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SUMMARY 

I. Thermodynamic analyses were made concerning the polymerization of G- 
actin to F-actin. The time courses of polymerization were very similar over a wide 
range of solvent conditions; polymerization curves obtained under varied conditions 
could be superposed by translation parallel to the logarithmic time axis. 

2. The activation enthalpy for polymerization was 20-25 kcal/mole, while the 
activation enthalpy for depolymerization was about io kcal/mole. 

3. Based on the fact that  polymerization could be regarded as a condensation 
phenomenon, the apparent enthalpy change associated with the polymerization was 
estimated from the temperature dependence of the G-actin critical concentration to be 
about IO kcal/mole, according to the Clausius-Clapeyron relation. This value, however, 
could not be directly related to the enthalpy determined by calorimetry, since the 
polymerization was accompanied by irreversible ATP splitting. 

4. A separate calculation of the activation enthalpies in nucleation and growth, 
of which polymerization consists, was attempted. 

5. The activation enthalpy for polymerization did not vary with changes in the 
ionic conditions, such as ion species, salt concentration and pH. 

6. The activation enthalpy for polymerization, which was unaffected by urea, 
was greatly decreased by ethanol, which also changed its sign. 

7- The activation enthalpy for the splitting of ATP at high temperatures and for 
the exchange reaction of Ca 2+ and ADP bound to F-actin was about 25 kcal/mole, 
while that  for the splitting of ATP under sonic vibration was about IO kcal/mole. 

INTRODUCTION 

As previously reported 1-5, the kinetic and equilibrium analyses of the G-F  
transformation of actin showed that  it is a kind of condensation phenomenon similar 
to gas-to-liquid condensation. Based on the Clausius-Clapeyron relationship, the ap- 
parent enthalpy change associated with this transformation was estimated from the 
temperature dependence of the critical concentration of G-actin to be in the order of 
IO kcal/mole of actin. In the presence of ATP the transformation is accompanied by 
the irreversible splitting of ATP 3. However, the kinetic analyses of the ATP splitting 
of F-actin at high temperatures 6 and on the Ca *+ exchange in F-actinT, s gave larger 
values of 20-30 kcal/mole for the activation enthalpy in these processes. 

These studies have been extended to thermodynamic analyses of polymeri- 
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zat ion and of depolymer iza t ion  and to various proccsst's in the polymers  under  xari~'d 
solvent  condit ions.  In summariz ing  the results  s(m?e hypotheses  on th(~ na ture  (q tl~o 
foundat ion of po lymers  fr()m the in teract ion between actin molecules hav~. I)(:en put  
forward.  

E X P E R I M E N T A L  

M a t e r i a l s  

G-Act in  (ATP-G-ac t in )  was p repared  according to the method  previously  de- 
scribed 9-~°. A D P - G - a c t i n  was p repared  by  the me thod  descr ibed by  MIHASHi u, based 
on the me thod  of HAYASH1 ~2. The molecular  weight  of G-act in was assumed to be 
57ooo (refs. Io, I I ) ,  a l though recent  analyses  have  shown tha t  it is 45ooo 5ooo 
(refs. 13, 14). 

M e l h o d s  

Viscos i ty  was measured  by  Ostwald  viscosimeters.  The flow t ime of i nil water  

was 30 sec at  20 ° . 
The degree of flow birefr ingence was measured  by  a R a o - t y p e  home-made  

a p p a r a t u s  at  the  shear  ra te  of IO see -~ (refs. 4, I5). Sonic v ibra t ion  was per formed at  
IO kcycles/sec by  a sonic v ib ra to r  made  by  K u b o t a  (Japan) .  

