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The  ATPase activities of Acanthamoeba and muscle 
actins  in 0.5-0.6 mM MgClz were examined below and 
above their critical concentrations and in the presence 
and absence of cytochalasins B, C, D, and E. In the 
absence of cytochalasin, the ATPase activity of actin 
solutions at steady state increased with increasing ac- 
tin concentration through  the critical concentration 
and continued to increase as  the concentration of F- 
actin increased. Cytochalasin D stimulated the ATPase 
of actin monomer about 30-fold  below its critical con- 
centration;  the stimulated ATPase rate was linear with 
actin concentration and no actin oligomers were de- 
tected. Above the critical actin concentration, the cy- 
tochalasin-stimulated ATPase rate was constant and 
independent of the F-actin concentration. Double recip- 
rocal plots of cytochalasin-stimulated actin ATPase ac- 
tivity as a function of total cytochalasin concentration 
were  linear for both actins, below their critical concen- 
trations, for all four cytochalasins tested, indicating 
that essentially all of the cytochalasin was free. The 
values of V,, for the four cytochalasins were very 
similar for each actin, varying at most  by a factor of 2, 
while the Kapp values varied by as much as 400-fold. A 
simple  model that can explain these  and  other experi- 
mental data requires the existence in the ATPase  cycle 
of  low concentrations of an intermediate between ac- 
tin. ATP and actin. ADP to which cytochalasins bind 
weakly, rapidly, and reversibly. In  the absence of cy- 
tochalasins, the disappearance of this intermediate 
would be the rate-limiting step. Cytochalasins would 
stimulate this  step making the  rate of formation of the 
intermediate rate-limiting. Cytochalasins, therefore, 
might affect actin polymerization by direct interaction 
with monomeric actin in addition to  their  tight binding 
to  ends of filaments. 

The  ability of the cell to  control  the polymerization and 
depolymerization of actin  fiaments  and  the assembly of fila- 
ments  into cross-linked networks  seems  to be vital  to a variety 
of motile events (1). Considerable  progress has been made 
recently in identifying proteins  that affect actin polymeriza- 
tion (2-10) and depolymerization (11-14), proteins  that cross- 
link F-actin (15-21), and  proteins  that affect  dissolution of 
filament  networks (8, 9, 22, 23). To  understand how these 
proteins  function,  it wiU be  necessary to  have a  fuller under- 
standing of the molecular events in the polymerization of actin 
in the  absence of such accessory proteins. 

The  actin  protomer,  G-actin,  is a  slightly asymmetric mol- 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked “aduertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

ecule  (24)  with a molecular  weight of  42,000 (25). G-actin 
contains a single nucleotide-binding site which binds  ATP (& 
= M) 100 times  more  tightly  than  ADP (KD = M) 
(26) and a single high  affinity divalent  cation-binding  site (27)  
with almost  equal affinity  for Mg2+ (KO = 35 p ~ )  and Ca’+ 
(KO = 10 ,UM) (28). Under physiological conditions, then,  ATP 
should occupy the nucleotide-binding site  and Mg2+ should 
occupy the  divalent  cation-binding  site of G-actin. 

Purified G-actin is stable in  buffers of low ionic strength 
that  contain  ATP  or  ADP  and  divalent  cation, typically 100 
p~ Ca”. Upon addition of salt, usually 50-100 m~ KC1 or 0.5- 
2.0  mM  MgC12, G-actin polymerizes to polar helical fiaments 
of F-actin  that  contain  hundreds  or  thousands of protomers. 
Polymerization continues  until  the  concentration of mono- 
meric  G-actin falls to  its critical concentration.  The  rate of 
polymerization and  the  steady  state  distribution of actin be- 
tween  monomers  and  filaments  are  determined by the ionic 
conditions and  temperature (1). 

The polymerization of G-actin - ATP is normally accompa- 
nied by hydrolysis of the  actin-bound  ATP so that  the  f ia- 
ments of F-actin  contain,  predominantly, bound ADP (29). At 
least  under  some conditions, the  ATP  is  probably hydrolyzed 
subsequent  to  the  addition of monomeric actin  to  the  filament 
(30) and,  when polymerization is  induced by KC1, hydrolysis 
of ATP  may lag  significantly  behind  polymerization (31, 32). 
Possibly under all, or  most,  conditions of polymerization, at  
least  one  end of the filament may  contain a protomer  with a 
bound ATP (30, 31). Covalently  cross-linked actin dimers, 
prepared from F-actin  and possibly in an F conformation,  bind 
ATP  more  tightly  than  ADP (33). 

Monomeric actin  with  bound  ADP (34), or nonhydrolyzable 
analogues of ATP  (35), also polymerizes, however, and  the 
role of the hydrolysis of ATP  that  presumably  accompanies 
actin polymerization in vivo is not  understood. It may be 
related  to  the  fact  that  the irreversible  hydrolysis of ATP 
makes  the polymerization of actin a steady  state,  rather  than 
an equilibrium, reaction so that  the critical concentrations a t  
the  two  ends of the  filament  can  be different (36). As a 
consequence, the  filament  at  steady  state can have a net 
polymerizing end  and a net depolymerizing end.  This could 
not occur, of course, if one  end of the  fiament were blocked 
or associated  with another  structure, as may be the case in 
vivo. 

