structure. (1 ) A n effect o n the quaternary structure : the spontaneous 
sp l i t t ing of h i g h M W mult imers into t w o or more smal l M W monomers 
( 9 ) . (2 ) A n effect o n the tert iary structure : the u n f o l d i n g (denaturat ion) 
of nat ive proteins. I n bo th cases, the change is due to a w e a k e n i n g of 
intramolecu lar , h y d r o p h o b i c bonds (10) (see F i g u r e 3 ) . I n b o t h cases, 
the change is revers ib le : 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

7

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



146 P R O T E I N S A T L O W T E M P E R A T U R E S 

0-5°C 
N r = * D 

above 5°C 

w h e r e Ν is the nat ive a n d D the denatured pro te in . 
T h i s denaturat ion m a y inact ivate the enzyme, b u t the u n f o l d i n g is 

revers ible , a n d the pro te in refolds a n d regains its enzymat i c ac t iv i ty o n 
r e w a r m i n g . I t is , perhaps , f or this reason that c oo l ing b e l o w 0 ° C i n the 
absence of f reez ing (undercoo l ing ) is not injurious to plants that are 
nevertheless k i l l e d b y f reez ing at the same temperature. 

T h e denaturat ion m a y , however , be converted to a n irrevers ib le state 
b y intermolecu lar aggregat ion ( A ) : 

D - » A 

Temperature (°C.) 

Figure 3. The relation of hydrophobic bonding, hydrogen bonding, and con
formational entropy to temperature. From Brandts (1967). 
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7. L E V I T T Freezing Injury and Resistance 147 

T h i s aggregat ion m a y invo lve any of the k n o w n k inds of in termolecu lar 
pro te in bonds : H — , h y d r o p h o b i c , electrostatic, or covalent ( S — S ) . O f 
these four , b y far the strongest a n d the least l i k e l y to be reversed s i m p l y 
b y ra i s ing the temperature is the S — S b o n d . 

The Sulfbydryl—Disulfide Hypothesis of Freezing Injury 

O n the basis of exper imenta l results i n d i c a t i n g a convers ion of p ro te in 
S H to SS groups d u r i n g f reez ing , the S H hypothesis of f reez ing in jury was 
proposed (11). A c c o r d i n g to this concept, f reeze -dehydrat ion p a r t i a l l y 
removes the free water that separates proteins i n the unfrozen l i v i n g ce l l . 
T h i s permits close enough contact between S H groups of adjacent p r o t e i n 
molecules for intermolecular SS format ion , resu l t ing i n aggregat ion a n d 
denaturat ion ( F i g u r e 4 ) . T h i s order is contrary to the order expressed i n 

I-unfrozen 

Figure 4. Postulated mechanisms of protein unfolding due to intermolecular 
SS formation during freezing. From Levitt 1962. 

the above two equations. T h e S H hypothesis was , therefore, later m o d i 
fied so that u n f o l d i n g ( N ^ ± D ) occurred first ( thus u n m a s k i n g the S H 
groups that w e r e n o r m a l l y protected i n the f o lded , nat ive pro te ins ) . 
Freeze -dehydra t i on then p e r m i t t e d the u n f o l d e d molecules to a p p r o a c h 
close enough to p e r m i t i r revers ib le aggregat ion v i a intermolecu lar 
b o n d i n g . 

M o r e evidence is avai lab le for the second ( D - » A ) t h a n for the first 
( N ^ ± D ) occurrence. A s ment ioned above, i t has l o n g been k n o w n that 
f reez ing of p l a n t homogenates m a y prec ip i tate proteins. T h i s p r e c i p i t a 
t i o n is due to pro te in aggregation a n d has been exp la ined b y the freeze-
i n d u c e d increase i n concentrat ion of salt or of H + ions. W h e t h e r or not a 
s imi lar p re c ip i ta t i on occurs w i t h i n the freeze-damaged c e l l has not been 
establ ished. B y use of disc ge l electrophoresis, however , i t has been 
s h o w n that b o t h extracel lular f reez ing (12) a n d evaporat ive dehydra t i on 

American Chemical 
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Washington, D. C. 20036 
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of p lant tissues (13) l e a d to decreased migra t i on of the faster m o v i n g , 
l o w molecu lar we ight proteins , a n d increased m i g r a t i o n of the s lower 
m o v i n g , h igher molecu lar w e i g h t proteins. T h i s evidence is i n agreement 
w i t h the not ion that some soluble, l o w molecu lar w e i g h t proteins m a y be 
i n d u c e d to aggregate on freez ing . 

I n the case of two m o d e l systems, f reeze - induced aggregat ion is the 
result of intermolecular S—S bond ing . I n one of these cases, a n aqueous 
ge l of a denatured a n d th io lated ge lat in ( T h i o g e l ) was surface f rozen, 
l e a d i n g to p a r t i a l f reeze-dehydrat ion of the gel . T h i s resulted i n inter 
molecu lar b o n d i n g due to ox idat ion of S H groups to intermolecular SS 
groups ( F i g u r e 5 ) . I n the second case, the SS pro te in , bov ine serum 
a l b u m i n ( B S A ) , was not prec ip i ta ted or aggregated i f a so lut ion of the 
nat ive pro te in was frozen. If, however , its in tramolecu lar SS groups were 
first r educed to S H groups, denatur ing the pro te in , f reeze-dehydrat ion 
resul ted i n intermolecu lar SS format ion , aggregation, a n d prec ip i ta t i on . 
I n b o t h m o d e l systems, the aggregates c o u l d be reso lub i l i zed b y r e d u c i n g 
the SS groups to S H groups. 

Negat ive evidence also has been obta ined . F r e e z e - i n d u c e d i n a c t i v a 
t i o n of A T P a s e i n the thy lako ids of sp inach chloroplasts has been observed 
w i t h o u t any detectable increase i n SS groups (14). T h i s is not surpr i s ing 
because, i n the absence of so luble proteins ( w h i c h the investigators h a d 
washed a w a y ) , no aggregation is l i k e l y . A more recent invest igat ion has 
demonstrated that evaporative dehydrat ion does, indeed , l ead to some 

Time (hr) 

Figure 5. Acceleration of intermolecular SS formation (shows by rise in melt
ing point) in Thiogel on freezing. From Levitt, 1965. GSH = reduced gluta
thione. "Extragel" freezing is external to the gel, on the upper and lower 

surfaces. 
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7. L E V I T T Freezing Injury and Resistance 149 

conversion of S H to SS groups i n the soluble proteins of some plants , 
a l though i t was not possible to account for the change quant i tat ive ly . 
T h i s was due , at least par t ly , to a synthesis of n e w proteins d u r i n g the 
dehydrat i on p e r i o d ( 1 3 ) , w h i c h changed the proport ions of S H a n d SS 
groups i n the extracted mixture of soluble proteins. F u r t h e r m o r e , the 
aggregation of soluble proteins was reversed b y the a d d i t i o n of mercapto 
ethanol , a S H compound . Aggregat i on decreased the n u m b e r of iso lated 
pro te in bands f r o m eight to three a n d mercaptoethanol increased the 
n u m b e r back to eight, a l though the regenerated proteins w e r e not i d e n 
t i c a l to the o r i g ina l ones. 

N o direct invest igat ion of the proposed first s t e p — u n f o l d i n g of the 
proteins at l o w temperatures—has appeared. Ind irec t evidence i n favor 
of this occurrence is the repor ted decrease i n h y d r o p h o b i c i t y of proteins 
d u r i n g h a r d e n i n g (see b e l o w ) . I n oppos i t ion , however , is the fact that 
evaporat ive dehydrat i on c a n apparent ly l ead to the second step (aggre
gat ion) w i t h o u t the first. Cond i t i ons of this experiment seem to e l iminate 

0-5° 
the first step ( N , S D ) because the evaporat ive dehydrat i on was 

above 5° 
conducted at r oom temperature. H o w e v e r , i t is conceivable that u n f o l d i n g 
of the pro te in ( the first step) m a y occur i n the absence of l o w tempera 
ture. I n the case of c e l l dehydrat ion , whether b y extracel lular f reez ing 
or evaporat ion, I l j i n has s h o w n that ce l l col lapse is accompanied b y a 
tension at the c e l l surface (see above ) . T h i s tension must be t ransmit ted 
to the surface proteins, a n d m a y be expected to induce at least p a r t i a l or 
l o c a l i z e d un fo ld ing . T h e u n f o l d i n g w o u l d be a ided b y the dehydrat i on -
or f reeze- induced increase i n salt concentrat ion, because this c o u l d break 
some of the electrostatic bonds that he lp m a i n t a i n the nat ive conforma
tions of the proteins. 

Specific Enzyme(s) or Protein(s) Involved in Freezing Injury 

I n 1912, M a x i m o v proposed that the locus of f reez ing in jury is the 
outer c e l l membrane , the p lasmalemma. M a n y later investigators have 
also suggested that membrane damage is the seat of in jury . I f this is 
correct, i t w o u l d po in t to m e m b r a n e proteins as the impor tant ones i n 
f reez ing in jury . I f the damage is due to aggregation, as suggested above, 
then the soluble cytoplasmic proteins must also be i n v o l v e d , because 
these are the o n l y ones that c a n be brought i n contact w i t h the membrane 
proteins b y freeze-dehydrat ion. 

I n agreement w i t h the m e m b r a n e concept, H e b e r (15) invest igated 
a n u m b e r of enzymes a n d f o u n d that none of the soluble ones were 
inac t ivated b y f reez ing . T h e only one affected b y f reez ing was the 
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A T P a s e of chloroplast membranes ( the t h y l a k o i d s ) . Recent ind i rec t 
evidence supports these results, a l t h o u g h A T P a s e of the p l a s m a l e m m a 
appears to be the most l i k e l y key enzyme. T h i s conc lus ion resulted f r o m 
a re invest igat ion of a l o n g - k n o w n effect of f reez ing . I n 1932, Dex te r 
showed that the degree of f reez ing in jury c o u l d be evaluated q u a n t i t a 
t ive ly b y measur ing the efflux of ions f r o m f rozen tissue i m m e d i a t e l y 
after t h a w i n g . T h i s was accompl i shed s i m p l y b y measur ing the conduc 
t iv i ty of the solut ion leached f r om the t h a w e d tissue. T h e greater the 
in jury , the more r a p i d the efflux of ions, a n d therefore the h igher the 
conduc t iv i ty of the leachate. I t was general ly assumed that the i o n efflux 
was f r o m d e a d cells, a n d that the conduct iv i ty was , therefore, p ropor 
t i ona l to the percent dead cells o n t h a w i n g . D i r e c t observation (16) has 
n o w revealed that conduct iv i ty increases pro f ound ly even i n the absence 
of d e a d ce l ls , a n d i f in jury is not too severe, a l l the cells are able to 
recover complete ly . T h e conduct iv i ty increase was , therefore, due to 
damage to the c e l l membrane that was sufficient to increase efflux of ions, 
b u t was insufficient to cause death of the cells. M e m b r a n e damage is , 
therefore, apparent ly the first step i n f reez ing in jury . I f this membrane 
is sufficiently severe, the cells subsequently die . T h i s c ou ld , of course, be 
interpreted to m e a n that the in jury invo lved membrane l i p ids rather 
t h a n membrane proteins. D i r e c t measurements e l iminated this interpre 
tat ion because permeab i l i t y of the cells to water d i d not change despite 
a m a r k e d increase i n i o n efflux. T h e membrane l ip ids were , therefore, 
func t i ona l ly intact a n d presumably the passive efflux of ions also r e m a i n e d 
unal tered . These two results c a n be exp la ined only b y a decrease i n the 
act ive uptake of ions, l e a d i n g to a n increased net efflux. T h i s act ive 
uptake is dependent o n A T P a s e s , w h i c h act as i o n pumps . F r e e z i n g in jury 
is therefore presumably in i t i a ted b y inac t ivat ion of A T P a s e s i n the 
p lasmalemma. 

I n the absence of d i rect evidence, the major support for this concept 
arises because i t is i n agreement w i t h , a n d can exp la in , a l l exist ing 
in f o rmat i on o n the nature of f reez ing in jury . (1 ) I t agrees w i t h the 
conc lus ion that f reez ing in jury is in i t ia ted i n the membrane , speci f ical ly 
the p l a s m a membrane . (2 ) T h e A T P a s e of p l a s m a membranes also has 
been f o u n d to be f reez ing lab i l e ( 17 ) . (3 ) A T P a s e s are S H proteins a n d 
m a y require some S H groups for act iv i ty . ( 4 ) A T P a s e s exist i n the 
membrane w h e r e the greatest tension occurs w h e n the c e l l collapses 
d u r i n g dehydrat ive , extracel lular f reez ing . Therefore , they are the p r o 
teins most i n danger of b e i n g u n f o l d e d b y the ce l l tension, thereby 
exposing prev ious ly masked , in terna l S H groups. Freeze -dehydrat i on 
w o u l d s imultaneously induce close contact w i t h soluble proteins i n the 
cy top lasm ( w h i c h m a y also be un fo lded ) l e a d i n g to possible intermolec -
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u l a r SS b o n d i n g a n d therefore, i rrevers ib le aggregat ion. T h i s w o u l d 
inact ivate the A T P a s e i rrevers ib ly , due to its i n a b i l i t y to re f o ld o n t h a w 
i n g . (5 ) S i m i n o v i t c h a n d his coworkers ( I S ) have f o u n d that the 
p h o s p h o l i p i d content of cells is the factor most closely re lated to f reez ing 
resistance (see b e l o w ) . A T P a s e s are, i n fact, l ipoprote ins , a n d d e p e n d 
on the attached l i p i d for their i o n p u m p act iv i ty . F u r t h e r m o r e , i f c e l l 
col lapse is sufficiently severe, the A T P a s e , w h i c h presumab ly has become 
anchored to the cy top lasm b y aggregat ion w i t h a so luble p ro te in , m a y 
conce ivab ly p o p out of the membrane , e ither d u r i n g c e l l contract ion on 
f reez ing , o r d u r i n g its re-expansion o n t h a w i n g . T h i s c o u l d produce 
a d d i t i o n a l damage over a n d above inac t ivat i on of A T P a s e , because 
r e m o v a l of the enzyme f rom the membrane m a y also remove the at tached 
l i p i d , l e a d i n g to permeable holes i n the membrane . 

T h e proposed series of changes l e a d i n g to f reez ing in jury is presented 
i n F i g u r e 6. 

E x t r a c e l l u l a r freezing 
ι 

D e h y d r a t i v e cel l collapse 

T e n s i o n at ce l l surface p lus 
increase i n salt concentrat ion 

4 
Revers ib le un fo ld ing ( N ^ ± D ) 
of p l a s m a membrane A T P a s e 

Exposure of prev ious ly masked S H 
a n d other po tent ia l l y bonding groups 

Simultaneous close approach of 
soluble proteins to membrane , due 

to r e m o v a l of free H 2 0 
i 

Aggregat ion ( D - » A ) of A T P a s e w i t h 
soluble (unfolded) proteins, v i a SS 

a n d other bonds 
ι 

I n a c t i v a t i o n of A T P a s e 
ι 

N e t efflux of K + a n d other ions 
I 

C e l l i n j u r y 

Figure 6. Proposed scheme of changes leading to injury during extracellular 
freezing 
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F R E E Z I N G R E S I S T A N C E 

Degrees and Kinds of Resistance 

F r e e z i n g resistance i n plants ranges f r o m those that are k i l l e d b y the 
first t o u c h of frost (no res istance) , to those that c a n be p l u n g e d into 
l i q u i d N 2 or even exposed to temperatures w i t h i n a f ract ion of a degree 
of absolute zero w i t h o u t suffering in jury . Those that are k i l l e d b y s l ight 
f reez ing are ca l l ed tender a n d those that survive f reez ing are ca l l ed hardy . 
P lants are classified as s l ight ly h a r d y w h e n they surv ive rough ly —-5°C 
or a l i t t l e be low, moderate ly h a r d y w h e n they survive temperatures of 
- 1 0 ° C to - 2 0 ° C , very h a r d y w h e n they surv ive - 2 0 ° C to - 3 0 ° C , a n d 
extremely h a r d y w h e n they surv ive b e l o w — 30°C. 

T h e r e are different k i n d s of f reez ing resistance a n d some of these 
are i n no w a y re lated to the cell 's proteins. F o r instance, the l i v i n g cells 
i n the w o o d of trees f r o m temperate c l imates c a n survive f reez ing t e m 
peratures as l o w as — 40 ° C b y r e m a i n i n g i n an undercoo led state. T h i s 
k i n d of resistance is apparent ly dependent of c e l l w a l l propert ies , a n d 
proteins p l a y no role. O n the other h a n d , the undercoo l ing of fish is 
def initely due to a specific g lycoprote in , or more correct ly a g lycopo ly -
pept ide that prevents the f reez ing of water at temperatures s l ight ly b e l o w 
(about —1 to — 2 ° C ) the true f reez ing po in t of the so lut ion ( 1 9 ) . 

T h e r e are several k inds of f reez ing resistance, such as supercoo l ing , 
a c c u m u l a t i o n of antifreeze, a n d so on , i n w h i c h proteins c a n p l a y no 
d irect role . A d irect role has been i n d i c a t e d only i n the case of f reez ing 
tolerance. T h i s , however , is b y far the most important k i n d of f reez ing 
resistance i n plants . W i t h o u t i t , no p l a n t c o u l d survive the presence 
of ice . 

The Hardening Process 

O n e feature of h a r d y h igher plants is h i g h l y unusua l . E v e n the most 
resistant p lants , w h i c h c a n be p l u n g e d into l i q u i d N 2 w i t h o u t in jury , 
possess this a b i l i t y on ly i n m i d w i n t e r . T h e same plants i n late spr ing or 
early summer are k i l l e d i f f rozen at about — 5 ° C . B e t w e e n late summer 
a n d ear ly w inter , these p lants undergo a h a r d e n i n g process w h i c h 
increases the ir f reez ing resistance f r om the above-ment ioned l o w of — 5 ° C 
to the f u l l resistance of m i d w i n t e r . M o s t of this h a r d e n i n g m a y occur 
w i t h i n about a two-week p e r i o d i n the f a l l . M a n y investigators have 
f o l l o w e d the phys i co - chemica l changes that occur d u r i n g this h a r d e n i n g 
process, a n d therefore, there is a large b o d y of in f o rmat i on that shou ld 
he lp to exp la in the role of proteins i n f reez ing resistance. I f proteins are, 
indeed , the locus of f reez ing in jury , changes associated w i t h h a r d e n i n g 
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shou ld revea l whether f reez ing resistance is due to (1 ) changes i n the 
proteins as such or (2 ) a n ac cumulat i on of substances capable of p r o 
tec t ing proteins against f reeze - induced denaturat ion a n d aggregat ion. 

Protein Changes during Hardening 

M a n y investigators have shown that soluble proteins accumulate 
w i t h i n p l a n t cells d u r i n g the h a r d e n i n g per i od . T h i s occurrence does not, 
of course, prove a cause a n d effect re lat ion . T h e r e is, i n fact , a n a c c u m u 
l a t i o n of m a n y substances, especial ly soluble carbohydrates , at the same 
t ime . T h i s happens because the re lat ive ly l o w temperatures (0 to 5 ° C ) 
to w h i c h plants are exposed d u r i n g the h a r d e n i n g p e r i o d , a n d the concur 
rent a c cumula t i on of g r o w t h inhib i tors , retards or stops g rowth , w h i l e 
metabo l i sm ( i n c l u d i n g photosynthesis i n evergreens a n d w i n t e r annuals ) 
continues at a decreased b u t s t i l l s ignif icant rate. T h e result is that 
cer ta in compounds are synthesized more r a p i d l y t h a n they are used for 
g rowth , resu l t ing i n an ac cumulat i on of these compounds ( F i g u r e 7 ) . 

Figure 7. Schematic representation of changes in photosynthesis, growth, and 
carbohydrate storage, due to low (hardening) temperatures. From Levitt 1972. 
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T h e aforementioned ac cumula t i on of proteins m a y , perhaps , occur 
s i m p l y to p e r m i t the burst o f g r o w t h that plants exhib i t i n early spr ing 
before r a p i d photosynthesis is possible . I t m a y , therefore have l i t t l e or 
n o t h i n g to do w i t h f reez ing tolerance. I n support of this conc lus ion , 
S i m i n o v i t c h a n d his coworkers showed that w h e n pro te in a c cumula t i on 
is prevented b y art i f i c ia l methods, considerable h a r d e n i n g ( e n o u g h to 
survive f reez ing at — 2 0 ° C ) s t i l l occurs. M a x i m u m harden ing , however , 
does not occur i n the absence of p ro te in accumulat i on . Perhaps this is 
so because there is a need for r a p i d metabo l i sm at l o w , h a r d e n i n g t e m 
peratures, a n d that this need is met b y an increase i n enzyme concentra
t ion . I t has been suggested that the increase i n enzyme concentrat ion 
that occurs d u r i n g h a r d e n i n g permits metabo l i c processes to take p lace 
almost as r a p i d l y at 0 to 5 ° C ( the h a r d e n i n g temperature ) as at the 
n o r m a l g r o w t h temperature . 

I n order to p l a y a more direct role i n f reez ing tolerance, the a c c u m u 
la t i on of proteins must be a c companied b y (1 ) a change i n the structure 
of proteins or enzymes, a n d J o r (2 ) synthesis of n e w proteins or enzymes. 
Some evidence for b o t h of these changes has been p r o d u c e d . W i t h 
r egard to po in t 1, the proport ions of amino acids i n a major pro te in 
( R N D P C a s e ) of cabbage leaves change d u r i n g harden ing , w i t h the most 
h y d r o p h o b i c ones decreasing a n d the h y d r o p h i l i c ones increas ing ( 2 0 ) . 
E v a p o r a t i v e dehydrat i on , w h i c h also hardens the p lant , has the same 
effect ( 1 3 ) . T h i s change w o u l d result i n the replacement of weaker 
h y d r o p h o b i c interactions b y stronger h y d r o p h i l i c interactions (most ly 
intramolecu lar h y d r o g e n bonds ) a n d this w o u l d oppose the tendency to 
u n f o l d (Nfc±D) at the l o w temperatures. 

W i t h regard to po in t 2, synthesis of t w o n e w proteins has been 
observed d u r i n g the h a r d e n i n g of wheat seedlings ( 2 1 ) . T h e amino a c i d 
compos i t ion of these proteins aga in indicates a h igher degree of h y d r o -
p h i l i c i t y t h a n i n the o r i g i n a l proteins. Several other investigators also 
have observed the f o rmat ion of n e w proteins d u r i n g h a r d e n i n g (e.g., 
2 2 ) . These results a l l support the theory that proteins p l a y an act ive ro le 
i n f reez ing tolerance. 

Protective Substances 

It has l o n g been k n o w n that sugars (sometimes sugar alcohols) 
accumulate d u r i n g the h a r d e n i n g of m a n y plants . D u e to the i r h i g h 
so lub i l i ty , they c a n protect the p l a n t c o l h g a t i v e l y — b y decreasing the 
amount of f reeze-dehydrat ion at any g iven subfreez ing t e m p e r a t u r e — a n d 
thereby lessen c e l l shr inkage d u r i n g s low freez ing. T h i s mechan i sm 
p r e s u m a b l y imparts o n l y moderate hardiness , s ince near ly a l l the free 
water freezes at about — 20°C , even i n the presence of h i g h concentra-
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tions of sugars. H o w e v e r , due to the h i g h solids content ( so luble p lus 
inso lub le ) of the h a r d y c e l l , the m a x i m u m possible c e l l shr inkage is 
greatly r e d u c e d a n d so is the tens ion on the membrane . 

T h e existence of substances capable of pro tec t ing proteins more 
speci f ical ly against f reeze - induced damage w i l l be discussed b y H e b e r . 
O n e k i n d of protect ion d i rec t ly pert inent to the S H hypothesis must , 
however , be ment ioned . A h i g h reduct ive capac i ty of the p l a n t c o u l d 
conce ivab ly lessen f o rmat ion o f intermolecu lar SS bonds i n proteins 
d u r i n g freezing. T h i s reduct ive capac i ty w o u l d require that the p l a n t 
cont inue photosynthet ic a c cumulat i on of r e d u c i n g substances at h a r d e n 
i n g temperatures a n d at t h e same t ime decrease carbohydrate synthesis 
so that this enhanced r e d u c i n g capac i ty w i l l not be lost ( F i g u r e 8 ) . 

