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Abstract 

Changes in physico-chemical properties and m enzymatic activities of some 

muscle proteins by freeze-thawing or freeze-drying were measured for the purpose 

of clarifying the mechanism of protein denaturation by freeze-thawing and freeze

drying. 

The results showed following: Freeze-thawing unfolded the conformation of 

the rod-like proteins and decreased their enzymatic activities. The two effects 

increased with the lowering of the final freezing temperature as well as with the 

slowing of the cooling rate. Freeze-drying unfolded the protein molecules more 

than freeze-thawing did. Some additives such as sugars or amino acids protected 

the protein against denaturation by freezing. 

The effects of freeze-thawing seemed to depend on the shape of the protein 

molecule. 

It was suggested that protein denaturation by freeze-thawing might be basi

cally due to the crystallization of solvent water which loosened the hydrophobic 

bonds of the protein molecules and which broke the intramolecular hydrogen 

bonds in such a manner that the hydration shell of protein was disturbed. 

I. Introduction 

Freeze-thawing and freeze-drying have been widely used for the prepara-
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2 N. HANAFUSA 

tion and preservation of various kinds of biological materials because both 
procedures are believed to be effective to maintain the biological activities 
of the materials over a long period of time. It is known, however, that 
under certain conditions of freeze-thawing or freeze-drying the biological 
activities suffer damage to a certain extent, or in other words, the materials 
are denatured. 

Freeze-thawing and freeze-drying is fundamentally to change the state 
and the structure of water or to transfer water molecule. 

On the one hand, denaturation in general seems to be caused by changes 
in the structure and state of solvent water, on which, as has been pointed 
out by NEMETHY and SCHERAGAll , BRANDT2) and many other authors, the 
function and structure of biological macromolecules heavily depend. There
fore, it may be considered that, in comparison with other chemical or physical 
denaturants, freeze-thawing and freeze-drying are such unique denaturants 
as change the structure and state of solvent water neither with chemical 
factors nor with high temperatuaes. 

Recently, some studies have been reported on the denaturation of enzyme 
protein by freeze-thawing or freeze-drying. For instance, the reduction of 
enzymatic activities of myosin-ATPase and catalase by freeze-thawing was 
reported by SHIKAMA3

), and that of myosin-ATPase by freeze-drying by 
Y ASur4

). But most of them have mainly dealt with changes in enzymatic 
activies and little inquiry has been made on change in protein conformation 
by freeze-thawing or freeze-drying. 

Because of the importance role of water molecule to protein confor
mation, it is very worthy to investigate the relationship between protein 
conformation and changes of the state and the structure of water which 
caused by freeze-thawing and freeze-drying. 

The investigation along this line will contribute in two respects: One 
is to ascertain the role of water plays in the structure and function of 
protein and the other is to establish fundamental evidence regarding the 
mechanism of freezing or drying injury of living organisms. 

From this standpoint, examinations were made as to changes caused by 
freeze-thawing or freeze-drying in physicochemical properties thereof, such 
as viscosity, difference spectrum, optical rotatory d!spersion and ultracen
trifugal properties, which were conjectured to affect on enzymatic activity. 
The effects of some additives on denaturation were also examined. 

In this paper, the results of experiments with myosin B, myosin, H
and L-merotnyosin and actin will be reported. It was considered that these 
muscle proteins were adequate for the investigation of denaturation by fre-
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ezing or drying, because they had some specific physico-chemical properties 
and their functions were closely related with their conformations. 

II. Materials and Methods 

Materials 

Myosin B was prepared from rabbit skeletal muscle according to SZENT
GYORGYI'S methodS) with such modifications that the extract in KCl solution 
was precipitated by adjusting the KCl concentration to 0.3 M and the con
taminated myosin was removed by centrifugation. The sediment was then 
resolved in 0.6 M KCl solution and again precipitated for purification. The 
purification procedure was repeated twice. Myosion B preparation was stored 
in 0.6 M KCl solution. 

The isolation of myosin from rabbit skeletal muscle was made by SZENT
GYORGYI'S methodS) as modified by MOMMAERTSS). Contaminated myosin B 
was removed by ultracentrifugation at 30000 rpm by adjusting of ionic 
strength to 0.28. The purification procedure was repeated three times. 
Myosin was then resolved in 0.5 M KCl solution. 

