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ABSTRACT We measured the lengths of actin filaments formed by spontaneous polymerization of highly purified actin
monomers by fluorescence microscopy after labeling with rhodamine-phalloidin. The length distributions are exponential with
a mean of ~7 um (2600 subunits). This length is independent of the initial concentration of actin monomer, an observation
inconsistent with a simple nucleation-elongation mechanism. However, with the addition of physically reasonable rates of
filament annealing and fragmenting, a nucleation-elongation mechanism can reproduce the observed average length of
filaments in two types of experiments: 1) filaments formed from a wide range of highly purified actin monomer concentrations,
and 2) filaments formed from 24 M actin over a range of CapZ concentrations.

INTRODUCTION

Actin polymerization is important not only for cellular
structure and function, but also as a model system for
studies of macromolecular self-assembly. The goal of this
work is a complete quantitative model to use as the starting
point for evaluating the effects of actin-binding proteins on
polymerization in cells. The pioneering work of Oosawa
and Asakura (1975) established that spontaneous polymer-
ization of actin monomers requires an unfavorable nucle-
ation step followed by rapid elongation. Elongation is more
accessible experimentally than nucleation, so it is much
better understood, with a complete set of rate constants for
association and dissociation of ATP-actin and ADP-actin
subunits at both ends of the filament (Pollard, 1986 and
references therein). Nucleation has been studied by observ-
ing the complete time course of spontaneous polymerization
as a function of actin monomer concentration and then
finding a set of reactions and rate constants that fit these
kinetic data (Tobacman and Korn, 1983; Cooper et al.,
1983; Frieden, 1983; Frieden and Goddette, 1983). These
studies concluded that actin dimers are less stable than
trimers, which are the nucleus for elongation. Under the
usual experimental conditions, the concentrations of dimers
and trimers are very low, owing to their instability and the
rapid consumption of trimers by elongation. This approach
puts relatively loose constraints on the values of the rate and
equilibrium constants for the nucleation reactions.

In addition to nucleation and elongation, Oosawa and
Asakura established that actin filaments can break and an-
neal end-to-end. Inclusion of a fragmentation reaction im-
proved the fit of nucleation-elongation mechanisms to the
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observed time course of polymerization under some condi-
tions (Wegner and Savko, 1982; Cooper et al., 1983; Buzan
and Frieden, 1996) and the presence of tropomyosin appears
to inhibit fragmentation during polymerization (Wegner,
1982; Hitchcock-DeGregori et al., 1988). For annealing,
there has been kinetic evidence both for (Kinosian et al.,
1993; Rickard and Sheterline, 1988) and against (Carlier et
al., 1984) its role in length redistribution after sonication,
but the most direct evidence from electron micrographs
supports rapid annealing (Murphy et al., 1988). Neverthe-
less, the contribution of fragmentation and annealing to the
products of spontaneous polymerization is not well-estab-
lished because the previous experimental data did not con-
strain the mechanisms well enough to assess the importance
of these reactions.

We used improved light microscopic methods (Burlacu et
al., 1992) to repeat classic experiments of Kawamura and
Maruyama (1969, 1972) on the length of actin filaments,
obtaining completely different results that are incompatible
with a simple nucleation-elongation mechanism of sponta-
neous polymerization. The observed filaments are longer
than expected and the lengths are independent of the starting
actin monomer concentration. These new data gave us the
opportunity to use modeling to quantitatively assess the
contribution of annealing and fragmentation to spontaneous
polymerization. A new, physically reasonable model of
polymerization, including annealing and fragmentation re-
actions, accounts for the observed lengths of actin filaments
over a wide range of actin monomers.