RESULTS 

P o l y m e r i z a l i o J z  

When  neut ra l  sal ts  are added  to G-act in ,  tim viscosi ty  increases with polymeri -  
zation.  The t ime courses of the increases in viscosi ty  under  different condit ions are 
shown in Fig. 1. In  this figure, where the  t ime scale is given in the logar i thmic  unit,  all 
curves  are the same type.  The curves at  32.7 ° in I M KC1, at  21.5 ° in 3oo mM KC1 and 
at  21.5 ° in 5 ° mM KC1 a lmost  overlap,  and all o ther  curves can be a pp rox ima te ly  
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Fig.  I .  P o l y m e r i z a t i o n  of a c t i n  a t  v a r i o u s  KCI c o n c e n t r a t i o n s  a n d  t e m p e r a t u r e s .  Ac t in ,  i . o  m g / m l  ; 
T r i s -HC1,  t o  m M ;  A T P ,  zoo ffM; (pH  8.o) a n d  KCI :  20 m M  (t),  3 ° m M  (2), 5 ° mM (3), i o o  mM (4), 
3oo m M  (5), i M (6) a n d  p H  7.5 a n d  KC1 i o o  m M  (7)- ( D - - O ,  32-7°;  0 - - 0 ,  2t-5='; @ - - ~ - ' ,  I l . o : .  
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superposed by translation parallel to the abscissa (the log-time axis). When poly- 
merization is almost complete, deviation from the optimal condition for polymerization 
to a lower temperature, to a lower salt concentration or to a higher salt concentration 
alters not the overall polymerization process but rather the absolute value of the poly- 
merization rate. 
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Fig. 2. Ar rhen ius  plots  of ha l f -po lymer iza t ion  t ime  (vt/~) and  t he  reciprocal  of t e m p e r a t u r e  (I /T).  
O - - O ,  act in,  i .o  m g / m l ;  Tr is-HC1 (pH 8.o), io  mM; ATP,  ioo luM; and  KCI: 20 m M  (i), 3 ° m M  
(2), ioo mM (3), 300 m M  (4), and  I M (5). 0 - - 0 ,  act in,  i .o mg /ml ;  Tr is -HC1 (pH 8.o), io mM;  
ATP, ioo #M and  MgC12:0.8 m M  (a), I m M  (b), 1. 5 m M  (c), 2 m M  (d). 

Fig. 3. Effect  of KCI concen t ra t ion  on the  ra te  and  t he  equ i l ib r ium of polymer iza t ion .  Po lymer i -  
za t ion was  measu red  by  v iscos i ty  as in Fig. I, and  the  po lymer iza t ion  ra te  was k = o.639/v~.  
The  po lymer iza t ion  equ i l ib r ium was  ind ica ted  by  the  final va lue  of the  degree of flow birefr ingence 
(An). The  expec ted  va lue  of birefr ingence a t  full po lymer iza t ion  was 45 °. Actin,  o.94 m g / m l ;  T r i s -  
HC1 (pH 8.o), io  mM;  and  A T P  500/~M. A - - A ,  the  ra te  of po lymer iza t ion  a t  31.4°; O ,  O ,  ®,  
t he  equ i l ib r ium va lue  of t he  bi refr ingence af ter  2 days  incubat ion .  The  t e m p e r a t u r e  is g iven in 
t he  figure. 

Shown in Fig. 2 is the temperature dependence of the time required for attaining 
half of the final viscosity (the half-time for polymerization) obtained from Fig. I. 
Arrhenius plots of different solvent conditions are both linearly related and parallel. 
From the gradient of the relations, the activation enthalpy is calculated to be about 
25 kcal/mole of actin. The change in solvent conditions, such as the ion species, the 
salt concentration and the pH, does not alter the activation enthalpy. A change in 
the absolute value of the polymerization rate is derived from the differences in the 
activation entropy. 

In Fig. 3 the rate constant (the reciprocal of the half-time for polymerization) 
of polymerization at 31° is a function of the KC1 concentration. In the same figure is 
given the final equilibrium value of the flow birefringence, which is nearly proportional 
to the concentration of F-actin. The variations in the rate constant are large in the 
KC1 concentration range where the final equilibrium concentration of F-actin does 
not greatly change. A similar situation is also found in the effect of MgCI~ (Fig. 4) 
and of pH. 