H- and L-meromyosin, which were prepared from myosin by trypsin 
digestion, were purified according to SZENT-GYORGYI'S methodS) and stored 
in aqueous and 0.5 M KCl solution, respectively. 

G-actin was prepared by STRAUB'S methodS) from acetone-dried muscle 
powder, from which myosin had been removed, and stored as an aqueous 
solution at neutral pH. 

All of the protein solutions were stored at 5°C and used within two 
weeks after extraction. 

Methods 

For freeze-thawing, a glass tube of 16 mm in diameter containing 4 ml 
of protein solution was immersed in an alcohol or iso-pentane bath of a 
certain temperature cooled by dry ice or liquid nitrogen. Temperature of 
the solution was recorded by using a thermocouple inserted in the solution. 

The rate of cooling was determined from the slope of the approximately 
linear portion of a cooling curve after it had passed the plateau, which 
represents a freezing point. 

The freezing temperature and the rate of cooling were controlled by 
various procedures: Use of a double-jacket tube, stepwise addition of dry 
ice or liquid nitrogen to the bath, stepwise transfer of the tube to a number 
of baths which had been cooled to various temperatures, or direct immersion 
of the tube in liquid nitrogen. After being immersed in the final bath for 
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IS min, which was enough for the solution to reach the bath temperature 
and to freeze completely, the tube was transfered to the bath kept at 30°C 
for the rapid thawing. 

For freeze-drying, 2 ml of the protein solution in a glass container of 
20 mm in diameter and SO mm in depth were frozen at a given temperature. 
The container was then transferred into liquid nitrogen for arrangement of 
the final temperature at which drying began and the solution was dried in 
6 hours in a freeze-drying apparatus with an oil diffusion pump. The freeze
dried proteins were storef at SoC before measurement. 

Viscosity was measured at 26°C with an Ostwald-type or an Ubbelohde
type viscosimeter, whose flow time of water was 7 sec. and 120 sec. at the 
temperature respectively. 

Ultracentrifugal analysis was made with a Spinco Model E or a Hitachi 
Model UCA-1 analytical ultracentrifuge. 

Optical rotatory dispersion was measured with a Rudolph Model 200 S 
photometric spectropolarimeter or a Shimadzu polarimeter attached to a 
Shimadzu Model QR-SO spectrophotometer. The concentration of the spe
cimen was betwen 0.8 and 1 %, and the length of the cell was 100 mm. 
MOFFITT-YANG'S equation6l was used to determine the parameter of helix 
contents of protein, bo and ao, using 212 mp as the value of ..:lo. 

Difference spectra were measured with a Cary Model 14 automatic re
cording spectrophotometer or a Hitachi-Perkin Elmer Model 139 spectro
photometer, using matched 10 mm quartz cells. 

ATPase activities of myosin B, myosin and H-meromyosin were deter
mined by measuring the amount of inorganic phosphate liberated from 1 mM 
A TP in the presence of 1 mM Ca2+ at 26°C. The reaction mixture was 
composed of 1 mM ATP, 1 mM CaCI2 , 0.02 M tris-HCl buffer (pH 6.9) and 
O.S M KCI, The inorganic phosphate was measured by FISKE-SUBBAROW'S 
method. 

The concentration of protein was determined by BIURET method cor
rected with micro-K.lELDAHL method, using a factor of 6. 

III. Results 

FREEZE-TEA WING. 

Myosin B 

Myosin B in 0.6 MKCI and 0.02 M tris-HCl buffer solution (pH 6.8) were 
frozen by direct immersion into the baths of - 30°C, -79°C and -196°C, 
and thawed rapidly at 30°C. Neither turbidity nor precipitation was found 
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Table I. Effect of freeze-thawing on myosin B 

Freezing Temp. 

°C 
(Cooling rate) 

Specific viscosity 

'lsp 

ATPase 
Relative Activity 

Control 

-30a 

- 79b 

-1960 

(very slow) 

(very rapid) 

a, Freezing in cold room at -30°C 
b, Freezing in dry-ice-alcohol bath 
c, Freezing in liquid nitrogen bath 

0.87 

0.48 

0.58 

0.63 

% 

100 

42 

58 

65 

after thawing. As shown in Table I, the viscosity and ATPase activity 
were decreased by freeze-thawing. The extent of decrease was the largest 
in myosin B frozen at - 30°C, very slow rate of cooling. This suggested 
some relation between freezing condition and the extent of the denaturation. 