The  cytochalasins  are a group of fungal metabolites  that 
affect a wide variety of cellular movements (37) and  have 
pronounced effects on  actin polymerization (31, 38-41) and 
actin  filament network formation (41,  42) in vitro, These 
properties of the cytochalasins can largely  be  explained by 
their high  affinity  binding to  at  least  one  end of the  actin 
filament (38-42), that which would otherwise  have been the 
net polymerizing end at steady  state. As a  consequence of the 
binding of cytochalasins  to  fiament ends, the  concentration 
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of polymerized actin at steady state may be lowered (38), the 
fiaments may become shorter (42), and postulated  interac- 
tions between filaments may  be  blocked (41). The magnitude 
of a  particular response will depend on the specific cytocha- 
lasin used and the ionic conditions. 

Cytochalasins have also been shown to  stimulate  the  ATP- 
ase activity of solutions of F-actin (43,44). This phenomenon 
is usually attributed to  a general destabilization of the  fia- 
ments, i.e. a higher steady state turnover rate. Recently, we 
showed that cytochalasin D also greatly stimulates an ATPase 
activity of monomeric G-actin that occurs, even in the absence 
of cytochalasin, in solutions containing 0.5 m Mg2+ (31). We 
proposed that cytochalasin D interacts with monomeric actin 
and accelerates the rate-determining step in the hydrolysis of 
ATP by G-actin. To our knowledge, this is the only evidence 
for the interaction of cytochalasins with monomeric actin, an 
interaction that  has not been detected by direct binding 
studies (40). It should be noted, however, that Selden  and co- 
workers (45, 46) have interpreted  related data in a different 
way that does not postulate hydrolysis of ATP by monomeric 
actin. 

We have now examined in more detail the effects of cyto- 
chalasins B, C, D, and E on  the steady state ATPase  activities 
of muscle and  Acanthamoeha actins below and above their 
critical concentrations. In all situations, all of the cytochalasin- 
stimulated hydrolysis of ATP can be attributed to the activity 
of monomeric actin. At a minimum, these  results  require the 
existence of G-actin. ADP. Pi as  an intermediate between G- 
actin.  ATP  and G-actin.  ADP + P,. Since the ATPase activity 
of monomeric actin is expressed under normal polymerizing 
conditions, in the absence as well as  the presence of cytocha- 
lasins, intermediates  in the actin  ATPase cycle must also be 
considered as possible intermediates in the polymerization of 
G-actin. ATP  to F-actin. In addition, the kinetic evidence for 
the interaction of cytochdasins with monomeric actin suggests 
that previous interpretations of the effects of cytochalasins on 
actin polymerization may have been incomplete in that  they 
considered only the interaction of cytochalasins with F-actin. 

MATERIALS AND  METHODS 

ATP, imidazole  and P-mercaptoethanol were  purchased  from 
Sigma Chemical  Co.; cytochalasins B, C, D, and E were  from  Aldrich 
Chemical Co.; and AMP-PNP’ was  from P-L Biochemicals. Stock 
solutions of cytochalasins were  prepared  in dimethylsulfoxide and 
stored at 5 “C. [a-”’PIATP  and [y3’P]ATP (2-10 Ci/mmol) from New 
England Nuclear were diluted immediately upon arrival to 0.5 mCi/ 
ml in 2 ~ILM ATP and stored at -20 “C. The radiochemicl  purity of 
the [y-”’P]ATP  was  85-95% as determined by the percentage of total 
radioactivity hydrolyzed to P, by myosin (47), and the radiochemical 
purity of the [a-”PIATP was  86-92%, as determined chromatograph- 
ically (33). All specific activities were corrected accordingly. 

Muscle G-actin was  prepared  from acetone powders of rabbit  back 
and leg muscle by the method of Spudich and  Watt (48)  as modified 
by Eisenberg and Kielley (49). Purified covalently cross-linked muscle 
actin dimer (33) was obtained from Dr. Stephen Mockrin. Acantha- 
moeba G-actin was isolated by the procedure of  Gordon et al. (50). 
The concentrations of monomeric actins were determined either from 
their absorbances at 290 nm, using  an extinction coefficient of 0.617 
mg” ml cm” (51), or  by the procedure of  Lowry et al. (52), using 
muscle G-actin as standard. Both preparations of G-actin were stored 
in  buffer consisting of 3 m imidazole chloride, pH  7.5, 0.1 mM CaCh 
0.5 mM ATP, 0.75 m P-mercaptoethanol and 0.01% NaN3 (Buffer 
G). 

G-actin was labeled with radioactive ATP, and the bound nucleo- 
tide (0.9-1.0 mol of ATP/mol of actin) and total exchangeable nu- 
cleotide (typically 0.93 mol of ATP/mol of actin) were determined as 
described  previously (31). Hydrolysis of [y-”PIATP was followed by 

’ The abbreviations used are: AMP-PNP, adenyl-5”yl imidodi- 
phosphate; EGTA, ethylene glycol bid@-aminoethyl ether)-N,N,- 
N‘.N’-tetraacetic acid. 

measuring the release of ”P, (47). Light scattering measurements 
were made using a Hitachi MPF-SA fluorescence spectrophotometer 
at a 90” scattering angle with excitation and emission wavelengths of 
350 nm. Nonsedimentable actin was determined after centrifugation 
in a Beckman Airfuge at room  temperature  for 30 min at 178,000 x g. 