These results were obtained at a constant protein concentration. I t  was found, 
however, that  the activation enthalpy has the same value at different protein concen- 
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trations. As previously reported a46, tl,e initial rate of polymerizati~m is appr~xi- 
matelv proportional to co a.a, and the half-time for polymerization is proportional t~ 
co -~'s, where co is the total actin concentration. This dependence on the protein concen- 
tration is almost independent of the solvent conditions or of the temperaturt ' .  
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Fig .  4. Ef fec t  of MgC12 c o n c e n t r a t i o n  on  t h e  r a t e  ( A )  a n d  t he  e q u i l i b r i u i n  ( O )  of p o l y m e r i z a t i o n .  
M e t h o d s  of m e a s u r e m e n t  a re  t h e  s a m e  as  in  F ig .  3- 

G-F equilibrium 
When actin solutions are left standing at constant solvent conditions, an equilib- 

rium between polymerization and depolymerization is established. In the presence 
of ATP, the polymerization is accompanied by ATP splitting so that  the equilibrium 
is apparent. In this state, it was found that  F-actin is stably formed only above a 
critical actin concentration determined by the solvent condition 1 s Above this con- 
centration, the amount of F-actin increases and coexists with a constant concen- 
tration of G-actin corresponding to the saturated vapor pressure in the gas-to-liquid 
condensation. Therefore, according to the Clausius-Clapeyron relationship, the enthal- 
py change associated with the G-F  transformation is calculated from the change in 
the critical G-actin concentration with the temperature 3. 

The method of determining the critical concentration has been previously 
described ~-5. By a simplified method, the critical concentration of identical solutions 
was estimated from the differences in the degree of flow birefringence in actual 
solutions and from that  expected for actin at full polymerization. The degree of flow 
birefringence at full polymerization is calculated from the total actin concentration 
and from the birefringence per unit concentration of F-actin which is determined from 
the increase in the degree of flow birefringence with the actin concentration 2,3,15. 
In lqgs. 3 and 4 the degree of birefringence expected at full polymerization is about 4 5 .  

The apparent  enthalpy change in the G F transformation obtained by the 
previous method exists in the range 13 7 kcal/mole. These values are similar to those 
previously reported 3,*. The enthalpy does not vary largely with the salt concentra- 
tion, the pH or the protein concentration. For example, the data in Figs. 3 and 4 
give similar enthalpy changes. 

Because the experimental conditions in Fig. I proximate those for full poly- 
merization, the final viscosity values are almost the same. Nevertheless, a small 
amount of G-actin coexists with F-actin, and its concentration changes with the solvent 
condition and with the temperature. 
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The apparent enthalpy change previously estimated is not necessarily equal to 
the heat measured directly by calorimetry, if that  were possible, because of the ac- 
companying irreversible splitting of ATP. 

Depolymerization 
According to the former results, the rate and the final state of polymerization 

show different temperature dependencies. If there is a dynamic equilibrium between 
G- and F-actin, the rate of depolymerization must also show some temperature de- 
pendence. 

Because it is difficult to instantaneously remove salts from F-actin solutions, the 
depolymerization was induced by diluting concentrated F-actin solutions. Viscosity 
was followed immediately after dilution. As shown in Fig. 5, the time course of de- 
polymerization is not expressed by a simple exponential relationship. The initial rapid 
decrease in viscosity gradually decelerates which may be due to the relative increase 
in the depolymerized actin of the polymerization reaction. 

In Fig. 6, the temperature dependence of the initial depolymerization rate 
shows the activation enthalpy for depolymerization, which was independent of the 
final actin concentration, to be about IO kcal/mole. 

A DP-G-actin 
When F-actin is depolymerized in the absence of ATP, G-actin containing 

ADP rather than ATP is obtained. This ADP-G-actin is polymerized by the addition 
of salts, but the polymerization rate is very slow compared with that of ATP-G- 
actin12,17,18. However, the temperature dependence of the rate was found to be nearly 
identical with that of ATP-G-actin. Thus, the activation enthalpy is 22-25 kcal/mole 
in o.i M KC1, in io mM phosphate buffer at pH 7.5 and in the presence and the ab- 
sence of I mM MgC12. 

As shown later, the rate of depolymerization is almost independent of ATP in 
the solvent. Therefore, it is expected that the enthalpy changes associated with the 
G-F transformations of ADP-G-actin in equilibrium and of ATP-G-actin are of the 
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Fig. 5. T ime  course  for depo lymer iza t ion  was followed by  the  v iscos i ty  m e a s u r e m e n t .  A solut ion 
of F -ac t in  (5 mg/ml) ,  KCI (20 raM) and  Tr is-HC1 (pH 8.o) (5 mM) a t  21.5 ° was d i lu ted  to F-ac t in  
(0. 5 mg/ml) ,  KCI (0. 4 mM), Tr is-HC1 (pH 8.0) (5 raM) and  ATP  (5oo #M) a t  different  t e m p e r a t u r e s :  
35.4 ° (a), 21.5 ° (b) and  1.3 ° (c). 

