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ABSTRACT A detailed mechanism that fully accounts for the
Mg" -induced polymerization of actin in the presence or absence
of Ca2' at 20oC and pH 8 is presented. In the absence of Ca2',
the mechanism of the Mg2+-induced polymerization is as follows:
Mg2+ binds to a metal-binding site on G-actin and induces a con-
formational change, which is required for eventual polymeriza-
tion. The overall dissociation constant for this binding is about 30
FaM. This actin species then binds a second molecule of Mg2+ (Kd
= 5 mM), which yields a species capable of polymerization. Di-
mer formation from this monomeric species is quite unfavorable,
but trimer formation from dimer and monomer is much more fa-
vorable. The trimer may then elongate to give filaments. Ca2+,
when present, binds at the same site as the tightly bound Mg2+
and must be displaced by Mg2+ before the conformational change
can occur. The rate and dissociation constants for tight binding of
Ca2+ and Mg2+ and for the conformational change are consistent
with those observed previously by using a fluorescently labeled G-
actin. With the mechanism proposed, it is possible to fit the full
time course of polymerization over a wide range of actin concen-
trations, Mg2+ concentrations, and Ca2+ concentrations.

Actin polymerization induced by Mg2" has been presumed to
be a nucleation-elongation process (1-3). It has been shown
previously, however, that when Mg2" binds to monomeric G-
actin it induces a conformational change (4, 5), and recent evi-
dence suggests that, with Mg2+, an activation step is required
prior to polymerization (6-8). The present paper confirms this
observation and shows that the conformational change induced
by Mg2+ in G-actin that was previously observed (4, 5) is the
same as that required for the polymerization process. Thus the
simple nucleation-elongation model is not sufficient to describe
the Mg2+-induced polymerization. However, Mg2" binding to
this site is not the major controlling factor in the polymeriza-
tion. Rather, Mg2+ binding to a site of lower affinity is re-
quired. There is evidence for low-affinity Mg2+-binding sites
(9, 10), but it has never been clear what the dissociation con-
stant is or how many Mg2+-binding sites are required to explain
the rate dependence. The present paper suggests that only a
single low-affinity site (Kd = 5 mM) is required.

Although the nucleation-elongation process subsequent to
Mg2+ binding is the model used, there has been disagreement
about the size of the nucleus, with values ranging from two to
four monomer units (6, 7, 11, 12). Because of the nature of the
equations that describe the polymerization process, investi-
gators have had to assume that formation of each species prior
to that of the nucleus that undergoes elongation is equally un-
favorable. This paper describes the time course of polymeriza-
tion by using a computer simulation system in which the as-
sumption is not a necessary one. The data suggest that, although

the species that elongates is indeed a trimer, the formation of
trimer is much more favorable than the formation of dimer. I
provide here a mechanism that quantitatively describes the full
time course of actin polymerization as a function of actin con-
centration, Mg2+ concentration, and Ca2" concentration.

MATERIALS AND METHODS
Actin. Rabbit skeletal muscle G-actin was isolated and pu-

rified according to Spudich and Watt (13) with gel filtration
(Sephadex G-150) as described (14). Unless used immediately
after gel filtration, actin was stored at -20oC after lyophili-
zation in the presence of sucrose (2 mg per mg of actin). Ly-
ophilized actin was dialyzed at 40C for 1-2 days either against
2 mM Tris-HCl, pH 8/200 puM ATP/200 AM CaCl2/1.5 mM
NaN3 or against 2 mM Tris-HCl, pH 8/100 ,AM ATP/50 AM
MgSO4/1.5 mM NaN3/200 ,uM dithiothreitol for Ca2+-free ac-
tin (6). The protein concentration was determined spectropho-
tometrically by using a value of Almg/mI = 0.63 at 290 nm (15)
or by Bradford determination (16) for pyrene-labeled actin with
G-actin as a standard.

Polymerization Kinetics. All actin solutions were centri-
fuged before use at 180,000 X g for 30 min or 100,000 x g for
60 min. The polymerization process was followed continuously
by fluorescence, using trace amounts of pyrene-labeled actin
(excitation 365 nm, emission 386 nm) as described (17). Because
the fluorescence change (25-fold) on polymerization is in-
dependent of the pyrene-labeled actin concentration (17), the
amount of pyrene-labeled actin was kept constant (5 tug/ml)
even in experiments in which the total actin concentration was
changed. The advantages of this assay for quantitative mea-
surement of actin polymerization have been discussed else-
where (6, 7, 17). Solutions were stirred with a magnetic stirrer
in the bottom of the fluorescence cuvette for only 10 sec after
addition of the amount of Mg2+ required to start the poly-
merization. All polymerization reactions were performed at 20'C.
Data were stored in a mode that could be used as a real data
curve in the simulation program described below.