RESULTS 

Effect of Cytochalasin D on the Steady  State Hydrolysis of 
ATP by Actin-We had previously observed (31) that  the 
cytochalasin-stimulated hydrolysis of ATP occurred below 
the critical concentration of actin, where only monomeric G- 
actin should have been present, and  that  the initial rates of 
ATP hydrolysis, both below and above the critical concentra- 
tion, were directly proportional to  the actin  concentration 
and, therefore, apparently  independent of actin-actin inter- 
actions. These studies have now been extended to measure- 
ments of the steady state actin  ATPase activity as a function 
of actin  concentration above and below the critical concentra- 
tion and  in the presence and absence of cytochalasin D. 

In  the experiment described in  detail  in the legend to Fig. 
1, actin was added over a wide range of concentrations to 
Buffer  G containing 0.5 mM MgClz and allowed to polymerize 
overnight to steady state. Aliquots were then removed to 
determine the concentration of nonpolymerized actin by the 
centrifugation assay. A critical concentration of 5 PM (Fig. lA) 
was obtained which was in reasonable agreement wit.h the 
value of 4 PM obtained for the same  preparation of actin by 
viscometry. At the same  time, the  rates of ATP hydrolysis 
were measured and were found to be approximately propor- 
tional to  the actin  concentration over the entire range exam- 
ined. The  important aspect of this experiment, however, is 
that  the  rate of hydrolysis of ATP continued to increase with 
actin  concentration above the critical concentration when 
only the concentration of F-actin was increasing. This must 
mean that most of the ATPase  activity  under  these conditions 
was due either to filament turnover, or to  the interaction of a 
constant  concentration of actin monomer with an increasing 
concentration of filament ends, or both. 

When 1 PM cytochalasin D was added to  the same  solutions 
of actin, and time was  allowed for the new steady state  to be 
reached, the critical concentration increased to  about 8 pM 
(Fig. 1B). A similar increase in critical concentration was 
observed by viscometry (38). No evidence for the presence of 
actin oligomers, below the critical concentration, was obtained 
by light scattering  measurements,  under conditions in which 
cross-linked actin dimer gave twice the signal as  an equal 
weight of monomer. 

Below the critical actin  concentration, the steady state  rate 
of ATP hydrolysis was 30 times  greater in the presence of 
cytochalasin D than in its absence and was directly propor- 
tional to  the actin  concentration (Fig. 1B). More  importantly, 
however, as  the actin  concentration was increased above its 
critical concentration, the  rate of hydrolysis of ATP remained 
constant  and  equal  to the  rate observed at  the critical concen- 
tration despite the increasing concentration of F-actin. These 
data provide strong  additional evidence that  the cytochalasin- 
stimulated hydrolysis of ATP is entirely due  to monomeric 
actin with no significant contribution from either polymer 
turnover or the interaction of actin monomers with filament 
ends. Furthermore, the steady state hydrolysis of ATP  that, 
in the absence of cytochalasin, is coupled to  the interaction of 
G-actin and  F-actin (Fig. L4) is apparently inhibited by CY- 

tochalasin D (Fig. 1B), presumably because of the binding of 
cytochalasin to filament ends. 

Kinetic Analysis of the Cytochalasin-stimulated Steady 
State  ATPase Activity of Actin Monomer-Although the 
stimulation of monomeric actin  ATPase activity by cytocha- 
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FIG. 1. Effect of cytochalasin D on  the hydrolysis of ATP as 
a  function of actin concentraton. Acanthamoeba  actin was labeled 
with [y-"PIATP as described (31), diluted to  the concentrations 
shown, and polymerized overnight (17 h)  at 27 "C in Buffer G con- 
taining 250 p~ [y-32P]ATP and 0.6 mM  MgC12. Either 1% dimethyl- 
sulfoxide (A)  or 1 pM cytochalasin D, 1% dimethylsulfoxide ( B )  was 
then added  and the samples were incubated an additional 15  min at 
27 "C. The nonsedimentable  actin (.,El) in each sample was deter- 
mined by spinning 15O-pl aliquots at 178,000 X g in a Beckman Airfuge 
for 30 min and assaying the protein in the  supernatant by the method 
of Lowry et  al. (52). The linear  ATPase  activity (0) was  followed for 
7.5 h  (A) or 60 min (B). For the cytochalasin-treated  samples (B) ,  
nonsedimentable actin was determined  both before (0) and  after 
(0) the ATPase  assay (0) to be sure that no change in the distribution 
of G-actin and F-actin occurred during the 1-h incubation. 