The examination was made as to a relation between the protein con
centration and the extent of denaturation by freeze-thawing that was defined 
by the change in viscosity of myosin B in 0.6 M KCl and 0.02 M tris-HCl. 
As shown in Fig. 1, the extent of the denaturation converged to a finite 
value, decreasing with an increase in protein concentration. To avoid the 
effect of protein concentration, specimens of protein concentration higher 
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Fig. 1. Effect of the concentration of myosin B on denaturation 
by freeze-thawing 
Ordinate: Percentage of the specific viscosity ('lsp) 

to the control in same concentration 
Abscissa: Concentration of myosin B in 0.6 M KCl 

0.02 M Tris-HCl buffer (PH 6.8). Freezing 
temperature, -30°C 
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than 0.1% were used in all of the subsequent experiment. 
The effect of freezing conditions on the extent of denaturation was 

then investigated by measuring specific viscosity and ATPase activity. The 
freezing conditions were either of various freezing temperatures at the same 
cooling rate (about -20°Cjmin) or of the same freezing temperature (-50°C) 
at various cooling rates. The results were shown in Figs. 2 and 3. 
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Fig. 2. Effect of freezing temperature on the viscosity r;sp (0) and 
ATPase activity (.) of myosin B in 0.6 M KCI, 0.02 M 
Tris-HCI buffer (pH 6.S). Cooling rate, -20°C/min 
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Fig. 3. Effect of cooling rate on the viscosity r;sp (0) and ATPase 
activity (.) of myosin B in 0.6 M KCI, 0.02 M Tris-HCl 
buffer (pH 6.S). Final freezing temperature, -50°C 
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As shown in the results, ATPase activity and viscosity of freeze-thawed 
myosin B solution decreased with lowering of the freezing temperature at 
a constant rate of cooling. They also decreased with slowing of the cooling 
rate to a given temperature. Therefore, it was considered that the extent 
of denaturation by freeze-thawing depended on the two factors of freezing 
conditions: The extent increased with the lowering of the final freezing 
temperature and with the slowing of the rate of cooling. 

The ultracentrifugal analysis showed no difference in sedimentation pat

tern and sedimentation constant between the treated specimen and the non
treated specimen, indicating that neither dissociation of a molecule nor 
association of molecules was caused by freeze-thawing. Therefore, the de
crease of viscosity of myosin B by freeze-thawing should be considered to 
be due to a change in intramolecular conformation. 

The changes of viscosity of myosin B with time after the addition of 
1 mM A TP in the presence of 1 mM Ca2+ were shown in Fig. 4. The A TP 
sensitivity, that is, viscosity change at the time of the addition, was almost 
the same for every specimen, while the recovery rate of viscosity was slower 
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Fig. 4. Time course of viscosity change by adding of ATP on 
frozen-thawed myosin B 
Ordinate: Specific viscosity 
Abscissa: Time after adding of 1 mM ATP at 26°C 
0, control; EB, cooling rate -15°C/min; ., -1°C/min 
Solvent: 0.6 M KC!, 0.Q2 M Tris-HC! buffer (pH 6.8), 
1 mM Ca2+ 



8 N. HANAFusA 

for the treated speCImens than for non-treated one. The initial viscosity 
and the rate of recovery more decreased in the specimen frozen slowly. 
This showed the similar trend as the result in Fig. 3. The former evidence 
suggested that the actin-myosin binding site of myosin B might suffer little 
damage by freeze-thawing, while the latter might be explained by the de
crease of ATPase activity of the treated myosin B. 