O n the basis of the above concepts, the mechan ism of f reez ing to ler 
ance m a y d e p e n d o n several factors. ( 1 ) M e m b r a n e A T P a s e a n d soluble 
proteins m a y be protected co l l i gat ive ly ( b y sugars, etc.) so freeze-
i n d u c e d u n f o l d i n g , aggregation a n d inac t ivat i on does not occur. (2 ) 
So lub le proteins m a y undergo decreased h y d r o p h o b i c i t y a n d a correspond
i n g increase i n the strength of intramolecular h y d r o p h i h c bonds , thereby 
s tab i l i z ing a f o lded conformat ion . I n the absence of u n f o l d i n g , react ive 
S H a n d other groups w o u l d r e m a i n masked , thus prevent ing the soluble 
proteins f r om aggregat ing membrane A T P a s e . ( 3 ) A reduct ive env i ron -

PHOTOSYNTHESIS 

Figure 8. Schematic representation of diversion of ATP and NADPH to non-
photosynthetic pathways at 5°C. From Levitt, 1972. 
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ment w o u l d prevent convers ion of pro te in S H groups to intermolecular 
SS bonds a n d m i g h t therefore prevent i rrevers ib le aggregation. (4 ) E v e n 
i f a considerable f ract ion of the membrane A T P a s e is inact ivated d u r i n g 
f reez ing , the large reserve of proteins a n d phospho l ip ids m a y serve to 
q u i c k l y repa ir the m e m b r a n e after t h a w i n g . 

W h i c h , i f any, of the above possible mechanisms are responsible 
for the f reez ing resistance of specific p lants connot be accurately deter
m i n e d w i t h o u t further study. 
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8 
Membrane Damage and Protection During 
Freezing 

U. HEBER, H. VOLGER, V. OVERBECK, and K. A. SANTARIUS 

Institute of Botany, University of Dusseldorf, 4000 Dusseldorf, West Germany 

Freezing can damage biomembranes either mechanically or 
by solute action. Damage is described using mainly thyla-
koid membrane vesicles as examples. After freezing in suit-
able media, light-dependent ion gradient formation across 
thylakoids no longer occurs, photophosphorylation is inacti
vated, membrane semipermeability is lost and electron 
transport is either stimulated or decreased. Membranes 
aggregate and polar membrane proteins dissociate. A main 
factor in freezing damage is the action of potentially mem
brane-toxic solutes which are concentrated during ice forma
tion. Membrane toxicity of salts follows a Hofmeister power 
series. The mechanism of membrane inactivation is dis
cussed. 

Freezing damage can be prevented by adding cryopro
tectants. Protection occurs by unspecific colligative solute 
action and by specific membrane stabilization. Sugars, sugar 
alcohols, and specific proteins are physiological cryopro
tectants. Membranes must be protected on both sides against 
freeze-inactivation. 

T n 1954, L o v e l o c k reported that hemolysis o f r e d b l o o d cel ls , w h i c h 
occurred d u r i n g f reez ing i n phys io log i ca l sal ine, was caused b y m e m 

brane damage ( I ) . N o t the ice crystals f o rme d be l ow the f reez ing po int , 
b u t the ac cumulat i on of salts a c c o m p a n y i n g ice f o rmat ion was thought 
to be responsible for in jury ( 2 ) . Several years later, photophosphory la 
t i o n of t h y l a k o i d membranes iso lated f r o m chloroplasts of leaf cells was 
f o u n d to be inac t ivated d u r i n g f reez ing i n the presence of certa in solutes 
(3,4,5). A g a i n , m e c h a n i c a l membrane damage, t h o u g h i t occurs d u r i n g 

0-8412-0484-5J79J33-180-159$7.75J0 
© 1979 American Chemical Society 
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eutectic f reez ing ( 6 , 7 ) , was not responsible for loss of act iv i ty . M i t o 
c h o n d r i a l oxygen uptake a n d phosphory lat ion , b o t h m e m b r a n e - b o u n d 
processes, were also decreased b y f reez ing ( 8 , 9 ) . 

Since m a n y other c e l l constituents are not a l tered b y f reez ing , the 
inac t ivat ion of membrane activit ies suggests that damage to b i o m e m 
branes is responsible for the sensit ivity of cells a n d organisms to f reez ing 
(10-15). I n this contr ibut ion , w e w i l l describe condit ions w h i c h l e a d to 
membrane damage. D a m a g e w i l l be character ized u s i n g the w e l l inves t i 
gated t h y l a k o i d membrane as an example. 

M a n y organisms are k n o w n to acquire f reez ing resistance under 
suitable env i ronmenta l condit ions . O b v i o u s l y , f reez ing does not damage 
the ir membranes . I n v i e w of potent ia l appl icat ions , par t i cu lar ly i n a g r i 
cu l ture , med i c ine , a n d food preservat ion, i t is impor tant to k n o w h o w 
membrane damage can be avo ided . W e w i l l br ief ly consider mechanisms 
responsible for membrane protect ion d u r i n g freez ing. 

Freezing 

I n the most s imple case, w h e n a suspension of membranes i n a so lu
t i o n conta in ing on ly one solute is f rozen, water is converted to i ce a n d 
the solute concentrat ion rises i n the unfrozen par t of the system w h i c h 
also contains the membranes . F i g u r e 1 shows the re lat ion be tween freez
i n g temperature a n d the compos i t ion of a b i n a r y system consist ing of 
water a n d a salt. W h e n the temperature is l o w e r e d b e l o w the f reez ing 
po in t a n d the i n i t i a l salt concentrat ion is not too h i g h , i ce crystals w i l l 
separate f r o m the solut ion. T h e mole f ract ion of the salt i n the unfrozen 
part of the system increases as the temperature is further decreased. 
W h e n the eutectic temperature T E is reached, the system solidifies to a 
m a x i m u m extent. A d d i t i o n of a t h i r d component to a b i n a r y mixture 
shifts the eutectic temperature to l ower values. F u r t h e r sh i f t ing is p r o 
d u c e d b y the a d d i t i o n of more components. I n complex b i o l o g i c a l 
systems, where h i g h viscosity m a y also re tard crysta l l i zat ion of solutes, 
eutectic f reez ing is rare ly observed. W h e n it occurs, extensive membrane 
damage is p r o d u c e d , apparent ly because the membranes are mechan i ca l l y 
d i s rupted b y the mass of ice a n d solute crystals f o rmed ( 6 , 7 ) . E u t e c t i c 
f reez ing of sea water i n w h i c h sea u r c h i n eggs were suspended k i l l e d 
a l l cells ( 1 6 ) . 

W h e n f reez ing is s low, ice w i l l f o r m outside of membrane-enc losed 
spaces, a n d the membranes become exposed to increased solute concen
trations. V e s i c u l a r membranes respond osmotical ly . Increased solute 
concentrations also produce other effects. A s w i l l be shown, the concen
trat ion of certa in solutes is an important factor i n the a l terat ion of 
b iomembranes d u r i n g f reez ing , a n d this can l ead to loss of membrane 
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solution 

ice \ Jsalt crystals 
plus \ J plus 

solution \ J solution 

ice plus sait crystals 

mole fraction of salt 

Figure I . Rehtion between temperature and composition of a single salt solu
tion. ΎΕ is eutectic temperature 

funct ion . Solute damage should , at first sight, be expected to increase 
as the sub- freezing temperature is decreased because the solute concen
t ra t i on i n the unfrozen p a r t of a system increases w i t h decreasing 
temperature. H o w e v e r , the changes i n m e m b r a n e structure w h i c h l e a d 
to loss of membrane func t i on are temperature-dependent processes. T h u s , 
w h i l e solute stress increases as the temperature is l owered , the rate of 
m e m b r a n e inac t ivat i on m a y actua l ly be faster a t h igher temperatures 
t h a n at l ower temperatures ( 6 ) . 

W h e n f reez ing is too fast to a l l o w transport of intraves icu lar water 
to extravesicular i ce l o c i , i ce f o rmat ion takes p lace ins ide m e m b r a n e -
enclosed spaces. T h i s appears to be mechan i ca l l y d i srupt ive . T h e rate 
of f reez ing is therefore a n impor tant parameter o f f r eez ing i n j u r y . S l o w 
f reez ing prolongs exposure of membranes to h i g h solute concentrations 
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i n a temperature range w h e r e solute damage m a y proceed r a p i d l y (6), 
a n d fast f reez ing m a y produce mechan i ca l membrane damage i n ce l lu lar 
systems b y intrace l lu lar ice format ion . T h e two-stage theory of i n j u r y 
proposed b y M a z u r ( 17,18,19) describes these relations. D u r i n g f reez ing 
of iso lated t h y l a k o i d membranes suspended i n a n isotonic or somewhat 
hypotonic m e d i u m , intraves icular ice f ormat ion a n d m e c h a n i c a l damage 
do not occur as l o n g as eutectic f reez ing is avo ided b y a suitable choice 
of the m e d i u m a n d the final f reez ing temperature. T h e f reez ing damage 
descr ibed i n the f o l l o w i n g w o r k is therefore usua l ly caused b y h i g h solute 
concentrations. 

Thawing 

D u r i n g r a p i d t h a w i n g , membranes m a y be flooded b y w a t e r f r o m 
m e l t i n g ice. W h e r e this occurs, osmotic expansion w i l l take place . I f 
water transport b y dif fusion is too s low to abo l i sh major gradients i n the 
water potent ia l , hypnot i c stress is created i n the v i c i n i t y of m e l t i n g ice , 
w h i l e hypertonic stress persists i n other parts of the system. A s intact 
b i o l og i ca l membranes are c losed a n d osmot ica l ly active, osmotic rupture 
c a n occur w h e n h y p n o t i c osmotic stress replaces solute stress. A s d u r i n g 
f reez ing , two stages of in jury m a y be d is t inguished. E s p e c i a l l y d u r i n g 
s low t h a w i n g , effects of h i g h solute concentrations m a y increase in jury 
i n a c r i t i c a l temperature range. A l t e rnat ive ly , osmotic damage m a y occur 
d u r i n g r a p i d t h a w i n g under n o n e q u i l i b r i u m condit ions. 

Since iso lated thy lako ids are less sensitive to hypnot i c stress t h a n 
intact cells, osmotic rupture does not occur to any signif icant extent d u r i n g 
t h a w i n g of f rozen thylakoids . 

Solute Effects During Freezing 

Inorgan i c Salts . R e d b l o o d cells suspended i n 0.15 M N a C l first 
shr ink d u r i n g freez ing , w h i l e the osmolar i ty of the unfrozen par t of the 
suspending m e d i u m increases. W h e n i t reaches about 0.8 M, N a C l leaks 
i n , K + is lost, a n d the cells start to hemolyze on t h a w i n g . F r e e z i n g is not 
necessary for the effect to occur , as a g r a d u a l increase i n the N a C l 
concentrat ion to 0.8 M or more at 0 ° C also causes osmotic c e l l shr inkage 
a n d then hemolysis ( 2 ) . H o w e v e r , w i t h intact cells i t is rather diff icult to 
dec ide w h i c h effect produces in jury . 

I n the chloroplasts of h igher p lants , c losed ch l o rophy l l - c on ta in ing 
membranes c a l l e d thy lako ids func t i on to convert l i ght energy into c h e m 
i c a l energy. T h e y can be isolated a n d , w i t h o u t too m u c h loss of b i o c h e m 
i c a l ac t iv i ty , largely f reed f r o m soluble c e l l constituents b y caut iously 
w a s h i n g t h e m i n hypoton ic solutions or even water (20,21). D u r i n g 
w a s h i n g , they s w e l l but do not lose the ir osmotic propert ies . W h e n 
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8. H U B E R E T A L . Membrane Damage and Protection 163 

resuspended i n m e d i a conta in ing nonpenetrat ing solutes, they shrink. 
Iso lated thy lako ids constitute a m u c h s impler test system t h a n intact cells 
for measur ing the suscept ib i l i ty of b iomembranes to freez ing . 

W h e n thylakoids are f rozen i n a d i lute salt m e d i u m (5 m M N a C l ) , 
the ir capab i l i t y to f o r m A T P a n d A D P a n d phosphate i n the l i ght is 
m u c h decreased (22,23). I f the N a C l concentrat ion is increased before 
freez ing , loss of ac t iv i ty d u r i n g f reez ing is even more pronounced . 
Inorganic salts such as N a C l increase f reez ing damage. I n the absence 
of f reez ing , l o w concentrations of N a C l do not inact ivate photophos-
phory la t i on . W h e n a cryoprotect ive c o m p o u n d is present w i t h N a C l 
d u r i n g f reez ing , the osmolar ratios of these solutes determine whether 
membrane func t i on is preserved or lost. 

F i g u r e 2 shows inact ivat ion of thylakoids after 3 hours of storage at 
— 6 or — 12°C as a func t i on of the N a C l concentrat ion i n the suspending 
m e d i u m before freez ing . Contro ls were kept for 3 hours at 0 ° C . 100 m M 

0 € μ ι * = Β 20Ô ' 400 ' 600 
NaCl concentration Cm Ml 

Figure 2. Effect of temperature on inactivation of thylakoids in the presence 
of NaCl. Washed thylakoids were suspended in a solution containing 100 mM 
sucrose and NaCl and were kept for 3 hours at 0°C, — 6°C and — 12°C. Freez
ing and thawing were fairly rapid and final temperatures were reached within 
less than 2 minutes. Sucrose served as cryoprotectant and was added to prevent 
freeze-inactivation of the membranes in the presence of low salt concentrations. 
After thawing, the activity of cyclic photophosphorylation was measured. Ex

perimental conditions have been described previously (5, 20, 21). 
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sucrose, w h i c h is a cryoprotectant i n the t h y l a k o i d system, was also a d d e d 
to prevent membrane inac t ivat ion caused b y l o w concentrations of a d d e d 
N a C l d u r i n g freezing. A t —12 ° C , an i n i t i a l concentrat ion of about 50 
m M N a C l i n the suspending m e d i u m was sufficient to overcome cryopro -
tect ion b y sucrose a n d produce significant membrane damage. N a t u r a l l y , 
the N a C l concentrat ion i n e q u i l i b r i u m w i t h ice was m u c h h igher t h a n 
the i n i t i a l concentrat ion. A t — 6 ° C , about 100 m M N a C l i n the suspend
i n g m e d i u m were r e q u i r e d to produce extensive damage. S t i l l h igher 
concentrations were needed to damage the membranes at 0 ° C (6,24). 
T h u s , b iomembranes as w i d e l y di f fer ing as b l o o d c e l l membranes a n d 
photosynthet ic membranes share a s imi lar sensit ivity to N a C l . T h e N a C l -
photosynthet ic membranes share a s imi lar sensit ivity to N a C l . T h e 
N a C l - i n d u c e d loss of membrane func t i on d u r i n g f reez ing or at 0 ° C 
is i rreversible . 

I n F i g u r e 2, membrane damage increases as the temperature is 
l owered be l ow freez ing. Increased damage is p r o d u c e d because the 
concentrat ion of N a C l increases progressively (above that shown) as the 
subfreez ing temperature is decreased. H o w e v e r , rates of chemica l reac
tions are d i rec t ly re lated to temperature . Solute damage is no exception. 
I t is therefore not surpr is ing that, as the temperature is further l owered 
b e l o w —12 ° C , the extent of solute damage m a y decrease rather t h a n 
show a further increase (6). 

600 

if 
α ο 

20θί 

1 I 1 I—' 

ο - 2 2 ° C sucrosp only 
-Vs. o Ο . 

- \\ 
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-

\ * • · 
η t \\ 1 
\ · sucrose + phenylpyruvate 
\ ^ X ^ X - 3 0 » C 
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Figure 3. Inactivation of thylakoids during freezing at various low tempera
tures as a function of time. Washed thyhkoids were suspended in a solution 
containing 50 mM sucrose as a cryoprotectant and 20 mM sodium phenylpyru
vate as a cryotoxic solute. The suspensions were rapidly frozen and thawed. 
After thawing, photophosphorylation was determined. For experimental condi

tions, see notes in legend for Fig. 2 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

8

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



8. H U B E R E T A L . Membrane Damage and Protection 165 

F i g u r e 3 shows inact ivat ion of thylakoids suspended i n a solut ion 
conta in ing a cryotoxic solute (20 m M sod ium p h e n y l p y r u v a t e ) a n d a 
cryoprotectant (50 m M sucrose) . Contro ls conta ined sucrose only. T h e r e 
was no significant inact ivat ion of t h y l a k o i d funct ion of the controls d u r i n g 
9 days of storage at — 22°C. I n the presence of pheny lpyruvate , damage 
was essentially complete after 24 hours at —22°C. D a m a g e was decreased 
as the temperature was decreased to —30°C or to —40°C. I n these 
experiments, p a r t i a l c rysta l l i zat ion o f s o d i u m pheny lpyruvate m a y have 
occurred d u r i n g f reez ing a n d this m a y have reduced the effective concen
trat ion of the cryotoxic agent, par t i cu lar ly at the l ower temperatures. 
T h i s effect m a y have contr ibuted to the s t r ik ing differences i n membrane 
damage seen at the different temperatures. 

C A T I O N S . D u r i n g f reez ing , thy lakoids suffer more damage i n the 
presence of L i C l t h a n i n the presence of isosmolar concentrations of 
N a C l ( F i g u r e 4 ) . F o r different a l k a l i meta l chlor ides , damage decreased 

0 20 40 60 80 100 
salt concentration C mM ] 

Figure 4. The effect of different alkali metal chlorides on thylakoid function 
during freezing to — 20°C. Washed thylakoids were suspended before freezing 
in a solution containing 0.1 M sucrose and alkali metal chlorides, as indicated. 
The sucrose served as cryoprotectant and was added to prevent freeze-inactiva-
tion of the membranes in the presence of low salt concentrations. The suspen
sions were slowly frozen for 3 hours at — 20°C. After thawing in a water bath 
at room temperature, the activity of cyclic photophosphorylation was measured. 

For experimental conditions, see the legend for Fig. 2. 
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i n that order : L i + > N a + > K + > R b + > C s + . A t 0 ° C , h i g h concentra
tions of a l l a l k a l i meta l chlor ides p r o d u c e d comparab le membrane i n a c t i 
v a t i o n (24). S i m i l a r results have been obta ined d u r i n g f reez ing of r e d 
b l o o d cells (25). C h l o r i d e s of d iva lent cations such as C a C l 2 p roduce 
more drast ic m e m b r a n e inac t ivat ion t h a n chlorides of a l k a l i metals 
( F i g u r e 5 ) . M g C l 2 h a d a n intermediate effect. H o w e v e r , l o w concen
trations of M g + + , rather t h a n b e i n g toxic , are ac tua l ly necessary for 
photophosphory lat ion of thylakoids . 

• ι -
Ο 20 40 60 

salt concentration [mM] 
Figure 5. Inactivation of thyhkoids during freezing in the presence of chlo
rides of different divalent and monovalent metals. Washed thylakoids were 
suspended before freezing to —20°C in a solution containing 0.1 M sucrose as 
cryoprotectant and various chlorides at concentrations indicated on the abscissa. 
After thawing, the activity of cyclic photophosphorylation was measured. For 

experimental conditions, see legend for Fig. 2. 
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A N I O N S . B y h o l d i n g the c a t i o n constant a n d v a r y i n g the an ion , the 
effects of different anions on thy lako ids d u r i n g f reez ing or at 0 ° C can be 
compared . A s i n the case of cations, l o w concentrations of different anions 
are not destruct ive i f occasional specific effects o n photophosphory lat ion , 
such as that exerted b y sulfate ( 2 6 ) , are d isregarded ( F i g u r e 6 ) . T h e 
membrane toxicities of different anions v a r y w i d e l y at h i g h concentrations. 
A m o n g the halogenides, fluoride is to lerated even at rather h i g h concen
trations. T o x i c i t y increases i n the order of ch lor ide , nitrate , b romide , a n d 
i o d i d e [ F i g u r e 6 a n d (24)]. W i t h r e d b l o o d cells, the order of an i on 
cryotox ic i ty also increased f r o m ch lor ide to i od ide ( 2 5 ) . H o w e v e r , i t is 
important to emphasize that membrane inac t iva t i on is s l ight w h e n the 
salt concentrat ion is l ow , even for those salts that are h i g h l y de t r imenta l 
at h i g h concentrations. F o r example , ch lor ide at a l o w concentrat ion is 
ac tual ly necessary for t h y l a k o i d funct ion (27). 

60 80 100 
salt concentration [mM] 

Figure 6. Cryotoxic effects of anions on thyhkoids during freezing in the pres
ence of different sodium salts. Washed thylakoids were suspended in a solution 
containing 0.1 M sucrose and various sodium salts at concentrations indicated 

on the abscissa. For experimental conditions see legend for Fig. 2. 
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O r g a n i c Salts . O r g a n i c salts, as is t rue of inorgan i c salts, are usua l ly 
nontoxic at very l o w concentrations. A t h igher concentrations, their 
membrane toxic i ty varies greatly. F r e e z i n g r e d b l ood cells i n the presence 
of s od ium acetate produces hemolysis (25). T h y l a k o i d s , however , are 
protected against f reeze- inact ivat ion b y sod ium acetate (21). T h i s effect 
of sod ium acetate is m a r k e d l y different f r o m the detr imenta l effect that 
s o d i u m chlor ide usua l ly has o n thy lako ids d u r i n g freezing. O b v i o u s l y , 
s o d i u m acetate is a cryoprotectant for thylakoids , b u t not for r e d b l o o d 
cells. S o d i u m citrate , pyruvate , malate , a n d tartrate are other examples 
of organic salts w h i c h can , at least to some extent, prevent the freeze-
inac t ivat ion of thy lako ids (21). I n these instances, l o w concentrations 
are less protect ive than h i g h concentrations. 

I n contrast to these salts, s od ium succinate increases t h y l a k o i d 
damage d u r i n g f reez ing i f present as the on ly solute. A s w i l l be discussed 
later, the s i tuat ion becomes more compl i ca ted i f s ignif icant concentrations 
of other solutes are also present w i t h s o d i u m succinate d u r i n g f reez ing . 
M e m b r a n e inact ivat ion b y h i g h concentrations of s od ium succinate occurs 
even a tO°C (21). 

Salts of weak organic acids that are soluble i n l i p ids are also in jurious 
to thy lako ids . E x a m p l e s are the salts of p h e n y l p y r u v i c a c id ( F i g u r e 3) 
a n d capry l i c a c i d (28). These salts, even i f present at very l o w concen
trations, cause extensive membrane inac t ivat ion d u r i n g f reez ing , i f c ryo -
protectants are absent. A t 0 ° C , moderate concentrations of these salts 
w i l l s l owly inact ivate thylakoids . 

A m i n o A c i d s . A s is true of organic acids , a m i n o acids c a n either 
prevent inact ivat ion of thy lako ids b y f reez ing or they c a n aggravate the 
s ituation. Some of them, for instance g lyc ine , serine, g lutamate , or aspar
tate, promote in jury i f present as the on ly major solutes d u r i n g freez ing. 
H o w e v e r , the same amino acids can be protect ive i f cer ta in other solutes 
are also present (28). T h e reason for this behavior , w h i c h is also 
observed w i t h succinate, w i l l be considered later. 

Pro l ine , threonine, or γ-aminobutyric a c i d can protect thy lako ids 
against inac t iva t i on d u r i n g freez ing. A m i n o acids w i t h apolar side chains 
such as phenyla lan ine , leuc ine , or va l ine always contr ibute to t h y l a k o i d 
inac t ivat i on d u r i n g freezing. 