0 

lasin requires  interaction between the two, several different 
direct attempts  to measure the binding of cytochalasins to 
actin monomer were unsuccessful. Equilibrium dialysis failed 
to detect any binding between [3H]cytochalasin B and  G-actin. 
ATP, G-actin ADP, or G-actin- AMP-PNP in Buffer G, with 
or without 0.5 mM  MgC12, and cytochalasin D produced no 
measureable effect on the intrinsic fluorescence spectrum of 
G-actin. ATP in Buffer G containing 0.5 mM MgC12. 

The reason why binding could not  be  demonstrated directly 
became apparent from kinetic analysis of the effects of cyto- 
chalasins on the actin  ATPase activity. Double reciprocal 
plots of the cytochalasin-stimulated  ATPase  activity  per actin 
monomer as  a  function of cytochalasin concentration were 

linear for both muscle and Acanthamoeba actin below their 
critical concentrations for all four cytochalasins tested (Fig. 2, 
A and B ) .  The  fact  that these curves were linear with  respect 
to  the  total cytochalasin concentration  means that essentially 
all of the cytochalasin was free, i.e. not bound to actin, even 
at  points very close to V,,,, where, for example, the molar 
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FIG. 2. Double reciprocal plot of G-actin  ATPase activity as 
a  function of the  concentrations of cytochalasin B, C, D, and E. 
Samples of Acanthamoeba actin  (A) or muscle actin ( B )  were pre- 
pared in concentrations of 2 p~ in Buffer G containing 100 p~ [ y -  
32P]ATP and 0.5 m~ MgC12. Cytochalasins B (O), C (E!), D (O), or E 
(m) were added from stock solutions to keep the final dimethylsul- 
foxide concentration at 1% in all samples. ATP hydrolysis was moni- 
tored at 30 "C and was linear with time for at least 60 min. The 
ATPase rate is calculated as moles of P,/mol of actin/h.  The ATPase 
activity in the absence of cytochalasin (VO) was subtracted from the 
rates in the presence of the cytochalasins. Note that  the scale on the 
abscissa for cytochalasins B  and  E (CB, CE) is different from that 
for cytochalasins C and D (CC, CD). 
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ratio of cytochalasin D to monomeric actin was 1:l (Fig. 2 A )  
or 2:1 (Fig. 2B). 

This point is more clearly made  in the experiment shown in 
Fig. 3, which is a double reciprocal plot of the cytochalasin D- 
stimulated  ATPase activity per cytochalasin as a function of 
actin  concentration. If essentially all of the cytochalasin were 
free, the cytochalasin-stimulated ATPase rate per cytochala- 
sin should be proportional to  the actin  concentration  but, if 
the cytochalasin became saturated with actin, the  rate would 
level off as  the actin  concentration was increased. The solid 
line in  Fig. 3 shows a double reciprocal plot of the cytochala- 
sin-stimulated ATPase rate per  actin monomer as a function 
of cytochalasin concentration similar to  the curves in Fig. 2. 
The dashed lines in Fig. 3 show the theoretical curves a t  four 
fixed cytochalasin concentrations if the ATPase rates per 
cytochalasin were linearly proportional to the actin concen- 
tration. The experimental data agreed very well with the 
theoretical curves, demonstrating that essentially all of the 
cytochalasin was free. 

The values for V,,, and K,,, from Fig. 2 are summarized in 
Table 1. The V,,, values obtained with all four cytochalasins 
were very similar for both actins. They varied by only 20% 
with muscle actin and, with Acanthamoeba actin, the V,,, 
values were identical for three cytochalasins while the value 
for cytochalasin E differed by only a  factor of 2. The values 
for Kapp, on the  other hand, varied by as much as 400-fold 
(compare cytochalasin D and E with muscle actin), although 
they were in the same relative order of activity for the two 
actins. The full implications of these data will  be developed in 
the "Discussion" and  the "Appendix." It is of interest to note, 
however, that  the Kapp for cytochalasin D is about 0.1 pM 
when the concentration of monomeric actin is 2 p ~ ,  so that 
most of the actin,  as well as  the cytochalasin, must  be free 

l/[CYTOCHALASIN D] or !/[ACTIN]. /A" 

FIG. 3. Double reciprocal plots of cytochalasin-stimulated 
G-actin  ATPase  activity as a function of the concentration of 
either  cytochalasin or actin. Samples of Acunthamoebn actin were 
prepared in Buffer G containing 150 p~ [y-'*P]ATP and 0.5 mM 
MgC12. Cytochalasin D was added from stock solutions to keep the 
final dimethylsulfoxide concentration at 1% in all samples. ATP 
hydrolysis at 30 "C was linear with time for the 60-min experiment. 
The solid curve (0) shows the results at a fixed actin concentration 
(1  p ~ )  when the cytochalasin concentration was varied. The ATPase 
rate is calculated as moles of P,/mol of actin/h. In the  other experi- 
ments, the actin concentration was varied with the cytochalasin D 
concentration constant at 2 (O), 1 (A), 0.5 (W), or 0.2 (0) p ~ ,  and the 
ATPase activity is calculated as moles of P,/mol of cytochalasin/h. 
The  dashed curves show what would theoretically occur, in such 
experiments, if the ATPase rate per cytochalasin were directly pro- 
portional to  the actin concentration. 