Fig. 6. Ar rhen ius  plots  of the  depo lymer iza t ion  rate.  Depo lymer i za t ion  ra te  was ca lcula ted  f rom 
the  initial g rad ien t  of Fig. 5. 
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same order. An equilibrium analysis, however, is not easy because ADP (i actin in 
the absence of ATP is not stable at high teinperatures ~2 for long periods. 

,4 T I  ~ @litting u~der so~zic vibratio~ 
The F-actin solution shows a marked ATPase act ivi ty under sonic vibration ~9,'". 

The rate of ATP splitting was measured at various temperatures.  In  Fig. 7, the acti- 
vat ion enthalpy of this reaction is calculated to be about  zo kcal/mole, although it 
depends somewhat  on solvent conditions. 

A T P  splitting at high temperatures 
The F-actin solution shows a marked ATPase act ivi ty at 5o-6o ° (ref. 6). From 

the temperature dependence of this ATPase activity, the activation enthalpy has 
been estimated to be 25 kcal/mole (ref. 6). On account  of this high activation enthalpy, 
the ATPase becomes negligible at low temperatures.  (At 2o °, z mole of G-actin splits 
z mole of ATP in about  I s h.) 

Exchange of Ca 2+ al~d A D P  in F-actin 
As previously reported 7,s, Ca 2+ and A D P  bound to F-actin are slowly exchange- 

able at room temperature  with Ca ~+, ADP or ATP in the solvent. The incorporated 
a T P  is split into A D P ;  this reaction is directly related to the ATPase act ivi ty des- 
cribed in previous sections. 

The rate of exchange was measured using radioactive Ca ̀ ,+ and ATP (ref. 8). The 
exchange rate of Ca 'a+ is always more rapid than that  of ADP. The activation en- 
thalpies calculated from the temperature  dependence of the initial rate of exchange 
are 2o-25 kcal/mole for both Ca 2+ and ADP. This value is nearly equal to that  pre- 
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Fig. 7- Ar rhen ius  plots  of the  sonic  ATPase.  ATP,  500/*M; Tr is-HC1 (pH b.o), 5 mM. L .  KCI, 
4 mM;  actin,  2 m g / m l  (AH ~ = . 1 3  kcal); O ,  KC1, o.I M; actin,  2 m g / m l  (/JH t = 7 kcal); 0 ,  
KC1, o.i  M; act in,  i m g / m l  (AH ~ = 8 kcal). 

Fig. 8. Ar rhen ius  plots  of the  po lymer iza t ion  ra te  in va r ious  concen t r a t ions  of e thanol .  Actin.  
0.56 m g / m l ;  KCI, 67 ill,I, T r i s -HC l  (pH 8.o), 6. 7 mM;  and  ATP ioo/*M. No e thanol  (o) or wi th  
e thano l  (in weight  o~):, 5 '3  ( I ) ;  I I (2) ;  16 .6  (3) ;  20"7 (4)" 
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viously obtained for the ATPase. This suggests that  both the exchange and the ATP 
splitting are due to the same cyclic reaction. 

The exchange rates of Ca 2+ were compared in ADP-F-act in  in the presence of 
ATP and in the absence of ATP and ADP. The rate was nearly equal in two cases. 
This is remarkable because the rate of polymerization is very different in ATP-G-actin 
and ADP-G-actin.  

Polymerization in ethanol 
Polymerization of actin is accelerated by organic solvents such as ethanol and 

acetone 4, 3]. With ethanol as the solvent, the rate of polymerization, but not the overall 
shape of the polymerization curve, is changed. 

I t  is interesting that  ethanol and not the salt or the pH (Fig. 8) greatly changes 
the temperature dependence of the polymerization rate. The activation enthalpy of 
polymerization, obtained from data in Fig. 8, decreases linearly with increasing con- 
centrations of ethanol as shown in Fig. 9. I t  becomes zero at 15 % ethanol at which 
point the temperature dependence of polymerization disappears. When the ethanol 
concentration is higher than 15 %, the enthalpy becomes negative; the polymeri- 
zation rate is faster at lower temperatures. Data  in Fig. 8 also show that  at 35-4 °0 
the polymerization rate is almost independent of the ethanol concentration. 

