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The rate Qf actin polymerization, the rate of nucleotide splitting and the rate of the nucleotide exchange have been 
measured simultaneously. Correlation of these three measurements demonstrated that nucleoride splitting and eschange 
were mainly connected with the association and Dissociation reactions of acrin protomers at the ends of actin filaments 
and were not caused by release and rebinding of nucleotide molecules at the binding sites along the filament. The observa- 
tion made by others that the nucleotide exchange was accelerated in the presence of ATT was explained by the tnnsloca- 
tional head-twtail polymeriz3tiQn of actin: Due to the simultaneous lengthening of the filament at one end and shortening 
at the other, nccIeotide molecules are incorporated at one end and relezed at the other. In the absence of AI?, where the 
head-to-tail polymerization mechanism was not operative nucleotide exchange was brought aboat by the slow process _ _ 
of length fluctuation of polymers. 

1. Introduction 

Actin-bound nucleotide has been suggested to be 
involved in several functions of this protein. The 
nucleotide apparently plays a role in the regulation 
of actin polymerization. Evidence has come from the 
observation that actin containing ADl? polymerizes 
at slower rate than actin containing ATP [l]. Recent- 
ly it has been demonstrated that the cIeavage of ATP 
which occurs during polymerization of actin is im- 
portant in regulating the direction of growth of actin 
fdaments. The irreversible nucleotide splitting causes 
the fdaments to lengthen at one end and to shorten 

simultaneously at the other (translocational head-to- 
tail polymerization) [2,3]. Another function has been 
proposed for the nucleotide in the interaction of 
actin with one of the proteins to which actin is bound 
[4] _ Investigations of the role of the actin-bound 
nucleotide in the interaction of actin with myosin, 
troponin or tropomyosin have been based on mea- 
surements of the rate of the nucleotide exchange 
[review: 5]_ 

Two mechanisms of nucleotide exchange have 
been proposed [6]_ (i) Nucleotlde molecules are in- 
corporated into the polymer sokiy by the association 
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of ATP containing monomers with actin filaments 
and are released from the polymer solely by dissocia- 
tion of subunits with bound nucleotide. (ii) Nucleo- 
tide molecules are exchanged by release from and 
binding to the nucleotide binding sites along the 
filament in addition to the exchange by association 
and dissociation reactions at the ends of actin fila- 

merits. Proof of one of these mechanisms has been 
hampered by the difficulty in separating quantitatively 
the contribdtion of cucleotide exchange at the ends 
of actin filaments and at the binding sites along the 
filaments_ 

For an understan ling of the interactions of actin 
with other proteins it is important to know ifar to 

what extent the a&n-bound nucleotide is available 
for release from the binding sites along the filament. 
In the present study the contributions of the two 
pathways of exchange have been separated by correlat- 
ing the rate of ATP splitting and of nucleotide incorpo- 
ration into filaments with the kinetics of the monomer 
concentration. 

2. Material and rcetiads 

Actin was prepared according to the method of 
Rees and Young [7] with the following alterations: 



The protein was chromato~raphed on Bio-GeX P 
150 and protected against denaturation by mod~~c~- 
tion with N-ethylmaleimide f8] _ Actin concentrations 
were determined photometrically using the biuret 
reaction [9]. 

Solutions of monomeric actin contained OS m&f 
ATP, 0.02 nhf MgClz and 200 mg/Q sodium azide to 
prevent bacterial growth. The solution was buffered 
with 5 m&l trieth2~~iam~nc - HCl (pH 7.5). The 
polyme~zation was initiared by mixing two parts of 
actin solution with one part of a buffer containing 
sufficient MgCIZ to give a final concentration of OS 
mM. 

All solutions were centrifuged at 100 000 g for 
two hours to remove dust and polymers. The scatter- 
ing intensity was measured with a ff uorometer 
(Farrand MKl) at an angle 9 of 90 degrees and a 
wavelength X of 546 nm_ 

For a solution of polyd~spe~e Iong, thin rods Iike 
actin fdaments, it has been shown [Q,lO] that the 
reduced scattering intensity R is proportional to the 
concentration of subunits incorporated into filaments 

(c,): 

R = const. - cW (1) 

Eq. (I) can be applied if the Iength of the z&n rods 
is greater than h* and the diameter is smaB compared 
to X*, where Xx is h/(u 4a sin 8j2.) and 11 is the re- 
fractive index. 

The inst~me~t was calibrated by measuring the 
scattering intensity of solutions -of known cw. 