Pro te ins . U s u a l l y , thya lko ids at 0 ° C can tolerate soluble proteins 
at h i g h concentrations but these proteins are usua l ly not protect ive d u r i n g 
freez ing . R e m a r k a b l e exceptions are some of the proteins f o u n d i n dif fer
ent organs of frost-resistant plants . These proteins conta in a h i g h per 
centage of h y d r o p h i l i c amino acids, are heat stable, have molecu lar 
weights rang ing between 10,000 a n d 20,000 daltons, a n d are be l i eved to 
p l a y a n impor tant ro le i n frost hardiness (29,30,31). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ch
00

8

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



8. H U B E R E T A L . Membrane Damage and Protection 169 

Neutral Solutes. A m o n g the neut ra l compounds , sugars o ccupy a 
dominant pos i t ion as far as phys io l og i ca l importance is concerned. T h y l a 
ko ids tolerate very h i g h concentrations of sugars at 0 ° C ( 3 2 ) . F r e e z i n g 
i n the presence of sufficiently h i g h concentrations of h i g h l y soluble sugars 
such as raffinose, sucrose, glucose, o r ribose does not l ead to membrane 
damage ( 1 5 , 3 3 ) . Sugars thus possess cryoprotect ive properties . T h e 
same is true for sugar alcohols. H o w e v e r , protect ion of thy lakoids against 
f reez ing damage can be observed only w h e n eutectic f reez ing is avo ided 
(34). M a n n i t o l , for instance, is not effective i n prevent ing the inac t ivat ion 
of thy lakoids d u r i n g f reez ing to l o w temperatures because i t crystal l izes 
easi ly (7). 

G l y c e r o l is used as a cryoprotect ive agent i n the f reez ing of sperma
tozoa a n d r e d b l o o d cells (35 ,36 ,37) . A n o t h e r c o m p o u n d that has f o u n d 
p r a c t i c a l app l i ca t i on i n the freeze-preservation o f cells is d imethy lsu l f -
oxide. B o t h g lycero l a n d d imethylsul fox ide can prevent inact ivat ion of 
thy lako ids d u r i n g freez ing. Interest ingly , ethylene g l y c o l a n d even 
methano l or ethanol have cryoprotect ive properties ( 3 8 ) , b u t on ly i f 
they are not the predominant solutes (13). 

D u r i n g harden ing , m a n y p lant cells produce their o w n i n t e r n a l 
supp ly of cryoprotect ive compounds . I n those instances, nonpenetrat ing 
soluble sugars such as raffinose or sucrose are often accumulated , a n d 
resistance to f reez ing increases. 

Membrane Damage During Freezing 

Mechanical Damage P i e r c i n g of b iomembranes b y g r o w i n g ice or 
other crystals is a sel f -evident means of damage. D u r i n g fast f reez ing , 
in trace l lu lar ice f o rmat i on appears to cause mechan i ca l damage. A l s o , 
eutectic f reez ing leads, even i n the presence of a h i g h concentrat ion of a 
cryoprotect ive solute, to compete inact ivat ion , w h i c h is presumably due 
to m e c h a n i c a l damage ( 7 ) . D u r i n g slow, n a t u r a l f reez ing , m e c h a n i c a l 
membrane in jury is the exception, not the ru le . 

Solute Injury. A s has been out l ined above, a n u m b e r of n a t u r a l 
c e l l constituents are potent ia l ly h a r m f u l . I n the absence of f reez ing a n d 
at phys io log i ca l concentrations, they are innocuous a n d m a y even be 
essential for the n o r m a l func t i on ing of ce l lu lar metabo l i sm. H o w e v e r , 
d u r i n g f reez ing the i r concentrations c a n rise to d a m a g i n g levels caus ing 
irrevers ib le alterations i n membranes . 

M E M B R A N E A G G R E G A T I O N . Isolated thy lako ids f o r m stable suspen
sions at neutra l p H , since the membranes carry a net negative charge. 
D u r i n g t h a w i n g of t h y l a k o i d suspensions w h i c h have been f rozen i n salt 
solutions the membranes aggregate a n d prec ipi tate . T h i s indicates a 
reduc t i on i n the net charge of the membranes . Prec ip i ta t i on does not 
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occur w h e n the membranes are f rozen i n sufficiently concentrated so lu
t ions of sucrose or other cryoprotect ive solutes. U s u a l l y , p re c ip i ta t i on 
indicates membrane damage. 

P E R M E A B I L I T Y C H A N G E S . A S has been ment ioned , exposure of r e d 
b l o o d cells sufficiently concentrated N a C l solutions at 0 ° C or d u r i n g 
f reez ing w i l l result first i n shrinkage then hemolysis . O b v i o u s l y , the 
ce l lu lar membrane becomes leaky a n d permits passage of solutes. I n 
thy lako ids , A T P synthesis d u r i n g photophosphory lat ion is inac t ivated b y 
f reez ing . I t is w i d e l y accepted that energy conservation i n m i t o c h o n d r i a 
a n d chloroplasts requires membranes w i t h a l o w pro ton permeab i l i ty . 
P r o t o n transport across ves icular membranes , w h i c h is c oup led to e lectron 
f low ( 3 9 ) , leads to the f ormat ion of t ransmembrane pr o ton gradients, the 
energy f r o m w h i c h is be l i eved to be used for the endergonic synthesis 
of A T P ( 4 0 ) . Indeed , i n thy lakoids w h i c h h a d been inact ivated b y freez
i n g , l i g h t - i n d u c e d t ransmembrane p r o t o n gradients are decreased or 
abol ished, even i f e lectron transport is l i t t le affected (41,42). W h e n the 
membranes have suffered o n l y m i l d damage b y f reez ing , electron trans
por t m a y ac tua l ly be enhanced , w h i l e photophosphory lat ion is lost (5,22, 
28). U n c o u p l i n g of phosphory la t i on f r o m electron transport is thus 
observed. 

I t is not on ly pro ton permeab i l i t y that changes after f reez ing. 
F u n c t i o n a l thy lakoids respond osmotical ly to the a d d i t i o n of m a n y 
solutes (41,43). T h e y shr ink i n hyper ton i c solutions of sucrose or N a C l 
a n d expand i n hypoton ic solutions. T h e i r permeab i l i t y to cations (44) 
a n d h y d r o p h i l i c neutra l molecules of moderate or large size (43) is l ow . 
T h e y exhib i t somewhat greater permeab i l i t y to some anions such as 
ch lor ide (45,46,47). G l y c e r o l (43) or ethylene g ly co l penetrate r a p i d l y . 
A f t e r f reez ing damage, membrane permeab i l i t y increases ind iscr iminate ly . 
Osmot i c responses are no longer observed a n d the membranes appear 
co l lapsed w h e n v i e w e d w i t h a n electron microscope (41). 

E L E C T R O N T R A N S P O R T . I t has been ment ioned that m i l d f r eez ing 
can inact ivate photophosphory lat ion a n d at the same t i m e st imulate l i ght -
dependent e lectron transport i n thy lakoids ( 5 ) . E l e c t r o n flow f r o m water 
t h r o u g h b o t h photosystems is increased i n damaged thylakoids . H o w e v e r , 
after f reez ing i n the presence of comparat ive ly h i g h levels of substances 
that are potent ia l ly toxic to membranes , e lectron transport f r o m water 
decreases a n d the water - sp l i t t ing system becomes inact ivated (28). S t i l l , 
e lectron transport f r o m a donor such as ascorbate t h r o u g h photosystem 
Τ m a y be m u c h greater i n such membranes t h a n i t is i n func t i ona l 
thy lakoids . O n l y after very severe f reez ing stress is e lectron transport 
t h r o u g h photosystem Τ decreased (48). These observations show that 
the extent of m e m b r a n e damage d u r i n g f reez ing depends on the f reez ing 
condit ions a n d the solute environment . 
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P R O T E I N R E L E A S E . B iomembranes consist of l i p ids a n d proteins. T h e 
latter m a y be s u b d i v i d e d into so-cal led in t r ins i c a n d extrinsic proteins 
(49). Intr ins i c proteins supposedly are integrated into the membrane 
phase p r i m a r i l y b y the hydrophob i c interact ion w i t h l ip ids . E x t r i n s i c 
proteins are attached to the membranes . Ionic interactions are be l i eved 
to be important i n the b i n d i n g of extrinsic proteins. W h e n these proteins 
dissociate f r om the membrane , they m a y be sufficiently h y d r o p h i l i c to 
be soluble i n the aqueous phase. W h e n freeze-aggregated thy lako ids are 
sedimented, a n u m b e r of membrane proteins are f o u n d i n the super
natant fluid. A m o n g t h e m are catalyt ic proteins i n v o l v e d i n energy 
conservation a n d electron transport (42,48). T h e total amount of proteins 
released depends on f reez ing condit ions a n d the solute environment , b u t 
m a y be as m u c h as 5 % of the to ta l m e m b r a n e pro te in (48). W h e n 
f rozen i n the presence of a cryoprotect ive solute, at a sufficient concen
trat ion, thy lako ids r e m a i n funct iona l a n d do not release proteins i n s igni f i 
cant amounts. P r o t e i n release thus accompanies membrane in jury a n d , 
i n fact, is a n i n d i c a t i o n of such in jury . 

F r e e z i n g is not the only cause of pro te in release. Proteins dissociate 
f r om the membranes d u r i n g inact ivat ion of thy lako ids b y exposure to 
h i g h concentrations of salts at 0 ° C (48,50). T h e pattern of membrane 
proteins released b y f reez ing is s imi lar to the pattern of proteins f o u n d i n 
the supernatant fluid f r o m membranes w h i c h have been exposed to a 
h i g h salt concentrat ion at 0 ° C ( F i g u r e 7 ) . U s u a l l y , e ight bands are 
c lear ly apparent i n electropherograms of proteins released f r o m thy lako ids 
d u r i n g f reez ing i n the presence of N a C l . Seven further bands are fa int 
a n d they constitute minor components . T h e molecu lar weights of the 
released po lypept ides range between 15,000 a n d 60,000 daltons. 

Differences i n the general pat tern of released proteins occurred w h e n 
thy lako ids were f rozen i n solutions conta in ing different cryotoxic c o m 
pounds . M o r e proteins were released w h e n thy lako ids were f rozen i n the 
presence of N a B r or K B r rather t h a n N a C l . T h i s p r o b a b l y c a n be 
at t r ibuted to the greater cryotoxic i ty of the b r o m i d e an ion . T h e pat tern 
of po lypept ides p r o d u c e d w h e n thylakoids were frozen i n the presence of 
s od ium pheny lpyruvate , s od ium caprylate , or isoleucine dif fered greatly 
i n a qual i ta t ive manner , a n d also to some degree i n a quant i tat ive manner , 
as c ompared to the pat tern obta ined w h e n the membranes were f rozen 
i n a N a C l solut ion. T h e organic cryotoxic solutes conta in ing apolar side 
chains released m u c h more of po lypept ides 5 a n d 6 than d i d the inorganic 
salts. T h e interact ion of s od ium pheny lpyruvate w i t h the membranes also 
can be d i rec t ly observed at 0 ° C or 20°C b y m o n i t o r i n g s low changes i n 
l i g h t scattering of the membranes brought about b y the salt (51). 
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Figure 7. Electrophoretic patterns of proteins which are released from thyla
koids during freezing or exposure to 0°C in the presence of various solutes. The 
solute concentration before freezing is indicated under the gels. Freezing time 
was 3 hours at — 25°C. After thawing, supernatant fluids from membranes were 
treated with sodium dodecylsulfate (SO) and mercaptoethanol then subjected 
to gel electrophoresis. Phe is sodium phenylpyruvate, Cap is sodium caprylate, 

lie is isoleucine. From Volger, Heber, and Berzborn (48). 

I n v i e w of the p a r t i a l l y nonpolar properties of the pheny lpyruvate 
a n d caprylate anions a n d of the l i p i d so lub i l i ty of the i r protonat ion 
products w h i c h are i n e q u i l i b r i u m w i t h the anions, i t is l i k e l y that these 
organic salts not on ly release extrinsic h y d r o p h i l i c proteins w h i c h are 
attached to the membranes , b u t also affect h y d r o p h o b i c b o n d i n g w i t h i n 
the membrane structure. S u c h effects cannot be seen i n p ro te in release 
experiments because apolar proteins r e m a i n insoluble . 

Some of the proteins released d u r i n g f reez ing have been ident i f ied 
either b y immunoelectrophoret i c analysis or b y co-electrophoresis of pure 
proteins or po lypept ide chains. Bands 1, 2, 4, 8, a n d 9 conta in the α, β, γ, 
δ a n d €-subunits of the c o u p l i n g factor C F i , respectively. T h e c o u p l i n g 
factor is responsible for the synthesis of A T P i n photophosphory lat ion . 
S t i l l , the loss of photophosphory lat ion d u r i n g f reez ing involves more t h a n 
just the loss of the c o u p l i n g factor (15,41,42,52). Since the i o n gradients 
thought to dr ive the endergonic synthesis of A T P c a n be m a i n t a i n e d on ly 
b y membranes h a v i n g a l o w i o n permeabi l i ty , the observed loss of semi -
permeab i l i t y d u r i n g f reez ing is b y itself a sufficient cause for the i n a c t i v a 
t i o n of photophosphory lat ion . 
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F r o m F i g u r e 7 i t is apparent that the subunits of C F i appear i n 
so lut ion at very different ratios d e p e n d i n g o n the nature of the cryotoxic 
solute present d u r i n g freezing. A n ant iserum to the nat ive c o u p l i n g factor 
d i d not react w i t h the supernatant fluids der ived f r om membranes 
damaged b y freezing. I f C F i h a d left the membrane as a n intact mole 
cule a n d h a d subsequently dissociated into subunits as m i g h t be expected 
f r om its c o l d l a b i l i t y i n so lut ion ( 5 3 ) , i t w o u l d have g iven rise to b a n d 
patterns of a u n i f o r m intensity d i s t r ibut ion . T h e observed intensity 
d i s t r ibut i on , w h i c h was very different i n the presence of different cryo 
toxic solutes, suggests instead that the molecule h a d dis integrated o n the 
membrane a n d h a d released on ly some of its subunits . Indeed , the δ-
subunit of C F X was shown b y specific antisera to be present i n p a r t i c u l a r l y 
large amounts i n supernatant fluids f r om membranes f rozen i n the 
presence of s od ium caprylate . W h e n the membranes w e r e f rozen i n the 
presence of isoleucine, very l i t t le o f the δ-subunit, b u t a large propor t i on 
of the a a n d β-subunits, was released into so lut ion. I t shou ld be noted 
that the k n o w n co ld - lab i l i ty of the c o u p l i n g factor is n o r m a l l y exh ib i ted 
on ly i n solut ion, a n d not w h e n the molecule is integrated into the 
membrane . T h e observed dis integrat ion of the molecule d u r i n g f reez ing 
therefore appears to be predominant ly a solute effect, t h o u g h temperature 
m a y also p l a y a role ( 1 5 ) . 

B a n d 2 of F i g u r e 7 was occasional ly seen to conta in a second c o m 
ponent i n add i t i on to the β-subunit of C F i . T h i s component is p r o b a b l y 
the large subuni t of carboxydismutase w h i c h sometimes tends to attach 
to thy lakoids a l though i t is a soluble enzyme. T h e smal l subunit of 
carboxydismutase , a n d p lastocyanin , w h i c h was ident i f ied b y a specific 
ant iserum, are located i n the area of b a n d 9. T h e pro te in of b a n d 3 is 
p r o b a b l y f e r r e d o x i n - N A D P - r e d u c t a s e . T h e bands 5 to 7 r e m a i n u n i d e n t i 
fied, as are the 7 to 9 fa int bands w h i c h are not v i s ib le i n F i g u r e 7. 

W h i l e considerable pro te in was released w h e n the membranes were 
frozen a n d inact ivated i n the presence of salts or isoleucine, some pro te in 
loss is also apparent i n the sucrose experiment of F i g u r e 7. D u r i n g 
f reez ing i n sucrose solut ion, the membranes remained funct ional . A s i n 
the salt experiments, the a- a n d β-subunits of the c o u p l i n g factor were 
prominent among the components released i n the sucrose experiment. 
H o w e v e r , there is good reason to assume that the p a r t i a l loss of the 
c o u p l i n g factor, w h i c h sometimes occurred i n the presence of the cryo 
protect ive agent sucrose, was attr ibutable to different causes t h a n those 
w h i c h l e d to destruct ion of the c o u p l i n g factor d u r i n g f reez ing i n the 
presence of cryotoxic salts. T h e c o u p l i n g factor can be so lub i l i zed a n d 
removed f r o m the thylakoids b y treatment w i t h E D T A , w h i c h effectively 
complexes d iva lent cations (54). E v e n w a s h i n g the membranes w i t h 
salt-free sucrose solutions can detach the c o u p l i n g factor ( 5 5 ) . Indeed , 
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membranes w a s h e d less care fu l ly t h a n the membranes of the sucrose 
exper iment o f F i g u r e 7 showed very l i t t l e loss of pro te in d u r i n g f reez ing 
i n the presence of sucrose. 

T h e poss ib i l i ty should be considered that pro te in loss d u r i n g i n a c t i v a 
t i o n o f thy lako ids b y f reez ing results f r o m a n increase i n m e m b r a n e 
permeab i l i ty , w h i c h w o u l d p e r m i t the leakage of i n t r a t h y l a k o i d proteins 
t h r o u g h the membranes into the m e d i u m . H o w e v e r , a m o n g the ident i f ied 
proteins released f r o m thy lako ids , on ly p las tocyanin is located o n the 
ins ide of the membranes . C o u p l i n g factor C F i a n d N A D P reductase are 
attached to the outside of the thy lako ids (56,57,58,59,60). W h e n super
natant fluids der ived f r o m membranes that h a d been inac t ivated b y 
f reez ing w e r e used as immunogens , the resu l t ing antisera agg lut inated 
intact thy lako ids . S ince antibodies are large h y d r o p h o b i c molecules w h i c h 
cannot penetrate b iomembranes , this also shows that antigens are located 
o n the matr ix side of thy lako ids (48). 

P R O T E I N R E L E A S E I N R E L A T I O N T O L o s s O F M E M B R A N E F U N C T I O N . 

W h e n thy lako ids are f rozen i n the presence of sucrose, membrane func 
t i o n is preserved. I f a cryotoxic salt such as N a C l is also present, retent ion 
of membrane funct ional i ty d u r i n g f reez ing depends on the rat io of sucrose 
to salt ( 5 ) . Loss of cyc l i c photophosphory lat ion is the most sensitive 
parameter of m e m b r a n e inac t ivat i on . Photophosphory la t ion is large ly lost 
before significant pro te in release f r o m the membranes can be detected 
( F i g u r e 8 ) . Since photophosphory lat ion requires membranes w i t h u n -

l~Ï0Ô 80 60 Ζθ 20 0 0 mM Sucrose 
• • 40 mM NaCl · *150 • 500 mM NaCl 

1 2 3 4 5 

Figure 8a. Fhotosystem-I-dependent phosphorylation (CPP), photosystem-I-
dependent electron transport (MV, methylviologen reduction in the presence of 
an electron donor system), and electron transport through photosystems II and 
I (NADP and ferricyanide reduction) in thylakoids after freezing for 3 hours to 

—25°C in solutions containing different ratios of sucrose to NaCl 
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Figure 8b. Polypeptide patterns of proteins, which were released from thyla-
koids during freezing. The numbers 1 to 5 relate to the conditions shown along 

the abscissa of Fig. 8 (A). From Volger, Heber and Berzborn (48). 

changed p e r m e a b i l i t y characteristics , this suggests that permeab i l i t y 
changes occur before m u c h pro te in dissociates f r o m the membrane . T h u s 
pro te in release indicates an advanced rather than a n i n i t i a l state of 
membrane damage. A s photophosphory lat ion decreases, the rate of 
e lectron transport increases. T h i s shows that the loss of components of 
the e lectron transport c h a i n f r o m the membranes is not yet c r i t i ca l , even 
t h o u g h pro te in release is a l ready significant. A s the rat io of salt to sucrose 
increases, membrane damage becomes more severe a n d electron transport 
is decreased. A t the same t ime , the dissociat ion of proteins f r o m the 
membranes increases considerably . A s has been ment ioned , components 
of the e lectron transport c h a i n such as p las tocyanin a n d N A D P reductase 
are a m o n g the released proteins (42,48). Indeed , Steponkus et a l . (15 ) 
have s h o w n that loss of e lectron transport c a n be decreased b y exposing 
thylakoids to a h i g h concentrat ion of p las tocyanin d u r i n g freez ing. T h i s 
min imizes loss of p las tocyanin f r o m the membranes . H o w e v e r , the con 
c lus ion is premature that p r o t e i n release is more closely re lated to i n a c t i 
va t i on of e lectron transport t h a n to the f reeze - induced changes i n 
membrane permeab i l i t y w h i c h cause loss of n o r m a l m e m b r a n e funct ion . 
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It is rather l ike ly that a w e a k e n i n g of in tramembrane interactions w h i c h 
first causes loss of photophosphory lat ion finally culminates i n p ro te in 
dissociat ion. 

Mechanism of Membrane Damage 

Factors cont r ibut ing to the s tabi l i zat ion of b iomembranes are h y d r o 
p h o b i c interactions a m o n g l i p i d components a n d between membrane 
l ip ids a n d h y d r o p h o b i c proteins, a n d electrostatic interactions among 
membrane ions a n d between i o n i z e d groups a n d po lar molecules. E l e c 
trostatic forces are p a r t i c u l a r l y impor tant i n the b i n d i n g of extrinsic 
proteins a n d i n interact ions be tween membranes a n d the solute phase. 
D u r i n g f reez ing , water is r emoved f r o m the membrane suspension a n d 
converted to ice, a n d the i on i c strength increases. Since electrostatic 
forces are not or iented, a n increase i n the ion ic strength of the m e d i u m 
w i l l finally suppress electrostatic interactions w i t h i n the membrane , p r o 
v i d e d ions of the solute phase get close enough to the i o n i z e d m e m b r a n e 
sites. I n the i n i t i a l stages of the f reez ing process, changes i n m e m b r a n e 
structure are l i k e l y to occur a n d this m i g h t l ead to changes i n membrane 
permeab i l i ty . A s damage progresses a n d a sufficient n u m b e r of bonds 
are c leaved , h y d r o p h i l i c m e m b r a n e proteins w i l l leave the membrane . 
T h i s process is s h o w n be l ow for a s i tuat ion i n v o l v i n g interact ion of N a C l 
w i t h noncovalent bonds l i n k i n g t w o pro te in molecules i n a single 
m e m b r a n e : 

I I 

A g g r e g a t i o n of membranes w i l l o c cur i f b i n d i n g of counterions reduces 
the net charge of membranes , thereby f ac i l i ta t ing noncovalent interactions 
between different membranes . 

I t is appropr iate to consider the toxicit ies of different ions t o w a r d 
membranes . D u r i n g f reez ing of thy lako ids , anion tox ic i ty decreases i n the 
order I " > B r " > N 0 3 " > C l " > F * > acetate . T h i s is reminiscent of the 
Ho fme i s te r lyotrop ic p o w e r series, w h i c h was o r ig ina l l y observed w i t h 
regard to denaturat ion of euglobul ins , then for b l o o d c lot t ing , then for 
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the h y d r o t h e r m a l shrinkage temperature of co l lagen a n d other effects 
(61,62, 63). T h e s imi lar i ty between the an ion series that funct ions d u r i n g 
the freeze- inact ivat ion of thy lako ids a n d the H o f m e i s t e r series lends 
support to the i d e a that salt inac t ivat i on of b iomembranes occurs t h r o u g h 
interference w i t h po lar b i n d i n g of membrane components. L a r s e n a n d 
M a g i d (64) measured heats of transfer of a var iety of salts f r o m water to 
solutions of mice l l e - f o rming surfactants. T h e micel les may , for our p u r 
pose, serve as s imple models of membranes . B i n d i n g of anions to cat ionic 
micel les , w h i c h involves compet i t ion w i t h a n d replacement of o r i g i n a l 
counterions, was strongest for anions h a v i n g a smal l Stokes' l a w h y d r a t e d 
radius a n d decreased w i t h increas ing radius . T h e order of an ion b i n d i n g 
as der ived f r om Δ Η trans was B r " > N 0 3 " > C l " > F " > acetate" > 
c i t rate 3 ' . T h i s Ho fme is te r p o w e r series is v i r t u a l l y i d e n t i c a l w i t h the 
order of membrane toxicities exerted b y anions i n f reez ing experiments 
w i t h thylakoids . I t is therefore conc luded that cryotoxic anions exert 
membrane effects b y compet ing w i t h membrane anions for cat ionic 
b i n d i n g sites o n the membrane , thereby suppressing in t ramembrane 
interactions. 