MATERIALS AND METHODS
Solutions

Buffer G contained 0.2 mM ATP, 0.5 mM dithiothreitol, 0.1 mM CacCl,, 1
mM sodium azide, and 2 mM Tris-Cl, pH 8.0, at 25°C. Concentrated
polymerizing buffer (10xKME) contained 500 mM KCl, 10 mM MgCl,, 10
mM EGTA, and 20 mM Tris-Cl, pH 8.0 or 100 mM imidazole pH 7.0, at
25°C. A fluorescence microscopy buffer modified from Kron et al. (1991)
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contained 50 mM KCI, 1 mM MgCl,, 100 mM dithiothreitol, 20 ug/ml
catalase, 0.1 mg/ml glucose oxidase, 3 mg/ml glucose, and 2 mM Tris-Cl,
pH 8.0, or 10 mM imidazole, pH 7.0, at 25°C.

Protein purification

Actin was prepared from rabbit skeletal muscle by extraction from acetone
powder, a cycle of polymerization, pelleting, and depolymerization, fol-
lowed by gel filtration on a 2.5 X 110 cm column of Sephacryl S-300
equilibrated with Buffer G (MacLean-Fletcher and Pollard, 1980). The
peak and following 4-ml fractions were pooled, stored in continuous
dialysis with daily changes of fresh buffer G, and used for experiments
within five days. Some actin was purified further to remove CapZ (Casella
et al., 1995). The fractions beginning at the midpoint of the leading edge
of the actin peak of the first gel filtration column were pooled and
repolymerized with 50 mM KCIl and 2 mM MgCl,. The pelleting, depo-
lymerization, and gel filtration steps were repeated.

Measurement of actin filament lengths

Because the samples need to be diluted well below the critical concentra-
tion for fluorescence microscopy, we stabilized them with CapZ (which
blocks the rapidly depolymerizing barbed end without severing the fila-
ments) and with rhodamine-phalloidin (which not only labels filaments
with rhodamine, but also reduces subunit dissociation at both ends to near
zero (Coluccio and Tilney, 1984; Sampath and Pollard, 1991). Fixation
with aldehydes was considered, but rejected because they are known to
damage actin filaments (Lehrer, 1972). To minimize shearing and artifac-
tual fragmentation of filaments during manipulations, we trimmed the tip
of the plastic pipette tip (Burlacu et al., 1992; Janmey et al., 1994).
Actin was polymerized by adding one part of the concentrated poly-
merizing buffer 10xKME to nine parts of actin in Buffer G. After 3 h
incubation, we added one CapZ per 500 actin subunits and one rhodamine-
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phalloidin (Molecular Probes, Eugene, OR) per actin subunit and diluted
the sample to 0.3 uM with fluorescence buffer (Burlacu et al., 1992;
Kaufmann et al., 1992; Kis et al., 1996). After incubation at room tem-
perature for 30 min to allow rhodamine-phalloidin binding (De La Cruz
and Pollard, 1994), the labeled actin was diluted to 2-10 nM with fluo-
rescence buffer, ~10 ul of solution was placed on a microscope slide and
covered with a 20-mm-square coverslip coated with nitrocellulose. After
several minutes all of the filaments that we could detect by fluorescence
microscopy attached to the coverslip, leaving no filaments free in the
solution in the 25 wm gap between slide and coverslip. Filaments were
observed with a Leitz Orthoplan microscope equipped with a 3-mm BG-38,
KP 560 (short wavelength pass interference filter), 2-mm BG-36 (excita-
tion filter), TK-580 (dichroic mirror), two K-580 (colored glass barrier
filters), and an Olympus 100X (NA 1.25) objective. Images were recorded
on Kodak 3200 black-and-white professional film with an exposure of
30—-60 s. The image quality of the photos (Fig. 1) was superior to those
acquired with a Hamamatsu Vidicon Video Camera C1000. Images of the
filaments were clear enough to measure filament lengths >0.3 wm man-
ually on prints at a final magnification of 3150X. Small fluorescent spots
due to filaments <0.3 wm were grouped together in a category of 0—0.5
um. The short filaments appeared as fluorescent spots rather than asym-
metrical filaments. Negative films were digitized with Adobe Photoshop
3.0. Taking a filament >2 wm long as the internal standard for fluores-
cence per unit length, we used National Institutes of Health Image 1.6 to
evaluate the lengths of each fluorescent spot in the whole population of
short filaments on the same negative. A blank area was used to measure the
background to subtract from the areas containing each fluorescent filament.
The number average length (L,) is defined as L,, = (1/n)2[;, where n is the
number of filaments and /; is the length of each filament. The length
distributions were approximately exponential rather than Gaussian, so
standard deviation could not be used to describe the variability. For an
exponential distribution, the fraction of filaments (f;) with length / is f; =
Aexp(—Al), the mean length is 1/A, and the variance (/;) = (1/A)%.