2.4. Much tides 

r4C-adenosine-triphosphate was purchased from 
New England Nuciiear Corporation. ATP and ADP 
were separated by ion exchange chromatography 
(DEAE-Sephadex A-25)_ The radioactivity of the 
fractions containing ADP and ATP was measured 
using lnsta Gel (Packard) in a Packard model 33201 
3330 sc~t~ation counter, The ATP concentrations 
of actin solutions were detained by abso~~on at 

259 nm (e = 15 400 cm-1 M-t) and e~zyma~ical~y 

ill]. 

2.5. FiItraioa 

ne technique of filtration was applied for separ- 
ating actin and the bound nucIeotide from solutions. 
The filtration was carried out at a pressure difference 
of 300 torr. To remove unbound, radioactively labelled 
nucieotide the filter was washed once with 1 ml of a 
solution containing 2.5 mM CaC12 and 0.1 M KCI. 
Further washing had no significant effect on the fina1 
result, The filter was di.ssoIved in 2 ml dimethy~fo~- 
amide by shaking for 2 hours. 15 ml Insts Gel and 
2 ml 0.2 M MgC12 solution were added. After further 
shaking the radioactivity was measured. For calibra- 
tion a known amount of labelled nucleotide was added 
to scintillation liquid treated in the same way. 

A trace of radioactively Iabelled ATP (0.03 J&i/ml 
sollution) was added so actin sclutions. The kinetics 
of the formation of actin polymers was measured by 
iight scattering. At the same time the rate of ATP 
splitting was followed by taking samples of actin, 
deprotonizing them with perchloric acid and determ- 
ining the content of labelled ADP and ATP. At the 
final stage of polymerization where the monomer 
concentration had reached a constant steady-state 
value as indicated by the constant light scattering 
intensity, a second trace of radioactively labefled 
nucieotide (O-12 &X/ml solution) was added. The rate 
of incorporation of the labeIled nuc!eotide into the 
polymers was measured by separating actin from the 
solution and determining the labelled ADP bound 
to actin, The critical rn~nom~r concentration was 
determined by separating monomers and poiymers by 
centrifugation and measuring the absorbance of the 
supematant at 290 run. 

3. Analysis of the kinetics of nuc~eotide exchang? and 
hydrolysis 
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Fig. I. Reaction scheme of actin polymerization. The chevron 
symbol stands fGf an actin protomer with bound ATP or 
ADP. P is inorganic phosphate. 

and of the association of actin necessitates a brief 
consideration of the polymerization mechanism of 
actin [12,13,3]. Monomeric actin binds ATP strongly 

[ 14,151. During the association of actin monomers 

the nucieotide is hydrolysed to ADP and phosphate. 

ADP is incorporated into the filament and phosphate 
is released. Subunits dissociating from the filament 
contain ADP which is replaced by ATP in a fast 
reaction. ATP has a much higher affinity for mono- 
meric actin than ADP, so that in an excess of ATP 

nearly all monomeric actin contains ATP. 

The structural polarity of actin filaments [ 163 

requires the introduction of four rate constants for 
the description of the rate of actin polymerization. 
These are two association rate constants for the 
binding of actin monomers to both ends of a filament 
(k, and k2 for end 1 or 2 respectiveIy) and two dis- 
sociation rate constants for the release of actin pro- 
tamers from both ends (ki and ki for end 1 or 2 
respectively) (see fig. 1). Since the dissociation is not 
the reverse reaction of the association the ratios of 
the association and dissociation rate constants are 
not equilibrium constants which must be equal for 
both ends but are independent quantities. As a con- 
sequence of the irreversible polymerization cycles, 
actin fiaments can grow at one end and simultaneous- 
ly shorten at the other (translacational head-to-tail 
polymerization) [3]. 

The total growth rate of actin filaments defined as 

the time derivative of the number(n) of polymer sub- 
units is given by 

bl/dt = (ki f kz)Cl - (ki f ki), (2) 

where c1 is the monomer concentration. 
A polymer which starts to form at time t, (nuclea- 

tion) contains at time to on the average II subunits, 
where 

'0 

tt = 
s 

[(k, + k2)c, - (k; + k;)] dr. (3) 
r1 

Deviations from the average value 11 are relatively 
small for large II. 

The rate of incorporation of monomers into poly- 
mers is the product of the rate of growth of a single 
filament and the concentration of all polymers (c,): 

de1 _=_!k 
dt dt ‘p 

=-WI f k,k, -(k; f k;)Ic,- (4) 

At the final stage of polymerization the monomer 
concentration reaches a constant steady state value 
(critical monomer concentration Cl)_ Under this 

condition the polymers lengthen at one end (i.e. end 1) 
with the same rate as they shorten at the other (end 2). 