Simulation of the Full Time Course. A general system of
computer simulation of kinetic mechanisms by numerical in-
tegration has been described (18). It is possible to simulate actin
polymerization (incorporation of monomer into polymer) by us-
ing this system and a mechanism of the type

A +A-A2
A2 + A = A3
A3 + A A4

[1]
A6 + A=An
An + A An

Abbreviation: AEDANS-labeled G-actin, actin labeled with N-iodoace-
tyl-N'-(5-sulfo-1-naphthyl)ethylenediamine.
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where Anrepresents all polymers, and polymer formation is the
difference between the total actin concentration and the con-
centration of those species prior to the polymer species A,. When
expressed in terms of monomer, polymer formation is Atol-
X5=2 iAi. The second term of this equation represents the con-
centration of dimer, trimer, etc., and these concentrations are
normally quite small. The use of this system will be described
more completely elsewhere (19). Scheme I represents an ex-
tension of this mechanism in terms of Ca2' and Mg2' binding
prior to polymerization. Data are fit by visual inspection of real
and simulated data as shown by the figures.

RESULTS
The mechanism for Mg2+-induced polymerization of actin is
shown in Scheme I.

Kca1. A+Ca _ ACa

2. A+Mg AMg -A'Mg
k-l

Kg
3. A'Mg + Mg A'(Mg)2

k2
4. A'(Mg)2 + A'(Mg)2 = [A'(Mg)2]2

k-2
k3

5. [A'(Mg)2j2 + A'(Mg)2 k_ [A'(Mg)2]3
k-3

6 [ [A (Mg)2]n + A'(Mg)2k;: [A'(Mg)2]n

Scheme I

where A is monomeric G-actin, ACa is G-actin containing bound
Ca2+, A'Mg is a conformationally altered form of G-actin, ke
and k-e are the elongation and disassembly rate constants, and
n, in terms of Eq. 1, is assumed to be 6. For n values of 6 or
larger there are no observable differences in the simulated time
course; values between 3 and 6 are slightly different from each
other. Thus, 6 was chosen as an accurate representation for the
simulation. Step 6 of Scheme I represents the elongation pro-
cess. Points to note about this mechanism are (i) Ca2' and Mg2+
compete for binding to the so-called tight metal-binding site of
G-actin; (ii) the conformational change induced by Mg2+ is a
required step for polymerization; and (iii) binding of a second
mole of Mg2+ is also required prior to polymerization. Portions
of this mechanism are examined below.

Steps 4-6. Ca2+-free G-actin may be prepared by dialysis of
G-actin against a buffer of 2 mM Tris HCI/100 AM ATP/50
,M MgSO4/1.5 mM NaN3/200 ,uM dithiothreitol, pH 8 (6).
Prior to polymerization, the monomeric G-actin was incubated
for 5 min at a Mg2+ concentration of 350 ,uM to induce the con-
formational change of step 2 (see below). After this time, all the
G-actin is in the form A'Mg (Scheme I, step 2). The concen-
tration of Mg2+ used here was not sufficient to induce any po-
lymerization during the incubation time. After incubation, the
appropriate amount of Mg2l was added to start polymerization.
The time course of polymerization at one level of Mg2+ (2 mM)
as a function of actin concentration is shown in Fig. 1. Attempts
to fit these data with the simulation program consistently in-
dicate a nucleus size between a dimer and a trimer. Thus a
mechanism that uses a dimer as the nucleus gives too small a
change in polymerization rate as a function of actin concentra-
tion, and a trimer mechanism gives a change that is too large.

For example, ratios of half-times of polymerization using a di-
mer and trimer nucleus over a 6-fold concentration difference
as measured by simulation of Scheme I are 15 and 38, respec-
tively, whereas the ratio for the real data (Fig. 1) is 26. A similar
observation has been made at every other level of Mg2+ tested
(1.5 mM-4 mM, data not shown). As will be discussed else-
where (19), there are at least two ways by which this result may
occur for a simple nucleation-elongation mechanism; one in-
volves fragmentation of the filaments (or fragmentation and an-
nealing) and the other involves unequal dissociation constants
for dimer and trimer formation. A mechanism including frag-
mentation and annealing does not fit the data well.