FIGURE 1

Fluorescence micrographs of actin filaments labeled with rhodamine-phalloidin for singly gel-filtered actin. Conditions: 24 uM actin, 50 mM

KCl, 1 mM MgCl,, 1 mM EGTA, 180 uM ATP, 0.45 mM DTT, 90 uM CaCl,, 0.9 mM azide, 4 mM Tris-ClI (pH 8.0), 22°C for 3 h.
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RESULTS
Actin filament lengths

We measured actin filament lengths by fluorescence mi-
croscopy after labeling with rhodamine-phalloidin. All de-
tectable filaments in the samples attached to the nitrocellu-
lose-coated glass, so we assume that the length distribution
of filaments on the coverslip reflects the distribution in
solution. As filaments in solution bound to the nitrocellu-
lose coating the coverslip, ~10%, especially longer ones,
broke. For example, in a sample of 60 filaments five broke
while approaching the coverslip surface: two filaments
broke into two pieces, two into three, and one into four.
Thus, the sample on the coverslip slightly underestimates
the distribution of lengths in solution. The method may also
miss some filaments <0.2 uwm long due to their faint fluo-
rescence. For comparison, we coated coverslips with rabbit
skeletal muscle myosin treated with N-ethylmaleimide to
inhibit the ATPase activity but not actin binding (Warshaw
et al., 1990). The filaments bound to myosin had the same
length distribution and number average length as filaments
on nitrocellulose.

We measured lengths >0.5 wm directly, but used densi-
tometry for samples consisting primarily of filaments <2
pm long. When two observers measured the same sample,
they recorded the same length distribution and number
average length. The length distributions and average lengths
did not change between 3 h and two days after polymeriza-
tion, so we concluded that 3 h is sufficient to reach a steady
state. Actin filament length distributions and average
lengths were the same in polymerization buffer at pH 8.0
and pH 7.0.

Filaments assembled by spontaneous polymerization
from doubly gel-filtered actin monomers at 24 uM varied in
length from <0.3 wm to several tens of micrometers (Figs.
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1 and 2 4). We observed many filaments over 10 um long,
one close to 100 wm. The distribution of lengths was
exponential and the mean length was 6.7 wm. The number
average length was remarkably independent of the concen-
tration of pure monomers used to assemble the filaments
(Fig. 3).

The filament length distribution depended on the purity
of the actin monomers (Figs. 2 and 3). Before a second
cycle of polymerization, depolymerization and gel filtration
to remove traces of capping protein (Casella et al., 1995),
the filaments were ~20% shorter and the length distribution
was more uniform. This confirms the prediction (Casella et
al., 1995) that the low concentration of CapZ in singly
gel-filtered actin slightly reduces the length of actin fila-
ments. This is true even though we used only the fractions
from the top of the actin monomer peak to avoid CapZ, the
peak of which chromatographs ahead of actin monomers. In
contrast to doubly gel-filtered actin, the number average
length of singly gel-filtered actin increased slightly with
starting actin concentration (Fig. 3).

