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A: Calculation of local depletion effect

We assume a quasi-static approximation to calculate the protein concentrations, in
the sense that for a given number of free filaments Nf on the surface of the bead, the
concentrations are assumed to have the corresponding steady-state distributions. Our
approach is similar to that used by Refs. [1], [2] and [3]. The monomer concentration
[G] satisfies the following equation:

∇2[G] = 0

The general solution is [G] = C1 +C2/r, where C1 and C2 are constants and r is the
distance from the origin. It must satisfy the following boundary conditions:

i) The concentration matches the bulk concentration at infinity: [G]|r→∞ = [G0]
ii) The number of monomers depleted by polymerization at free filament ends should
equal the net influx (polymerization minus depolymerization) into the bead surface:
Nfkon([G]−Gc)|r=r0 = 4πr20D

∂[G]
∂r |r=r0 , where we use the fact that the depolymeriza-

tion rate of a filament is konGc.

By imposing these boundary conditions on the general solution for [G], we determine
the constants C1 and C2 and obtain (for a general value of r)

[G] = [G0]

(
1− r0

r

Nfkon
4πr0Dm +Nfkon

)
+Gc

(
r0
r

Nfkon
4πr0Dm +Nfkon

)

Choosing r = r0 gives Eq.(4). Similarly, we obtain Eq.(5) and (6).

A parallel analysis can be used to obtain [G] in terms of [G0] and the net monomer
current I flowing to the bead. Then boundary condition ii) becomes 4πr20D

∂[G]
∂r |r=r0 =

I. One readily shows that the corresponding solution for [G] at a general value of r
is

[G] = [G0]

(
1− I

4π[G0]Dmr

)
;
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at r = r0 this gives

[G] = [G0]

(
1− I

4π[G0]Dmr0

)
.

Note that this expression becomes negative when I exceeds the physical limit imposed
by diffusion to a perfectly absorbing sphere.

B: Validity of model assumptions

The key assumptions and approximations not discussed in the main text are the fol-
lowing:

1) The local concentrations ([G], [CP ], and [Arp]) change instantaneously to a quasi-
steady state in response to changes in Nf . The validity of this approximation is
determined by the characteristic time τc for the concentration field to reach steady
state. At the coarsest level, the depletion hole in the protein concentration is a re-
gion of size comparable to the bead radius r0. Accordingly, we estimate, for actin,
that τc ∼ 〈r20〉/6Dm ∼ 0.02s, which is negligible in comparison to the time scale of
tens of seconds [4] over which the number of filaments changes significantly. The
times for CP and Arp2/3 complex are similarly small. The finer-scale structure of
the depletion hole contains smaller spatial wavelengths, and therefore should relax
even more rapidly. Therefore it is legitimate to assume that the concentration field
is in quasi-steady state.

2) The diffusion coefficients in the network are assumed to be have their bulk solution
values. Above we showed that actin monomers reach the bead at nearly the diffusion
limit defined by the bulk diffusion coefficient. This suggests that the slowing by the
actin network is fairly small, which is reasonable in view of the low packing fractions
of actin networks. However, measurements on beads in cell extracts [5] showed a gel
diffusion coefficient that is only 10% of the bulk solution value. We thus estimate
the potential effects of such a reduction. We define I1 = 4πDm[G′

0]r0 = 2.2× 106s−1

as the diffusion-limited current to the bead with no reduction in diffusion coefficient,
where Dm = 70µ2s−1 [6]; [G′

0] = 1.4µM is taken from the late-time points in Fig.
S6B of Ref. [4] and r0 = 3µm is the value used in Ref. [4]. We have performed a
steady-state diffusion profile calculation using the same formulation as in the Supple-
mentary Material, but including a 2µm thick actin shell whose diffusion coefficient
is reduced to 0.1Dm. We find that the current to the bead surface, I2, is only about
0.2I1 = 4 × 105s−1. This number is much lower than the monomer flux of about
2.2× 106s−1 that we obtained above from Fig. 5c of Ref. [4]. Thus the reduction in
the diffusion coefficient cannot be as large as in Ref. [5].