Polymerization in urea 
The polymerization is decelerated by urea, as shown in Fig. IO. As with salts 

and pH, urea does not change the activation enthalpy of polymerization. The half- 
time for polymerization is proportional to the concentration of urea. The free energy 
difference in activation is about I . i  kcal/mole per mole of urea. 
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Fig. 9. Dependence  of the  ac t ivat ion en tha lpy  on the  e thanol  concentrat ion.  The act ivat ion 
en tha lpy  (AH t)  was obtained from Fig. 8. 

Fig. io. Arrhenius  plots of polymerizat ion at  various concentra t ions  of urea. Actin,  o.73 mg/ml;  
Tris-HC1 (pH 8.o), 6. 7 mM; KC1, 67 mM; and ATP, IOO ffM; and urea:  no (o); o .4M (I); o .8M (2); 
1.6 M (3). 
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The previous experimental results concerning enthalpy changes are summarized 
in Table I. A simple mechanism is proposed to explain the data, although the possi- 
bility of other mechanisms is not excluded. 

T A B L E  1 

TttERMODYNAMIC DATA 

Reaction Rate constant E n t h a l p y  cha*~gc 
(kcal/mole) 

(a) G - F  equilibrium (condensation) G - -  k.,/k 1 
(b) P o l y m e r i z a t i o n  (ktkn)l /2  

(c} D e p o l y m e r i z a t i o n  /i, 2 

(d) F r o m  (a),  (b) a n d  (c) 

growth te 1 

nucleation k n 

(e) A T P a s e  at high temperature and 
exchange of  C a  2+ o r  A D P  

(f) S o n i c  A T P a s e  

J H  = ~o 

AH* = 2 o - 2 5  

A H  t ~ t o  

J H *  = 20 

AH* = 20 

( k l G F N ,  k 2 F x )  A H  t = 20  25 

( k l G ,  /}2) z J H  :~ = t o  

The following kinetic equation is assumed for the G-F transformation of actin: 

- -  d G / d t  = k l G F x  - -  k2F N ( I )  

G is the concentration of G-actin, FN is the number concentration of F-actin; and 
k I and k 2 are kinetic constants of polymerization, respectively 5, a,. With this equation 
it is demonstrated that polymerization occurs at the ends of F-actin upon collision 
with G-actin, and the rate is proportional to the product of G and FN ; however, when 
depolymerization occurs only at the ends of F-actin, the rate is proportional to Fx. 

In equilibrium, when (dG/dt) = o, the concentration of G-actin is given by 

G -- k.,/k t (2) 

which is independent of the coexisting concentration of F-actin. Therefore, the ex- 
pression for tile temperature dependence of the critical concentration in this experi- 
ment is 

k2/k 1 oC exp ( i o / R l ' )  (3) 

As previously remarked, the value IO kcal/mole was obtained for the apparent poly- 
merization equilibrium accompanied by the ATP splitting. The enthalpy change for 
the equilibrium of ADP-G-act in  was not directly determined but is expected to be 
of the same order previously mentioned. 

In the depolymerization experiment, the F-actin solution was diluted, and the 
decrease in the viscosity was followed at different temperatures. In the beginning 
the FN of depolymerization did not vary. In Fig. 5 the rate constant of depolymeri- 
zation is k2; 

k 2 oC exp ( - -  I o / R T )  (4) 
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therefore, from Eq. 3 is calculated 

k 1 oc e x p  ( - -2o /RT)  (5) 

The simple kinetic Eqn. I cannot be applied during the whole process of 
polymerization because in the initial stage, the formation of polymer nuclei, whose 
rate of nucleation depends on the solvent condition, is an important process. There- 
fore, during polymerization under different solvent conditions, the same weight con- 
centration of F-actin, F, is not identical with the same number concentration of 
F-actin, F~. Such situations complicate interpretations of the activation enthalpy for 
the polymerization obtained from Fig. 2. 