Description of the model

The basis of the standard nucleation-elongation model is
one or more unfavorable nucleation steps followed by more
favorable elongation (Oosawa and Asakura, 1975). Previous
models for actin polymerization showed that the critical size
for the nucleus is somewhere between a dimer and a trimer,
and that the number of explicit nucleation steps does not
affect the results of the model (Tobacman and Korn, 1983;
Cooper et al., 1983; Frieden, 1983; Frieden and Goddette,
1983). We also found that choosing a critical nucleus larger
than three or four monomers did not affect the results of the
model. With these considerations in mind, we propose a
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FIGURE 2 Length distributions of actin filaments. Lines in (4) and (B) are exponentials. Conditions as in Fig. 1. (4) Doubly gel-filtered actin. (B) Singly

gel-filtered actin.
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FIGURE 3 Dependence of the number average length (L,) of actin
filaments on the purity and monomer concentration during polymerization.
Conditions as in Fig. 1, except that the actin monomer concentration during
polymerization was varied as indicated. The filaments formed during each
30-ms interval were allowed to elongate over the succeeding course of the
reaction. (@), Singly gel-filtered actin; (A), doubly gel-filtered actin.
Theoretical lengths calculated by kinetic simulation using the nucleation-
elongation model and the rate constants in the text without annealing/
fragmenting (dashed line) and with both annealing and fragmenting (solid
line).
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We use 4 to represent the concentration of actin monomers,
A; for a filament with 7 actin monomers, and N represents
the concentration of all longer filaments. The rate constants
for the last reaction are experimentally measured (Pollard,
1986) and lead to the correct critical concentration (C, >
0.1 uM), but the other rate constants are only approxima-
tions from kinetic simulations, chosen to reproduce the time
course of polymerization over a limited range of actin
monomer concentrations. Such polymerization curves have
already been published by other investigators (Wegner and
Savko, 1982; Tobacman and Korn, 1983; Cooper et al.,
1983; Frieden, 1983; Frieden and Goddette, 1983; Buzan
and Frieden, 1996). Filaments longer than four subunits are
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assumed to be stable and the back-reaction rate k_, is set to
zero. This is appropriate because most filaments are much
longer than four monomers. The coupled first-order differ-
ential equations that arise from the set of reactions in Eq. 1
are “stiff-equations” due to the large differences in the
forward and back reaction rates. Because of this, we used a
semi-implicit scheme to solve the system of equations
(Press et al., 1992). This set of equations produces correct
polymerization curves, but the average length as a function
of actin concentration is completely incorrect. The mean
lengths of the observed filaments are almost independent of
the initial concentration of actin monomers, while this sim-
ple model predicts a mean length with quite a different
behavior, especially at high concentrations of actin (see Fig.
3). To solve this problem we must consider additional
processes in our model.

Expanding the basic model

The average length is simply given by the total amount of
polymer divided by the total number of filaments formed.
Inasmuch as Eq. 1 produces the correct time course and
extent of polymerization but not the correct average length,
the simple model produces the incorrect number of fila-
ments. The average length is too low, so the actual mech-
anism must produce fewer filaments. We can represent the
number of filaments in our system as the number of fila-
ments that are formed by the addition of a monomer onto a
polymer A,. Because there is no back-reaction rate for this
process, the equation for the change in N, the filament
number concentration, is simply

N = k,AA, )

Addition of monomers to existing filaments increases the
concentration of polymerized actin, but does not increase N.
If we want to include filament annealing, we should also
consider the breakup of a filament or fragmentation. To
include filament annealing and fragmenting in our reaction
scheme, we can add the following reaction

ka
N+N=2N 3)

ke

where k, represents the annealing rate and k; the fragmen-
tation rate of a filament. Because two filaments are joined to
form a new filament the annealing rate has a quadratic
dependence and our new equation for the change in N is

N =k, AA, — k,N* + kN 4)