TABLE I 
Kinetic parameters  for cytochalasin-stimulated hydrolysis of ATP 

by monomeric actin 
V,,, and Kapp values obtained from double reciprocal plots such as 

those in Fig. 2 are summarized below. The buffer contained 3 mM 
imidazole-C1, 0.1 mM CaCI2, 0.5 mM MgClz, 0.1 mM [Y-~'P]ATP, 1% 
dimethylsulfoxide and 0.01% NaN3, pH 7.5, unless otherwise noted. 
The stock solution of G-actin in Buffer G was prelabeled by overnight 
incubation with [y3'P]ATP at  the same specific activity as that used 
in the experiment. All measurements were performed at 30 "C. The 
rate in the absence of added cytochalasin (Vn) was subtracted from 
the  rates in the presence of cytochalasin. VO was 0.2-0.3 mol of PI/ 
mol  of actin/h for  muscle actin  and 0.4-0.6 mol of Pi/mol of actin/h 
for Acanthamoeba actin. 

Cvtochala- Muscle actin Acanthamoeba actin 

8 5.6 9.4 6.7 24.0 
C 0.30 10.0 0.43 23.0 
D 0.08 10.1 0.14 24.0 
E 33.0 8.0 10.0 12.0 

B" 22.0 9.8  29.0 22.0 
D" 0.23 11.1 0.53 22.1 

Db 0.23 19.0 
D 0.14 25.0 

ATP concentration, 240 pM; all other conditions as above. 
ATP concentration, 80 p ~ ;  other conditions as above, VO = 0.45 

e ATP concentration, 80 phi, 1 mM EGTA added; other conditions 
mol of P, mol  of actin" h". 

as above, Vn = 1.24 mol of P, mol of actin" h". 

when the cytochalasin-stimulated ATPase activity has 
reached half its maximal rate. 

Increasing the concentration of ATP,  and  thereby lowering 
the free Mg2+ concentration, had no significant effect on the 
V,,, values for either cytochalasin B or cytochalasin D with 
muscle or Acanthanoeba actins, but  the K,,, values did 
increase (Table I). Addition of 1 m~ EGTA,  to  chelate all of 
the Ca2+, did not  have  a significant effect on either the V,,, or 
K,, values of the cytochalasin-stimulated ATPase activity of 
Acanthanoeba actin, but it did increase the  rate of ATP 
hydrolysis in the absence of cytochalasin ( Vo) by a  factor of 
about 2-3 (Table  I). 

In contrast to  the linearity of the plots at  the cytochalasin 
concentrations used for the experiments in Fig. 2, double 
reciprocal plots of cytochalasin-stimulated ATPase  activity 
per actin monomer did differ significantly from linearity at 
concentrations of cytochalasin D very much greater than Kapp 
(Fig. 4). High concentrations of cytochalasin D reduced the 
cytochalasin-stimulated ATPase activity of Acanthamoeba 
actin and stimulated the activity of muscle actin relative to 
the extrapolated V,,, values. In neither case, however, did the 
ATPase rate  at  the maximal concentration of cytochalasin 
tested, which was limited by solubility, differ from the V,,, 
by more than a  factor of 2. 

Possible Intermediates in the Hydrolysis of Actin-bound 
ATP-At a minimum, the hydrolysis of ATP  to ADP cata- 
lyzed  by actin  must involve the intermediate formation of 
actin. ATP, actin.  ADP - Pi,  and  actin. ADP, assuming that 
bound P, is released before bound ADP. Actin. ADP-P, will 
accumulate in detectable amounts if the  rate of product re- 
lease from the actin is less than  the  rate of hydrolysis of actin- 
bound ATP  and if the equilibrium, actin- ATP + actin -ADP. 
Pi, lies sufficiently to  the right. If these conditions apply, the 
initial rate of hydrolysis, up  to a maximum of 1 mol of ATP 
hydrolyzed per mol of actin, will be  greater than  the steady 
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FIG. 4. Double reciprocal plots of G-actin ATPase activity 
as a function of cytochalasin D  concentration at  high concen- 
trations of cytochalasin D. ATP hydrolysis at high concentrations 
of cytochalasin D was measured for Acanthamoeba actin (1, 2, and 4 
PM) and muscle actin  (2 PM) at 30 "c. The average rate per PM actin 
(+1 S.D.) is plotted for Acanthamoeba actin. Conditions were the 
same as described in the legend to Fig. 2, except that  the  ATP 
concentrations were 120 PM and 150 PM for Acanthamoeba actin  and 
muscle actin, respectively. 

state  rate of hydrolysis, because the assay for Pi does not 
distinguish between free and actin-bound P,. In fact, no ex- 
perimental evidence for such an initial burst of Pi formation 
was obtained,  either in the presence or absence of cytochalasin 
(Fig. 5). 