M e m b r a n e inac t ivat i on depends o n h o w closely anions c a n a p p r o a c h 
cat ionic b i n d i n g sites. P o o r l y solvated ions show the strongest b i n d i n g . 
T h e y are also k n o w n to be the most effective pro te in dénaturants (65). 
T h e Stokes' l a w h y d r a t e d radius of the toxic b r o m i d e an ion is about 1.2 
A , that of the re lat ive ly nontoxic fluoride about 1.6 A a n d that of the 
cryoprotect ive acetate an ion 2.2 Â. B i o l o g i c a l membranes usua l ly appear 
i n t h i n sections as three- layered structures 60 to 100 A thick . I n v i e w of 
this re lat ive ly large cross section, accessibi l i ty of b i n d i n g sites becomes of 
obvious importance . 

Interest ingly , the envelope of intact chloroplasts has an an ion perme
abi l i ty , w h i c h fo l lows the order of an ion toxic i ty to t h y l a k o i d membranes 
d u r i n g freezing. T h e i od ide anion penetrates r a p i d l y a n d is f o l l owed i n 
order b y bromide , ch lor ide , a n d fluoride ( F i g u r e 9 ) . Acetate anions 
penetrate chloroplasts s lowly (46,66). S ince the rate of membrane 
penetrat ion by , for instance, ch lor ide is p ropor t i ona l to its concentrat ion 
gradient , a n d since no compet i t i on apparent ly exists among various pene
trat ing anions, the anions diffuse across the membranes rather t h a n b e i n g 
transferred b y a carr ier mechanism. T h e an ion permeab i l i t y of thy lako ids 
seems to be l ower t h a n that of the chloroplast envelope, b u t here aga in 
i od ide was f ou nd to be the an ion that penetrates most r a p i d l y (67). 
M e m b r a n e penetrat ion b y the anions shows that not on ly external b u t 
also in terna l membrane sites are accessible for interact ion . 

F o r cations, the observed order of tox i c i ty d u r i n g f reez ing of t h y l a 
ko ids is S r + + , C a + + , B a + + > M g + + a n d L i + > N a + , K + > R b + > C s + . 
A t 0 ° C , h i g h concentrations of monovalent a l k a l i m e t a l cations exhib i ted 
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Figure 9. Change in chloroplast size on addition of various substances. Halo-
genides were added in 30 mM increments, which resulted in shrinkage. These 
additions were followed by valinomycin (val) at a concentration of 2 μΜ, which 
resulted in expansion. Changes in chloroplast size at 20°C were monitored by 
changes in the apparent absorbance of the chhroplast suspension at 535 nm 
(43). Note different slopes of the absorbance decrease seen on addition of 
valinomycin, which increases the K+ permeability of the chhroplast envelope. 
As in the presence of the .antibiotic, K+ diffusion is not limiting the rate of salt 
uptake, different slopes indicate different anion fluxes. For experimental con

ditions see Kef. 91. 

on ly smal l differences i n the ir membrane toxicities (24). T h e order of 
membrane toxicit ies of cations as observed d u r i n g f reez ing of thy lako ids 
is s imi lar to the order of c a t i o n effects i n the lyotrop ic p o w e r series of 
Ho fme is te r a n d others (61,62,63). I t is also s imi lar to the order i n w h i c h 
cations denature proteins , that is , strongly h y d r a t e d species such as L i + 

are better dénaturants t h a n w e a k l y h y d r a t e d species such as C s + (65). 
T h e corre lat ion between cat ionic tox i c i ty to membranes a n d cat ionic 
b i n d i n g to anionic surfactants is not as impressive as i n the case of anions 
(64). K u n t z a n d T a y l o r (65) have a lready noted that arguments s imi lar 
to those used to exp la in di f ferential an ion b i n d i n g are not l i k e l y to a p p l y 
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to cat ionic effects on denaturat ion . S t i l l , i n agreement w i t h the order of 
i o n tox ic i ty to membranes , the enthalpy for the transfer o f salt to a 
so lut ion of s od ium dodecylsul fate was more negative for C a C l 2 t h a n for 
M g B r 2 , a n d that for M g B r 2 was more negative t h a n that for a l k a l i m e t a l 
bromides (64). 

I t has been ment ioned that thylakoids are more sensitive to salts of 
certain organic acids such as p h e n y l p y r u v i c a c i d a n d c a p r y l i c a c i d t h a n 
to salts of inorganic acids (28). Differences i n the release of proteins 
(48), a n d different poy lpept ide patterns of released proteins ( F i g u r e 7 ) , 
suggest differences i n the act ion of inorganic a n d organic anions. T h e 
latter b i n d to membranes electrostatical ly as w e l l as b y other means. 
T h i s has been ver i f ied b y ca lor imetr i c measurements of the b i n d i n g energy 
of the tosylate an ion to cat ionic surfactants (64). D e p e n d i n g on the i r 
p K values, some l o w propor t i on of the pheny lpyruvate a n d caprylate 
anions are protonated even at neutra l p H . T h e protonated species are 
l i p i d so luble a n d on f reez ing the i r concentrations increase together w i t h 
the concentrations of ions. T h e l ip id - so lub le mater ia l w i l l accumulate i n 
the l i p i d part of the membrane phase a n d disturbs h y d r o p h o b i c inter 
actions i n the membrane . A s a consequence, f ormat ion of protuberances 
a n d dis integrat ion of membranes can be easily observed w i t h a m i c r o 
scope w h e n h i g h concentrations of s o d i u m capry late are a d d e d to t h y l a 
koids . H y d r o p h o b i c damage to membranes w i l l not, however , be v e r y 
apparent i n pro te in release experiments, since apolar proteins a n d l i p ids 
cannot be expected to leave the membrane phase even i f the membrane 
structure is seriously d i s turbed b y freezing. 

P h e n y l p y r u v a t e a n d caprylate are nonphys io log i ca l salts. T h u s , the 
phys io log i ca l relevance of observations made w i t h these compounds m i g h t 
be quest ioned. H o w e v e r , p l a n t cells conta in m a n y solutes w h i c h have 
effects o n thylakoids s imi lar to those exerted b y pheny lpyruvate or 
caprylate . I n c l u d e d a m o n g these compounds are the amino acids p h e n y l 
alanine, va l ine , leuc ine , a n d isoleucine a n d a n u m b e r of pheno l i c 
substances. 

Membrane Protection 

Colligative Protection. T h e pr inc ip les of co l l igat ive protec t ion were 
first o u t l i n e d b y L o v e l o c k (35) for the r e d b l o o d ce l l . These pr inc ip les 
are also v a l i d for the t h y l a k o i d system (14,21,68). I f on ly one solute is 
present i n a membrane suspension, its concentrat ion, regardless of its 
i n i t i a l concentrat ion, w i l l rise d u r i n g f reez ing to a l eve l de termined solely 
b y the final f reez ing temperature . I f the solute is a cryotoxic c o m p o u n d , 
this final l eve l m a y be sufficient to cause m e m b r a n e inact ivat ion . W h e n 
several solutes are present a n d on ly one is a cryotoxic solute, the same 
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to ta l osmolar solute concentrat ion w i l l be obta ined w h e n s o l i d - l i q u i d 
e q u i l i b r i u m is ach ieved at the same subfreez ing temperature used i n the 
first case. H o w e v e r , i n the second case several solutes contr ibute to the 
final solute concentrat ion, a n d the cryotoxic solute constitutes on ly a 
f ract ion of the to ta l osmolar concentration. Its f rac t ional concentrat ion 
depends, s imp ly , o n the ratios of the various solutes exist ing i n the o r i g i n a l 
sample. I f the f ract ion of the cryotoxic solute is smal l , its concentrat ion 
m a y not reach a d a m a g i n g l eve l d u r i n g freez ing . E v e n i f the nontoxic 
solutes that " d i l u t e " the cryotoxic c o m p o u n d do not exert any d irect 
influence o n the membranes , they w i l l nonetheless act as cryoprotect ive 
agents. 

These relations make i t possible to exp la in the paradox i ca l observation 
that cryotoxic solutes such as N a C l can sometimes act as membrane 
protectants d u r i n g f reez ing (21). T h y l a k o i d s suspended i n a m e d i u m 
conta in ing , for instance, s od ium succinate as the predominant solute are 
inac t ivated b y freez ing , because h i g h concentrations of succinate are not 
to lerated b y the membranes ( F i g u r e 10, left part , I I a ,b,c) . If , however , 
increas ing concentrations of N a C l are a d d e d to the membrane -succ inate 
system, a range of N a C l concentrations is encountered where f reez ing 
does not result i n membrane damage. A t these par t i cu lar ratios of 
succinate to ch lor ide , nei ther of the anions w i l l reach d a m a g i n g levels 
d u r i n g f reez ing a n d protect ion is observed. T h e solute ratios, not the 
i n i t i a l concentrations, determine w h e n protect ion occurs. I f the ratio of 
N a C l to succinate is further increased, f reez ing w i l l raise the concentra
t i o n of N a C l to a l eve l that is damag ing . 

S u c h observations show that the term "cryoprotect ive agent" has a 
very loose m e a n i n g a n d does not necessarily i m p l y that a c o m p o u n d 
p lays any act ive role i n membrane stabi l i zat ion . W h e n a soluble sugar 
( G r o u p I , F i g u r e 10) is present i n the t h y l a k o i d suspension, f reez ing 
w i l l not cause membrane damage , as l o n g as the rat io of sugar to N a C l 
does not f a l l be l ow a c r i t i c a l threshold va lue , because even h i g h concen
trations of sugars are to lerated b y the membranes . 

Specific Protection. L o w M O L E C U L A R W E I G H T S O L U T E S . C o l l i g a -
t ive protect ion is nonspecif ic . A n y solute w h i c h does not damage a b i o -
membrane must , just b y its presence, reduce the concentrat ion of a 
potent ia l ly cryotoxic solute d u r i n g f reez ing as c ompared to the concentra
t i o n the cryotoxic solute w o u l d atta in i n the absence of a second solute. 
O n a n osmolar basis, different neutra l solutes should be equal ly effective. 
H o w e v e r , the facts differ f r o m this expectation. O n a n equi -osmolar 
basis, raffinose is a better cryoprotectant t h a n sucrose is superior to 
glucose, a n d glucose is more effective t h a n g lycero l (15,33,34). S i m i l a r 
deviations f r om " i d e a l " co l l igat ive behavior have been observed for other 
solutes (68). T o exp la in the differences, i t is necessary to either introduce 
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N a C l concentration 

Figure 10. Thylakoid protection by two different groups of compounds as a 
function of the concentration of a potentially cryotoxic solute such as NaGL 
Examples of solutes belonging to group! are soluble sugars, sugar alcohols, 
proline, threonine. Representatives of group II include sodium succinate, gluta
mate and asparate. a, b, c, are different concentrations increasing from a to c. 
The osmolar ratio of a given compound from group I or II versus NaCl, that is 
needed to produce 50% inactivation of the membrane during freezing, differs 

depending on the compound (not indicated in this figure). 

osmotic coefficients or to assume that solutes have d irect solute-specific 
effects o n membranes i n a d d i t i o n to the ir co l l igat ive effects. D i r e c t 
s tab i l i zat ion can indeed be observed i n the absence of f reez ing , w h e n 
co l l igat ive d i l u t i o n of membrane-tox ic solutes is not possible. F o r exam
ple , thy lakoids suspended i n N a C l solutions at 0 ° C are inact ivated faster 
i n the absence of sucrose t h a n i n its presence (21). F u r t h e r m o r e , 
d i m e t h y l sulfoxide c a n protect unfrozen ovary cells of the Ch inese 
hamster against damage b y a hyperosmot ic salt so lut ion (69). M o l e c u l a r 
details o f specific membrane protect ion are not yet k n o w n . I t is possible 
that effects o n water structure are invo lved . 

C R Y O P R O T E C T T V E P R O T E I N S . I n general , soluble proteins are either 
w e a k l y effective or ineffective for prevent ing the freeze- inact ivat ion of 
thylakoids suspended i n d i lute salt solutions. T h i s is not unexpected since 
l o w concentrations of h i g h molecu lar w e i g h t compounds such as proteins 
cannot s ignif icantly reduce the freeze-concentration of cryotoxic solutes 
b y co l l igat ive act ion. H o w e v e r , some proteins extracted f r o m frost-
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resistant plants can , even at very l o w concentrations, exert a protect ive 
effect on thy lako ids d u r i n g freez ing. A t concentrations of less t h a n 40 
μΜ, these proteins produce as m u c h membrane protect ion as sucrose at a 
concentrat ion of 30 m M ( ca l cu la ted f r o m refs. 31 a n d 7 0 ) . These facts 
alone make protect ion o n a co l l igat ive basis h i g h l y u n l i k e l y for proteins. 

T h e proteins are heat stable a n d w a t e r soluble. T h e amino c o m 
posit ions of t w o of t h e m have been de termined , a n d they conta in h i g h 
percentages of po lar amino acids a n d l o w percentages of amino acids w i t h 
nonpo lar side chains. 

L i t t l e is k n o w n concern ing mechanisms b y w h i c h these proteins 
prevent inac t ivat i on of thy lako ids d u r i n g freez ing , b u t they somehow 
contr ibute to membrane stabi l izat ion . T h e y act w i t h some specif icity, 
since cryoprotect ive proteins f r om sp inach not o n l y f a i l to protect r e d 
b l o o d cells d u r i n g f reez ing b u t are ac tua l ly in jur ious . 

Ability of Cryoprotectants to Penetrate Membranes. P r e s e r v i n g 
n o r m a l m e m b r a n e propert ies d u r i n g f reez ing poses spec ia l prob lems. 
L o v e l o c k (71) has reported that only neutra l h y d r o p h i l i c molecules of a 
size smal l enough to penetrate membranes were successful c ryopro 
tectants for r e d b l o o d cells suspended i n phys io l og i ca l saline. T h i s sug
gests that not on ly the outer but also the inner side of the ce l lu lar 
membrane requires protect ion . M o r e recent w o r k (92) has s h o w n that 
the inner s ide is less sensitive to f reez ing damage t h a n the outer one, 
perhaps because solutes of the inner phase contr ibute to protect ion . 
P r o v i d e d the inter ior of a c e l l contains a n excess of a cryotoxic solute, 
protect ion is possible on ly i f i t c a n leak out d u r i n g f reez ing to be 
co l l igat ive ly d i l u t e d b y a nonpenetrat ing cryoprotectant located outside, 
or i f a penetrat ing cryoprotectant c a n enter the ce l l . I f b o t h cannot 
penetrate, they must be present o n the same membrane side for protec 
t i o n to become possible. 

I n p lant cells , a c cumulat i on of soluble sugars has often been not i ced 
d u r i n g h a r d e n i n g a n d this has been suggested as a factor i n frost h a r d i 
ness (12,14,68). E x t r a c e l l u l a r a d d i t i o n of sugars to frost-sensitive cells 
fai ls to protect against f r eez ing in jury (72,73) except i n cases w h e r e 
sugar uptake was substant ia l (74,75). I n v i e w of this , i t is surpr i s ing 
that thy lakoids suspended i n solutions conta in ing cryotoxic solutes can 
be protected against f reeze- inact ivat ion not on ly b y penetrat ing solutes 
such as g lycero l or d imethylsu l fox ide , b u t also b y re lat ive ly large sugars 
such as glucose, sucrose, o r raffinose (15,33), w h i c h are n o r m a l l y 
regarded as nonpenetrat ing (43). A s ment ioned above, even some p r o 
teins w i t h molecu lar weights of 10,000-20,000 daltons protect thy lako ids 
against f reez ing damage, a l though complete protect ion is not observed 
unless other cryoprotectants are present ( 31). 
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Protec t ion of thy lakoids b y large molecules m i g h t be exp la ined i n 
several ways . Perhaps the t h y l a k o i d membrane is sensitive to solute 
in jury on ly on the outer side, or the in t ra thy lako id space contains, even 
after l o n g incubat i on , l i t t le of the a d d e d cryotoxic solute, or penetrat ion 
of the membrane b y normal ly nonpenetrat ing solutes becomes possible 
under f reez ing condit ions (76 ) . 

T h e fact that cryoprotect ive proteins alone cannot p rov ide complete 
protect ion to thy lako ids d u r i n g freezing, even w h e n present at saturat ing 
concentrations, can be regarded as evidence that not on ly the outside b u t 
also the ins ide of the t h y l a k o i d membrane requires protect ion . W h e n 
frozen i n a sucrose so lut ion of sufficient concentrat ion, thy lakoids are 
complete ly protected. A l t h o u g h sugars, w h e n first a d d e d to t h y l a k o i d 
membranes , produce a n osmotic response as expected f r om v a n t Ho fFs 
l a w , they apparent ly leak into the i n t r a t h y l a k o i d space d u r i n g f reez ing 
( 7 6 ) , thereby p r o v i d i n g protect ion to the inner side of the membrane . 
I t is not k n o w n whether cryotoxic solutes leak concurrent ly out f r om the 
i n t r a t h y l a k o i d space. O b v i o u s l y , the permeab i l i t y properties of b i o m e m 
branes have a n important role i n membrane protect ion . Since the perme
ab i l i t y propert ies of a membrane d e p e n d on m e m b r a n e structure, any 
s tructura l changes should influence membrane su rv iva l d u r i n g freezing. 

P r o t e c t i o n b y Changes i n M e m b r a n e S t r u c t u r e . D e v e l o p m e n t of 
frost hardiness i n plants is often accompanied b y a n increase i n m e m b r a n e 
l i p ids , par t i cu lar ly phospho l ip ids (77, 78, 79 ) . A n increase i n the degree 
of unsaturat ion of the fatty a c i d components of phospho l ip ids also has 
been observed b y some (78,79) but not b y a l l investigators ( 7 7 ) . 
At tempts to correlate increases i n membrane l ip ids w i t h hardiness of 
thy lakoids f r o m cabbage leaves have so far fa i l ed (80 ) . A l s o , w h a t effect 
a n increase i n m e m b r a n e l i p i d s m a y have o n hardiness is not ye t 
understood. 

It is k n o w n that h a r d y p l a n t cells exhib i t increased permeab i l i t y to 
water (12,81,82,83). I n some cases, cyto log ica l a n d u l t ras truc tura l 
differences i n chloroplasts of h a r d y a n d nonhardy leaves have been 
reported (15,84,85). These observations requ i re interpretat ion. 

B y means of suitable membrane-act ive addit ives , w e have at tempted 
to mod i fy the structure of isolated thylakoids a n d thereby increase m e m 
brane permeabi l i ty . Changes i n resistance of the membranes to f reez ing 
were t h e n determined . F i g u r e 11 shows the effect of s od ium caprylate o n 
the permeab i l i t y of thylakoids to protons. I n the absence of the c o m 
p o u n d , i l l u m i n a t i o n causes pro ton transfer across the thylakoids a n d 
ac id i f i cat ion of the i n t r a t h y l a k o i d space. A fluorescent w e a k amine was 
used to moni tor f ormat ion of the pro ton gradient ( 86 ) . W h e n the l i ght 
was t u r n e d off, protons m o v e d s l owly back across the t h y l a k o i d m e m 
brane. Transpor t f o l l o w e d first-order kinet ics . I n the presence of caprylate 
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5 AJM 9-aminoacridine ι 
ο 
c 

, , 20 mM 
1 min Na-caprylate 

Figure 11. Formation of a trans-thyhkoid proton gradient by intact chloro
plasts as indicated by the quenching of 9-aminoacridine fluorescence (86, 87), 
and a subsequent efflux of protons from the thylakoids on darkening. Note 
accelerated proton efflux in the presence of sodium caprylate. Conditions: Intact 
spinach chloroplasts were suspended in isotonic sorbitol buffer (20 μg chloro
phyll ml'1) and illuminated with saturating red light in the presence of 0.5 mM 

methyhiologen as electron acceptor. 

or other semipolar compounds of suitable structure a n d concentrat ion, 
p ro ton p u m p i n g s t i l l p r o d u c e d large pro ton gradients i n the l ight . H o w 
ever, w h e n the l i g h t was t u r n e d off, protons l eaked out considerably 
faster than they d i d i n the absence of pheny lpyruvate . T h e avai lable 
data suggest that salts h a v i n g a n an io n that c a n b i n d to cat ionic m e m b r a n e 
sites a n d exert h y d r o p h o b i c effects w i l l increase the pro ton conduct iv i ty 
of thy lako ids . L i g h t scattering measurements ind icate that the perme
a b i l i t y to sugars a n d other compounds is also increased (51). 

F i g u r e 12 shows preservat ion of membrane func t i on d u r i n g f reez ing 
of thy lakoids i n the presence of different concentrations of s o d i u m 
caprylate or s o d i u m pheny lpyruvate . O t h e r solutes present i n the system 
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τ ρ 

Figure 12. Preservation of thylakoid function after freezing for 3 hours at 
—25°C in the presence of different concentrations of sodium phenylpyruvate 
(O) or sodium caprylate (Φ). Other solutes added to the thylakoid suspension 
before freezing were, 100 mM NaCl and 120 mM sucrose in the caprylate ex
periment and 100 mM NaCl and 150 mM sorbitol in the phenylpyruvate experi

ment. 

were sorbi to l a n d N a C l . T h e i r mo lar ratio was kept constant at a l eve l 
p r o d u c i n g considerable inac t ivat i on d u r i n g f reez ing to — 25 ° C i n the 
absence of pheny lpyruvate or caprylate . W h e n pheny lpyruvate or cap 
ry late was a d d e d at a very l o w concentrat ion, a signif icant increase was 
observed i n the resistance of the membranes to freezing. Protec t i on was 
o p t i m a l i n the presence of 2 m M caprylate or 4 m M pheny lpyruvate . 
F u r t h e r increases i n concentrat ion first decreased protect ion a n d finally 
l e d to complete membrane inac t ivat i on d u r i n g freezing. W h e n the i n i t i a l 
concentrat ion of sorbi to l a n d N a C l was h igher than that used for the 
exper iment of F i g u r e 12, a correspondingly h igher concentrat ion of 
s od ium pheny lpyruvate or capry late was necessary to achieve m a x i m u m 
protect ion d u r i n g freezing. T h u s , d e p e n d i n g on concentrat ion, p h e n y l -
pyruvate , a n d caprylate acted either as cryoprotectants or as cryotoxic 
solutes. Suitable controls establ ished that cryoprotect ion b y these c o m 
pounds was not based o n co l l igat ive act ion. F o r instance, the sorb i to l 
concentrat ion h a d to be ra ised b y about 50 m M to get the same protec t ion 
that was p r o d u c e d b y 3 m M pheny lpyruvate . 

Fur thermore , protect ion is not h i g h l y specific, since isoleucine a n d 
sod ium decenylsuccinate protected the membranes to essentially the same 
extent as caprylate or pheny lpyruvate . H o w e v e r , membrane protect ion i n 
the presence of pheny lpyruvate is dependent o n the compos i t ion of the 
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m e d i u m i n w h i c h the thy lako ids are suspended. Protec t i on has been 
observed i n solutions conta in ing ba lanced concentrations of N a C l a n d 
either s o r b i t o l , s u c r o s e , t h r e o n i n e , o r s od ium succinate (51, 68). T h e 
permeab i l i t y of thy lako ids to these compounds is l ow . P h e n y l p y r u v a t e 
fai ls to increase m e m b r a n e protect ion i n solutions conta in ing N a C l a n d 
g lycero l or methanol . T h e latter compounds penetrate thy lako ids r a p i d l y . 
These data suggest that the increased protec t ion seen i n the presence of 
l o w concentrations of semipolar s o l u t e s , such as sod ium pheny lpyruvate , is the result of increased membrane p e r m e a b i l i t y , w h i c h permits leakage 
of normal ly nonpenetrat ing cryoprotectants to the ins ide of the membranes 
w h e r e protect ion is also r equ i red . 