To choose values for k, and k; we need to consider several
things. The addition of a monomer to the fast-growing
barbed end of a filament is a diffusion-limited process, so it
is reasonable to assume that annealing of two filaments is
also limited by diffusion, as similar bonds are formed and
filaments diffuse more slowly than monomers. Murphy et
al. (1988) performed ultrasonification experiments to esti-
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mate the rate of annealing. Following sonification they
found an initial rate constant for annealing of k, = 10 uM !
s~ ! for very short filaments, but as annealing progressed
and the filaments became longer, the rate fell off rapidly
with time. Kinosian et al. (1993) were also able to measure
the rate of annealing after sonication and found a rate of 2.2
uM ™! s If k, is diffusion-limited, the diffusion that we
need to consider is the relative diffusion of the two fila-
ments. It is difficult to write an accurate expression for the
movement of an individual polymer embedded in a polymer
gel. The most common treatment uses the reptation idea (de
Gennes, 1990; Doi and Edwards, 1987). In fact, actin fila-
ments at high enough concentration (above 40 nM filament
concentration) have been shown to exhibit reptation motion
(Janmey et al., 1994; Kés et al., 1996). The transverse
diffusion is controlled by the mass of the polymer and the
density of the polymer network, but the diffusion constant
along the tube is inversely proportional to the length of the
filament (Kés et al., 1996) having the form

kT
Dy= §aa (5)

where { is the friction coefficient. We choose the annealing
rate constant &, to be proportional to D), namely

k,= kL (6)

where all of the constants are absorbed in the variable ..

Erickson (1989) previously estimated the fragmentation
rate to be in the neighborhood of k; ~ 10~ % s~ '. The rate is
very low because it involves breaking more than one bond
in the filament, but as it is equally probable between any
given pair of monomers, the rate should be proportional to
the length of the filament. The gel network that is formed
may also affect the amount of fragmentation. Within the gel,
each individual filament is constrained by its neighbors or,
in reptation terms, by the filaments that make up the repta-
tion tube. Doi (1975) showed that the number of rods within
a distance b of a given rod is given by bL>N, where L is the
filament length and N is still the filament concentration. If
we choose an additional fragmentation rate proportional to
this quantity, we can write

where once again we absorbed all the constants into the two
factors k¢ and kp,. It is not readily apparent how the poly-
mer gel will affect filament fragmentation: will the network
that is formed tend to strain the filaments and increase
breakage, or will the confinement within the reptation tube
tend to decrease the amount of fragmentation? To answer
this question, the constant ki, will be treated as a free
parameter in a minimization scheme, and the sign of kp,
resulting best fit will determine whether this leads to an
increase or decrease in k.
If we replace k, and k; in Eq. 4 we get

2

N=rk,AA, — k. T kLN + kbL*N? (8)
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The amount of polymerized protein in our system is given
by the expression

P=Ad,—A— 24, — 34, — 44, 9)

where A4, represents the initial actin concentration. Using
this expression, the average length of a filament is given
simply by L = P/N. If we make this replacement for L, we
get

3
N=rk,AA, — k. 7t khP + kibP? (10)

Note that as the actin concentration is increased and more
protein polymerizes, the rate of annealing decreases while
the fragmentation rate increases. The values for the rate
constants depend on the actin concentration and the filament
density and length.

When actin is purified from cells such as skeletal muscle,
some actin-associated proteins remain in the sample, includ-
ing the capping protein CapZ. We can include a reaction for
capping filaments. This reaction can be written

kot
CapZ + N= N* (11)
-
where N* now represents a filament that is capped at the
barbed end, preventing monomer addition or dissociation
and annealing. The constants for the above reaction are
k,,~35uM 's 'andk,_ ~ 3 X 10~*s~! (Schafer et
al., 1996). With this added reaction, the total number of
filaments in our system is N + N* and the average length is
now given by

P

L=N+w (12)

A capped filament can still fragment, but a capped filament
can only anneal with an uncapped filament, because this
requires at least one free barbed end. Inasmuch as two
uncapped filaments can anneal in two ways, but capped and
uncapped filaments have only one method of annealing, the
rate of annealing is half the original value. With these
additions, the equations for the change in N and N* become

_ NN + IN%)
N= k+AA4 - k;T (13)

+ kj\P + kbP* — k, N + k,_N*

N* =k, N —k,_N* (14)
where L is given by Eq. 12.

