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SUMMARY 

Plasmodium G-act in polymerizes  to F-ac t in  on the add i t i on  of 7 ° mM KC1 and 
to ano ther  polymeric  s ta te ,  t e rmed  "Mg-polymer", on the  add i t ion  of 2 mM MgC12 or 
of 1. 5 mM MgCI 2 and 7 ° mM KCI. 

The Mg-polymer  of p lasmodium act in  is t r ans fo rmed  rap id ly  (in 2o min) into 
l : -act in  by  raising the t empe ra tu r e  to a round  55 ° in the  presence of 7 ° mM KCI, 
1.5 mM MgC12, 1.5 mM ATP and 15 mM Tr i s -ma le a t e  buffer (pH 7.o). The kinet ic  
analysis  showed tha t  this  t r ans format ion  is of the  first order, suggest ing t ha t  it  is not 
an in te rpo lymer  process but  an in t r apo lymer  process;  namely  one f i lament of the  
Mg-polymer  t ransforms into  one f i lament of F-ac t in .  

INTRODUCTION 

Actin was ex t r ac t ed  and purified from p lasmodium of the  myxomyce te ,  Phy- 
sarum flol3,cephalum 1,2. I t  is in the  s ta te  of dispersed monomers  (G-actin) in ti le ab- 
sence of salts.  On the add i t ion  of KC1 it polymerizes  to F-ac t in ,  while on the add i t ion  
of MgC12 it polymerizes  to the  o ther  kind of po lymer  which has been t e rmed  Mg- 
po lymer  a. The viscosi ty of the  Mg-polymer  is much lower than  tha t  of F -ac t in  though 
the sed imenta t ion  coefficient is a lmost  the  same as tha t  of F-act in .  F -ac t in  has no 
ATPase  ac t iv i ty  at  room tempera tu re ,  while the  Mg-polymer shows the ac t iv i ty  
accompanied  by  the exchange of bound A D P  with ATP in the  solution, suggesting the 
conformat iona l  change in Mg-polymeO. These polymers  can be depolymer ized  into 
G-act in revers ibly  by  d ia lyzing out  the  salts.  Moreover, Mg-polymer t ransforms to 
F-ac t in  when it is d ia lyzed  agains t  the  Mg2~-free salt  solut ion at  room tempera tu re ,  
e.g. the o.I  M KC1 solution,  and  F-ac t in  t ransforms to Mg-polymer  when it is d ia lyzed  
against  the  2 mM MgCle solut ion at  room t e m p e r a t u r e  a. However,  the  rates  of these 
t rans format ions  are very  slow. I t  takes  about  two days .  Therefore,  the condit ion was 
sought  in which the t r ans format ion  can take  place more rapidly .  As a result ,  it was 
found tha t  the  incubat ion  of the  Mg-polymer at  a fa i r ly  high t empera tu re  (around 55'~) 
in the  presence of KC1 and ATP can induce its rap id  t rans format ion  into F-act in .  The 
kinetic analysis  showed tha t  this  t r ans format ion  is of the  first order, suggesting tha t  it  
is not  an in te rpo lymer  process but  an in t r apo lymer  process. Such a t rans format ion  
between Mg-polymer  and F-ac t in  m a y  have a physiological  significance, since recenth" 
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b y  e lec t ronmicroscopy the  conformat iona l  changes of F-ac t in- l ike  microf i laments  in 
p lasmodium 5 were observed in connexion with  the  regu la t ion  of p ro top lasmic  flow. 

MATERIALS AND METHODS 

Plasmodia 
Plasmodia  of the  myxomyce te ,  Physarum polycephalum, were cul tured by  the  

me thod  of CAMP 6, improved  by  HATANO AND OOSAWA 1, to ob ta in  a large amoun t  of 
p lasmodia .  

Plasmodium G-actin 
Plasmodium G-act in  was p repared  from p lasmodia  according to the  method  of 

HATANO AND 0OSAWA 1 with  the  slight modif icat ion where 3 mM cysteine was subst i -  
t u t ed  by  o.2 mM bora te  buffer (pH 8.1) *. 