In  the presence of excess ATP,  the only actin-bound  nu- 
cleotide that could be detected was ATP, both in the absence 
(33) and presence of cytochalasin. This is in accordance with 
the known affinities of ATP  and ADP for actin (26). On the 
other hand, when cytochalasin-stimulated hydrolysis of actin- 
bound ATP was  allowed to go to completion in the absence of 
free ATP  (Table  II), almost all of the product  ADP remained 
bound to  the actin (as measured by the radioactivity derived 
from [w3'P]ATP), but no actin-bound Pi could be detected 
(as measured by the radioactivity derived from [y-"*P]ATP). 
In addition, excess added Pi has no effect on the  rate of 
hydrolysis of actin-bound ATP even in the absence of free 
ATP.  The measured rate of hydrolysis of 2 ~ L M  G-actin. ATP 
in Buffer G containing 0.5 m~ MgC12  was 0.2 mol of Pi/mol of 

ci 
L 
1 3  

0 
0 2 4 6 8 10 

TIME. rnln 

FIG. 5. Initial rate of cytochalasin-stimulated ATP hydroly- 
sis by monomeric actin. Acanthamoeba actin (1 PM) was equili- 
brated with 80 PM [y-"PIATP in Buffer G containing 0.5 m~ MgC12. 
Either 1% dimethylsulfoxide (0) or 3 PM cytochalasin D, 1% dimeth- 
ylsulfoxide (0) was added  and ATP hydrolysis was monitored at 
30 "C. 

TABLE I1 
Bound nucleotide  content of monomeric actin before and after 

cytochalasin-stimulated hydrolysis of ATP 
Samples of Acanthamoeba actin (24 PM) in Buffer G were labeled 

with [cx-~'P]ATP or {V-~'P]ATP as described (31) and freed of un- 
bound nucleotide by addition of three consecutive aliquots (10% by 
volume) of 50%  Dowex 1-X8 in Buffer G. After addition of each 
aliquot, the resin was removed by centrifugation at 3000 X g for 1-2 
min. The protein concentration (about 18 PM) in the final supernatant 
was determined from the A ~ w ,  and the nucleotide content was deter- 
mined by scintillation counting. The labeled nucleotide-free actin was 
diluted to 4 PM in 0.5 mM MgCl',  10 PM cytochalasin D, 1% dimeth- 
ylsulfoxide, 3 mM imidazole-C1,  0.1 mM CaC12, pH 7.5, and hydroly- 
sis of the bound ATP  at 30 "C was monitored by 32PL release from 
[y3'P]ATP. Hydrolysis was complete (96%) within 15 min. After an 
additional 15 min, 0.5-ml samples were rapidly freed of unbound 
nucleotide. The protein concentration in the final supernatant was 
determined by the method of Lowry et al. (52) and aliquots were 
counted for radioactivity. Actin-bound radioactivity after hydrolysis 
in the sample that originally contained [y-"P]ATP represented  actin- 
bound ADP  and  actin-bound radioactivity in the sample that origi- 
nally contained [y-'lP]ATP represented  actin-bound P,. 

Actin-bound nucleotide or P, 

Before After hydrolysis 

mol/mol actin 

Labeled nucleotide 
sis 

[a-"P]ATP 0.96 0.72 
[y-32P]ATP 0.95  0.01 

actin/h, in the presence and absence of 50 ~ L M  Pi. Therefore, 
the irreversible release of actin-bound Pi occurs before the 
release of actin-bound ADP. 

DISCUSSION 

The scheme shown in  Fig. 6 is a simple model for the 
monomeric actin  ATPase cycle that can explain the experi- 
mental data.  In  this scheme, ACTIN*.  NUC must include the 
species actin. ADP Pi but may also include either  a  transition 
species, actin+. ATP, that precedes the hydrolysis step, or a 
transition species, actin**.  ADP. Pi, that follows hydrolysis 
but precedes P, release, or both. 

In the absence of cytochalasin, hydrolysis of ATP would 
occur along pathway  I with either step 2 or  a  transition 
occurring between steps 1 and 2 as  the very slow rate-deter- 
mining step. Steps 3 and 4 would  be very much faster than 
step 2, thus explaining the inability to  detect an  actin- ADP 
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A C T I N . A T P Y  ACTIN*.NUC“”- 
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5 6 

FIG. 6. Schematic representation of the  proposed model for 
the monomeric actin ATPase cycle. In the absence of cytochalasin, 
ATP  hydrolysis will proceed by pathway Z with step 2 or a transition 
occurring  between  steps 1 and 2 as the very slow, rate-determining 
step, with steps 3 and 4 very  much faster than step 2, and  with the 
equilibrium at step 1 very  much  in  favor of ACTZN.ATP. Cytocha- 
lasins  stimulate  ATP  hydrolysis if steps 10, 6, and 11, for  example,  are 

species,  in the presence of excess ATP.  The equilibrium a t  
step 1 would lie very much  in  favor of actin.  ATP,  thus 
explaining the inability to  detect  an  actin.  ADP. Pi species. 