The data shown in Fig. 1 are fit with the assumption that
dimer formation from monomer is a very unfavorable step, but
trimer formation from dimer and monomer is not nearly so un-
favorable. The dissociation constants for dimer and trimer for-
mation differ by a factor of about 105. The values used for these
dissociation constants are given in Table 1.

Steps 3-6. Fig. 2 shows the Mg2' dependence of polymer-
ization at a given actin concentration. As above, these exper-
iments were performed in the absence of Ca2+ and with in-
cubation with sufficient Mg2+ to induce the conformational
change indicated in step 2 of Scheme I but not sufficient to in-
duce polymerization. By using the mechanism so far proposed
(unequal dissociation constants for dimer and trimer), it is pos-
sible to fit these data with a single weak binding site for Mg2+,
using steps 3-6 of Scheme I. The dissociation constant of Mg2+
for this site is 5 mM (Table 1).

Steps 1-6. Fig. 3 shows the dependence of the polymer-
ization rate on the concentration of Ca2+ at a given concentra-
tion of Mg2+ and actin. These data show that increasing con-
centrations of Ca2+ increase the lag time of the reaction and
decrease the rate of polymerization. The data were fit by using
the values given above for steps 3-6 but including a binding site
that can bind either Ca2+ or Mg2+. Subsequent to weak Mg2+
binding a conformational change is induced that leads to tight
Mg2+ binding. The binding of Mg2+ to this site is directly com-
petitive with Ca2+. It has previously been shown that these steps
occur in G-actin (4, 5). The incorporation of this process into
the mechanism shows that the Mg2+-induced conformational
change is a prerequisite for polymerization. Table 1 lists the
values used to fit the data of Fig. 3. As discussed below, these
values are essentially identical to those determined by a totally
independent method [i.e., the Mg2+-induced fluorescence
change of AEDANS-labeled G-actin (5)].

DISCUSSION
The mechanism proposed in Scheme I quantitatively explains
the dependence of the time course of polymerization on actin
concentration, on Mg2+ concentration, and on Ca2+ concen-
tration. The first step in the scheme is the displacement of Ca2+
by Mg2+ which, subsequent to binding, induces a conforma-
tional change in the actin that is a prerequisite for the Mg2+-
induced polymerization process.
The process shown in steps 1 and 2 of Scheme I has also been

described by a different method (4, 5). The Mg2+-induced flu-
orescence change in AEDANS-labeled G-actin showed that Ca2+
and Mg2+ compete for a single site and that Mg2+ induces a
time-dependent change in the fluorescence of labeled G-actin
that can be reversed by Ca2+ (4, 5). The observed time-de-
pendent response was interpreted as weak binding of Mg2" fol-
lowed by a conformational change to give tighter Mg2" bind-
ing. Dissociation constants for Ca2" and Mg2" as well as for the
rate of the conformational change were determined from these
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FIG. 1. Actin polymerization as a function of actin concentration. Polymerization was measured by the change in fluorescence of a constant
trace amount of pyrene-labeled actin (17). Experimental conditions: 200C, 2 mM Tris-HCl, pH 8/100 AiM ATP/1.5 mM NaN3. The actin was in-
cubated for 5 min with 0.35mM Mg2' and then sufficient Mg2" was added to make the final total concentration 2 mM. Actin concentrations used
were (right to left) 5.87, 11.7, 17.6, and 35.2 /LM. The solid lines are curves generated by computer simulation, using Scheme I and the kinetic
parameters shown in Table 1.

experiments. These data are also shown in Table 1 and the
agreement between the rate and dissociation constants from
the two independent methods is so close as to be quite con-

Table 1. Kinetic constants used to fit data according to Scheme I
Values obtained

by using
AEDANS-labeled

Step Constant* G-actin (5)
1 Kca= 20 M 7 uM
2 Kmg=900 pM 900 M

k, = 0.33 sec'1 0.19 sec1
kl = 0.01 sec'1 0.01 sec'
KMg kl/k1 = 27,pM 47 HM

3 Kjg = 5 mM
4 k-2/k2 = 8 x 105M
5 k3/k = 5PMM
6 ke/ke = 0.15t

AEDANS, N-iodoacetyl-N'-(5-sulfo-1-naphthyl)ethylenediamine.
* For any given set of experiments, the same kinetic parameters were
used. However, a variation of ± 15% in values ofk-2/k2 or k3/k3 would
have resulted in much better goodness-of-fit ofthe data within a given
set.