Formation of Mg-polymer 
Plasmodium G-act in  (0.5-4 mg/ml) was p re - incuba ted  with 2 mM MgC12 at  o ° 

for IO rain and then  polymer ized  b y  the  add i t ion  of KC1 to 7 ° mM and of T r i s -ma lea t e  
buffer (pH 7.0) to 15 mM at  22 °. The final MgC12 concent ra t ion  was 1. 5 raM. The p H  
of the  solut ion conta in ing  15 mM Tr i s -ma lea t e  buffer used here decreased from 7.0 to 
6.8 as the  t empe ra tu r e  increased from 22 to 55 ° . 

Protein concentration 
Prote in  concent ra t ion  was measured  by  the biuret  me thod :  using the  absorbance  

0.068 at  54 ° nm for I mg/ml  p lasmodium actin.  

Viscosity 
Viscosi ty was measured  by  Os twald- type  capi l la ry  viscometers ,  flow t imes of 

which for buffer solut ions were a round  35 sec at  22 ° and  a round  19 sec at  55 °. 

A TPase activity 
ATPase a c t i v i t y  was de te rmined  by  measur ing l ibera ted  inorganic phospha te  b y  

the  me thod  of MARTIN" AND DOTY s. 

RESULTS 

Viscostty increase 
The Mg-polymer  ob ta ined  at  22 ° af ter  the  add i t ion  of 7o mM KC1 to G-act in  

incuba ted  in 2 mM MgC12 at  o ° gave the  reduced viscosi ty of a round  0.7 to 1. 5 dl/g. 
When  this Mg-polymer  was incuba ted  at  re la t ive ly  high t empera tu res  (50+63 °) in the  
presence of 7 ° mM KC1, 1. 5 mM ATP, 1. 5 mM MgC12 and  15 mM T r i s - m a l e a t e  buffer 
(pH 7.o), i ts  viscosi ty  m a r k e d l y  increased to  a lmost  the  same level as t ha t  of F-ac t in ,  
i.e. the  ieduced  viscosi ty  of a round  3 dl/g, as shown in Fig. I .  Then,  the  increased 
viscosi ty  was ascer ta ined  to be a resul t  of the  t r ans fo rmat ion  of Mg-polymer  to F-ac t in .  
Fo r  th is  viscosi ty  increase,  bo th  7 ° mM KC1 and  1. 5 mM ATP were found to be ne- 
cessary. In  the  presence of 1.5 mM MgC12, 1. 5 mM ATP and  15 mM Tris malea te  
buffer (pH 7.0) a t  55 °, if KC1 of 7 ° mM was not  present  in the  solution,  the  viscosi ty  
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increase of the Mg-polymer was small. In the presence of 7 ° mM KC1, 1. 5 mM MgC12, 
and 15 mM Tris-maleate  buffer (pH 7.o) at 55 °, if the concentrat ion of ATP was low 
(e.g. 5 ° #M), the viscosity of Mg-polymer decreased within several minutes to the level 

~$p 

0.4 

0.2 

10 20  3 0  
Time (min) Time (rain) 

o 

°o ~6 2b 3'0 4~--- 

Fig .  I. V i s c o s i t y  i n c r e a s e  w h e n  M g - p o l y m e r  w a s  i n c u b a t e d  a t  55 °- 1.85 m g / m l  p r o t e i n  ; in  1.5 m M  
MgC12, 7 ° m M  KC1, 1. 5 m M  A T P  a n d  ]5 mM T r i s - m a l e a t e  buf fe r  (pH 7.0). 

F ig .  2. E f f ec t  of A T P  on  t h e  v i s c o s i t y  i n c r e a s e  of M g - p o l y m e r .  M g - p o l y m e r  w a s  i n c u b a t e d a t  55 ° in 
t h e  p r e s e n c e  of 1. 5 m M  A T P  ( Q - - O )  or  5 ° # M  A T P  ( O "  " " 0 ) .  I n  t h e  l a t t e r  case,  A T P  w a s  a d d e d  
a t  t h e  t i m e  i n d i c a t e d  b y  t h e  a r r o w  in t h e  f igure  to  t h e  c o n c e n t r a t i o n  of t .5  raM. O t h e r  c o n d i t i o n s  : 
i . i  m g / m l  p r o t e i n ,  7 ° mM KC1, I. 5 m M  MgCle a n d  15 m M  T r i s - m a l e a t e  buf fe r  (pH 7.o). 