N a t u r a l l y , the m a n i p u l a t i o n of membrane permeab i l i t y is a dangerous 
m a t t e r , since membrane func t i on is in t imate ly re lated to membrane perme
ab i l i ty . M a n i p u l a t i o n that goes too far c a n easi ly cause membrane 
d a m a g e , as occurs i n the presence of increased concentrations of caprylate 
a n d p h e n y l p y r u v a t e ( F i g u r e 12 ) . H i g h concentrations of these c o m 
pounds also cause r a p i d m e m b r a n e inact ivat ion at 0 ° C . S t i l l , m a n i p u l a 
t i o n of membrane permeab i l i t y as a means of increas ing resistance to 
freez ing appears possible i n pract ice . F o r e x a m p l e , K u i p e r (88) reported 
that s od ium decenylsucc inate increased frost hardiness i n plants . T h a t 
other workers have f a i l ed to observe protect ion against f reez ing damage 
b y decenylsuccinate a n d instead have reported increased damage (89, 90) 
is not surpr is ing i n v i e w of the potent ia l m e m b r a n e tox i c i ty of compounds 
capable of a l ter ing membrane structure. 
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9 
Delocalization of Mitochondrial Enzymes 
During Freezing and Thawing of Skeletal 
Muscle 

REINER HAMM 

German Federal Institute of Meat Research, Kulmbach, 
Federal Republic of Germany 

The influences of freezing and thawing of bovine and por
cine skeletal muscles on the subcellular distribution of the 
mitochondrial enzymes aconitase (AC), fumarase (FU), 
malate dehydrogenase (MDH), succinic dehydrogenase 
(SDH), glutamic dehydrogenase (GLDH), glutamic pyruvic 
transaminase (GPT), and the mitochondrial isozyme of the 
glutamic oxaloacetic transaminase (GOTM) were investi
gated. Freezing at —5°C had only a slight effect but 
between —10° and —60° the release of AC, FU, MDH, 
GLDH, GPT, and GOTM from mitochondria into the sarco-
plasm increased with decreasing temperature, apparently 
because of increased damage to the mitochondria. SDH was 
not released. The rate of freezing (between 0.1°/min and 
7°/min) had little effect on the release of enzymes. It is 
suggested that mitochondrial damage is caused mainly by 
dehydration during ice formation. Release of GOTM can be 
reliably used to distinguish between fresh and frozen
-thawed red meats, poultry, and carp. 

T n v i e w of the compl i ca ted microstructure of the muscle fiber one w o u l d 
expect that f o rmat ion of ice crystals w i t h i n the very smal l cavities 

w o u l d cause some damage to various ce l lu lar elements. A po int of 
par t i cu lar interest i s : " W h a t inf luence does f reez ing of musc le tissue have 
o n the sensitive membranes associated w i t h mi tochondr ia , the sarco
p lasmic r e t i c u l u m , lysosomes, a n d other subce l lu lar part i c les?" I n order 

0-8412-0484-5J79J33-180-191$5.00J0 
© 1979 American Chemical Society 
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192 P R O T E I N S A T L O W T E M P E R A T U R E S 

to answer this quest ion, the changes that occur i n subce l lu lar structures 
d u r i n g f reez ing must be e luc idated . T h i s can be done b y electron 
microscopy or b y b i o c h e m i c a l methods w h i c h sometimes indicate subtle 
changes that are not v is ib le i n electron micrographs . A s to the b io 
c h e m i c a l methods, enzymat ic studies are of par t i cu lar importance . E n 
z y m e proteins are associated w i t h membranes or are located w i t h i n 
subce l lu lar organelles. D a m a g e to these organelles or membranes c a n be 
recognized b y a p a r t i a l or complete release of enzymes into the sarco
p l a s m i c fluid. I f the enzyme released is specific for the subce l lu lar 
organelle i n quest ion, its release provides in format ion about the type 
a n d extent of damage of this par t i cu lar organelle . 

Investigations of this type are of importance to m e d i c a l researchers 
a n d physiologists , as w e l l as to food scientists ( I ) . F o r example , enzymes 
released f r om ce l l organelles b y f reez ing a n d t h a w i n g m i g h t r each the ir 
substrates easier and , therefore, might be more act ive than i n the b o u n d 
state. T h u s , release of dehydrogenases f r om mi to chondr ia can influence 
the redox potent ia l of tissue or release of proteo lyt ic enzymes f r o m lyso-
somes can accelerate the b r e a k d o w n of muscle proteins ( 2 ) . F u r t h e r m o r e , 
one might expect that l i p ids i n ce l l membranes w o u l d be more sensitive 
to autoxidat ion after membrane damage. 

I n the field of food science, knowledge about d is integrat ion of c e l l 
membranes is important i f deter iorat ion of meat qua l i ty b y f reez ing a n d 
freeze-storage is to be more f u l l y understood ( 3 ) . T h e presence of 
m e m b r a n e - b o u n d enzymes i n the muscle-press juice after f reez ing a n d 
t h a w i n g c o u l d l ead to a m e t h o d for di f ferentiat ing between nonfrozen 
meat a n d frozen a n d t h a w e d meat. 

Enzymes Studied and Their Locations in Mitochondria 

I n our laboratory w e s tudied the influence of f reeze - thawing of 
musc le o n mi to chondr ia , that is , on the release of certa in m i t o c h o n d r i a l 
enzymes into the sarcoplasm. T h e enzymes s tudied w e r e : aconitase ( A C ; 
E .C .4 .2 ,1 .3 ) , fumarase ( F U ; E .C .4 .2 .1 .2 ) , g lutamate dehydrogenase 
( G L D H ; E .C .1 .4 .1 .2 ) , malate dehydrogenase ( M D H ; E.C.1 .1 .1 .37) , 
succ in ic dehydrogenase ( S D H ; E.C.1 .3 .99 .1 ) , g lu tamic oxaloacetic trans
aminase ( G O T ; aspartate aminotransferase; E .C .2 .6 .1 .1 ) , g lutamic p y r u v i c 
transaminase ( G P T ; alanine aminotransferase; E .C .2 .6 .1 .2 ) , a n d m y o -
kinase ( M K ; adenylate kinase ; E .C .2 .7 .4 .3 ) . 

F o r a correct interpretat ion of the type of m i t o c h o n d r i a l damage i t 
is necessary to k n o w the o r i g i n a l sites of enzymes i n the mi tochondr ia . 
O n e should also real ize that mi to chondr ia consist of a n outer membrane , 
a n inner membrane , the cristae, the intracr i s ta l space, a n d the m i t o 
c h o n d r i a l matr ix . W h e n w e started our work , the locations of some 
enzymes i n l i ve r m i t o c h o n d r i a h a d been determined b u t no in fo rmat ion 
was avai lable concerning the locations of the above-mentioned enzymes 
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i n m i t o c h o n d r i a of skeletal muscle . Therefore , w e invest igated the l o c a 
tions of these enzymes i n m i t o c h o n d r i a iso lated f r o m porc ine psoas 
muscle us ing different treatments such as homogenizat ion w i t h phosphate 
buffer p lus T r i t o n X -100 , suspension i n d i s t i l l ed water or suc rose - t r i s -
buffer w i t h a n d w i t h o u t a d d e d d ig i t o n in , u l trasonic treatment, or f reez ing 
a n d t h a w i n g ( J ) . 

W e f o u n d that S D H is t i ght ly integrated i n the m i t o c h o n d r i a l m e m 
brane; A C , F U , M D H , a n d G O T are more or less t i ght ly associated w i t h 
the m i t o c h o n d r i a l membrane ; G P T ( a n d M K ) are apparent ly l ocated 
be tween the outer a n d inner membranes ( intracr is ta l space ) ; a n d G L D H 
is apparent ly dissolved i n the m i t o c h o n d r i a l matr ix (1). O n l y smal l 
amounts of S D H , F U , a n d A C can be f o u n d i n the sarcoplasm (present 
i n the press juice f r o m muscle pre or post r i gor ) of r e d a n d w h i t e muscles 
f r om pigs a n d catt le (4), whereas certa in isozymes of G O T (5) a n d 
M D H (4) are located i n the mi to chondr ia a n d other isozymes exist i n the 
sarcoplasm. B y means of electrophoresis on cel lulose acetate membranes 
w e isolated two G O T isozymes of skeletal muscle , namely the sarco
p lasmic i sozyme G O T s and the m i t o c h o n d r i a l i sozyme G O T M (2). T h i s 
was the first report that these isozymes existed i n porc ine a n d bovine 
skeletal muscle (2,3,6). 

T h e release of enzymes f rom mi tochondr ia b y treatment of the tissue 
was determined b y pressing juice f r om a smal l p iece of musc le a n d 
a n a l y z i n g this juice for enzyme act iv i ty . T h e act iv i ty of a g iven enzyme 
was then expressed as a percent of the to ta l ac t iv i ty of that enzyme 
exist ing i n the supernatant fluid of a muscle homogenate p r e p a r e d us ing 
phosphate b u f f e r - T r i t o n X -100 (6,8). M o s t of the experiments were 
carr ied out w i t h w h i t e a n d r e d muscles of p igs a n d cattle. T h e activit ies 
of the different enzymes were de termined as descr ibed b y other authors 
(4,7). 

Postmortem Changes in the Subcellular Distribution of Enzymes 

Before the influence of f reez ing was s tudied , i t was necessary to 
determine whether postmortem (p .m. ) storage of muscle at temperatures 
above freez ing ( + 4 ° C ) inf luenced the subce l lu lar d i s t r ibut i on of the 
enzymes invest igated. A s is w e l l k n o w n , storage of musc le p .m . results i n 
drastic changes such as development of r igor mortis a n d a dec l ine i n p H 
f r o m above 7 to about 5.5. 

T h e total ac t iv i ty of the enzymes invest igated d i d not change d u r i n g 
development of r igor mortis (6,8). G L D H , w h i c h immed ia te ly p .m . is 
located solely i n the m i t o c h o n d r i a (no ac t iv i ty i n the sarcop lasm) , is 
released d u r i n g storage of the tissue for 48 hours at 4 ° C ( F i g u r e 1 ) . T h e 
other m i t o c h o n d r i a l enzymes s tud ied are not l iberated u n d e r such c o n d i 
tions (8). T h e release of G L D H indicates a n efflux of the m i t o c h o n d r i a l 
matr ix . T h e m i t o c h o n d r i a l membranes , however , seem to r e m a i n essen
t i a l l y unchanged . T h i s type of change is p r o b a b l y due to a swe l l ing of 
mi to chondr ia caused b y the dec l ine of p H p .m. (8). 
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Figure 1. Influence of storage (+4°C) on the activity of glutamic de
hydrogenase in muscle press juice from bovine longissimus dorsi (time 
postmortem) (· — ·) absolute activity (mUJml); (O O) specific 

activity. Two animals (8). 

Influence of Freezing and Thawing on the 
Subcellular Distribution of Enzymes 

F r e e z i n g the tissue at — 20°C before or after r igor mort is (9,10), 
a n d frozen-storage for 48 hours (11) d i d not signif icantly change the 
tota l ac t iv i ty of the enzymes invest igated. F r e e z i n g a n d t h a w i n g of 
prer igor muscle , however , cause a h i g h l y signif icant release of A C , F U , 
G L D H , a n d M D H f r o m the m i t o c h o n d r i a into the sarcoplasm ( T a b l e 
I ) (9,10). F r e e z i n g of musc le after deve lopment of rigor mort is has the 
same effect ( T a b l e I I ) (10,12), except G L D H , w h i c h is l iberated d u r i n g 
r igor w i t h o u t f reez ing , then is inac t ivated p a r t i a l l y b y f reez ing a n d t h a w 
i n g (10). F r e e z i n g a n d t h a w i n g also cause a considerable release of 
m i t o c h o n d r i a l G O T ( F i g u r e 2; T a b l e I I I ) (9,12). T h e same is true for 
M K (13). 
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Table I. Enzyme Activities" in the Press Juice of Prerigor 
Bovine Longissimus Muscle before and after Freezing* (10 ) 

Animal No. 

Enzyme 
Before After Before After Before After 

(%) (%) (%) (%) (%) (%) 

A C 13.3 41.7 12.9 33.9 11.9 31.0 
F U 6.7 14.6 6.4 13.5 11.0 13.8 
G L D H 15.3 101.3 0.0 58.7 10.5 75.5 
M D H 72.8 74.3 — 54.9 63.7 
S D H 0.8 0.0 1.1 3.2 0.0 2.4 
G P T 52.0 81.1 — — — — 

a Percent of the total extractable activity. 
* Freezing at - 2 0 ° C . 

Table II. Enzyme Activities" in the Press Juice of Postrigor 
Bovine Longissimus Muscle before and after Freezing* (10) 

Animal No. 

Enzyme 
Before After Before After Before After 

(%) (%) (%) (%) (%) (%) 

A C 10.4 42.5 7.6 27.4 3.8 17.1 
F U 1.6 25.3 2.0 12.9 14.0 25.9 
G L D H 76.6 44.9 95.6 30.0 100.0 62.5 
M D H 77.7 98.0 — 76.8 100.0 
S D H 5.3 2.7 4.7 1.6 3.3 0.0 

α Percent of total extractable activity. 
* Freezing at - 20 °C . 

Table III. Influence of Freezing" and Thawing of Longissimus 
Muscle (Postrigor) on the Activities of G O T Isozymes 

in the Muscle Press Juice 6 (9) 

GOT* G0TM 

Treatment Number of 
Species of Tissue Animals X s X s 

C a t t l e unfrozen 15 98.0 1.83 2.0 1.83 
C a t t l e frozen 14 71.9 6.43 28.1 6.46 
P i g unfrozen 10 94.0 4.81 5.0 2.47 
P i g frozen 10 64.9 8.26 35.1 8.26 

"Freezing at -20 °C . 
b Percent of total G O T activity in the muscle press juice. 
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5 0 L 

Figure 2. Results from hw voltage electrophoresis of the press juice 
from nonfrozen and frozen-thawed porcine muscle. Psoas muscle, excised 
S days postmortem and frozen at —20°C for 20 days. (Ordinate) GOT 
activity as percent of total GOT activity; (arrow) start line (9). (O O ) 

Nonfrozen; (Φ — Φ) frozen and thawed. 

Repeated f reez ing a n d t h a w i n g of bov ine muscle increase release of 
G O T M (9 ) a n d A C (12) bu t not F U ( T a b l e I V ) . It should be ment ioned 
that the increased enzyme act iv i ty i n musc le press ju ice after f reez ing a n d 
t h a w i n g is not due to freeze-act ivation of enzymes a lready present i n the 
sarcoplasm, because f reeze - thawing of muscle-press ju ice does not cause 
a signif icant increase i n the activit ies of A C , F U , G L D H , M D H , a n d 
S D H (10). F r o m these results w e can conc lude that f reez ing at — 20°C 
a n d t h a w i n g cause considerable damage to m i t o c h o n d r i a l membranes 
because enzymes attached to the membranes are released. A complete 
d is integrat ion of the membranes , however , does not seem to occur because 
S D H is not de loca l i zed (Tab les I a n d I I ) (10,12). 

Table IV. Influence of Repeated Freezing 0 and Thawing of 
Bovine Longissimus Muscle (Postrigor) on the Enzyme 

Activities in Muscle-Press Juice* (9, 10) 

Treatment of AC FU G0TM 

Muscle Tissue (%) (%) (%) 

U n f r o z e n 7.3 5.9 2.8 
Once frozen 20.7 42.8 19.8 
T w i c e frozen 34.6 28.7 25.9 
Three t imes frozen 51.6 14.7 27.7 

"Freezing at -20°C. 
b Percent of total extractable activity. 
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F r o z e n storage of musc le tissue for three months at — 2 0 ° C does not 
cause an add i t i ona l increase i n enzyme activit ies i n the muscle-press 
ju ice obta ined after t h a w i n g (10), except for G O T M ( 9 ) . H o w e v e r , i t is 
possible that a further release of m i t o c h o n d r i a l enzymes does occur a long 
w i t h a compensat ing inac t ivat i on of enzymes. 

Influence of Temperature and Rate of Freezing on Enzyme Activity 

F r e e z i n g condit ions have a remarkab le inf luence o n the release of 
m i t o c h o n d r i a l enzymes. Samples of bov ine longissimus musc le (post 
r i g o r ) were f rozen to - 5 ° , - 1 0 ° , - 2 0 ° , - 4 0 ° , - 6 0 ° a n d - 8 0 ° C at 
" s l ow" a n d "fast" coo l ing rates ( T a b l e V ) , then subsequently t h a w e d at 
r o o m temperature . F o r f reez ing , 8.5 X 5.0 X 2.5 c m samples w e r e 
sealed i n po lyethylene bags a n d i m m e r s e d i n a methano l bath . I n the 
" fast" - freezing experiments, the b a t h was m a i n t a i n e d at the temperature 
ind i ca ted i n F i g u r e 3 a n d the samples were kept i n the b a t h u n t i l the ir 
centers reached the temperatures ind i ca ted . I n the "s low"- f reez ing 
experiments, samples were immersed i n the b a t h at a b a t h temperature 
of - f l 5 ° C , then the b a t h temperature was l owered at a rate of 0.2°C 
per minute u n t i l the desired final temperature was atta ined (12 ) . A t h i g h 
subfreez ing temperatures (—3° to — 8 ° C ) very l i t t le release of m i t o 
c h o n d r i a l enzymes occurred ; be tween — 8 ° C a n d — 60°C, however , the 
release of A C , F U , G O T M , a n d G P T increased w i t h f a l l i n g temperature 
( F i g u r e 3 ) . A further decrease i n the final temperature d i d not seem 
to cause add i t i ona l release of enzymes f r om the m i t o c h o n d r i a ( F i g u r e 
3 ) (12). 

C o n t r a r y to the effect of f reez ing temperature , the rate of f reez ing 
d i d not have a significant influence o n m i t o c h o n d r i a l damage as ev idenced 
b y the almost e q u a l release of m i t o c h o n d r i a l enzymes ( F U , A C , G O T M , 

Table V . Rate of Temperature Decrease Between 0° and 
- 5 ° C during " S l o w " and " F a s t " Cooling* (12) 

Final Temperature 
in the Center of 

the Sample "Slow" Freezing "Fast" Freezing 
(°C) (°CJmin) (°CJmin) 

- 5 0.058 0.072 
- 1 0 0.097 0.222 
- 2 0 0.097 0.497 
- 4 0 0.106 2.220 
- 6 0 0.107 4.010 
- 8 0 0.097 7.150 

β The experimental conditions are described in the text. 
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Figure 3. Influence of freezing and thawing conditions on the activities 
of aconitase (AC), fumarase (FU), succinic dehydrogenase (SDH), mito
chondrial glutamic oxaloacetic transaminase (GOTM), and glutamic pyru
vic transaminase (GPT) in the muscle press juice from bovine longissimus 
dorsi (postrigor). Percent of the total extractable activity. (Ordinate) 
Ultimate sample temperature achieved. Average of muscles from 3 ani
mals. (Φ · ) "slow" freezing; (O — O) "fast" freezing. Point "0" 

of the temperature scale means "nonfrozen" (+5°C) (12). 

G P T ) d u r i n g " s l ow" - a n d ' ras t " - f reez ing ( F i g u r e 3 ) (12). T h i s is some
w h a t surpr i s ing since "s low"- f reez ing results i n the f o rmat ion of larger 
ice crystals t h a n " fast" - freezing (14,15,16). H o w e v e r , factors other t h a n 
ice crysta l size m a y be of o v e r r i d i n g importance (14,16). 

Causes of Damage to Mitochondria during Freezing and Thawing 

F r o m these results i t c a n be conc luded that damage to m i t o c h o n 
d r i a l membranes , as observed i n this s tudy, was more closely re lated to 
the extent of ice f ormat ion than to the size of i ce crystals. Therefore , 
this damage m i g h t not be caused b y m e c h a n i c a l i n j u r y of membranes 
b u t rather b y r e m o v a l of water f r o m the membranes d u r i n g f reez ing or, 
i n other words , b y a dehydrat i on process. W a t e r is necessary for the 
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stabi l i ty of membrane structures. R e m o v a l of b o u n d w a t e r b y f reez ing 
has a de t r imenta l effect, w e a k e n i n g the latt ice structures of water a n d 
p r o m o t i n g denaturat ion a n d subsequent b r e a k d o w n of the membranes . 
T h i s explanat ion of f reez ing damage is i n agreement w i t h ideas a lready 
stated b y L u y e t a n d G r e l l (17) a n d b y K a r o w a n d W e b b (18), a n d later 
supported b y m a n y other authors (10,12,19,20,21,22). I t shou ld be 
p o i n t e d out that at — 5 ° C about 80 percent of the freezable water i n 
muscle is f rozen (15,16) a n d that damage to mi to chondr ia , as ev idenced 
b y release of enzymes, occurs d u r i n g f reez ing of the r e m a i n i n g 20 
percent. 

Freeze -damage to tissue is often a t t r ibuted to a n increased i o n c o n 
centrat ion i n the unfrozen part of the c e l l water (14,16,23,24). H o w 
ever, this factor m i g h t not p l a y a dominant role i n the results observed 
here. D u r i n g f reez ing , super impos i t ion of the effect of increas ing i o n 
concentrat ion o n the effect of decreasing water ac t iv i ty is the reason that 
m a n y reactions that are fac i l i ta ted b y ions show a m a x i m u m rate at about 
— 5 ° C ( 2 5 ) . So, damage of proteins d u r i n g f rozen storage is m a x i m a l 
around this par t i cu lar temperature . A c c o r d i n g to our results, however , 
damage to mi to chondr ia is m i n i m a l at — 5 ° C a n d increases w i t h d e c l i n 
i n g temperature ( F i g u r e 3}. 

O u r finding that releasable enzymes are almost complete ly released 
between —40° a n d — 60°C ( F i g u r e 3) (12) p r o b a b l y can be exp la ined 
b y the fact that the final eutectic temperature of muscle tissue lies i n this 
temperature range (14,15). B e l o w the final eutectic temperature no 
further i ce f ormat ion w i l l occur , p r o v i d e d s o l i d - l i q u i d e q u i l i b r i u m has 
been attained. 

W i t h r e g a r d to the role that m e m b r a n e dehydrat i on has i n the 
release of m i t o c h o n d r i a l enzymes d u r i n g the f reeze - thaw process, i t is 
interest ing that f reeze-dehydrat ion of muscle tissue causes a s ignif icantly 
greater release of A C , F U ( F i g u r e 4 ) , G L D H (26), a n d G O T M ( T a b l e 
V I ) than the f reez ing (or f reeze- thaw) process alone (26). 

It should be ment ioned that freeze damage to the membranes of ce l l 
organelles, such as mi to chondr ia , is p r o b a b l y caused b y a c o m b i n a t i o n of 
factors i n c l u d i n g dehydrat ion , concentrat ion of electrolytes, a n d m e c h a n i 
c a l effects of i ce crystals. B u t i n m y o p i n i o n the d e h y d r a t i o n effect is 
p redominant under the condit ions used i n these experiments. 

I f f reez ing of tissues occurs s lowly , i ce forms i n extracel lular areas as 
water flows out of the c e l l b y exosmosis. A s a result , the c e l l dehydrates 
a n d does not freeze intrace l lu lar ly . H o w e v e r , i f the ce l l is coo led r a p i d l y , 
i t cannot lose w a t e r fast enough to m a i n t a i n e q u i l i b r i u m w i t h its env i ron 
ment , a n d i t therefore becomes increas ingly supercooled a n d eventual ly 
freezes in trace l lu lar ly (27). M a z u r (27,28) suggested that in jury f r o m 
intrace l lu lar ice a n d its subsequent g r o w t h b y recrysta l l i zat ion is a d i rect 
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Figure 4. Influence of freezing (-20°C) and freeze-dehydration of pre-
rigor muscle tissue on the activities of aconitase and fumarase in the 
muscle press juice. Percent of the total extractable activity. The press 
juice was prepared from the thawed tissue and the rehydrated tissue 

respectively (26). 

p h y s i c a l consequence of this i ce . T h e latter t ype of in jury , however , 
p r o b a b l y was not a significant factor i n our experiments because even the 
" fast" - freezing used m i g h t have been "s low" - f reez ing f r o m a c ryob io -
l og i ca l po in t of v i e w , a l t h o u g h w e d i d not determine the existence of 
in trace l lu lar i ce format ion . Greater f reez ing rates m i g h t be of p r a c t i c a l 
interest for f reez ing s m a l l specimens such as organelles, single cel ls , or 
s ingle musc le fibers but they are not feasible for f reez ing w h o l e organs 
or large pieces of musc le . 

U n d e r cer ta in condit ions the rate of t h a w i n g m i g h t inf luence the 
type of m i t o c h o n d r i a l damage (29,30). I n our experiments, a l l samples 
were exposed to about the same temperature d u r i n g t h a w i n g but the rate 
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Table V I . Influence of Freezing" and Freeze-Dehydration of 
Bovine Longissimus Muscle (Postrigor) on G O T and 

G O T M in the Muscle-Press Juice* (26) 

α Freezing at —20°C. 
b The press juice was prepared from thawed tissue and rehydrated tissue, respec

tively. 
6 U = units of enzyme activity. 

of t h a w i n g was dependent o n the o r ig ina l temperatures of the f rozen 
samples. A s is w e l l k n o w n , a tissue remains i n the range between 0° a n d 
— 5 ° C m u c h longer d u r i n g t h a w i n g t h a n d u r i n g f reez ing ( 3 1 ) . I n this 
temperature range, however , the damage to m i t o c h o n d r i a is apparent ly 
very smal l . T h u s , t h a w i n g condit ions w o u l d appear to have h a d l i t t l e 
b e a r i n g o n the results reported here. 