To find the mean length predicted by our model, we must
solve Egs. 1, 13, and 14 for a given initial actin monomer
concentration 4, and then calculate the average length using
Eq. 12. During the polymerization of actin monomers, the
rates for annealing and fragmentation will change with time
because they depend on the filament length and density. The
rate of annealing immediately following sonication has been
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measured in the range 2.2-10 uM ' s~ ! (Kinosian et al.,
1993; Murphy et al., 1988). Because k, = k./L and L = 30
(subunits) following sonication, we chose k., = 300 uM !
s~ sothat k, = 10 uM ™' s~ ! for L = 30. The factors &},
and kp, were treated as free parameters for fitting the two
curves for mean polymer length versus actin concentration
for singly and doubly filtered actin. The rate constants for
the nucleation-elongation steps (Eq. 1) were fixed at the
values previously used to reproduce polymerization curves.
We developed a procedure to minimize the RMS difference
between the experimental and theoretical results by chang-
ing the constants k¢ and kp,. We could not fit both curves
with the same values for kf, and kf,, but required a larger
value of ki, for the singly filtered actin. One possible
explanation for this is the presence of other actin-associated
proteins in the singly filtered sample. We estimate that
singly filtered actin contains about one part in 50,000 CapZ,
and other proteins, such as severing proteins, could also be
present at higher concentration in the singly gel-filtered than
doubly gel-filtered actin. These latter proteins cut actin
filaments, and because they act with equal probability along
the length of a filament, the severing rate is proportional to
L. Thus, the presence of low concentrations of severing
proteins results in a larger value for kf, for singly filtered
actin. It is also possible that the CapZ that is present in the
singly filtered actin in some way increases the fragmenta-
tion rate, perhaps by changing the structure of a filament
upon when it binds. With these points in mind, we chose a
fixed value of &, and two different values of k¢, a higher
value for the singly filtered than doubly filtered actin. The
values chosen were kf, = 1.8 X 107 % uM ' s~ !, and k}, =
20 X 1077 s7"and 1.1 X 107® s~' for the singly and
doubly gel-filtered actin, respectively. The value of k, will
change as the average filament length increases. To com-
pare this behavior with experimental measurements we per-
formed a “sonication simulation.” For this simulation we
allowed the system to reach equilibrium and then manually
set the average filament length equal to 30 (P remained
untouched while N was adjusted so that L = 30). In agree-
ment with the experimental observations of Murphy et al.
(1988), the annealing rate constant falls off rapidly with
time following sonication (see Fig. 4). For kg, the term with
ki, only contributes ~2% toward the value of k; in the
doubly filtered actin. In the singly filtered case, perhaps due
to the presence of other severing proteins, k¢, and kf, con-
tribute roughly equally to the fragmentation rate.

This model including annealing and fragmentation agrees
with the observed lengths over a wide range of starting actin
monomer concentrations (Fig. 3). In these calculations we
assumed that the ratio of CapZ to actin in the singly filtered
actin is ~1:50,000, and zero in the doubly filtered actin.
Note that a 1:50,000 concentration ratio corresponds to
about one CapZ molecule for every 20 filaments. It is
interesting to see the influence such a small amount of CapZ
has on the average filament length. This effect was pre-
dicted by Casella et al. (1995).
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FIGURE 4 The rate of annealing (k, in Eq. 6) as a function of time in a
sonication simulation. This represents the solution of Egs. 1, 13, and 14
with an initial actin monomer concentration of 24 uM. The system was
allowed to reach equilibrium at which point the filament concentration N
was manually set so that the average length L was equal to 30 subunits, a
value consistent with what is observed in sonication experiments, and the
system was again allowed to equilibrate.

The minor disagreement between the theory and experi-
ment at low actin concentration may be due to the break-
down of the reptation idea at low concentrations. When the
concentration is low enough and the system is in the “di-
lute” regime, the actual diffusion constant is larger because
a filament is not constrained to move within a tube. This
results in more annealing, fewer filaments, and a longer
average length. The crossover from the dilute to reptation
region occurs at an actin concentration of ~25 uM. At this
concentration the filament number concentration in the sim-
ulations is ~30 nM, close to the 40 nM found in experiment
(Kis et al., 1996). Above 25 uM, where reptation should
occur, there appears to be good agreement between exper-
iment and our model.