Reconstituted actomyosin 

To confirm that the binding of actin and myosin might not be affected 
by freeze-thawing, ATPase activity, initial viscosity and ATP sensitivity 
were measured of the four kinds of reconstituted actomyosin. Namely, they 
had been constituted by all four possible combinations of F-actin and myosin 
in mole ratio 1: 1, in which case F-actin may be either freeze-thawed or 
not, and myosin may be either freeze-thawed or not. As shown in Fig. 5, 
viscosity of the reconstituted actomyosin, of which each component was 
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Fig. 5. Time course of viscosity change by adding of ATP on 
frozen-thawed reconstituted actomyosin 
Ordinate: Specific viscosity. Abscissa: Time after adding 
of 1 mM ATP at 26°C. A., actin; M., myosin B; 0, con· 
trol (A. M.); 81, A. M*.; (D, A* M.; ., A*. M*. Solvent: 
0.6 M KCI, 0.02 M Tris-HCI buffer (pH 6.8), 1 mM Ca2+ 

* Shows frozen-thawed specimen. Final freezing tempera
ture, -170°C 
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treated, decreased to the same value as the control by an addition of A TP 
and finally recovered to their original values, although their initial viscosity 
decreased by freeze-thawing. In these specimens, there was a slight differ
ence in the rate of recovery, in parallel with the ATPase activity. The 
extent was larger in the specimen of which myosin was treated. 

These results suggested that the binding of actin and myosin sustain 
hardly and damage by freezing, despite their exposed state. 

Actin 

Myosin B IS composed of F-actin and myoSIn. In order to confirm 
which part of myosin B molecule is more unstable against freezing, one 
('hould examine the effect of freeze-thawing on myosin and on actin sepa
rately. Here F-actin was examined together with G-actin. 

After freeze-thawing, the viscosity of F-actin decreased extremely while 
that of G-actin increased slightly, as shown in Table II. As shown in Fig. 

Table II. Changes of viscosity and sedimentation constant 
of freeze-thawed myosin and actin 

Reduced Viscosity Sedimentation coefficient 
(dl/g) 

Myosina 

Control 2.3 

Fr-th. 3.1 

G-actionC 

Control 0.32 

Fr-th. 0.35 

F-actione 

Control 1.60 

Fr-th. 0.70 

Freezing temperature, -80°C 
a, 0.5 M KCI and 0.02 M tris-HCI buffer solution (pH 6.9) 
b, Protein Concentration, 0.33% 
c, Aqueous solution 
d, Protein concentration, 0.25% 
e, 0.1 M KCI solution 
f, Protein concentration, 0.25% 

(8) 

5.0b 

4.6b 

4.8d 

5.0d 

4.6f 

4.5f 

6, the rate of polymerization of G-actin by the addition of 0.1 M KCl de
creased with the lowering of the freezing temperature but the final value of 
viscosity for the treated G-actin was almost the same as that for the non-
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Fig. 6. Effect of freeze-thawing on the polymerization of G-actin 
Ordinate: Specific viscosity 
Abscissa: Time after adding of KCI 
0, control; EEl, frozen to -50°C; ., frozen to 
-170°C. Protein concentration, 2.5 mg/m!' Cooling 
rate, -50°C/min 

treated one. Neither dissociation nor association of the molecule was found 
by ultracentrifugal analysis both in the treated G- and F-actin. 

From the extent of the decrease of viscosity it was suggested that freeze
thawing caused a certain configurational change of F-actin and a slight 
change of G-actin. 

Myosin 

Of myosin were measured not only viscosity and ATPase activity but 
optical rotatory dispersion and difference spectrum, which might give direct 
evidence of the unfolding of the protein molecule. This was also the fact 
suggested by the result of the experiments on Myosin B. Myosin B is too 
opaque for these optical measurements to be carried out. 

In rapid freezing, 1 % myosin in 0.5 M KCl and 0.02 M tris-Hel buffer 
solution (pH 6.9) showed no change of rotatory parameters, -ao and -bo, 

and of ATPase activity. On the contrary, in slow freezing it showed changes 
of every measured properties as shown in Figs. 7 and 8. The decrease in 
-bo, the increase in -ao and the increase in viscosity, seen in Fig. 7, 
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Fig. 7. Effect of freezing temperature on the enzymatic activity 
and physico-chemical properties of frozen-thawed myosin 
Upper: 0, -bo ; ., -aD 

Lower: 0, ATPase activity; ., Reduced viscosity 
1Jsp/ c ; Ef), value of -LlO·Dz78mp 