tke was usually assumed to be 106 moPl sec-1. When different batches
of actin gave somewhat different rates of polymerization, the param-
eter varied was ke and k e/ke remained constant. It would have also
been possible to change k-2 to account for these differences. In all cases,
the maximum variation from different actin preparations was <2-fold.
I did not test whether an additional polymerization-depolymeriza-
tion cycle immediately prior to use would eliminate this variation.

vincing that the changes observed with AEDANS-labeled G-
actin are the same as those required for the polymerization. Re-
cently, other investigators have also proposed a Mg2"-induced
activation step (6, 7), but they did not define the kinetic pa-
rameters associated with this step. I previously had also ob-
served that displacement of Ca2+ with Mg2+ at this site leads
to an increased off rate constant for the tightly bound ATP (5).
Whether this is important in the polymerization process is un-
known. The role of ATP hydrolysis in the polymerization pro-
cess also remains unclear.
The third step in Scheme I represents Mg2' binding to a weak

binding site. This binding is also required for polymerization
and explains the Mg2+ dependence of the polymerization (Fig.
2). Other investigators have postulated weak binding Mg2+ sites
to explain this dependence with the number of sites ranging
from two to six (9, 10), but little data on the dissociation con-
stant are available. It may be seen that only a single weak bind-
ing site with a dissociation constant of 5 mM is required to ex-
plain the data. Although it is possible that there are more weak
binding sites, such sites would have to be independent and of
equal affinity to yield the observed result. Because the data are
explained in terms of a single low-affinity site, there is no rea-
son to postulate multiple sites. There appears to be no time-de-
pendent conformational change associated with this process,
although if such a change were quite rapid it would not be ob-
served.
The remaining steps of the scheme describe the polymer-

ization process subsequent to the Mg2+ activation due to bind-
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FIG. 2. Actin polymerization as a function of Mg2" concentration. Experimental conditions are as described in the legend to Fig. 1. The actin
concentration was 11.7 ,IM and the final total Mg2" concentrations were (right to left) 1.5, 3.0, and 5.05 mM. The solid lines are curves generated
by computer simulation, using Scheme I and the kinetic parameters shown in Table 1.

ing at the tight and weak binding sites. As noted above (see Re-
suits), the data are inconsistent with either a dimer or trimer
as the nucleus but fall somewhere between these nucleus sizes.
There may be more than one mechanism that could describe
such results (19). However, the most likely explanation for such
results is that dimer formation is much less favorable than tri-
mer formation by several orders of magnitude. The data in Ta-
ble 1 indicate a factor of about 105 difference in dimer and tri-
mer formation.

It would appear from the constants chosen to describe the
data that the critical concentration (k-e/ke) of actin under these
conditions is 0.15 AiM. This is somewhat lower than the ob-
served values (;0.5 j&M). However, an interesting aspect of
the proposed mechanism is that the critical concentration shows
some dependence on the Mg2+ concentration, because actin in
the absence of 2 mol of Mg2+ is unable to polymerize. Thus the
observed critical concentration will be somewhat higher than
the ratio of rate constants for elongation and disassembly. For
example, at 1, 2, and 4 mM Mg2+ the observed critical con-

centrations in the presence of 200 ,M Ca2+, using the kinetic
parameters in Table 1, are 1.2, 0.6, and 0.36 ,uM, respectively,
rather than the 0.15 AM expected from k e/ke.

In summary, Mg2+-induced actin polymerization has been
described in quantitative terms. Essential for the polymeriza-
tion is Mg2+ binding to a tight site (displacing any Ca2' that
may be there) and binding to a weak site. Dimer formation is
much less favorable than trimer formation and elongation ap-
pears to proceed from the trimer. At 20°C and pH 8, the mech-
anism quantitatively describes data for the polymerization as a

fuinction of actin concentration, Mg2+ concentration, and Ca2+
concentration.
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FIG. 3. Actin polymerization as a function of Ca2" concentration. Experimental conditions are as described in the legend to Fig. 1. The Mg2+
concentration in all experiments was 4mM and the actin concentration was 15.2 pM. The Ca2+ concentrations used were (left to right) 0, 100, 500,
and 1,000 pM. G-actin was dialyzed overnight against buffer containing no Ca2' and no Mg2+. Ca2+ was added a few minutes prior to Mg2+ addition.
The solid lines are curves generated by computer simulation, using Scheme I and the kinetic parameters listed in Table 1.
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