of G-actin, as shown in Fig. 2. This is probably due to the loss of ATP in the solution 
by the ATPase act ivi ty  of Mg-polymer because at high temperatures  of around 55 ° 
both F-actin and Mg-polymer were found to have the ATPase act ivi ty as in the case of 
muscle F -ac t in t  If the concentrat ion of ATP was increased to 1. 5 mM within a few 
rain after the depolymerization of Mg-polymer at 55 °, a partial  increase of viscosity 
was observed, suggesting tha t  a par t  of actin was still alive in the absence of ATP for 
at least a few rain at 55 °. In  the presence of 7 ° mM KC1, 1. 5 mM MgC12 and 15 mM 
Tris-maleate  buffer (pH 7.o), if 1. 5 mM ADP was added instead of 1. 5 mM ATP, the 
viscosity of Mg-polymer was not  changed by raising the temperature  to 55 °. Namely, 
A D P  cannot induce the t ransformation although it can prevent  denatura t ion of 3lg- 
polymer at such a high temperature.  

This viscosity increase is induced in the temperature  range from 40 to 63 ° . As 
shown in Fig. 3, at around 4 °o only a slight increase (to about  15o % of Mg-polymer) is 
observed. The complete increase of viscosity is induced at around 55 o. When the Mg- 
polymer is transferred to 55 °, after it was incubated at 45 ° for several minutes,  the 
viscosity of the Mg-polymer begins to increase at a higher rate than at 45 °, to reach 
the level corresponding to pure F-actin. At temperatures  higher than 63 °, the viscosity 
of the Mg-polymer rapidly decreased to the level of G-aetin even in the presence of 
7 ° mM KC1, 1.5 mM ATP, 1.5 mM MgC12 and 15 mM Tris-maleate  buffer (pH 7.o), 
showing tha t  the protein was denatured.  

Therefore, in the following experiments, the hea t - t rea tment  was carried out 
almost always at 55 ° , except when the temperature  is indicated otherwise. 

Viscosity of t ransformed F-actin did not change when the temperature  was de- 
creased to 22 ° even in the presence of 1. 5 mM MgC12. The reverse t ransformation of 
F-actin to Mg-polymer was not induced by simply changing the condition to tha t  
favorable to the Mg-polymer. 

When transformed F-actin was depolymerized to G-actin by dialysis against a 
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solution containing 5 ° ffM ATP and o.2 mM borate buffer (pH 8.1), the resultant 
G-actin of the reduced viscosity of o.15 dl/g was ascertained to repolymerize to F-actin 
of the reduced viscosity of 3.5 dl/g on the addition of KC1 to 7 ° mM. 

I1~' ! Olt  / 
2 0  ° 3 0  ° 4 0 '  5 0  ° 6 0  ° 

T e m p .  

0,6 

0.4 

0.2 

Fig. 3- The viscosity increase and its rate as a function of temperature .  Mg-polymer was incubated 
at  the  t empera tu re  range from 22 ° to 63 °. The initial rates  of viscosity increase (Vj, Q - - Q )  and 
the final viscosities (r/sp, © - - O )  were plot ted against  the temperature .  The insert  is the logarithmic 
plot of Vl against  the reciprocal of the t empera ture  (Arrhenius plot). An activation entha lpy  of the  
viscosity increase was calculated as 28 kcal/mole. 1.85 mg/ml protein;  in 1. 5 mM ATP, 1. 5 mM 
MgC12, 7 ° raM, KC1 and I5 mM Tris-maleate  buffer (pH 7.0). 

Fig. 4- Sedimentat ion pat tern .  Upper:  Mg-polymer. Lower:  Mg-polymer heated at 55 ° for 25 rain 
in the presence of 7 ° mM KC1, 1.5 mM MgCI~, 1.5 mM ATP and 15 mM Tris-maleate  buffer (pH 7.0). 
I mg/ml protein;  in 1.5 mM MgCI~, 7 ° mM KCI, 1. 5 mM ATP and 15 mM Tris-nlaleate buffer 
(pH 7.0). Pho tograph  was taken at 15 rain after a speed of 37020 rev. /min was reached at 15 c. 