T h e release of m i t o c h o n d r i a l enzymes b y f reez ing , descr ibed i n this 
paper , is closely re lated to the phenomenon of latency w h i c h is def ined 
as a n increase i n the ac t iv i ty of m i t o c h o n d r i a l or lysosomal enzymes 
caused b y f reez ing a n d t h a w i n g ( 3 2 ) . W i t h respect to mi to chondr ia , the 
enzymes A C , G L D H , M D H , hydroxybutyrate dehydrogenase, isocitrate 
dehydrogenase, a n d cytochrome oxidase have been observed to exhib i t 
latent behavior . A c c o r d i n g to B e n d a l l a n d de D u v e (33) the freeze-
i n d u c e d increase i n ac t iv i ty of G L D H a n d M D H s h o u l d be due to a 
release of these enzymes f r o m their b i n d i n g sites i n mi to chondr ia . I n 
this context i t is of interest that f reez ing a n d t h a w i n g of muscu lar granules 
leads to the release of catheps in a n d other a c id i c hydrolases f r o m lyso -
somes ( 3 4 , 3 5 ) . 

I n studies i n v o l v i n g isolated l i ve r m i t o c h o n d r i a , release of G L D H , 
3 -hydroxybutyrate dehydrogenase (36,37), a n d M K (38) b y f reez ing a n d 
t h a w i n g was demonstrated. L u s e n a (36,37) c o n c l u d e d f r o m these results 
that freeze-damage to l i ver m i t o c h o n d r i a occurs i n t w o steps: one r a p i d 
step i n v o l v i n g damage to the m i t o c h o n d r i a l membranes a n d a second step 
w h i c h occurs more s l owly a n d results i n a release of matr ix enzymes. A t 
v e r y r a p i d f reez ing rates (several h u n d r e d ° C per m i n u t e ) , w h i c h were 
not used i n our experiments, m i t o c h o n d r i a undergo a loss of ox idat ive 
ac t iv i ty (39,40). 

Changes i n m i t o c h o n d r i a l structures, caused b y f reez ing or f rozen 
storage of musc le (41,42) o r l i ver tissue (43), also c a n be demonstrated 
b y electron microscopy . S u c h s tructura l changes increase progressively 
w i t h increases i n coo l ing rate ( 39 ) . 

Treatment of 
Muscle Tissue 

GOT Activity 
(U/ml)6 

GOTM Activity as a 
Percent of Total 

Extractable Activity 

F r e s h 
F r o z e n 
Freeze -dehydrated 

2530 
3146 
4449 

2 
16 
35 
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Differentiation Between Fresh and Frozen-Thawed Meat 

T h e release of m i t o c h o n d r i a l enzymes b y f reez ing a n d t h a w i n g can 
be used to differentiate fresh meat a n d f rozen- thawed meat i n p r a c t i c a l 
situations. F o r this purpose the enzyme chosen must fu l f i l l three r equ i re 
ments : ( a ) i t should be released b y f reez ing a n d t h a w i n g b u t not b y 
a g i n g of meat ; ( b ) its tota l ac t iv i ty shou ld not decrease m a r k e d l y d u r i n g 
storage of musc le either f resh or f rozen ; a n d ( c ) i t shou ld be easi ly 
detectable i n the muscle-press juice. A m o n g a l l of the enzymes w e have 
invest igated on ly G O T M meets these cr i ter ia . A s a lready ment ioned , 
G O T M can be separated f r o m G O T s b y s imple electrophoresis o n cel lulose 
acetate membranes . 

A l l reagents needed to separate G O T isozymes b y electrophoresis are 
c ommerc ia l l y avai lable . A f t e r spray ing the w e t m e m b r a n e w i t h the 
Boehr inger G O T test so lut ion, the isozymes appear u n d e r a U V l a m p as 
d a r k bands ( N A D + ) o n a b r i ght fluorescent b a c k g r o u n d ( N A D H ) . 
Electrophores is of press juice f r o m unfrozen meat results i n on ly one b a n d 
( G O T s ) , whereas press ju ice f r o m f rozen- thawed meat results i n t w o 
bands ( G O T s a n d G O T M ) . T h i s m e t h o d is app l i cab le not on ly to beef 
a n d pork (9,44) b u t also to p o u l t r y meat , e.g. meat f r o m ch i cken , turkey , 
geese a n d ducks ( F i g u r e 5 ) ( 4 5 ) . T w o G O T isozymes w e r e present i n 
the press ju ice obta ined f r o m f rozen- thawed samples of b o t h breast a n d 
t h i g h muscles of p o u l t r y ( 4 6 ) . A l s o a di f ferentiation be tween fresh a n d 
f rozen- thawed l i v e r is possible u s i n g this technique (47). 

I V777A FRESH 

Figure 5. Influence of freezing (-20°C) and thawing of poultry thigh 
muscles (postrigor) on the GOTM activity in the muscle press juice. (Ordi
nate) GOT m activity as a percent of the total GOT activity in the press 

juice (45). 
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Table VII. Influence of Freezing" and Thawing of White Carp 
Muscle (Filet) on the Activities of G O T Isozymes 

in the Muscle-Press Juice 6 (49) 

GOTs GOTmi G0TM2 G0TMS 

Fresh Frozen Fresh Frozen Fre^sh Frozen Fresh Frozen 

x" 79 16 5 20 8 35 8 30 
s 11 8 3 3 5 3 4 7 

"Freezing at -20°C . 
b Percent of total G O T activity in the press juice. Average of 10 muscles. 

T h i s procedure also can be used to differentiate be tween fresh a n d 
f rozen- thawed fish. I n fresh, homogenized carp musc le w e f o u n d four 
G O T isozymes—one sarcoplasmic a n d three m i t o c h o n d r i a l ( 4 8 ) . U p o n 
f reez ing of w h o l e carp , the m i t o c h o n d r i a l isozymes ( G O T M i , G O T M 2 , 
G O T M 3 ) are released ( T a b l e V I I ) ( 4 9 ) . T h u s , press ju ice f r o m fresh 
carp musc le exhibits one b a n d , whereas after f reez ing a n d t h a w i n g four 
bands appear. 

Acknowledgment 

I thank Professor D r . O . R . F e n n e m a , U n i v e r s i t y of W i s c o n s i n , 
M a d i s o n , for va luab le discussions a n d suggestions. 

Abbreviations Used 

A C = aconitase 
F U = fumarase 

G L D H glutamate dehydrogenase 
M D H = malate dehydrogenase 

S D H = succ inic dehydrogenase 
G O T = g lutamic oxaloacetic transaminase (aspartate 

aminotransferase ) 
G O T s = sarcoplasmic G O T isozyme 

G O T M = m i t o c h o n d r i a l G O T isozyme 
G P T — g lutamic p y r u v i c transaminase (a lanine aminotransferase) 

M K = myokinase (adenylate k inase) 
p . m . post mor tem 

U = units of enzyme act iv i ty 
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10 
Denaturation of Fish Muscle Proteins During 
Frozen Storage 

JUICHIRO J. MATSUMOTO 

Department of Chemistry, Sophia University, Kioi-cho 7, Chiyoda-ku, 
Tokyo, Japan 102 

Studies on the freeze denaturation of fish muscle proteins 
were reviewed with emphasis given to changes in their 
physico-chemical and biochemical properties during frozen 
storage. Denaturation of actomyosin commonly occurs 
during frozen storage and the side-to-side aggregation of 
myosin molecules appears to play a major role in this 
reaction. The author's group performed freezing studies with 
isolated preparations of proteins from fish muscle, i.e., acto
myosin, myosin, H-meromyosin (HMM), L-meromyosin 
(LMM), and actin. Freeze denaturation occurred with 
individual proteins as well as with their subunits. Not only 
aggregation but also some conformational changes were 
observed. Denaturation was inhibited significantly in the 
presence of added monosodium glutamate (MSG). About 
30 compounds were found to inhibit denaturation and their 
mechanisms of action are discussed. 

Changes in the Sensory Attributes of Fish Muscle 

s t u d i e s of p ro te in denaturat ion i n fish musc le d u r i n g f rozen storage 
^ have been carr i ed out to ga in scientific knowledge a n d to p r o v i d e a 
basis for s u p p l y i n g foods of better qua l i ty . E a r l y studies w i t h fish 
demonstrated that f rozen storage is a n excellent means of p revent ing 
putre fac t ion a n d autolysis of this per ishable commodi ty . H o w e v e r , i t was 
soon learned that f rozen fish deteriorates more r a p i d l y t h a n f rozen bov ine 
muscle . F r o z e n fish c a n exhib i t several k i n d s of q u a l i t y deter iorat ion 
d e p e n d i n g o n the state at w h i c h i t is examined . F o r example , a fish that 

0-8412-0484-5/79/33-180-205$5.00/0 
© 1979 American Chemical Society 
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T a b l e I . Prote ins 

Group Proteins 

Sarcoplasmic proteins 
(a lbumins) 

myogen 

M y o f i b r i l l a r proteins 
(globulins) 

(actomyosin) 
m y o s i n 

H - m e r o m y o s i n 
L - m e r o m y o s i n 

a c t i n 
t ropomyos in 
t ropon in , etc. 

S t r o m a 
(scleroproteins) 

col lagen 
e last in 

a Values from many references were referred to and summarized. 

has been f rozen for a l o n g p e r i o d then t h a w e d often exhibits a softened 
texture, considerable loss of fluid, a n d changes i n flavor a n d odor. W h e n 
this same fish is used as a processing mater ia l i t m a y differ f r o m fresh 
fish i n terms of texture, w a t e r - h o l d i n g capac i ty , b i n d i n g propert ies , a n d 
ge l l ing strength. F i n a l l y , i t m a y differ f rom fresh-cooked fish w i t h respect 
to texture (toughness, coarseness, dryness, e tc . ) , fluid losses, flavor, a n d 
odor. 

M a n y of the changes i n f rozen fish muscle are at tr ibutable to d e n a 
tura t i on of proteins a n d studies of this occurrence w i l l be r e v i e w e d here. 
Several earl ier reviews of pro te in denaturat ion i n f rozen fish have 
appeared i n the l i terature (1-8). 

Structure and Constituents of Fish Muscle 

A l t h o u g h fish musc le is character ized b y the presence of dark musc le 
a n d myocommata ( 9 ) , most works so far p u b l i s h e d concentrate o n the 
n o r m a l or w h i t e musc le because i t comprises the major p a r t of the muscle . 

T h e fibers of bo th w h i t e a n d dark muscles consist of bundles of 
str iated myof ibr i ls each conta in ing t h i n a n d t h i c k filaments a n d various 
subce l lu lar structures such as the sarcoplasmic r e t i c u l u m a n d other 
organelles (9,10,11). T h e size a n d shape of fish muscle fibers a n d 
myof ibr i ls differ somewhat f r om the corresponding components of m a m 
m a l i a n muscles (9,11). 

T h e p r i n c i p a l constituents of fish musc le are: water , 6 6 - 8 4 % ; pro te in , 
1 5 - 2 4 % ; l i p i d , 0 .1 -22%; a n d m i n e r a l substances, 0 .8 -2% (12). Prote ins , 
the major constituent of the d r y matter , can be classified into three groups 
based on so lubi l i ty . T h i s ch ssification is shown i n T a b l e I ( 1 , 1 1 ) . T h e 
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of Fish Muscle" 

Localization 

cel l p l a s m a 

t h i c k f i laments 

Function 

g lyco ly t i c enzymes 

contract ion 

Amount per 
Total Proteins 

l S - 3 0 % 

6 5 - 8 0 % 

t h i n f i laments 

m y o c o m m a t a a n d ce l l 
membranes 

contract ion 
regulat ion 
regulat ion 

connective tissues 3 - 5 % 

amount of stroma proteins is m u c h less i n fish musc le ( 3 % ) t h a n i t is i n 
m a m m a l i a n skeletal muscles ( 1 5 % ) . M y o f i b r i l l a r proteins are the major 
proteins i n fish muscle a n d they are present i n larger amounts than i n 
m a m m a l i a n skeletal musc le ( 5 7 - 6 8 % ) . 

T h e size a n d shape of myo f ibr i l lar proteins of fish are s h o w n i n 
T a b l e I I . Propert ies of fish proteins i n c l u d i n g amino a c i d compos i t ion 
are general ly comparable w i t h those of rabb i t skeletal musc le (11,13,14, 
15). H o w e v e r , the myof ibr i l lar proteins of fish differ f r om those of r a b b i t 
i n some respects: 1) fish actins go read i l y into so lut ion i n a G u b a - S t r a u b 
m e d i u m μ = 0.5 a n d p H ~ 6.5) to f o r m a viscous actomyosin so lut ion 
that h inders iso lat ion of p u r e m y o s i n (11,13) a n d 2 ) fish myosins are 
m u c h more lab i l e than m a m m a l i a n myosins w h e n stored at nonfreez ing 
temperatures (16), or w h e n exposed to proteases or dénaturants such as 
urea a n d g u a n i d i n e - H C l (17). I n the former case (nonfreeze storage) , 
spontaneous side-to-side aggregation occurs w i t h l i t t l e or no change i n 
conformat ion (16) whereas i n the latter case (urea a n d g u a n i d i n e - H C l ) 

Table II. Size and Shape of Fish Myofibril Proteins" 
Sedimenta Intrinsic 

tion Viscosity 
Protein Mol Wt Coefficient dL χ g'1 Shape 

M y o s i n 500,000 6.4 S 1.8-2.3 fibrillar 
A c t i n 

500,000 

(G - f o rm) 43,000 3.3 S 0.1-0.4 g lobular 
( F - f o r m ) 

43,000 
large fibrillar 

T r o p o m y o s i n 68,000 2.85 S 0.36 r o d 
T r o p o n i n 80,000 g lobular 

a Values from many references were referred to and summarized. 
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u n f o l d i n g of pept ide chains occurs (17). F u r t h e r m o r e , aggregat ion is 
f requent ly encountered w i t h fish actomyosins. These instabi l i t ies of fish 
proteins c lear ly are re lated to the ease w i t h w h i c h fish pro te in denatures 
d u r i n g f rozen storage. 

Early Investigations 

D e n a t u r a t i o n of proteins as re lated to q u a l i t y deter iorat ion of f rozen-
stored fish musc le was first s tud ied b y F i n n (18). R e a y (19) revealed 
that d u r i n g f rozen storage of haddock , g lobul ins (salt -soluble prote ins ) 
became inso luble whereas a lbumins (water -so luble prote ins ) w e r e not 
affected. D y e r (20) demonstrated the re lat ionship between the freeze 
deter iorat ion of organolept ic properties a n d denaturat ion of actomyosin . 
H e f o u n d a signif icant corre lat ion between favorable taste-panel scores 
a n d the amount of actomyos in extractable f r o m frozen-stored fillets of 
cod , ha l i but ( 2 0 ) , p la i ce (21), a n d rosefish (22). Sarcoplasmic proteins 
(water -so luble prote ins) underwent no apprec iab le change d u r i n g f rozen 
storage. 

D y e r s outstanding w o r k s t imulated m a n y studies of a s imi lar nature 
l e a d i n g to the firm conc lus ion that denaturat ion of actomyos in occurs at 
a signif icant rate d u r i n g frozen storage of fish musc le a n d that the rate 
of denaturat ion can be used to estimate the rate of q u a l i t y change of 
the fish. 

M o s t of the early w o r k o n this subject was done b y extract ing acto
m y o s i n f r o m fish fillets f o l l o w i n g f rozen storage a n d t h a w i n g . O n the 
other h a n d , m a n y studies des igned to determine the mechanisms of 
denaturat ion have i n v o l v e d f rozen solutions or suspensions of iso lated 
pro te in preparations. 

Factors Affecting the Rate of Denaturation 

R a t e o f F r e e z i n g . I t is w i d e l y be l i eved that r a p i d f reez ing gen
eral ly results i n less denaturat ion t h a n s low freez ing . H o w e v e r , L o v e 
s tud ied c od fillets a n d f o u n d that some intermediate rates of f reez ing 
resul ted i n more de t r imenta l textura l changes t h a n s low freez ing (23,24, 
25,26). T h e r a p i d l y f rozen fillets conta ined smal l intrace l lu lar ice crystals 
a n d exh ib i ted l i t t le change i n ce l l structure. T h e s l owly f rozen fillets 
conta ined large interce l lu lar ice crystals w i t h musc le fibers that were 
shrunken a n d t i ght ly grouped . F i l l e t s f rozen at intermediate rates c o n 
ta ined large in trace l lu lar i ce crystals that h a d g r o w n so large that they 
damaged the ce l l membranes . A c t o m y o s i n was the least soluble i n the 
last instance (26). S i m i l a r observations were repor ted b y T a n a k a ( 2 7 ) . 

Rates of denaturat ion of musc le proteins i n A l a s k a po l lack , as i n f l u 
enced b y f reez ing rate a n d storage temperature , were s tud ied b y M a t s u d a 
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(28) a n d b y S u z u k i et a l . (29). M u s c l e f rozen i n l i q u i d n i t rogen c o n 
ta ined s m a l l in trace l lu lar ice crystals a n d less denaturat ion of actomyosin 
t h a n musc le f rozen i n a i r at — 20°C. C o n t r a r y to this finding L o v e 
reported that f reez ing of c od musc le i n l i q u i d a i r caused t i ghten ing of 
texture, a coalescence of myof ibr i ls , a n d a decrease i n extractable p r o 
teins (30,31). 

Temperature and Duration of Storage. A s s h o w n b y the works of 
D y e r (20,21,22) a n d C o n n e l l (32) l o w e r i n g the storage temperature 
decreases the rate of pro te in denaturat ion. Love ' s study, i n v o l v i n g freez
i n g i n l i q u i d a ir , y i e l d e d results of a contrary nature (30). F u r t h e r m o r e , 
S n o w (33) d isso lved c o d actomyosin i n various inorganic salt solutions 
a n d f o u n d that f reez ing to temperatures b e l o w the eutectic points of the 
respective salts denatured the pro te in , apparent ly because of a dehy 
d r a t i n g effect. H o w e v e r , this result is contradictory w i t h the general 
observation that proteins of A l a s k a po l lack a n d sea bass undergo l i t t l e 
denaturat ion w h e n the fillets were stored at —20°C after f reez ing i n 
l i q u i d n i trogen (29 ) . 

D u r i n g f rozen storage two events occur s imul taneous ly—denatura 
t i on of actomyosin a n d a n increase i n the average size of i ce crystals 
(34,35). Moreover , a fluctuating storage temperature accelerates the 
dec l ine i n sensory score, the decrease i n the so lub i l i ty of actomyosin , a n d 
the g r o w t h of ice crystals (36,37). T h u s , the latter occurrence m a y be 
re lated to the first two . I n general , re freez ing has a de t r imenta l effect o n 
denaturat ion of proteins i n fish muscle (38,39,40). 

Supercoo l ing (41) a n d p a r t i a l f reez ing (42) w h i c h are a c companied 
b y no or l i t t le ice f o rmat ion at a temperature s l ight ly b e l o w the f reez ing 
po in t of the sarcoplasm appear to re tard pro te in denaturat ion as c o m 
p a r e d w i t h storage at the corresponding temperatures after the greater 
part of the water has been f rozen b y exposure to the l o w e r temperatures. 

Fish Species and Elapsed Time between Harvest and Freezing. 
F r o m his data on four k inds of fish, D y e r (21,22) suggested that fat ty 
fishes are more stable i n f rozen storage t h a n l ean fishes. H o w e v e r , more 
recent data indicate that species differences m a y sometimes be more 
impor tant than fat content (2,43,44). F o r example , the pattern of ice 
c rys ta l f o rmat ion differs be tween A l a s k a po l l a ck a n d y e l l o w t a i l muscles 
(34) a n d this m a y influence stabi l i ty . 

Freshness o r post -mortem cond i t i on of fish musc le at the t ime of 
f reez ing has a n impor tant b e a r i n g on the rate of freeze denaturat ion 
(1,2,38,45,46). 

T h e stabi l i ty of fish musc le i n f rozen storage also varies w i t h the 
season a n d other b io l og i ca l condit ions such as n u t r i t i o n a l status, degree 
of fat igue, a n d s p a w n i n g status (pre , i n , or post ) (45,47-50). 
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Denaturation of Proteins 

Methods . E a r l y invest igations relevant to techno log i ca l analyses of 
the f reez ing operations i n v o l v e d de te rmin ing the amount of p r o t e i n 
extractable i n salt solutions, such as 5 % N a C l o r 0 . 6 M K C 1 . Proteins 
extracted i n this manner w e r e def ined as nat ive or undenatured . T h e n a 
quest ion arose concern ing the mechan i sm b y w h i c h denaturat ion occurs. 
Unfor tunate ly , denatured prote ins are diff icult to study because of the i r 
i n s o l u b i l i t y ; thus in f o rmat i on about the state of proteins i n fish h a d to be 
ga ined f r o m the soluble pro te in fract ion . 

A c t o m y o s i n . S O L U B I L I T Y . Studies have deal t w i t h changes i n the 
so lub i l i ty o f proteins d u r i n g f rozen storage of fish musc le or solutions of 
isolated actomyos in (33,51,52). Ana lys i s b y ge l filtration of the salt 
extracts has shown that the actomyosin f rac t ion decreases i n so lub i l i ty 
d u r i n g f rozen storage whereas the sarcoplasmic proteins r e m a i n essen
t i a l l y unchanged ( 5 3 ) . 

V I S C O S I T Y . T h e reduced viscosity of the p r o t e i n extracted f r o m 
f rozen-s tored fish musc le (44,54) a n d of the soluble f ract ion of the 
f rozen-s tored solutions of iso lated actomyosin decreases w i t h increas ing 
t ime of storage (51, 52). 

S E D I M E N T A T I O N . E x a m i n a t i o n of extracts f r o m fish musc le or acto
m y o s i n solutions b y u l t racentr i fug ing procedures has i n d i c a t e d that the 
actomyos in components (20S-30S) decrease w i t h increas ing t i m e of 
f rozen storage a n d several faster m o v i n g components s imultaneously 
appear. A f t e r pro longed storage, no components w i t h movement faster 
t h a n 20S are evident (29,51), suggesting a progressive p o l y m e r i z a t i o n 
of actomyosin. D e t a i l e d analyses of the u l t racentr i fuga l patterns of 
extracts f r o m f rozen-s tored c od musc le w e r e done b y K i n g a n d his 
coworkers (55,56,57) a n d they reported that G - a c t o m y o s i n forms as a n 
intermediate p roduc t d u r i n g f rozen storage a n d that some amount of 
G - a c t i n is eventual ly dissociated f r o m G - a c t o m y o s i n . T h e existence of 
G - a c t o m y o s i n is quest ionable a n d deserves further study (2). 

T h e changes that occur i n viscosity a n d u l t racentr i fuga l pattern 
d u r i n g frozen storage suggest de format ion of actomyos in filaments into 
some denser, less asymmetr ic f o rm. 

S A L T T N G - O U T A N A L Y S I S . Ana lys i s of salt ing-out curves of extracts 
f r o m fish muscles before a n d after f rozen storage has s h o w n that f rozen 
storage shifts the actomyosin peak to a h i g h e r saturation l eve l (44,58,59), 
w i t h var iab le results for different fish species (44). A s imi lar experiment 
o n a so lut ion of isolated carp actomyosin has shown a s imi lar shift of the 
peak f r om 3 5 % to 3 8 % saturation ( ( N H 4 ) 2 S 0 4 ) f o l l o w i n g f rozen storage, 
suggesting the release of some ac t in f r om the actomyos in complex ( 5 9 ) . 
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A T P A S E A C T I V I T Y A N D R E L A T E D P R O P E R T I E S . D u r i n g f rozen storage 
of c od fillets, a decrease is observed i n the A T P a s e act iv i ty of ac tomyos in 
extracts, b u t the n u m b e r of free S H groups does not change (32). T h i s 
decrease i n A T P a s e ac t iv i ty also has been reported for actomyos in f r o m 
various other fishes i n s i tu d u r i n g f rozen storage (60,61,62). D u r i n g 
f rozen storage of solutions or suspensions of actomyosin iso lated f r o m 
carp , A T P a s e act iv i ty i n i t i a l l y rises a n d then decl ines to zero (42,51, 63, 
64). T h e i n i t i a l rise i n ac t iv i ty suggests a sl ight conformat ional de forma
t i o n a round the act ive sites f o l l o w e d b y conversion to a n inact ive r a n d o m 
state. T h e decrease i n A T P a s e act iv i ty of actomyosin is reflected i n the 
dec l ine i n its superprec ip i tat ion capac i ty (51,52) a n d i n the rate of 
v iscosity drop o n the a d d i t i o n of A T P (29, 5 9 ) . 