Apart from looking at the effect of actin concentration on
the average length, we can reverse the situation by fixing the
actin concentration and varying the amount of CapZ. This
provides a direct test of both the rate constants we fixed by
fitting the first data sets and the effect of CapZ within our
model. Nanomolar concentrations of CapZ are required for
a dramatic effect on the mean length (Fig. 5) and above ~10
nM, all of the filaments are expected to be capped. Again
the results of our model agree well with experimental ob-
servations (Xu et al., 1999).

DISCUSSION

Experimentalists have struggled to reach a consensus on the
length distributions of actin filaments polymerized in vitro.
Light microscopy of filaments labeled with rhodamine-
phalloidin appears to be the most reliable method for mea-
suring lengths, although we observed that a few filaments
break during adsorption to the coverslip. Electron micros-
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FIGURE 5 The average length of actin filaments as a function of CapZ
concentration as predicted by our theory and measured by experiment (data
taken from Xu et al., 1999). The actin monomer concentration in both cases
is 24 uM and the rate constants for the simulation are the same as the
doubly filtered actin plot in Fig. 3.

copy appears to underestimate lengths even more. However,
results differ even with light microscopy. We find that
filaments of highly purified actin have an exponential dis-
tribution of lengths with a mean of ~2500 subunits. We
have no direct standard of comparison, because all previous
work used actin contaminated with capping proteins. Our
measurements with once-cycled actin containing about one
CapZ per 10,000 actins agree in general with the light
microscopic results of Burlacu et al. (1992), but not with
others. Kaufmann et al. (1992) and Kis et al. (1996) re-
ported mean lengths around 20 wm (7400 subunits) with a
broad and irregular distribution of lengths. One figure in
Kas et al. (1996) had an exponential distribution of lengths
with an average length of 4.6 wm, similar to our observa-
tions. Short filaments are difficult to detect, particularly in
solution. Omission of some short filaments would give
mean lengths greater than the true mean length.

Simple nucleation-elongation theories can describe the
time course and extent of many polymerizing systems,
including the self-assembly of actin. However, these poly-
merization models have not been constrained to fit mea-
sured polymer lengths. We show here that additional reac-
tions, especially end-to-end annealing of filaments, are
required to account for the observed lengths. Ignoring an-
nealing was reasonable in earlier work, where the emphasis
was on fitting polymerization curves. Even in this extended
model, the inclusion of annealing has a very minimal effect
on the simulated time course of polymerization, changing
the half-time of polymerization by <1%. Annealing
changes the number of filaments but not the concentration
of polymer. This is most easily seen in the fact that &, and
k¢ do not appear in Eq. 1, and that the total amount of
polymerization, P, is solely determined by the four quanti-
ties 4; in Eq. 1. Elongation is fast, with a maximum rate at
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the outset of polymerization, while annealing is slow, in-
creasing in importance as the polymerization steps in Eq. 1
reach their equilibrium.

Our improved model for actin polymerization extends the
simple nucleation-elongation mechanism (Eq. 1) to include
annealing and fragmentation of actin filaments and the
effects of contaminating proteins. The underlying premise
of this mechanism is several unfavorable nucleation steps
followed by more favorable elongation once a stable nu-
cleus is achieved. Nucleation and elongation steps are di-
rectly affected by the actin monomer concentration, while
the additional processes depend on the length and concen-
tration of the actin filaments. Annealing is a diffusion-
limited process and the diffusion constant for a filament is
inversely proportional to its length (Kés et al., 1996). The
annealing rate constant is initially ~10 uM ™' s~ ' (follow-
ing sonication) when most of the filaments are short, but
rapidly falls off with time for two reasons. First, the anneal-
ing rate constant is an inverse function of the mean length,
which increases with time. Second, annealing is a second-
order reaction that requires the interaction of two filaments,
and the filament number decreases with time. The initial
value and time behavior of the rate constant are in agree-
ment with experimental observations (Murphy et al., 1988).