The average length remains unchanged 

dfl % dn2 -z-j---=o 
dt dt dt ’ 

where n 1 or nz are the numbers of subunits by which 
the polymers are lengthened or shortened_ 

In the following treatment the exchange of nucIeo- 
tide molecules bound to actin filaments is discussed 
on the basis of two mechanisms proposed by Kasai 
and Oosawa [6]_ In the first model it is assumed that 
the nucleotide is incorporated into and released 
from the fdantent solely by association or dissocia- 
tion of protomers at the ends of filaments. In the 
second model an exchange and splitting of nucleotides 
at the binding sites along the filament as wel as by 
association and dissociation of subunits at the ends is 
postulated_ 

3.2. First model 

3.2-l. Rate of incorpomtiorz of labelled nucieoride 

If at time to when the monomer concentration is 
near the critical monomer concentration Cr radio- 
actively labelled ATP is added to a solution of poly- 
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Fig. 2, Skcltanism of nucfeotide exchange at the ends of 
actin filament. The chevron symbol stands for an actin 
protomer. ADP is drawn ar circles and radioactively fabelled 
ADP as filled circles. Top: State of a filament at time 10, 
Middle: State of a filament at a time t where to <t < to 
f n/(ktF1 - ki). Bottom: State of a filament at time ro + nf 
(klZ1 - k;). 

merit actin Iabelled nucieotide starts to be incorpor- 
ated at the lengthening end whereas uniabelled 
nucleotide is released from the shortening end. The 
rate of nucleotide exchange is governed by the rate 
of ~engthe~n~ or shortening of a poiymer (see fig. 2). 
After some time the filament is completely saturated 
with labefled nucleotide. The time (t(n)) needed for 
a saturation of filaments with II subunits is equal to 
the time needed for a lengthening of the fdaments by 
or subunitri at end 1 or a shortening by IJ subunits at 
end 2 

t(r~l) = ~~~~~~~ - k;) = -h(k& - k;). 02 

Consequently for unsaturated filaments (concentra- 
tion c,), the rate ~&incorporation of lAtelIed nudea- 
tide (concentration *AD%‘) is 

y =(k,C, - k;)c, 

t,, <r-O, +nl(kIFI - k;) 

and for saturated fiIament is 

d*ADP _(j 

dt 

t > ‘0 f “j(klCl - k;)_ (71 

The determination of cP, the number of subunits n, 
and the various rate constants is extremely difficult. 
The probtem can be avoided by correlating the rate 

of nuc~~otide ~ncorpu~tion with the kinetics of mono- 
mer co~centra~on in the following way. 

The time interval tftr) can be expressed in terms of 
the time (ro - tl) needed to build up a fdament com- 

bining eqs. (2), (3), (5) and (6) 

t(n) = f p (c& - I)dt, (8) 
rl 

where 

The parameters gives the ratio between the rate of 
lengthening at end I and the frequency of dissociation 
or association steps at both ends. This parameter was 
determined experimentally by measurement of the 
exchange of covalently labelled actin as described 
elsewhere (3). 

In actin solution: nucIeation occurs continuously 
so that the time of nucleation fl is different for each 
filament. The concentra~on of fdaments (A+ which 
start to form in a small interval of time (At) around r, 
is given by [cf_ eq. (4)] 

1 dc1 
[{kg ‘kz)cr -(kk; +k;)f dt 

II 
rccl At 

(91 

The rate of nucteotide incorporation into those fila- 
merits at time t2 is 

and 

001 

The rate of incorporation into all fdaments is obtained 
by summing up the contributions of all unsaturated 
polymers 

d *ADP 
dr 

=-s 
l=ra 

where 
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Fig. 3. Simtdations of nucleotide exchange as calculated by 
the approximate eq. (11) (dots) and by a numerical simula- 
tion (crosses). The curves have been computed for the fob 
lowing pammeters: kt = 5 X IO3 M-’ s-r, k2 = 5 X lo3 hl-’ 
s-t. k’* = 1.25 x 10-Z s-t, k; = 3.75 x 10-2 s-t, 5 = 0.15. 
it has been assumed that the potyme~~a~on commenced with 
monomers only. The continuous nudeation has been intro- 
duced by assuming that the monomers and dimers (ca) are in 
a fast preequilibrinm (ir = &cz = 10-’ M) (see ref. (91 f. 
The time of addition of labelled ATP has been taken to be 
20 a00 5. 