Sedimentation pattern, electronmicroscopy and A TPase activity 
After the Mg-polymer was incubated at 55 ° for 25 rain in the presence of 7 ° mM 

KC1, 1.5 mM MgC12, 1. 5 mM ATP and 15 mM Tris maleate buffer (pH 7.o), the sedi- 
mentation pattern of the transformed F-actin was observed at 15 °. As shown in Fig. 4, 
it gave a single peak of about 30 S, which was almost the same as that of the F-actin 
polymerized from G-actin on the addition of KC1 to 7 ° raM. Moreover, the sedimenta- 
tion pattern became similar to that of F-actin ; namely the peak is sharper than that of 
the orginal Mg-polymer. 

Electron micrographs also showed that many F-actin filaments having a two- 
stranded helical structure appeared after the incubation of the Mg-polymer at 55 ° 
(see Figs. 5a and 5b). 

After transformation at 55 °, the ATPase activity of the polymer was measured 
at 22 ° . As shown in Fig. 6, the activity was found to be very low, which is about one- 
tenth of that of the original Mg-polymer, showing that almost all the Mg-polymer was 
transformed and maintained in the state of F-actin. The F-actin could combine with 
muscle myosin A to form actomyosin which showed a viscosity drop upon the addition 
of ATP. 

Kinetics of the transformation 
Viscosity increase 
Solutions of the Mg-polymer at various concentrations were obtained by dilution 

of a concentrated Mg-polymer solution (3.5 mg/ml) and incubated at 55° under the 
salt conditions of 7 ° mM KC1, 1. 5 mM MgC12, 1.5 mM ATP and 15 mM Tris maleate 
buffer (pH 7.0). Then, the increase of the viscosity of each solution was followed. Half- 
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Fig. 5. Flect ron micrographs  of p l a smod ium Mg-polymer  (a) and  the t rans formed  l : -act in (b). 
Nega t ive  s t a in ing  wi th  u rany l  acetate .  × 8i ooo. (a) Mg-polymer  seems to be amorphous  or to be 
shaped  l ike i r regu la r ly  bended f i laments.  Ar t i fac ts  m a y  be included in such an appea rance  because 
the Mg-polymer  is less s tab le  t h a n  F-ac t in  aga ins t  nega t ive  s ta ining.  (b) F-act in  ob ta ined  by' incu- 
ba t ion  of the  Mg-polymer  at  55 : for 25 rain in the presence of 7 ° mM KCI, ~.5 mM MgCI,,, [.5 mM 
ATP and 15 mM T r i s - m a l e a t e  buffer (pH 7.o). These micrographs  were k ind ly  t aken  by  1)r. 
S. Higashi - l :u j ime.  

Igiochim. Hiophy~. Acta, 234 (I97I)  t 6 2 - I 6 9  



PLASMODIUM ACTIN POLYMERS 10 7 

t ime  t ,  of the viscosi ty  increase was defined as the t ime  necessary for the viscosi ty  
to reach the middle value of the initial v iscos i ty  (~in) and the final v iscos i ty  (r/fin). The 
initial rate of increase of the reduced viscosity was also determined. 
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Fig. o. D e c r e a s e  of t h e  A T P a s e  a c t i v i t y  in  t he  p roce s s  of t h e  t r a n s f o r m a t i o n  a t  5 5 ' .  The  A T P a s e  
a c t i v i t y  ( ~ ) - - C ) )  of t h e  p o l y m e r  p a r t i a l l y  t r a n s f o r m e d  i n t o  F - a c t i n  d u r i n g  i n c u b a t i o n  a t  55 ° in  t h e  
p r e s e n c e  of 7 ° n lM b2Cl, 1.5 m M  MgC12, 1. 5 m M  A T P  a n d  15 m M  T r i s - m a l e a t e  buf fe r  (pH 7.o) w a s  
m e a s u r e d  a t  22 °. T h e  a b s c i s s a  is t h e  t i n l e  of i n c u b a t i o n .  The  o r d i n a t e ,  t h e  A T P a s e  a c t i v i t y ,  is  
p r o p o r t i o n a l  to  t he  a m o u n t  of r e n l a i n i n g  M g - p o l y m e r .  1.4 m g / m l  p r o t e i n .  Be fo re  t h e  m e a s u r e m e n t  
of t h e  A T P a s e  a c t i v i t y ,  e a c h  s o l u t i o n  w a s  m i x e d  w i t h  D o w e x  I (e l  t y p e ,  2o0 4o0 mesh)  for  3 ra in  
in t h e  cold  a n d  t he  res in  w a s  r e m o v e d  b y  c e n t r i f u g a t i o n  i o o o o  × g for 3 min ,  a n d  t h e n ,  A T P  w a s  
a d d e d  to  t h e  f ina l  c o n c e n t r a t i o n  of o. ~ 3 nlM. 