Two different processes contribute to fragmentation. The
first reaction rate is proportional to the length of the fila-
ment. This represents both the unfavorable breaking of an
actin filament at some point along its length and the sever-
ing of a filament by actin-associated proteins such as gel-
solin. The second contribution, proportional to the filament
concentration and the square of the filament length, is due to
the number of contacts between a given filament and its
neighbors. As determined by fitting our model to the ex-
perimental data, these contacts should lead to an increase in
fragmentation.

The values of the two fragmentation rate constants were
treated as free parameters to fit the experimental data.
Normally, the fragmentation process is written as k¢ P, so it
is proportional to the total amount of polymerized protein P.
If we rewrite the fragmentation part of Eq. 13 as (ky +
ki, P)P, we can more easily compare our predicted rates with
those from experiment. For a polymer concentration of 24
uM, we find that (kf, + k,P) = 4—6 X 1077 s~ ! for singly
and doubly filtered actin. These values are slightly higher
than Erickson’s theoretical value of 10~® s~' (Erickson,
1989), but are in agreement with the value measured by
Kinosian et al. (1993) of 7 X 1077 s~ !. The inclusion of
severing proteins or increased fragmentation due to CapZ,
even in low concentrations, is required to explain the dif-
ference between the singly and doubly gel-filtered actin,
while fragmentation due to stress within the network is
needed to counteract the elevated rate of annealing at high
monomer concentrations. At present, there are no experi-
mental data to directly compare with these rate constants,
although the overall fragmentation rate appears to be
reasonable.
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The final consideration was the effect of capping protein,
CapZ. Residual CapZ and other actin-associated proteins
help explain the differences observed between singly and
doubly gel-filtered actin. Capping a filament eliminates
annealing at the barbed end, but does not affect the rate of
fragmentation. The effect of contaminating CapZ was eval-
uated by adding CapZ to pure actin. Results (Fig. 5) provide
experimental support for the rate constants and the effect of
CapZ on annealing (Xu et al., 1999).

The addition of annealing and fragmenting causes a neg-
ligible change in the time course of polymerization, but
primarily affects the concentration of filaments, and hence,
the average length. At any given monomer concentration, a
balance must be reached between annealing, which favors
longer filaments, and fragmentation, which favors shorter
ones. This balance appears to result in a mean length that,
apart from the effect of CapZ and other proteins, is largely
independent of the monomer concentration. It should be
noted that the additional processes considered in this paper
do not simply represent the addition of arbitrary steps to the
polymerization process, but are physically realistic, exper-
imentally observed phenomena. Furthermore, our study in-
dicates that these additional steps represent a minimal ex-
tension to the standard nucleation-elongation theory needed
to explain the time course of polymerization and the mean
length observations.

Our theoretical model differs from experiment at low
actin concentration where our assumption of reptation mo-
tion is no longer valid. Unfortunately, this crossover region
from a semi-dilute to a dilute solution is difficult to char-
acterize and model accurately. Future work may be able to
solve this problem with a more accurate description of
filament diffusion at lower actin concentrations. At the other
end of the spectrum, namely high actin concentrations,
nematic regions appear in the solution (Kés et al., 1996;
Buxbaum et al., 1987; Suzuki et al., 1991; Coppin and
Leavis, 1992; Furukawa et al., 1993). Within these domains
filaments do not exhibit reptation, and the diffusion constant
becomes almost independent of length. Also, because the
filaments are no longer entangled, the rate of fragmenting
due to contacts within the gel should decrease. In our model,
both these factors would result in longer filaments in
nematic domains as opposed to gel regions. Thus, as ob-
served in vivo (Lewis and Bridgman, 1992), actin filaments
should tend to be longer in bundles than in random net-
works. Our current model calculates the mean filament
lengths but not length distributions. If the filaments were
separated into bins according to their length in order to get
these distributions, we could still handle polymerization, but
the annealing and fragmentation processes would become
extremely complicated, e.g., a filament of a given length
could be formed by annealing any combination of two
shorter filaments. Because our model already provides an
adequate fit to experimental results, this added complication
seems unnecessary.
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