I 
f0 

t2 - to = ; 
s 

(cl/F1 - 1)dt. 

81 

dctfdt at tine t = 0 is zero since the experimental 
conditions are chosen so that at the beginning of the 
polyme~z~~on no polymers are present. 

The de~vation of this equation is based on the 
approximation that the degree of polymerization of 
a filament is equal to the average value which is given 
by an integration of the rate of growth over the time 

(eq. (3)). Proof for the validity of this assumption 
comes from a comparison of the approximation with 
a numerical calculation for a set of kinetic parameters 
which is realistic for actin potymerization [9] (see 
fig_ 3). 

322 E&r& of ATP splitting 
The rate of ATP splitting or ADP prod~ctian is 

determined by the frequency of monomer addition 
to the filament 

d [ATP] 
dt 

Substituting eqs. (2), (4) and (5) we arrive at 

d [ATP] d[ADP] =I dct F=- 
dt dt =cx dt 

(121 

(13) 

Eqs. (1 I) and (f3) correlate the kinetics of the mono- 
mer concentration with the rate of ATP splitting or 
nucIeotide incorporation respectively. The parameter 
s can be detemlined independently. By a companion 
of the time dependence of the monomer concentra- 
tion with the rate of ATP splitting and nucleotide 
incorporation, it can be proved if the kinetic beha- 

tiour of the nucleotide-actin system is compatible 
with the proposed model. 

3.3. Second model 

Actin polymers bind ADP in a molar ratio of one 
molecule per subunit. In view of the saturation of the 
nucfeotide binding sites it is a reasonable assumption 
that the rate of a nucleotide exchange and splitting 
at the binding sites along the fiIament is governed 
by the rate of dissociation of an ADP molecule from 
the polymer (rate constant li;) (see fig. 4). 
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Fig- 4. Mechanism of nuclcotide exchange at the ends and at 
the binding sites along the filament. The chevron symbol 
stands for an actin protomer. ADP is drawn as circles and 
radioactively iabelted ADP as flied cirdes. Top: State of a 
fthment at time to- Hidlde: Stzte of a fihiment at time t 
where to < t < to + n/<k~i?~ - k;]; m ADP mdecules have 
been inrorporated at the ~eng~en~g end and (n - m) ADP 
molecules have been partially exchanged at the binding sites 
of the Lament Bottom: State of a ftament at time r~ + nl 
ktcl -k;). 
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The number (m) of radioactively labelled nucleo- 
tide molecules which are incorporated into a filament 

within an interval of time % - fo by lengthening of 
end 1 is given by 

m = (kr’l - $)(r2 - fo)_ WI 

The probability that one of the remaining n - m sub- 
units at the shortening end has exchanged its nucleo- 
tide molecule by release of ADP from the binding 
sites along the filament is 1 - exp(-k;(tz - to))_ The 
time course of labelled-nucleotide exchange is given 
by the sum of the rates of nucleotide incorporation 
at the lenthcning end, release at the shortening end 
and exchange at the binding sites along the filament: 

v = [(k,& - k;) 

+ (1 - exp(-k;(t2 - to))} (k2Fl - k;) 

+ k; Cl - exp(-k;(rz - ro))l(n - m)]c, (15) 

The continuous nucleation is taken into consideration 
by summing up the contributions of all fdaments as 
described in section 3.2. 

d *ADP exp(-k;($ - @ dcl 
dr r=r, = -’ C#@t - 1 =r=r* I 

+ k; 11 -exp(-k;(r2 - q,)))(c 
LO - %*&~ 

The difference between the monomer concentration 
at the initiation of the polymerization {ccl/,,) and ai 
ihe time tl(ct(,rt ) is equal to the concentration of 
subunits incorporated into polymers (cw) at the time 
t=r1 :cw =C*& - cl. Eq. (16) now becomes 

d”ADP exP(--k& -. Q) do 1 

dt =--s I I=rz Cl(f+-~ - 1 dtt=*1 I 

+&Cl - exPG-k;& - ~(J))k&~). 07) 

3.3.2. Rate of A Tp splitting 
The rate of ATP splitting or ADP production is 

determined by the rate of release of ADP from the 
polymer subunits and the frequency of cssociation 
reStions at the ends of the polymers (see eq. (i3)] 

5 .I03 

t IsecJ 

Fig. 5. Continuous tine: Time course of the subunit incorpora- 
tion into polymers cW Crosses: Time course of the formation 
of ADP _ Dots: Time course of ADP derived according to 
eq. (13). Triangles: Time course of ADP derived according to 
eq. (18) kth k; = 5 X IO4 s-*- 