Solvent: 0.5 M KCl, 0.02 M Tris-HCl buffer (pH 6.9) 
Cooling rate, about -20°Cjmin 

represent typical patterns of the unfolding of helical structure of the protein 
molecule. The difference spectra of the same specimen in an ultraviolet 
region were illustrated in Fig. 8. There was broad trough between 300 and 
250 mp.. and the position of the minimum was near 270 mp.. Although this 
position was extremely shifted to the shorter wave length than that of the 
blue shift observed in ordinary protein denaturation, the values of the minima, 
- LlO· D270 ml" were increased like other parameters with the decrease of the 
freezing temperature. Ultracentrifugal analysis showed no occurrence of 
dissociation or association in freeze-thawed myosin. The ATPase activity 
was also decreased same as other physicochemical parameters depending on 
the freezing temperature. 
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Fig. 8. Difference spectrum of frozen-thawed myosin A 
Protein concentration: 0.06% in 0.5 M KC!, 
0.02 M Tris-HCI buffer (pH 6.9) 
Reference: Non-treated myosin A in same 
concentration 
Freezing temperature: -, -lOoC; 
-lOO°C; .... , -196°C 

The results indicated that a partial unfolding of the helix in the molecule 
was caused by freeze-thawIng like by other denaturants. From the evidence 
that -bo of myosin decreased from 330 of the control value to 260 by the 
freezing at -196°C, it can be estimated that freezing unfolded about 20% 
of helix, a value not so high as the values caused by other denaturant. In 
conclusion, it might be said that the secondary and tertiary structures of 
myosin are partially destroyed by freeze-thawing and the extent of the destruc
tion increases with the decrease of the freezing temperature at the slow rate 
of cooling. 

Meromyosin 

As pointed before, freeze-thawing seemed to change the viscosity of G
actin less than that of F-actin or of myosin. The fact suggested some 
relationships between the shape of the protein molecule and the stability of 
the protein against freezing. 

Myosin is dissociated by trypsin digestion into two subunits, H- and 
L-meromyosin. The former is of a rather globular type while the latter 
is a typical rod-like protein. The comparison of the effect of freeze-thawing 
on the two meromyosins will be useful for understanding the relationship. 

Physico-chemical preperties were measured of 0.8% H-meromyosin in 
0.02 M tris-HCl buffer solution (pH 6.8) and 0.8% L-meromyosin in 0.5 M 
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Cooling rate, about -20°C/min 



14 N. HANAFUSA 

KCl and 0.02 M tris-HCl solution (pH 6.8), both of which had been frozen 
slowly to a given temperature and thawed rapidly. Figures 9 and 10 showed 
the result on H- and L-meromyosin, respectively. The difference spectra of 
both meromyosin were illustrated in Fig. 11. There were troughs near 
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-0.01 

Fig. 11. Difference spectrum of frozen-thawed H- and L-meromyosin 
Upper: H-meromyosin. Freezing temperature: 

--, -50°C; -.-, -100°C; .... , -196°C 
Protein concentration: 0.1% in 0.02 M Tris-HCI buffer 
(pH 6.8) 
Reference: Nno-treated H-meromyosin 

Lower: L-meromyosin. Freezing temperature: 
-, -20°C; -'-, -50°C; .... , -196°C 
Protein concentration: 0.1% in 0.5 M KCI 0.02 M Tris
HCI buffer (pH 6.8) 
Reference: Non-treated L-meromyosin 

280-295 mp, probably denaturation blue shift. All changes in helix para
meters of -bo and -ao, -AO·D2851,m and enzymatic activity decreased with 
the lowering of freezing temperature, in the same way as found in myosin. 

By freezing at -196°C, the value of -bo of H-meromyosin decreased 
from the control value 240 to 150 and that of L-meromyosin from control 
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value 450 to 80, showing the unfolding of helix by 27% and 80%, respec
tively. Ultracentrifugal analysis showed that freeze-thawing caused neither 
dissociation nor association in both the protein. 

The molecular conformation of L-meromyosin seemed to be more un
stable than that of H-meromyosin against the process of freeze-thawing. 

FREEZE-DRYING OF MYOSIN 

Myosin of 1 % in 0.5 M KCI solution was frozen under various freezing 
conditions with or without an additive and dried from the frozen state im
mediately by an oil rotary pump. After freeze-dying, it was resolved to make 
a solution of the final concentration, 1 % protein, 0.5 M KCI and 0.02 M 
tris-HCI (pH 6.8). The freeze-dried myosin with KCI only as an additive 
was a little difficult to redissolve. Therefore, the specimens were used for 
measurement after 6 hours from the time of the addition of the solvent for 
complete redissolving. 