Even though we do not treat slowing of diffusion by the gel, diffusion is a strong
constraint in our model. The monomer addition to the bead cannot exceed the
diffusion-limited upper bound 4πDmr0[G0] [7], and when the flux is close to this
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value a pronounced monomer depletion region builds up around the bead.

3) The addition of actin subunits to the network during nucleation events is neglected,
since the contribution of polymerization to F should be much greater than that of nu-
cleation. This is legitimate as long as the average length l̄ of filaments is much greater
than the critical nucleus size of actin filaments. In the experiments, the number of
subunits in the actin networks is about 1.5×108 (Fig. 5c of Ref. [4]), and the number
of filaments is up to 3× 106 (Fig. 5d of Ref. [4], after subtracting a contribution from
nonspecific association given in their Fig S5), so l̄ ≥ 1.5 × 108/(3 × 106) ∼ 50 sub-
units. By comparison, Sept and McCammon [8] suggested that the critical nucleus
is a trimer, much smaller than a typical filament. Zalevsky et al [9] argued that the
critical nucleus for Arp2/3-based branching nucleation is smaller than a trimer. We
have performed additional calculations with this effect included, and the values of F
and N changed by less than 2%.

4) Capped filaments do not nucleate new branches. This assumption is expected to
hold reasonably well, since retrograde flow will cause a capped filament to rapidly
leave the ActA-coated bead surface and lose its branching ability. This occurs in
the stochastic simulations described below. Allowing capped filaments to nucleate
new branches would strengthen the effect found below, where CP enhances filament
nucleation.

5) The local protein concentrations at the bead surface are determined by the number
of filaments according to the mean field theory of Eqs. (5-7) of the main text. Ref. [10]
studied the diffusion-limited ligand binding rate to randomly placed receptors on a
sphere, comparing mean-field method results with Brownian dynamics simulation re-
sults. The differences between the two methods were a few percent at most. Therefore
the mean-field treatment should cause no significant errors, and we employ it for its
computational efficiency.

6) Actin polymerization and filament nucleation are treated by rate equations. In or-
der to assess the accuracy of our rate-equation approach, we compare some predictions
of this approach with parallel results obtained using a stochastic-growth method that
explicitly treats monomer, filament, and branch positions in three dimensions [11,12].
All of the unit processes in this code are treated stochastically. We treat polymer-
ization on a flat 0.5µm × 0.5µm surface coated with an actin nucleator. We use
constant local and bulk concentrations (e.g., [CP ] = [CP0] = [CP ′

0]) in order to fo-
cus on potential discrepancies between the rate-equation and stochastic approaches.
Branching in the stochastic code is assumed to occur along the sides of filaments,
but only within a distance of 10 nm from the surface. The results are obtained as
an average over eight runs for each set of parameters. Because kbr has a different
meaning in the stochastic code compared to the present approach (branching rate
per subunit vs. filament tip), we have scaled the kbr axis of the stochastic results to
line them up with the rate-equation results. As a figure of merit, we use the number
of filaments at 30 s as a function of kbr and kcap. Figs. S1(a) and S1(b) show that
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over a broad range of kbr and kcap, the rate-equation and stochastic approaches yield
generally similar results. The parameters in the stochastic code were chosen so that
almost all of the filaments remain in contact with the surface as the network under-
goes retrograde flow. For different parameter sets, where more unfavorably oriented
filaments leave the branching region, increasing capping reduces the filament number
by a smaller amount. This would tend to strengthen the net positive effect of CP on
filament number, that we find below when depletion effects are included.

(a) (b)

Figure S1: Comparison of present rate-equation model with results from stochastic
growth of 3D actin network on patch of surface. [G0] =0.65 µM , [CP0] =0.021 µM ,
ksp=22 µM−2s−1. For (b): kbr=0.65 µM−2s−1.