For the present problem, however, the simple theory on the helical polymeri- 
zation previously given 5 is useful. Polymerization consists of nucleation and growth. 
The former presumably occurs in proportion to the p-th power of the monomer con- 
centration, the rate constant being kn. The occurrence of the latter is expressed by 
the first term of Eqn. I where the rate constant is k 1. When the depolymerization rates 
were neglected, the integration of kinetic equations related the time t and the degree 
of polymerization F/co in the following equation: 

I + [ I  - -  ( I  - -  F/co)P]ll 2 
In  = (2p) l /~"  (klkn]ll ~" coPl2, t (6) 

I - -  [ I  - -  ( I  - -  F/co)P]lt 2 

This equation shows that the relationships between F/Co and log t at different solvent 
conditions-can be superposed by translation parallel to the log-t axis, as observed in 
Fig. I. 

The polymerization rate (the reciprocal of the half-time for polymerization) is 
proportional to (klkn)l/2 in the former equation. Therefore, the activation enthalpy 
for polymerization is related to the enthalpy term in the square root of the product of 
two rate constants for nucleation and growth. Thus, the present experiment gives: 

(klkn)ll ~ oC e x p  ( - -  2o/RT)  (7) 

Therefore, from Eqn. 5 

kn  0(2 e x p  ( - -  2o/RT) (8) 

Higher temperatures facilitate nucleation. Both rate constants, k 1 and kn, exhibit 
nearly the same temperature dependence. 

Two mechanisms have been proposed19,2°, ~ for the ATP splitting in actin 
solutions under sonic vibration. One is that the splitting is coupled with the cycle of 
depolymerization-polymerization at the ends of F-actin, the number of which was 
increased by sonic vibration ~0. The concentration of G-actin coexisting with F-actin 
is not changed by sonic vibration, and the average length of F-actin fragments pro- 
duced by the vibration is assumed to be temperature independent 2o. Therefore, when 
the solvent conditions are nearly optimal, F~ is independent of temperature. The 
temperature dependence of the ATPase during the vibration is determined by the 
dependence of klG or of k s. The present experiment on the ATPase shows that the 
activation enthalpy is about IO kcal/mole; this is consistent with the result (Eqn. 4) 
obtained from the depolymerization experiment. The second assumption is that 
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ATPase may occur during intrapolyn/er  s tructural  changes induced by sonic vibrat ion 2'-' 
in l:-actin such as t ransformat ions  between part ial ly linear polymers and helical poly- 
mers. Such mechanisms can not be excluded. 

These two mechanisms probably  are applicable to ATPase without sonic vi- 
brat ions at high temperatures.  The act ivat ion en tha lpy  for the ATPase at high ten> 
peratures was found to be larger than that  under  sonic vibrat ion.  This difference in 
act ivat ion enthalpies may be due to the temperature  dependence of the average 
length of F-act in  or to the difference between in t rapolymer  structural  changes in- 
duced mechanical ly and thermal ly  in F-actin.  The experimental  da ta  are inadequate  
to show which mechanism is more probable. However, it is likely that  the exchange of 
Ca 2+ and ADP bound to l:-actin occurs dur ing the ATP splitt ing. It  is remarkable  
tha t  the exchange rate is not dependent  on the presence of ATP or ADP, while the 
polymerizat ion rate is greatly increased by ATP. 

An impor tan t  finding was that  ionic changes have no effect on the act ivat ion 
en tha lpy  and on the differences in equil ibrium enthalpy  of the G 1; t ransformation.  
Although the entha lpy  appears not to be derived from ionic interact ion between actin 
molecules, it is not  suggested that  the ionic property does not  contr ibute  to the inter- 
action. Because salts and pH's  s trongly affect the rate and the equil ibrium, it is 
suggested tha t  the coulomb interact ion between eharges on actin molecules is of 
importance.  The experimental  results show that  if this interact ion exists, it must  be 
independent  of temperature.  One explanat ion for this phenomenon may  be that  the 
dielectric cons tant  of the solvent (water) decreases with temperature,  so tha t  the 
product  of the dielectric constant  and the absolute tempera ture  is insensitive to ten> 
perature. However, large enthalpies in polylnerizat ion processes may result from 
nonionic, hydrophobic interactions.  

E thano l  was found to change the sign of the act ivat ion entha lpy  which suggests 
tha t  the solvent, as a dielectric, part icipates in the polymerization.  The entha lpy  
varied in proport ion to the ethanol concentrat ion,  and because the effect of ethanol  
vanishes at about  35 °, the act ivat ion ent ropy can also be expected to be proport ional  
to the ethanol  concentrat ion.  
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