According to  this model, cytochalasins would stimulate  the 
hydrolysis of ATP by  binding  weakly, rapidly,  and reversibly 
to monomeric actin  and  stimulating  the  rate-determining  step. 
This would occur, for example, if the  pathway  represented by 
steps 10, 6, and 11, or  any  other  cytochalasin-dependent 
alternate  route back to  actin.  ATP, were faster  than  step 2. 
Step 1 would then become the  rate-limiting  reaction.  Because 
the binding of cytochalasins is very weak, it will be difficult to 
detect  and, because the  concentraton of ACTIN*.   NUC is 
always  very low, only  a  very small  fraction of the  total  actin 
need be  bound to cytochalasin, even very near V,,,,,, to accel- 
erate  the rate of ATP hydrolysis. Since V,,,, in the  presence 
of cytochalasin, is determined by step 1, which occurs before 
cytochalasins bind, it will be independent of which cytocha- 
lasin is used to  stimulate hydrolysis. Kapp, however, will de- 
pend on  the cytochalasin  because it is a complex function of 
the binding constant for the  cytochalasin  and  several  rate 
constants (see  “Appendix”). 

Again, according to  the model in Fig, 6, as  the  concentration 
of cytochalasin is increased well past Kapp, eventually all of 
the  actin will be  bound  to cytochalasin, steps 9-12, and  ATP 
will be  hydrolyzed  only  by pathway 11. Step 5 will now replace 
step 1 as  the  rate-determining  step, if step 6 is faster  than  step 
5, and  deviations  from  linearity of the double-reciprocal plots 
are  to  be  anticipated.  Inhibition will occur, as observed in Fig. 
4A, if step 5 is slower than  step 1, and acceleration will occur, 
as observed in Fig. 4B, if step 5 is  faster  than  step 1. A more 
detailed  kinetic  analysis of the model is presented  in  the 
“Appendix.” 

The key feature of the proposed reaction  scheme  is  the 
species ACTIN*.   NUC which, as stated above,  could repre- 
sent  more  than  one  form of actin-bound nucleotide and  their 
interconversions. For  the myosin and  actomyosin  ATPase 
cycles, which  provided the basis for  the  development of our 
kinetic  model  (53),  for  example, the  rate-determining  step for 
myosin alone is the very slow release of Pi from  myosin - ADP. 
Pi, while for actomyosin, Pi release is very much  faster,  and 
the  rate-determining  step  appears  to become the  posthy- 
drolysis transition of one  conformation of myosin. ADP -Pi to 
another before the release of myosin-bound Pi. Ferri et al. (54) 
have  demonstrated  the  occurrence of monomeric  actin-  ADP. 
Pi in the  protamine-stimulated hydrolysis of ATP,  and Mock- 
rin  and  Korn (33) have shown that 15% of the nucleotide 
bound  to  one of the two sites of cross-linked actin  dimer is in 
the  form of ADP .P,. Thus,  despite  our inability to  detect 
actin-bound hydrolysis products  in  the  present  experiments, 

7 8 
faster than step 2. At  very  high concentrations of cytochalasins,  ATP 
hydrolysis  will  proceed  by pathway ZZ, in  which  step 5 probably 
becomes rate-limiting. The model is presented in greater  detail in the 
“Discussion”  and  “Appendix.” CYT, cytochalasin,  and ACTIN*.  
NUC, one or more  species of actin-bound  nucleotides,  including actin. 
ADP * P,. 

it is possible that  the  rate-determining  step in the  cytochala- 
sin-stimulated hydrolysis of ATP  is  the conformational tran- 
sition of actin  ADP - P,. 

It  is important  to realize that cytochalasin stimulates  the 
hydrolysis of ATP by  monomeric actin  under  normal polyer- 
mizing conditions and  that, as developed in  detail by Hill (55), 
the monomeric ATPase cycle is coupled  directly to  the mono- 
mer-polymer  ATPase cycle. The ACTIN*.  NUC species must, 
therefore,  be considered as possibly an  important  intermediate 
in  the polymerization of actin when ATP  is  present. Moreover, 
irrespective of which of the  several monomeric actin species 
are  capable of polymerizing to  F-actin, cytochalasins might 
affect the polymerization  process  by altering  the  reaction  rates 
that  regulate  the  formation  and breakdown ofACTIN* - NUC. 
These effects of the  cytochalasins would be  entirely  independ- 
ent of the consequences that  result from the very tight binding 
of cytochalasins  to  at  least  one  terminus of actin filaments. 
The very  different Kapp values  for the  interactions of the 
cytochalasins  with monomeric actin could lead  to  qualitative, 
as well as quantitative, differences in  their effects on  actin 
polymerization. 
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APPENDIX 

To facilitate  the  steady  state kinetic  analysis of the model 
shown  in Fig. 6 ,  we rewrite  the  scheme in the following 
condensed  form,  in  which step a includes steps 2-4  of Fig. 6,  
and  step‘ b includes steps 6-8 of Fig. 6: 

In  this model, the  symbols A,  C,   T ,  D, and N represent  actin, 
cytochalasin, ATP,  ADP,  and nucleotide (or nucleotide + Pi), 

respectively. The  constants K g  and Klo are dissociation  con- 
stants, e.g. & = [ q [ A . q / [ C - A - T ] .  Following Stein et al. 
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SO that k’l  = k l K g / ( [ q  + Kg) .  By this reasoning, we generate 
the series of rate constants: 