The optical rotatory dispersion, the difference spectrum in an ultraviolet 
region and the ATPase activity of the freeze-dried myosin together with 
those of the control were shown in Table III, where a marked decrease of 

Table III. Changes in certain properties of freeze-dried myosin 

Freezing Helix Relative 
ATPase Sample Medium temp. Parameter -LlO·D279mf,a activity (0C) -bo (%) 

Coctrol 0.5 M KCI 353 100 
0.02 M Tris-HCI 

l. 0.5 M KCI - 80 138 0.56 30 

2. -196 186 0.33 30 

3. 0.5M KCI - 80 223 0.30 67 
0.02 M Tris-HCl 

4. -196 230 0.29 66 

5. 0.5 M KCI - 80 272 0.15 92 
0.1 M Sucrose 

6. 0.5 M KCI - 80 249 0.13 30 
0.01 M Sucrose 

Protein concentration, 1 % 
a, Protein concentration reduced to 0.12% 

-bo, an increase of -LlO·D278ffif" and a remarkable decrease of ATPase 
activity could be observed for the treated myosin without any buffer solution 
as an additive. Even with the buffer solution, the extent of denaturation 
was larger than that caused by freeze-thawing. About 60% and 30% of 
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helix were estimated to be disrupted by freeze-drying of myosm, without 
and with a buffer solution, respectively. 

The extent of decrease of enzymatic actIvIty was almost the same as 
that of -bo value. The change of -bo was greater by -80°C freezing than 
by -196°C freezing. Neither dissociation nor association of the molecules 
were observed in freeze-dried myosin by ultracentrifugal analysis. 

The effects of some additives were shown in Table IV. In the presence 
of 0.2 M of some sugars or amino acids, the values of -bo, -LlO·D278ID" 

Sample 

Control 

l. 

2. 

3. 

4. 

5. 

6. 

7. 

Table IV. Effect of certain additives on the denaturation 
of myosin due to freeze-drying 

Additivesa 

(0.2M) 

None 

None 

NaCI 

Na pyrophosphate 

Sucrose 

Glucose 

Glycine 

K glutamate 

Helix Relativee ATPase 
Parameter -LlO·D278ml' b activity 

-bo (%) 

338 

187 

197 

238 

280 

260 

280 

263 

------ -------------

0.32 

0.37 

0.25 

0.14 

0.13 

0.21 

0.22 

100 

76 

56 

46 

92 

89 

88 

74 

Protein concentration, 1%, in 0.5 M KCI+0.02 M Tris-HCI (pH 6.9); freezing 
temperature, -80°C (except control) 
a, In addition to KCI and Tris-HCl 
b, Protein concentration reduced to 0.12% 

and the enzymatic activity were near the values for the control. But sodium 
pyrophosphate, which had been reported7

) as a protectant for heat denatura
tion of myosin, accelerated denaturation like NaCl. 

From these results, it was considered that freeze-drying accelerated the 
unfolding of conformation and the loss of ATPase activity of myosin more 
than freeze-thawing did, and sugars or amino acids protected myosin to a 
certain extent against denaturation by freeze-drying. 

IV. Discussion 

In the present experiment, it was shown that freeze-thawing caused not 
only the reduction of enzymatic activity but also the partial unfolding of 
the helical structure in rod like proteins, such as myosin B, myosin and H
or L-meromyosin depending on the freezing conditions. It was also sug-
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gested that the structure of F-actin was destroyed. Although both of the 
changes in molecular structure and enzymatic activity with freezing was not 
so remarkable as that with other physical« chemical denaturants, all of 
the changes occured depending on the rate of cooling and the final freezing 
temperature. Freeze-drying of myosin mor~ increased the extent of the 
denaturation than that of freeze-thawing. 

Concerning the mechanism of denaturation by freezing, several hypo
theses have been presented: (1) Mechanical damage by ice crystal; (2) de
naturation by highly concentrated salts during freezing8

); (3) pH change 
during freezing9

); (4) aggregation by SH-SS conversion10
); (5) rupture of 

hydration water of protein molecule by ice formation ll
,12). 