The t~'s and the initial rates were both almost  independent of the protein con- 
centration.  They  were 6 min and o.3 dl/g per min in the case of Fig. 7. Moreover, the 
final reduced viscosit ies of F-actin obtained at various protein concentrations were 
also constant.  These facts suggest that the transformation is of the first order and that  
the final state of the polymers is the same. 

.4 TPase activi(v 
The change of the ATPase activi ty during the t ransformation was examined. As 

described earlier, F-actin once transformed from Mg-polymer at 55 ° was not trans- 
formed reversibly to Mg-polymer even when the temperature was decreased to room 
temperature.  Therefore, during the incubation of the Mg-polymer at 55 ° in the pre- 
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F ig .  7- K i n e t i c s  of v i s c o s i t y  inc rease .  @ - - @ ,  f ina l  speci f ic  v i s c o s i t y ;  O - - O ,  t h e  i n i t i a l  r a t e  of in-  
c r ea se  of speci f ic  v i s c o s i t y ;  5 - - A ,  h a l f - t i m e  of v i s c o s i t y  inc rease .  S o l v e n t  c o n d i t i o n :  7 ° m M  KC1, 
1.5 nlM MgC12, 1.5 mM A T P  a n d  15 m M  T r i s - m a l e a t e  buf fe r  (pH 7.o). T e m p e r a t u r e ,  55 °. 

F ig .  8. K i n e t i c s  of t h e  d e c r e a s e  of t h e  A T P a s e  a c t i v i t y  in  t h e  p roce s s  of t h e  t r a n s f o r m a t i o n  a t  55 °. 
Eo; t h e  i n i t i a l  v a l u e  of t he  A T P a s e  a c t i v i t y .  Et; t h e  A T P a s e  a c t i v i t y  a f t e r  i n c u b a t i o n  a t  55 ~ for l 
min .  ( ) t he r  c o n d i t i o n s  a re  t he  s an l e  as  t h o s e  in Fig .  6. J ~ x p e r i n l e n t a l  p r o c e d u r e s  were  t h e  s a m e  as  in 
Fig .  o. 

Biochim. B~ophys. Acta, 234 (1971) 162-169  



168 T. TOTSUKA 

sence of 7 ° mM KC1, 1. 5 mM MgC12, 1. 5 mM ATP and 15 mM Tris-maleate buffer 
(pH 7.o), parts of the solution were transferred to 22 ° at intervals. Then, free nucleo- 
tides were removed with Dowex I (C1- type) (2oo 4oo mesh) and the ATPase activity 
was measured after the addition of ATP to o.13 mM in the presence of 7 ° mM KC1, 
L5 mM MgC12 and 15 mM Tris-maleate buffer (pH 7.o). The ATPase activity at 22 ° 
was expected to be proportional to the concentration of Mg-polymer which remained 
in the solution during the incubation. In the case of the pure Mg-polymer, it was con- 
firmed previously that the ATPase activity is proportional to the concentration of the 
Mg-polymer. 

As the viscosity of the Mg-polymer solution increased at 55 °, the ATPase activi- 
ty  of the solution measured by the above procedure decreased, reaching in 25 rain 
about one-tenth of the initial ATPase activity of the Mg-polymer, as shown in Fig. 6. 

As analyzed later, the time-course of the decrease of the ATPase activity is well 
understood by, assuming the intrapolymer transformation of Mg-polymer to F-actin. 