A N A L Y S I S O F S O L U B T X I T Y - S T O R A G E C U R V E S . T h e so lub i l i ty -s torage 
t ime curves of ac tomyos in a n d m y o s i n extracted f r o m the same f rozen 
cod fillets f o rm a f a m i l y of para l l e l l ines that are not l inear ( 6 5 ) , 
whereas the so lub i l i ty of ac t in does not change w i t h storage t ime (65,66). 
T h u s C o n n e l l a t t r ibuted the freeze denaturat ion or loss of so lub i l i ty of 
actomyosin to the m y o s i n component. T h e authors group determined the 
amount of soluble pro te in that remained i n a f rozen suspension of acto
m y o s i n iso lated f r om carp a n d p lo t ted this va lue o n l ogar i thmic scale 
against storage t ime. T h e p lot consisted of two intersect ing straight lines 
w i t h different slopes, suggesting that the denaturat ion process i n v o l v e d 
more than one mechanism (67). T h e nature of the p l o t d i d not change 
w h e n the ion ic strength of the storage solut ion was changed but i t d i d 
change w h e n the p H was altered. R e p l o t t i n g the results of D y e r (20,21, 
22) a n d C o n n e l l (65) i n the manner descr ibed y i e l d e d plots for fish 
muscle that were s imi lar to the p lo t just descr ibed. 

Ana lys i s of the so luble -prote in fractions r e m a i n i n g after f rozen storage 
of fish is be ing accompl ished i n the author's laboratory b y sod ium dodecy l 
su l fa te -po lyacry lamide ge l electrophoresis (68). T r o p o m y o s i n remains 
i n so lut ion after l o n g storage a n d i t seems to be the most stable pro te in 
d u r i n g frozen storage. A c t i n is the next most stable prote in . D u r i n g the 
early stages of freeze denaturat ion of proteins i n fish bo th m y o s i n a n d 
ac t in apparent ly f o rm an insoluble f ract ion that accounts for the observed 
decrease i n pro te in so lubi l i ty . 

E L E C T R O N M I C R O S C O P Y . E x a m i n a t i o n of fish proteins b y e lectron 
microscopy conclus ive ly shows that actomyosin aggregates d u r i n g f rozen 
storage (59,63,69). T h e change i n structures of the extracted m y o 
fibrillar proteins a n d of the m y o f i b r i l residues of f rozen-s tored c o d musc le 
was s tudied b y electron microscopy. T h e decrease i n the n u m b e r of 
actomyosin filaments a n d a n increase i n the n u m b e r a n d size of large 
aggregate were f o u n d (69 ) . U n f r o z e n carp actomyosin , either d isso lved 
i n 0 . 6 M K C 1 or suspended i n 0 . 0 5 M K C 1 , exists i n a t y p i c a l arrowhead 
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structure (59,63). A f t e r f reez ing f o l l o w e d b y immed ia te t h a w i n g the 
actomyosin filaments become loosely jo ined together i n a crosswise fash
i on . A f t e r f rozen storage f or several weeks , the nat ive structure is lost 
a n d only masses or aggregates of r a n d o m l y entangled filaments are e v i 
dent. C a r e f u l examinat ion of the pictures suggests that the aggregated 
actomyos in filaments are th inner a n d more flexible t h a n those f o u n d i n 
the unfrozen preparat ion , i.e., the arrowhead structure is no longer 
apparent . A l s o evident i n the b a c k g r o u n d of the pictures are other 
part ic les that m a y consist p a r t l y of aggregated masses of m y o s i n mole 
cules. T h e t h i n n e d entangled filaments i n the aggregates are p r o b a b l y 
filaments of F - a c t i n . 

Changes i n the shape of carp actomyosin filaments d u r i n g f rozen 
storage was also s tudied at various p H ' s (67). P ic tures of actomyos in 
f rozen a n d stored i n 0 . 9 M a n d 1 .2M K C 1 i l lustrated the dissociat ion of 
actomyos in into ac t in a n d m y o s i n (1,2). 

M y o s i n . A G G R E G A T I O N . Because of the di f f iculty of i so la t ing p u r e 
m y o s i n f r o m fish studies o n the behavior of this pro te in were de layed . 
C o n n e l l s tud ied the behavior of c od m y o s i n d u r i n g f reez ing to t empera 
tures r a n g i n g f r o m about — 7 to — 78°C. B y u l t racentr i fuga l analysis he 
showed that the m y o s i n monomer po lymer izes to d imers , tr imers , a n d 
other larger mul t ip les (70). N e i t h e r the specific rotat ion nor the n u m b e r 
of act ive S H groups changed apprec iab ly d u r i n g po lymer i za t i on . C o n n e l l 
suggested that m y o s i n molecules aggregate side-to-side w i t h o u t u n f o l d i n g 
or undergo ing any change i n intramolecu lar conformation. T h e aggrega
t i o n was ascr ibed not to S -S b o n d i n g b u t to l inkages of a n u n k n o w n 
nature. C o n n e l l also suggested that m y o s i n has a major ro le i n the 
^ s o l u b i l i z a t i o n of actomyosin d u r i n g frozen storage (2,65,66). 

Changes i n the so lubi l i ty , u l t racentr i fuga l behavior , a n d n u m b e r of 
S H groups i n f rozen m y o s i n f r o m trout were s tud ied b y B u t t k u s (71,72). 

A T P A S E . M y o s i n s iso lated f r om various f rozen-s tored fish muscles 
exhib i t specific activit ies for A T P a s e that are s l ight ly l ower t h a n the 
specific activit ies of m y o s i n f r o m fresh muscles (73,74). T h e dec l ine of 
A T P a s e act iv i ty also occurs w i t h myos in isolated f r o m carp , w h e n storage 
is conducted at — 20°C (64). L i k e carp actomyosin , the dec l ine is 
preceded b y a temporary rise i n act iv i ty . 

F I L A M E N T F O R M A T I O N . L i k e rabb i t m y o s i n (74), carp m y o s i n i n 
solutions of l o w ion ic strength forms filaments that are observable under 
the electron microscope. These filaments are either sp indle shaped or 
d u m b b e l l shaped d e p e n d i n g u p o n the method used to prepare thenm. 
F i l a m e n t s f o rmed f rom either f rozen-s tored samples (f i laments or m y o s i n 
so lut ion) were not as perfect i n shape as those p r e p a r e d f r o m unfrozen , 
intact myos in . I n f rozen storage, the sp indle -shaped m y o s i n was more 
stable t h a n the dumbbe l l - shaped myos in , a n d m y o s i n i n the dissolved 
state was least able to f o r m filaments (64). 
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Subunits of Myosin. M a t s u m o t o et a l . (64) i so lated H - m e r o m y o s i n 
( H M M ) a n d L - m e r o m y o s i n ( L M M ) f r o m carp musc le (15) a n d s t u d i e d 
the i r stabil it ies at —20°C. T h e A T P a s e ac t iv i ty of H M M decreased m u c h 
faster t h a n that of m y o s i n a n d the capac i ty of H M M to b i n d w i t h F - a c t i n 
as de termined b y e lectron microscopy was lost. L M M also exh ib i ted a 
decreased capac i ty to f o rm we l l - o rdered paracrystals . These results t e n d 
to ind icate that f rozen storage causes m y o s i n molecules to aggregate 
s ide-by-s ide a n d m y o s i n subunits to undergo conformat ional deformations. 

Actin. A c c o r d i n g to C o n n e l l ( 6 5 , 6 6 ) , a c t i n i n c o d musc le remains 
essentially unmodi f i ed d u r i n g storage for as l o n g as 30 weeks at — 14°C. 
T h i s statement is based o n a study of various p h y s i c o - c h e m i c a l properties 
s u c h as intr ins ic viscosity, m y o s i n c o m b i n i n g ab i l i t y , a n d u l t racentr i fuga l 
behavior . 

O n the other h a n d , a c t in extracts f rozen for either 96 or 127 weeks 
at — 20 ° C undergo significant alterat ion. T h i s was s h o w n i n the author's 
laboratory us ing a c t i n isolated f r o m carp ( 7 5 ) . F o r these studies a c t in 
was p r e p a r e d b y G u b a - S t r a u b ' s m e t h o d w i t h the exception that S p u d i c h -
Wat t ' s buffer A was used. A c t i n i n either G - f o r m or F - f o r m was f rozen 
a n d stored at — 20° C , a n d its so lub i l i ty , r e d u c e d viscosity , p o l y m e r i z i n g 
ab i l i ty ( G - a c t i n ) , a n d appearance under the e lectron microscope ( F -
ac t in ) were tested per iod i ca l ly . B o t h G - a n d F-act ins underwent dena 
turat ion d u r i n g f rozen storage. A s i n d i c a t e d earl ier , actomyosin , as 
j u d g e d b y its e lectrophoretic ( S D S - d i s c electrophoresis) behavior , be 
comes increasingly inso luble d u r i n g f rozen storage (68). 

T h e disagreement be tween Connel l ' s results a n d those b y the author's 
group p r o b a b l y arises because of the different exper imenta l condit ions 
used. I n Connel l ' s study, ac t in was i n s i tu , whereas i n the author's s tudy 
isolated ac t in or actomyosin was used. 

Tropomyosin and Troponin. T r o p o m y o s i n is apparent ly the most 
stable of the fish proteins d u r i n g f rozen storage. T r o p o m y o s i n c a n be 
extracted l o n g after a c t in a n d m y o s i n become inextractable ( 6 8 ) . 

Tropon ins iso lated f r om frozen-stored b igeye tuna , Tilapia or Beryx, 
are less active i n the ir regulatory func t i on t h a n those f r o m fresh fish 
muscles (76). 

Myofibrils and Tissues. M i c r o s c o p i c observations of f rozen c o d 
muscle were first p u b l i s h e d b y L o v e (23,24,25,26) a n d s imi lar observa
tions of other fish species were reported b y T a n a k a (27,34,48). 

T o determine the degree of adherence of myof ibr i ls , L o v e a n d 
M a c K a y (77) deve loped the " c e l l f rag i l i ty method . " T h i s m e t h o d i n 
volves measur ing the t u r b i d i t y of t h a w e d musc le homogenates p r e p a r e d 
i n 1.15% formaldehyde . I t has been s h o w n that the ext inct ion va lue 
decreases w i t h increas ing l e n g t h of f rozen storage, i n d i c a t i n g r e d u c e d 
dispers ion of the myof ibr i ls . T h i s m e t h o d has been h e l p f u l i n s t u d y i n g 
several problems ( 30,78 ). 
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E l e c t r o n microscopic study of frozen-stored carp musc le have s h o w n 
that the ultrastructure of myof ibri ls is , at least i n some specimens, w e l l 
preserved d u r i n g storage for 60 weeks at —20°C ( 3 4 ) . T h e u l trastruc 
t u r a l changes d u r i n g f rozen storage of c o d musc le ( 7 9 ) , c od myof ibr i ls , 
a n d solutions of myo f ibr i l lar proteins (80) have been studied us ing the 
freeze e tch ing a n d the negative s ta ining techniques. M u s c l e stored for a 
l o n g p e r i o d at — 20 ° C showed disturbances i n the hexagonal pat tern , 
de format ion of the sarcoplasmic r e t i c u l u m , and a significant reduc t i on i n 
the interf i lament spacing. A d d i t i o n a l studies of a s imi lar nature have been 
p u b l i s h e d recent ly (81,82). 

Connective Tissue Proteins. C o l l a g e n comprises the major m a t e r i a l 
of sk in a n d myocommata . L o v e a n d his co-workers s tudied the p r o b l e m 
of gap ing i n w h i c h slits or holes appear i n the musc le a n d sometimes the 
fillet fal ls apart . T h i s defect is re lated to the behavior of m y o c o m m a t a 
proteins (83-87). G a p i n g is more severe i n fishes f rozen in -r igor t h a n i n 
those frozen pre-r igor , a n d the seriousness of this defect varies w i t h the 
b io l og i ca l c ond i t i on of the fish ( in f luenced b y season, size, age, a n d 
whether the fish is hea l thy or s tarved ) , a n d the fish species. 

O n freez ing , ice crystals sometimes f o rm i n the m y o c o m m a t a a n d 
this m a y influence the inc idence of gap ing . D u r i n g studies where the p H 
a n d moisture of the muscle were var iables , i t was learned that gap ing 
was correlated w i t h the mechan i ca l strength of m y o c o m m a t a co l lagen 
that is less strong at l ower p H ' s . G a p i n g was f o u n d to vary w i t h fish 
species whereas the p h y s i c o - c h e m i c a l properties of co l lagen f r o m various 
species were f o u n d to be i d e n t i c a l w i t h n o r m a l collagens. 

T a n a k a (34) reported that m u s c l e - c e l l membranes of A l a s k a po l lack 
became tougher d u r i n g f rozen storage. 

Other Proteins. S ince R e a y a n d D y e r d iscovered that denaturat ion 
of myo f ibr i l lar proteins is of such p r o f o u n d importance , l i t t l e attention 
has been g iven to the water -so luble proteins i n c l u d i n g enzymes a n d 
other proteins i n the sarcoplasm, subce l lu lar organelles, a n d c e l l m e m 
branes. Recent ly reports have appeared on the freeze denaturat ion of 
enzymes. These studies i n v o l v e d enzymes such as catalase, A D H , G D H , 
L D H , a n d M D H f rom sources other than fish (88,89,90) a n d attent ion 
was g iven to the effectiveness of various cryoprotect ive substances (89, 
90). C o m p a r a b l e studies w i t h enzymes f r om fish musc le are f e w i n 
n u m b e r ( 9 1 ) . Studies on fish muscle proteins must be extended to this 
area i f a complete p i c ture of the freeze denaturat ion of fish muscle is to 
be obta ined . It should be noted that freeze stable enzymes m i g h t have 
impor tant effects d u r i n g f rozen storage of fish (92,93). 

M y o g l o b i n undergoes changes d u r i n g frozen storage a n d this is the 
cause of d isco lorat ion of r e d muscle fishes such as tuna . D u r i n g f rozen 
storage m y o g l o b i n is denatured , perhaps v i a metmyog lob in . D i s co l o ra t i on 
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of t u n a m y o g l o b i n can be prevented b y r a p i d f reez ing a n d storage at 
about — 60°C (94), condit ions that are employed commerc ia l ly i n J a p a n . 
B y f reez ing w i t h l i q u i d n i t rogen disco lorat ion of t u n a m y o g l o b i n is 
r educed (95 ) . 

Cause of Denaturation 

A c c o r d i n g to L o v e (41) f reez ing itself has a detr imenta l effect o n 
proteins. Some aggregation of actomyosin filaments has been observed 
i n specimens t h a w e d immediate ly after f reez ing to — 20°C ( 5 9 ) . 

Several proposals have been advanced concerning the causes a n d 
mechanisms for freeze denaturat ion of fish muscle proteins b u t the v iews 
usual ly have some features i n common. I n a l l instances, the f ormat ion 
of i ce crystals has effects, either d i rec t ly or ind i rec t ly , that are of major 
importance . 

Effect of Mineral Salts. A s ce l lu lar water is f rozen , m i n e r a l salts 
a n d so lub le -organic substances become concentrated i n the r e m a i n i n g 
unfrozen phase. T h i s increase i n solute concentrat ion, w i t h corresponding 
changes i n ionic strength a n d p H , is be l i eved to affect dissociat ion a n d / o r 
denaturat ion of proteins (1,2,62,96-98). Exper iments b y F u k u m i et a l . 
(99) support this theory. T h e y f o u n d that freeze denaturat ion of w a s h e d 
actomyosin f rom A l a s k a po l lack musc le was accelerated b y the presence 
of C a 2 + , M g 2 + , K + , a n d N a + ions a n d reduced b y their removal . 

Dehydration of Proteins. I ce crysta l f o rmat ion , especial ly w h e n 
brought about b y s low freezing, results i n a red i s t r ibut ion of water . W h e n 
a ce l l is thawed water has dif f iculty re turn ing to its o r i g ina l sites (e.g., 
associated w i t h prote ins ) a n d some of this water leaves the tissue ( d r i p ) . 
D e n a t u r a t i o n or association of pro te in molecules that m a y occur d u r i n g 
f reez ing a n d frozen storage hinders the process of pro te in rehydrat i on 
(1,2,4). 

A s i ce forms a n d water molecules are r e m o v e d f r o m areas near the 
proteins, the pro te in molecules move closer together a n d the poss ib i l i ty 
of aggregation t h r o u g h intermolecular cross-bonding increases. If freez
i n g is carr ied out to a very l o w temperature , r e m o v a l of water f r o m 
proteins may occur to such an extent that the proteins m i g h t be affected. 

E v i d e n c e that aggregation occurs d u r i n g f rozen storage is p r o v i d e d 
i n the f o r m of p h y s i c o - c h e m i c a l data presented earlier. E v i d e n c e for 
f reeze- induced changes i n conformation is p r o v i d e d f r o m the changes i n 
b i o c h e m i c a l properties of m y o s i n a n d its subunits (e.g., changes i n 
A T P a s e act iv i ty , superprec ip i tat ion capacity , a c t i n - b i n d i n g capacity , a n d 
ab i l i ty to f o rm paracrystals ) as descr ibed earlier. T h e effects of c ryo 
protect ive substances, as ment i oned later, p r o v i d e further support for 
these v iews . 
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Based on the decrease i n act ive S H groups that occurs i n trout m y o s i n 
d u r i n g frozen storage, B u t t k u s (71,72) proposed the f ormat ion of inter 
molecu lar S -S bonds as a major cause of aggregation. M y o s i n aggregates 
were soluble i n 6M g u a n i d i n e - H C l conta in ing 0 . 5 M mercaptoethanol but 
were not soluble i n 1 M N a C l , 8 M urea , 6 M g u a n i d i n e - H C l , or detergents. 
H y d r o p h o b i c a n d hydrogen bonds were suggested also as b e i n g i n v o l v e d 
i n the aggregat ion process. T h e proposed mechan i sm of aggregation 
consisted m a i n l y of S -S b o n d rearrangement a n d a n influence of K C 1 at 
its eutectic po int . 

F i n d i n g s i n the authors laboratory (100) demonstrated that the 
n u m b e r of cross bonds i n carp actomyosin a n d m y o s i n increases d u r i n g 
frozen storage a n d that so lub i l i ty of these proteins decreases. B a s e d o n 
the types of chemicals that reso lub i l i zed these proteins at various rates, 
i t was conc luded that ionic bonds, h y d r o g e n bonds, covalent bonds 
( S - S ) , a n d h y d r o p h o b i c associations a l l are i n v o l v e d i n the aggregat ion 
process. 

Effects o f L i p i d s . D y e r was the first to suggest that l i p i d s a n d the i r 
derivatives m i g h t be i n v o l v e d i n pro te in denaturat ion d u r i n g the f rozen 
storage of fish (21,22). Since his studies m a n y workers have invest igated 
this poss ib i l i ty (101,102,103). A series of elaborate works w e r e carr i ed 
out b y K i n g , A n d e r s o n , a n d the ir collaborators to determine whether 
p r o t e i n - l i p i d interact ions are the cause of p ro te in inso lub i l i za t i on i n fish 
musc le d u r i n g f rozen storage (55,56,57,104,105). 

Effects of l ino le i c a c i d a n d l ino le i c a c i d hydroperoxides o n the 
myof ibr i ls a n d the solutions of myo f ibr i l lar proteins of c o d musc le have 
been p r o v e d u s i n g the e lectron microscopy (80). L i n o l e i c a c i d h y d r o 
peroxides were ten times more effective t h a n l ino le i c a c i d i n r e d u c i n g 
the amount of the pro te in i n K C l - e x t r a c t s f r o m the myof ibr i ls i n c u b a t e d 
w i t h the a c i d or its hydroperoxides . L i n o l e i c a c i d seemed to prevent 
the dissolut ion of the m y o f i b r i l f rame w o r k but appeared not to i m p a i r 
the extraction of m y o s i n w h i l e hydroperoxides appeared to cause a 
retent ion of Α-bands (myos in ) i n the myof ibr i ls . 

Nevertheless after r e v i e w i n g the l i terature , C o n n e l l c o n c l u d e d that 
p r o t e i n - l i p i d interactions do not appear to be a major cause of p ro te in 
denaturat ion d u r i n g f rozen storage of fish ( 2 ) . 

Ef fect o f O t h e r Substances. G A S . O x y g e n d isso lved i n the b l o o d 
a n d in te rna l m e d i a of fish m a y encourage proteins to f o r m S - S bonds 
d u r i n g f rozen storage. F u r t h e r m o r e , because of its l o w so lub i l i t y i n ice , 
n i t rogen m a y be expel led f r o m the f rozen m e d i u m , resu l t ing i n fine 
b u b b l e f o rmat ion a n d surface denaturat ion of proteins (27). T h i s was 
postulated b y T a n a k a (27) because he observed considerable mo lecu lar 
n i t rogen i n the holes of so c a l l e d "sponge meat" of c o d that h a d been 
f rozen for a l o n g t ime . 
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H E A V Y M E T A L S . H e a v y metals are k n o w n to denature proteins. 
Acce l e ra t i on of freeze denaturat ion of trout m y o s i n b y C u 2 + has been 
observed (72 ) . I n stored G a d o i d muscle , C u 2 + accelerates the trans
f o rmat ion of t r imethy lamine oxide to H C H O v i a t r imethy lamine a n d 
d i m e t h y l a m i n e , i n t u r n , a n d the H C H O m i g h t b i n d to proteins, resu l t ing 
i n the i r denaturat ion (106) . 

W A T E R S O L U B L E P R O T E I N S . I n studies w i t h f rozen m i n c e d A l a s k a 
po l lack , the poss ib i l i ty has been raised that r e m o v a l of water soluble 
proteins m a y render the res idual actomyosin more stable to f rozen storage 
(107). W h e t h e r the effect o f the w a s h i n g is because of the r e m o v a l of 
the w a t e r - s o l u b l e proteins or of the organic substances of l ower molecu lar 
w e i g h t is left to further study. 

Control of Denaturation 

Because pro te in denaturat ion usua l ly does not invo lve a s ingle 
specific react ion, contro l of this occurrence at first was thought to be v e r y 
diff icult. E a r l y attempts to reduce denaturat ion depended almost ent ire ly 
on contro l of temperature d u r i n g f rozen storage a n d o n contro l of fish 
propert ies (freshness, b i o l og i ca l cond i t i on , etc.) p r i o r to freezing. N o w , 
contro l of freeze denaturat ion is b e i n g approached t h r o u g h the a d d i t i o n 
of cryoprotect ive substance a n d this a p p r o a c h is l i k e l y to increase i n 
importance . 

F r o z e n M i n c e of A l a s k a P o l l a c k M u s c l e . I n 1959 researchers at 
H o k k a i d o Fisher ies Research Stat ion, J a p a n , headed b y N i s h i y a , deve l 
oped a technique b y w h i c h freeze denaturat ion of proteins i n A l a s k a 
po l lack muscle c o u l d be prevented (108,109). T h e technique consists of: 
1) r e m o v i n g the m i n e r a l salts a n d water -so luble organic substances f r o m 
m i n c e d musc le b y w a s h i n g w i t h water a n d 2 ) a d d i t i o n of 1 0 % sucrose 
a n d 0 .2 -0 .5% polyphosphates o r a mixture of 5 % sucrose, 5 % sorb i to l 
a n d po lyphosphate p r i o r to freezing. B y this means, actomyosin of 
A l a s k a po l lack , w h i c h is r emarkab ly unstable i n f rozen storage, is p r o 
tected f r o m denaturat ion . W i t h i n a f e w years, this n e w technique 
s t imulated g r o w t h of an industry that n o w has an a n n u a l p r o d u c t i o n of 
400,000 tons. Scientif ic analyses f o l l o w e d the i n i t i a l invent i on a n d these 
p r o v e d the benefits of r e m o v i n g the minerals a n d water -so luble organic 
substances ( i n c l u d i n g water -so luble prote ins) a n d of a d d i n g the cryo 
protect ive chemicals ( 9 9 ) . 