The first is unplausible because of the large size of an ice crystal in 
comparison with a protein molecule; the second is questioned from the 
reversibility of the conformation of myosin by high concentration of KCF3); 
the forth was excluded in the light of the result that the SH content of 
cod fish myosin did not change during storage in a freezing state\4). 

The results of the present experiments are that no dissociation of protein 
occured during freezing, that denaturation increased under the eutectic tem
perature of KCl and that no association took place during freezing. These 
also support the exclusion of the first, the second and the forth hypotheses 
and the result that denaturation without a buffer solution increased during 
freezing seems to exclude the third hypothesis. 

On the other hand, the result that denaturation depended on freezing 
conditions suggests that the phase change of solvent water by freezing might 
play a direct role in denaturation by freezing, that is this result supports 
the fifth hypothesis. 

On the basis of the observation that freezing between - 40°C and -120°C 
caused a complete loss of ATPase activity of myosin, SHIKAMAll

) assumed 
that the cubic ice structure having transitted from hexagonal in this tempera
ture region might disturb the polyhedral structure of water around hydro
phobic bonds in protein molecule. 

Such a critical temperature region, however, was not observed in the 
present experiment, where curves representing relationship between the tem
perature and the extent of denaturation were rather uniformly declining, 
without any critical point. The reason probably be that the transition of 
crystal structure might not occur in the present experiment because of the 
slow rate of cooling due to a large amount of sample with high concen
tration of protein. 

Hence, other mechanism should be considered of denaturation in the 
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present experiment. Since freezing of protein causes intramolecular confor
mational change, the denaturation of protein seems due to the destruction 
of hydrophobic bonds sustaining the protein structure and/or the break down 
of intramolecular hydrogen bonds in the protein molecule as a result of 
phase change of solvent water. Ice crystal formation in solvent water may 
place the water structure in order so completely that the environment around 
protein molecule becomes "non-aqueous" state, causing necessarily the destruc
tion of hydrophobic bonds. This might cause some effect on the intra
molecular hydrogen bonds. The break down of the hydrogen bonds may 
also be caused by the interaction of ice crystal with the hydration shell of 
a protein molecule. It is thought that the structure of hydration water has 
a regular arrangement of water molecule, different from liquid water, but 
the arrangement is not so regular when compared to pure ice crystals15l

• 

In such situation, the interaction may change the arrangment of hydrogen 
bonds betwen ice and the hydration shell because all the hydrogen bonds 
are strongly correlated among them. The change propagates to the intra
molecular hydrogen bonds in the protein, initiating the unfolding of the 
protein molecule. On this proposed assumption, the dependence of denatura
tion on the final freezing temperature may be explained by the amount of 
destructed hydrophobic or hydrogen bonds in the protein; the dependence 
on the cooling rate may be explained by the mode of disturbance of hydro
phobic and hydrogen bonds. 

As for the dependence on freezing condition, it is noted here that 
examples similar to the foregoing have been reported to the effect that the 
inactivation of lactic dehydrogenase9l depends on the cooling rate and that 
the denaturation of phycoerythrine16l depends on the final freezing tem
perature. 

The extent of the decrease of helix content was larger in L-meromyosin 
that in H-meromyosin, and the change of viscosity was remarkably larger in 
F-actin than in G-actin, whereby both the facts suggested some relation 
between the shape of protein and its stability against freezing. The existence 
of such a relation is easily understood, if freezing affects primarily hydrophobic 
bonds and/or the hydration shell of a protein molecule as assumed above. 
SZENT-GYORYI considered that myosin abounds in hydration water sustaining 
its helical structure17). If his consideration is accepted, the unstability of 
myosin against freezing is also easily understood on this assumption. 

In the present experiment, the freeze-drying of myosin accelerated the 
unfolding of protein more than freeze-drying did. This can be qualitatively 
understood, since freeze-drying dehydrates more completely than freeze-
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thawing does; the evidence can be qualitatively understood from the impor
tant role played by water in the conformation of protein. 

The more detailed discussion on denaturation by freeze-drying will be 
given in the next paper together with the discussion of the protective effect 
of additives on denaturation by freeze-thawing and by freeze-drying. 
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