Nucleotide exchange as the binding sites along the fda- 
ment is indicated by an acceleration of ATP splitting 
and of nucIeotide incorporation compared to an 
exclusive splitting and exchange at ,rhe ends of the fila- 
men& 

4. Measurements 

0.1. Kinetics of A TP sprirting 

The kinetics of the a&in-subunit incorporation into 
polymers (cc,) and of the formation of ADP is shown 
in fig. 5. The total actin concentration (cCtot) was 22 
a, the critical monomer concentration (c?~) was 
6.3 PM and the total nucleotide concentration was 
470 PM. The time course of nucleotide splitting 
which can be derived from the kinetics of the monomer 
concentration (eqs. (131, (18)) has been calculated by 
replacing the integrals ty a sum df intervals of 120 s 
width. The curves have been computed for the case 
of exciusive ATP splitting at the ends of actin fila- 
ments and for a slow additional ATP splitting at the 
binding sites along the ftiament. 
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Fig. 6. Bars: Tkne course of the labelkd ADP incorporated 
into polymers. Continuous line: Time courr of incorporated 
ADP derived according to eq- (11). Time course of incocpor- 
ated ADP derived according to eq. (17) with k; = IO* (dots), 
with kj = 2 X lo4 (triangks) and with ki = 5 X lo4 
(squares). 

4.2. Rate of rwcleotide itrcorporariorr 

Fig. 6 shows the kinetics of the incorporation of 
labe!.led nucleotide into actin filaments. The time 
course of incorporation has been derived from the 
kinetics of the monomer concentration according to 

eqs. (II) and (17) for the two models. The parameter 
s, which has been determined independently (3), was 
0.25. 

5. Discussion 

The kinetics of nucleotide incorporation is fitted. 
well by the model of exchange exclusively due to 
binding of monomers at the ends of actin fdaments. 
It seems not to be justified to base a proof for an 
exchange at the binding sites along the filament on 
the observed slightly higher rate of incorporation, 
as the difference between the measured and the cal- 
culated curve is a small difference of two large qua.n& 
ties. The kinetics of ATP splitting shows some systema- 
tic deviations from the time course derived for the 
mechanism of splitting solely at the ends of filaments_ 
A more refmed treatment which includes additional 
reaction steps for the association of monomers to the 
filaments could explain these deviations. However in 
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Fig. 7. Reaction scheme of reversible poIymerization. 

general the measured and the calculated curves are in 
agreement_ A sIow exchange of nucteotide at the 
binding sites along the filament can not be excluded 
by meaus of these experiments_ The rate of such an ex- 
change wouId be certainly slower than 2 X low4 S-I 
(se: figs. 5,6) under the experimental conditions. 

Studies on the nucIeotide exchange have been re- 
ported for pure F-actin and for actin with other bound 
muscle proteins (5, 17, 18, 19,20,21,22,23). It has 
been found that in the isolated system the nucleotide is 
quickly exchanged in the presence of magnesium and 
ATP, Lack of one of these components leads to a 
slow exchange, Also replacement of magnesium by 
calcium or replacement of ATP by ADP or pyrophos- 
phate causes the nucleotide to be more slowly released 
or exchanged (6). The different effects of ATP and 
ADP can be interpreted in the following way: As 
pointed out in 3.1 and ref. [3] the translocational 
head-to-tail polymerization is rendered possible by 
the irreversible splitting of ATP which occurs during 
the polymerization cycles of actin. In the absence of 
ATP, however, the actin protomers which associa?? 
with the end of a filament or dissociate from the ~xr1.1, 
bind the same nucleotide, namely ADP, so that the 
dissociation is the reverse reaction of the association 
(see fig, 7). In the case of reversible polymerization the 
growth of a filament is either outwards from or inwards 
to the centre at both ends of a filament or if the 
monomer concentration is equal to the critical monomer 
concentration, at either end of the filament occur as 
many association reactions as dissociation reactions. Ln 
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the latter case the exchange of subunits is brought 
about by the ff uctuation of the length of filaments- 

Exchange of subunits due to fluctuations of the 

length is a slow process, especially for long filaments. 
compared to the directed exchange of the transloca- 
tional head-to-tail polymerization (3,6). 

The reason for the acccIeration of nucIeotide ex- 
change’in the presence of ATP may be that the re- 
versible polymerization, which occurs in the presence 
of ADP, is switched by ATP into translocational 
head-to-tail polymerization. 
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