Using these definitions, we can write a simplified version of 
the model (1): 

k’, + k’b 

A .  r“L-7 (5) 
k’l + kL5 

where[A] = [AeT‘J + [C-A-TJ and [A*]  = [A*.NJ + [C-A*- 
NJ. The steady state  rate equation for this model is just 

o=-=-- 4 . 4 1  dtA’1 

A *  

dt dt 
(6) 

with the constraint that  the  total  actin concentration [Alto, 
= [A] + [A *I. The  steady  state  rate of hydrolysis per mol of 
total actin is given  by v = (k ’ ,  + k’b)[A *] / [A] , , ,  or 

= - [A]ik’ t  + k’5) + [A*](kLl  + k’s + k’o + k’b) 

1 1 

Substituting  Equation 6 into  Equation 7, we have 
“(l+ 1 - 1 kL1 + 1215 + k’a + k’h ) (8) V k’ ,  + k’6 k‘l + k‘s 

Finally, we substitute  the definitions for the primed rate 
constants given by Equations 4 into  Equation 8 and obtain 

191 

Let us examine some limiting forms of Equation 9 in  order to 
gain insight into  the  nature of the  rate law. When the cyto- 
chalasin concentration  approaches zero, the  rate becomes 

which is the steady state  ATP hydrolysis rate for the cycle 

?; k ,  / D  + P, 

A . T - A * . N  
k- I 

If the concentration of cytochalasin is very high, then  the  rate 
expression becomes 

V =  kskb 
k5 + k-s + kg (12) 

which is the steady state  ATP hydrolysis rate for the cycle 
with actin always bound to cytochalasin 
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(13) 

In  the limit that  the cytochalasin-stimulated rate kb is very 
large, the maximal rate of ATP hydrolysis is limited by the 
forward rate of the C . A  - T to  C-A * N transition, i.e. V,,, = 
ks. 

As shown in  Fig. 2, the measured cytochalasin-stimulated 
monomeric actin  ATPases rates yield linear double reciprocal 
plots when plotted uersus the  total cytochalasin concentra- 
tion. It is, therefore, useful to rearrange  Equation 9 to a double 
reciprocal form in order to understand the significance of the 
extrapolated values of V,,, and KaPp obtained from such plots. 
We fist assume that no hydrolysis occurs in the absence of 
cytochalasin because k ,  = 0. This is a reasonable assumption, 
since the  rate of hydrolysis of ATP is 30-60 times  faster in the 
presence of cytochalasin. For simplicity, we also assume that 
the cytochalasin dissociation constants Kg and Klo are equal, 

With  these assumptions, Equation 9 can be regrouped into 
a  constant term, a term proportional to  l/[cytochalasin], and 
an additional  term with a more complicated dependence on 
the cytochalasin concentration: 

Kg = KIo = K .  

In rearranging Equation 9 to obtain  Equation 14, we have 
made use of detailed balance which requires k--lk5 = k A - 5 .  A 
linear double reciprocal plot will be  obtained when the last 
term in  Equation 14 can be neglected. This last term will be 
identically zero when k1 = ks and will approach zero as [q 
goes to zero, so that  an approximately linear double reciprocal 
plot is also obtained at  relatively low cytochalasin concentra- 
tions, even when k l  does not equal ks.  

When the  last term in Equation 14 can be neglected, we 
can rewrite this equation in the  standard double reciprocal 
form 

where 

and 

We, therefore, identify the extrapolated V,,, and Kapp values 
obtained from data such as those in  Fig. 2 with the expressions 
shown in Equation 15. 

Let  us now consider the limiting forms of V,,, and K,,,. If 
k - ,  >> k ,  and kb >> k- , ,  we find V,,, = k1 and Kapp = ( k - ] /  
k,)  K .  Thus, Vmar is determined by a step in which actin is not 
bound to cytochalasin, and is, therefore, predicted to be the 
same for any cytochalasin used, while Kapp depends explicitly 
on the binding constant, K, for the particular cytochalasin. 
Note that Kapp will  be much smaller than K,  since kb  >> k - ,  
and that, therefore, the ATPase activity will be titrated at  
cytochalasin concentrations well  below those at  which meas- 
urable cytochalasin binding occurs. 

As the cytochalasin concentration is increased, appreciable 
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cytochalasin binding occurs, and the  last  term in Equation 14 
cannot be neglected. Under these conditions, the double re- 
ciprocal plot will deviate from linearity. As seen in  Fig. 4, the 
resulting double reciprocal plots will be either concave upward 
or concave downward, depending on whether kg < k1 or ks > 
k l ,  i.e. whether the  rate of the A .  T to A * .N  transition is 
faster with unbound or cytochalasin-bound actin monomer. 
As the cytochalasin concentration becomes very large, the 
rate becomes 

1 kr + k-1 + kb k i - h s  
r+m V 
lim - = 

k~kb klks 
+- 

Note that,  as discussed for the general model, if kb is very 
large, the maximal rate obtained at very high cytochalasin 
concentrations  approaches ks, and  the C.A.T  to C . A * .  N 
transition is the rate-determining step.  Both at  low and high 
concentrations of cytochalasin, the model predicts that  the 
rate of ATP hydrolysis should be a linear function of the  total 
actin  concentration;  this is true even on the nonlinear portions 
of the double recimocal ulots. 
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