DISC USSION 

It was found in this experiment that the Mg-polymer is rapidly transformed t o  

F-actin in the temperature range from 5 °o to 63 °. In the experiment of the decrease of 
the ATPase activity, as shown in Fig. 8, log(Eo/Et) was found to be almost proportio- 
nal to the time of incubation, where E,  is the ATPase activity of the initial Mg- 
polymer at 22 ° and Et is that measured at 22 ° after incubation at 55 ° for t min. As the 
ATPase activity of the Mg-polymer is proportional to the concentration of the Mg- 
polymer, this means that log(co/c 0 was almost proportional to the time of incubation, 
where c o is the initial concentration of Mg-polymer and ct is the concentration of Mg- 
polymer after incubation for t min. This fact and the experiment of the viscosity in- 
crease both suggest that  the transformation is of the first order. Moreover, the experi- 
ment of the viscosity increase showed that the reduced viscosities of the F-actins 
formed from the Mg-polymer are independent of its concentration, suggesting that the 
F-actin's are in the same state. In relation to this phenomenon, it is to be noted that 
when F-actin solutions of various protein concentrations were obtained by dilution of 
a concentrated F-actin solution, these solutions showed almost the same reduced 
viscosity as that of the original F-actin solution. Whereas, when F-actin solutions 
were obtained by polymerization of various concentrations of G-actin, the reduced 
viscosity of the F-actin decreased with the increase of the actin concentration. 

These facts are well understood if it is assumed that the rate-determining process 
of the transformation of Mg-polymer to F-actin at 55 ° involves the intrapolymer. The 
Mg-polymer was previously assumed to be a folded polymer or an interrupted helical 
polymer. If so, the transformation is due to straightening and strengthening of such 
a polymer to the two-stranded helical one. 

In Fig. 4, the F-actin-type polymer which was converted from the Mg-polyiner, 
similarly to the F-actin polymerized from G-actin, showed a sharper peak and a 
slightly faster rate of sedimentation than the Mg-polymer. However, under such a 
strong centrifugal field certain structural changes in polymers may be expected to 
occur, for example, the weakening of the bonds between monomers in F-actin to a 
certain extent or on the contrary the strengthening of those in the Mg-polymer. More- 
over, the interpolymer interaction of the F-actin is expected to be different from that 
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of the Mg-polynler and the sharper peak and the faster rate of sedimentation of the 
F-actin than those of the Mg-polymer may reflect such a difference. 

For this transformation, ATP was necessary and ADP could not be substituted 
for ATP though it could stabilize the Mg-polymer at 55 °. The transformation was 
irreversible at least under the condition tested here. However, as reported previously s, 
it was indeed found that mutual transformations occurred reversibly between the 
Mg-polymer and F-actin at room temperature although the rates were very slow. 
Now, the mild conditions which induce rapid mutual transformation between the Mg- 
polymer and F-actin are under investigation. 

ACKNOWLEDGMENTS 

The author wishes to thank Dr. S. Hatano and Professor F. Oosawa for many 
helpful suggestions and discussions and Dr. S. Asakura for his interest, and he wishes 
to express his thanks to Dr. S. Higashi-Fujime for her excellent electron microscopic 
observations. 

R E F E R E N C E S  

i S. HATANO AND F. OOSAWA, J. Cell Physiol., 68 (1966) 197. 
2 S. HATANO AND F. OOSAWA, Biochim. Biophys. Acta, 127 (1966) 488. 
3 S. HATANO, T. TOTSUKA AND F. OOSAV'/A, Biochim. Biophys. Acta, 14o (1967) lO9. 
4 T. TOTSUKA AND S. I-IATANO, Biochim. Biophys. Acta, 223 (197 o) 189. 
.5 T. TAKATA, R. NAGAI AND N. KAMIYA, Proc. Japan Acad., 43 (1967) 45- 
6 \V. G. CAMP, Bull. Torrey Botan. Club, 63 (1936) 205. 
7 A. G. GORNALL, C. J. BARDAWlLL AND M. M. DAVID, J. Biol. Chem., 177 (1945) 751. 
8 J. B. MARTIN AND D. M. DOTY, Anal. Chem., 2I (1949) 4273. 
9 H. ASAI AND K. TAWADA, J. Mol. Biol., 20 (1966) 403 . 

Biochim. Biophys. Acla, 234 (1971) 162-169 