C r y o p r o t e c t i v e C o m p o u n d s . Cryopro te c t i ve effects of sugars, p o l y -
alcohols, a n d compounds of other famil ies have been k n o w n since the 
1940s. M a n y works o n those effects have been repor ted i n the fields of 
f reez ing preservat ion of b l ood , microorganisms, etc., b u t this r ev iew w i l l 
d e a l w i t h on ly the works o n fish musc le proteins. 
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P O L Y P H O S P H A T E S . T r e a t i n g r o u n d fish o r fillets w i t h phosphate so lu
tions p r i o r to f reez ing has p r o v e n to have a protect ive effect o n proteins 
(97,110,111,112,113). Tr iphosphate a n d hexametaphosphates are more 
effective t h a n pyrophosphate a n d orthophosphate is of l i t t le benefit. 

A d d i t i o n a l studies have been conduc ted o n f rozen samples of acto
m y o s i n isolated f r o m carp . A c t o m y o s i n was either suspended i n 0 . 0 5 M 
K C 1 or d isso lved i n 0 . 6 M K C 1 . These studies showed that tr iphosphate 
is more cryoprotect ive than pyrophosphate w h e n actomyos in is suspended 
i n 0 . 0 5 M K C 1 , whereas b o t h chemicals are ineffective w h e n actomyos in 
is d isso lved i n 0 . 6 M K C 1 . Orthophosphate was ineffective i n b o t h 
situations (52 ) . 

I n the f rozen mince of A l a s k a po l lack there was a m a r k e d synergist ic 
effect be tween pyrophosphates o r polyphosphates a n d sucrose or sorbi to l , 
b u t this effect was less signif icant i f 2 . 5 % N a C l was present i n the mince 
(97,110,114). A l s o for carp actomyosin so lut ion i n 0 . 6 M K C 1 , no appre 
c iab le synergistic effect was f o u n d a m o n g these addit ives , w h i l e some 
synergistic effect was f o u n d i n 0 . 0 5 M K C 1 . W h e n a suspension of carp 
myof ibr i ls was used instead of the actomyos in preparat ion , the synergist ic 
effect was greater t h a n w i t h the isolated prote in (115,116,117). T h i s 
suggests that the synergistic cryoprotect ive effect of these substances is 
dependent on the mode of association of ac t in a n d m y o s i n a n d the i on i c 
state of these proteins. 

O R G A N I C C O M P O U N D S . Sucrose, glucose, other sugars, a n d sorbi to l 
have cryoprotect ive effects o n frozen m i n c e of A l a s k a po l lack (60,118) 
a n d carp actomyosin (117,119,120). F u r t h e r m o r e , ethylene g lyco l , 
g lycero l (121,122), a n d c itrate (123) have cryoprotect ive effects o n the 
proteins i n muscles of A l a s k a po l lack a n d cod. 

I n the author s laboratory , an i n v i t ro test was dev ised to evaluate 
the cryoprotect ive effect of any c o m p o u n d o n fish prote in . T h e test system 
consisted of carp actomyosin either i n so lut ion ( i n 0 . 6 M K C 1 ) or i n 
suspension ( i n 0 . 0 5 M K C 1 ) . B y means of this system about 150 c o m 
pounds were screened, out of w h i c h about 30 compounds were f o u n d 
to be m a r k e d l y effective a n d another 20 compounds were f o u n d to be 
moderate ly effective. A m o n g the former group, monosod ium glutamate 
( M S G ) was par t i cu lar ly outstanding. A d d i t i v e s were used at a con
centrat ion of 0 . 1 - 0 . 2 M i n the final mixture a n d the p H was adjusted to 
7 before f reez ing (51,52,116,117,119,124,125,126). S i m i l a r studies 
have been done b y other workers (60,127). 

T h e effective compounds f o u n d thus far are d i s t r ibuted over several 
classes of chemicals , n a m e l y amino acids, d i carboxy l i c acids, hydrocar -
boxy l i c acids, po lyalcohols , carbohydrates , a n d polyphosphates. H o w e v e r , 
not a l l members of each class are effective. A m o n g the amino acids none 
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of those w i t h large nonpo lar groups, such as va l ine a n d leuc ine are 
effective. F u r t h e r m o r e , monocarboxy l i c acids are ineffective. W i t h 
carbohydrates , effectiveness is present only i n those that are smaller t h a n 
i n u l i n . T h u s starch is ineffective unless h y d r o l y z e d into smal ler f r a g 
ments. Differences are also f o u n d i n the effectiveness of various isomers 
of monosaccharides (52 ,117,119) . 

S i m i l a r studies have been conducted us ing isolated carp m y o s i n as a 
test system a n d the results were essentially the same as descr ibed 
above (128). 

Mechanism of the Cryoprotective Effect. T h e results on a l l of the 
compounds tested were systematical ly eva luated a n d a n attempt was 
made to correlate molecu lar structure of the test c o m p o u n d w i t h its 
cryoprotect ive effectiveness. T h i s evaluat ion l e d to a proposed l ist of 
c h e m i c a l attributes that seem to be characterist ic of cryoprotect ive sub
stances: 1) molecule has to possess one essential group, either - C O O H , 
- O H , or -OPO3H2, a n d more t h a n one supplementary group , - C O O H , 
- O H , - N H 2 , - S H , - S 0 3 H , a n d / o r - O P 0 3 H 2 ; 2 ) the func t i ona l groups 
must be sui tably spaced a n d proper ly or iented w i t h each other a n d 3 ) 
the molecule must be comparat ive ly smal l (52,117). 

B y t a k i n g these requirements into account, a mechan ism for the 
cryoprotect ive effect was proposed. E a c h cryoprotect ive c o m p o u n d 
appears to func t i on as a coat ing mater ia l b y associating w i t h the pro te in 
b y i on i c b o n d i n g o r hydrogen bond ing , the means d e p e n d i n g on the 
nature of the c o m p o u n d . T h e ionic coat ing presumably occurs w i t h 
ac id i c or basic amino acids a n d w i t h d i carboxy l i c acids. I n these instances 
the c o m p o u n d associates through their i on ic groups w i t h the opposite ly 
charged sites of proteins, thereby increasing the net charge of pro te in , 
increas ing its electrostatic repuls ion , a n d h i n d e r i n g aggregation of p ro te in 
molecules d u r i n g f rozen storage. T h e increased net charge also m a y 
augment pro te in hydrat i on . 

O n the other h a n d , the hydrogen -bond coat ing appears to be opera
t ive w h e n carbohydrates a n d polyalcohols are used. I n these instances, 
the a d d e d c o m p o u n d presumably covers the pro te in molecules b y h y d r o 
gen b o n d i n g w i t h the O H groups of the prote in . T h e "ex tra" O H groups 
of the addi t ive molecules w o u l d hydrogen b o n d w i t h water , thereby 
increas ing h y d r a t i o n of the pro te in molecules a n d h i n d e r i n g the ir aggre
gat ion (52,117). 

A n alternate mechanism has recently been considered for carbo 
hydrates a n d polyalcohols (129,130). These addit ives m i g h t alter the 
state of l i q u i d water so as to i m p e d e i c e - c r y s t a l format ion . T h i s v i e w 
finds some support f r o m data obta ined b y di f ferential t h e r m a l analysis 
at l o w temperatures (130). 
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Cyste ine apparent ly functions b y coat ing the p r o t e i n molecules 
t h r o u g h S - S b o n d i n g because this c o m p o u n d supplements the effect 
of M S G (116,117). 

Sodium Glutamate and Its Effect on Muscle Proteins. M S G is a 
h i g h l y effective c o m p o u n d for protec t ing carp actomyos in against freeze 
denaturat ion a n d i t functions at a concentrat ion as l o w as 0 .025M. W h e n 
c a r p actomyos in is stored f rozen i n the presence of 0 . 1 - 0 . 2 M glutamate, 
l i t t l e or no denaturat ion occurs d u r i n g 10 weeks storage at —20 to —30°C 
(denaturat ion was m o n i t o re d b y measur ing various p h y s i c o - c h e m i c a l 
a n d b i o chemica l properties of the pro te in samples ) . I t is p a r t i c u l a r l y 
remarkab le that samples of actomyosin , w h e n stored i n the presence of 
M S G , exhibit l i t t le change i n appearance (e lectron microscope) d u r i n g 
f rozen storage (51,63,131 ). 

M S G is also a n effective cryoprotect ive agent for m y o s i n , H M M , 
L M M , a n d ac t in that have been isolated f r o m carp musc le (63,64). 
Col l e c t i ve ly , these results suggest that the cryoprotect ive effect of M S G 
extends to each constituent pro te in a n d each subunit of the myof ibr i ls . 

E l e c t r o n microscopy studies of actomyosin that have been f rozen 
a n d stored i n the presence of 1 M glucose ind i cate that glucose is essen
t i a l l y as effective as M S G (132). 

Summary 

N o w i t can be sa id that the nature a n d mechanisms of p r o t e i n 
denaturat ion i n f rozen fish musc le are b e c o m i n g clearer. D e n a t u r a t i o n 
is ev ident not on ly at the l e v e l of h i g h l y organized w h o l e musc le b u t 
also at the l eve l of less organized intrace l lu lar constituents i n v o l v i n g 
associated pro te in systems, i n d i v i d u a l pro te in molecules , a n d subunits of 
proteins. D e t a i l e d in format ion on changes i n intramolecu lar conformat ion 
d u r i n g f reez ing is s t i l l l a c k i n g a n d is needed. A l s o needed is further 
in format ion o n the effect of f reez ing o n intrace l lu lar organelles. 

C o n t r o l l i n g freeze denaturat ion , w h i c h appeared very dif f icult on ly 
a short t ime ago, is n o w w i t h i n reach as far as m i n c e d muscle is con 
cerned. M S G has p r o v e d to be a n especial ly effective cryoprotect ive 
agent. S t i l l to be accompl i shed is the contro l of pro te in denaturat ion i n 
intact fish muscle . 
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effect 
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during 172 
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process 101 
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in plants, role of proteins in 152-154 
of skeletal muscle, release of 

mitochondrial enzymes 
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reaction of 44/, 45/ 
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Gamma rays 110 
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radiation chemistry of 123-124 
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Heat capacity of protein-water 

systems below 0°C 29 
Hemolysis 162 
Hofmeister lyotropic power 

series 176—178 
Hydration shells, classes of water 

molecules in protein 16* 
Hydrogen bonding 146/ 
Hydroperoxides, linoleic acid . . . . 216 
Hydrophobic bonding 146/ 
Hydrophobic interactions . . . 5-9,15,176 

Ice 
from A F G P solutions 100 
-crystal growth inhibitors 99,101 
crystals 

growth of 21 
intercellular 208 
intracellular 199,208 

formation 101-104 
- l iquid H z O interface 102 
propagation by diverse solutes, 

retardation of 22t 
properties of 11 
proteins in the presence of . . . . 15 
pure 100 
-water interface 20 

Inorganic salts 162 
Intermediates 

acyl-enzymes 47 
detection of transient irradiated 114 
detection of trapped or stabilized 

irradiated 114 
enzyme-galactose ( E G ) 43 
enzyme-substrate ( ES ) 36, 50 
trapped crystalline enzyme-

substrate 53 
Ionization I l l 

of amino acids 124 
of peptides 124 

Kinetics, enzyme catalyzed 
reaction .35-53 

L 
Latency 201 
Linoleic acid 216 

hydroperoxides 216 
Lipid(s) 9,216 

-protein interaction 216 
Lipoprotein 151 

complexes 8 
Lyotropic power series, 

Hofmeister 176-178 
Lysozyme 51 

M 

M S G (see Sodium glutamate) 
M. verrucosus (Sculpin) 94 
Malate dehydrogenase ( M D H ) 192-203 
Meat 

differentiation between fresh 
and frozen-thawed 202 

electrophoresis of muscle press 
juice from frozen-thawed . 202 

electrophoresis of muscle press 
juice from unfrozen 202 

Mechanical membrane damage 
during freezing 169 

Mechanical properties of protein-
water systems 32 

Melting point 84 
Membrane(s) 

ability of cryoprotectants to 
penetrate 182 

aggregation of 176 
ATPase 155 
bimolecular 143 
-bound enzymes 52 
cationic toxicity to 178 
chloroplast (thylakoids), ATPase 

of 150 
damage 

cell 150 
during freezing, mechanical 159,169 
during freezing, mechanism 

of 176-179 
and protection during 

freezing 159-186 
dehydration 199 
during freezing, protein release 

from 171 
erythrocyte 8 
hydrophobic damage to 179 
inactivation 174 
lipids 150 
mitochondrial 9,193,196 
permeability 

changes during freezing 170 
changes in thylakoid 183 
manipulation of 186 

photosynthetic 164 
protection 183 

during freezing 179 
proteins 149 

hydrophilic 176 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

9 
| d

oi
: 1

0.
10

21
/b

a-
19

79
-0

18
0.

ix
00

1

In Proteins at Low Temperatures; Fennema, O.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



230 P R O T E I N S A T L O W T E M P E R A T U R E S 

Membrane ( s ) ( continued ) 
structure, protection by changes 

in 183 
thylakoid 160 
toxicities 167 
vesicular 160 

Mercaptans as cryoprotectants . . . . 13 
Mercaptoethanol 71,149 
Metals, heavy 217 
Metmylglobin (metMb) 115-118 
Micelles, casein 8 
Michaelis complex, noncovalent . . . 43 
Mitochondria 

during freezing, causes of 
damage to 198-201 

during thawing, causes of 
damage to 198-201 

influence of freeze-thawing of 
muscle on 192-203 

release of dehydrogenases from . 192 
Mitochondrial 

enzymes 192 
during freezing and thawing 

of skeletal muscle, release 
of 191-203 

membrane 9,193,196 
structures, changes in 201 

Molecular motions in protein-
water systems 30 

Monomelic enzymes 39 
Monosaccharides 68 
Muscle 

bovine longissimus 197 
during frozen storage, protein 

denaturation in fish 205-220 
enzyme activities in the 

press juice of bovine 
longissimus 195*, 196* 

on mitochondria, influence of 
freeze-thawing of 192-203 

press juice 
from fresh carp 203 
from frozen-thawed meat, 

electrophoresis of 202 
from unfrozen meat, electro

phoresis of 202 
proteins, effect of sodium gluta

mate (MSG) on 220 
proteins of fish 206*-207* 
release of mitochondrial enzymes 

during freezing and thawing 
of skeletal 191-203 

structure and constituents of fish 206 
tissue, freeze-dehydration of . . . 199 

Myocommata proteins 214 
Myofibril proteins, size and shape 

of fish 207* 
Myofibrils and tissues 213 
Myofibrillar proteins 207 
Myoglobin 

during frozen storage, discolora
tion of tuna 214-215 

radiation chemistry of 115-117 
radicals 115-117 

Myosin 211,212 
filaments 212 
fish 207 
radiation chemistry 119-123 
radicals . 119-123 
solubility and electrophoresis of . 123 
solubility-storage time curves of 211 
subunits of 213 

Ν 

NaCl (sodium chloride) . .28,163 
o-Nitrophenyl galactosides 43 
p-Nitrophenyl galactosides 43 
p-Nitrophenyl-J3-D-galactoside, 

Arrhenius plot for the reaction 
of β-galactosidase with . . . . 44/, 45/ 

p-Nitrophenyl-0-D-glucoside, 
change in the rate-detennining 
step in the reaction of β-ghi-
cosidase with 51/ 

N M R 30 
analysis of protein solutions at 

subzero temperatures 30 
Noncellular systems at subzero tem

peratures, enzyme-catalyzed 
reactions in unfrozen 35-53 

Ο 

Oligomeric enzymes 39 
Oligosaccharides 68, 80 
Organic cryosolvent systems, 

aqueous 37 
Organic salts 168 
Osmotic rupture 162 

Papain 
with 2Va-carbobenzoxy-L-lysine 

p-nitroanilide, Arrhenius 
plots for reaction of 46/ 

with Na-carbobenzoxy-L-lysine 
p-nitroanilide, formation of 
the tetrahedral intermediate 
in the reaction of 48,49/ 

by Na-carbobenzoxy-L-lysine 
p-nitrophenyl ester, acyla-
tion of 47,48/ 

Peptide(s) 
carbonyl radicals, decomposition 

of '. 132 
ionization of 124 
radicals, formation and conver

sion reactions of 124,132 
Permeability changes during freez

ing, membrane 170 
p H effects, freezing-induced 10 
Phase diagram of protein-water 

systems 27 
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Phenoxyl radical 126,127 
Phenylalanine 124,126 
Phenylpyruvate 185 
Phosphate salts, eutectic solutions 

of 10t 
Photophosphorylation 170 

during freezing, loss of 172 
loss of cyclic 174-175 

Photosynthetic membranes 164 
Plant(s) 

cells 182 
evaporative dehydration of . . 142 

effect of freezing on 141 
frost hardiness in 183 
hardening process of 152-156 
role of proteins in freezing 

resistance in 152-154 
tissues, evaporative dehydration 

of 147-149 
tissues, extracellular freezing 

of 147-149 
Plasmalemma 149 

ATPase of 150 
Plastocyanin 174,175 
Poikilothermic organisms 83 
Polyalcohols 219 
Polypeptide, synthetic 96f, 97 
Polyphosphates 218 
Polyvinylpyrrolidone (PVP) 65 
Potentiation 93-94,97 
Prolines 91 
Protein(s) 168 

antifreezes 19 
bonds, intermolecular 147 
in cold solutions 4 
conformation 4 
connective tissue 214 
cryoprotective 181 
dehydration of 215 
denaturation 5,146,147,210-215 

cause of 215 
control of 217 
in fish muscle during frozen 

storage 205-220 
effect 

of freezing on cell 144-145 
of low temperature on the rate 

of catalysis of 43 
of sodium glutamate (MSG) 

on muscle 220 
electron microscopy of fish 211 
extrinsic 171 
factors affecting the rate of 

denaturation of fish 208-209 
in fish blood, antifreeze 19 
of fish muscle 206*-207* 
of fishes, depression of freezing 

temperatures by blood-
serum 83-105 

freezing-induced alterations of . 1-23 
freezing injury of 12-13 
in freezing resistance in plants, 

role of 152-154 
hydration, freezing effects on . . . 16-18 

Protein ( s ) ( continued ) 
hydration shells, classes of water 

molecules in 16t 
hydrophilic membrane 176 
interface effects on 21 
intrathylakoid 174 
intrinsic 171 
in vitro test to evaluate the cryo

protective effect of a com
pound on a fish 218 

irradiated at subfreezing tem
peratures, chemical reac
tions in 109-138 

- l i p id interactions 216 
membrane 149 
myocommata 214 
myofibrillar 207 
nonglycoprotein antifreeze 

( A F P ) 84,94 
precipitation 144 
in the presence of ice 15 
prevention of freeze denatura

tion of 217 
protective substances 154-156 
radicals 112 
release from membranes during 

freezing 171 
released from thylakoids during 

freezing, electrophoretic 
patterns of 172-174 

size and shape of fish myofibril . 207i 
solutions at subzero temperatures, 

N M R analysis of 30 
stabilization 5 
structure, effects of low tem

peratures on 41-43,145-147 
techniques for examining 

irradiated 113-115 
unfolding of 147-149 

mechanisms of 147/ 
-water interactions 15 
—water systems 

dielectric measurements of . . 32 
mechanical properties of . . . . 32 
nonfreezing water in 28-30 
phase diagram of 27 
at subzero temperatures, 

thermodynamic properties 
of 27,29 

Protoplasm 144 
components of 144i 

Pseudopleuronectes americanus 
(flounder) 94 

PVP (polyvinylpyrrolidone) 65 

R 

Radiation chemistry 110 
of actomyosin 119-123 
of gelatin 123-124 
of myoglobin 115-117 
of myosin 119-123 
of RNase 113-119 
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Radicals 
actomyosin 119-123 
α-carbon 128 

bimolecular reaction of . . . 133,135 
decomposition of peptide 

carbonyl 132 
derived from N-acetyl-L-alanine, 

ESR spectra of 133,134/ 
electron-adduct 130 
formation and conversion reac

tions of amino acid 124 
formation and conversion of 

peptide 124 
gelatin 123-124 
H-adduct 130 
myoglobin 115 
myosin 119-123 
phenoxyl 126,127 
protein 112 
reaction of peptide 132 
RNase 118-119 

Radiolysis 
effect of phase, temperature, 

solutes and dose on 112 
on enzyme activity, effect of . . . 119 
of water I l l 

Ribonuclease A 39 
Rigor mortis 193 
RNase radicals 118-119 
RNase, radiation chemistry of . .118-119 

Salt(s) 
concentration hypothesis . 144-145,147 
eutectic solutions of phosphate . lOt 
inactivation of biomembranes . . 177 
inorganic 162 
organic 168 

Salting-out 210 
Sarcoplasm •. 192-203 
Sculpin (M. verrucosus) 94 
Serum 

antifreeze glycoprotein in 
Antarctic fish 87 

of Arctic fish, blood 85 
glycoproteins, alanine-rich 19 
proteins of fishes, depression of 

freezing temperature by 
blood- 83-105 

Sodium acetate 168 
Sodium chloride (NaCl) . . .28,163,168 
Sodium glutamate (MSG) 

cryoprotective effect of 220 
on muscle proteins, effect of . . . 220 

Sodium succinate 168 
Solute effects during freezing 162 
Spectrophotometry, stopped-flow . 48 
Spirogyra 143/ 

Spurs I l l 
Structural cosolvent effects 33-40 
Substrate intermediates, enzyme-

(ES) 36,50 
trapped crystalline 53 

Succinic dehydrogenase (SDH) 192-203 
Sucrose 68 

cryoprotection by 164 
Sugars 154,169 
Sulfhydryl-disulfide hypothesis 

(SH-SS) of freezing 
injury 147-149,155 

Supercooling 101,209 

Teleosts 84 
Thawing 

acidity during enzyme 73 
of bovine longissimus muscle on 

the enzyme activities in 
muscle-press juice, influ
ence of repeated 196f 

causes of damage to mitochon
dria during 198-201 

conditions on enzyme activities, 
influence 198/ 

interaction of enzyme freezing 
and 78 

membrane 162 
of muscle on mitochondria, influ

ence of freeze— 192-203 
of skeletal muscle, release of 

mitochondrial enzymes 
during 191-203 

on the subcellular distribution of 
enzymes, influence of 194 

Thermal denaturation transition . . 38 
Thermal shock 57 
Thermodynamic properties of 

protein-water systems at sub
zero temperatures 27 

Thiogel (thiolated gelatin) 148 
Threonine 90 
Thylakoids 162-186 

anion permeability of 177 
ATPase in 148,150 
during freezing 

cryotoxic effects of anions on . 167/ 
electrophoretic patterns of 

proteins released from 172-174 
inactivation of 164/, 165,166/ 

effect of temperature on inactiva
tion of 163/, 164 

function after freezing, preserva
tion of 185/ 

membrane 160 
permeability, changes in . . . . 183 

protection 181 
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Tissues 
evaporative dehydration of 

plant 147-149 
extracellular freezing of 

plant 147-149 
freeze-damage to 199 
myofibrils and 213 
proteins, connective 214 

Toxicity, anion 176 
Trematomus bernacchii 87 
Trematomus borchgrevinki 87, 97 

A F G P of 90*-91t,93 
Tripeptides 124,126 
Tropomyosin 211,213 
Troponin 213 
Tryptophan 124,126 
Turnover reactions, enzyme 47 
Tyrosine 124,126 

V 
Vesicular membranes 160 

W 

Warming rate 57 
Water 

bulk-like 17 
of hydration 16-18 
-ice interface 20 
molecules in protein hydration 

shells, classes of 16i 
-protein interactions 15 
-protein systems (see Protein-

water systems ) 
in protein-water systems, 

nonfreezing 28-30 
radiolysis of I l l 
site-bound 16-17 
structure 4-5 
surface 16-17 

X 
X-ray crystallography 53 
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