C: Derivation of upper limit of CP-generated fila-
ment count

Let C(L) be the concentration of CP-nucleated filaments having length L, so that
the total concentration of such filaments is

∑
LC(L). We assume that this equals

∆[CP ]. If the filaments are nucleated at a constant rate, and grow at a constant rate,
then the length distribution will be uniform, so that

C(L) = C0 ≡ ∆[CP ]/(Lmax − Lmin), (S1)

where Lmax is the maximum filament length; clearly Lmax = 2〈L〉 − Lmin. Since
the diffusion coefficient Dfil of a rodlike filament is approximately inversely propor-
tional to its length [13], we take Dfil = Dm/L. In the limit of a perfectly absorbing
bead, beginning with zero attached filaments at time t = 0, the number of filaments
of length L attached to the bead is given by the Smoluchowski rate theory [14] as
4πDfilC(L)r0(1 + r0/

√
πDfilt).

Then the total number of CP-nucleated filaments Ntouch attached to the bead is
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bounded as follows:

dNtouch

dt
≤

∫ Lmax

Lmin

4πDfilC(L)r0(1 +
r0√
πDfilt

)dL = 4πr0C

∫ Lmax

Lmin

(
Dm

L
+ r0

√
Dm

πLt
)dL.

(S2)

Integrating inequality (S2) over time t from 0 to the end time of the experiments at
tf=60s, we obtain

Ntouch ≤ Nmax
touch = 4πr0C0[Dmtf ln

Lmax

Lmin
+ 4r0

√
Dmtf/π(

√
Lmax −

√
Lmin)] (S3)

.
This proves Eq. (11) of the main text.

D: Branching-only model

We showed in the main text that if spontaneous nucleation (SN) is the only source of
initiation of actin filaments, the experimental data can well be reproduced. Here we
show that a model in which all new filaments are generated by branching beginning
with a number of preexisting seed filaments (which could have been generated in
solution) also fits the data well. We tried several different seed filament numbers, and
found that the differences are negligible (except for at very early times) as long as
the number of seed filaments is less than 20% of the final number of filaments. In the
results shown in Figs. S2(a) and S2(b) we chose the initial number of seed filaments
to be 0.1% of the number of filaments at t = 60 s. It is seen that the experimental
results are matched well.

(a) (b)

Figure S2: Branching only model (BN). [G0] =2.2 µM , kbr=0.68 µM−2s−1, ksp=0,
[Arpc] = 2 nM . Low [CP0] = 21 nM , high [CP0] = 52 nM . Low [Arp0] = 48 nM ,
high [Arp0] = 96 nM ; [Arp0] = 96 nM if unspecified.
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E: Analysis of the actin shell thickness and the pos-
sible effect of Arp2/3 complex on the network struc-
ture

In the experiments of Ref. [4], the actin shell thickness W was found to vary from less
than 1 µm, to 2.5 µm, depending on [Arp0] and [CP0]. A naive estimate of W is that
it should be less than the length of single uncapped filament growing out over the
whole 60s period of the experiment: W ≤

∫ 60s

0 kon[G]δdt. Eq. (1) of the main text
shows that the basic laws of diffusion, combined with the polymerization rate obtained
in Ref. [4], rigorously imply a strong depletion of the local monomer concentration
[G]. We find that

∫ 60s

0 kon[G]δdt is only a few hundred nm, smaller than the observed
thicknesses. We believe that the resolution to this apparent discrepancy is that the
shell in the experiments is swollen by repulsive interactions between filaments, either
steric or electrostatic. These become important at the very high F-actin densities at
the surface of the bead. There is substantial evidence for such effects. Ref. [15] found
that the mechanical behavior of neutrophils could be described as well by a swelling
model as by a model using protrusion forces based entirely on actin polymerization.
Furthermore, the simulations of Ref. [16] found that a measured force-velocity rela-
tion for branched actin networks could be reproduced by a model which has swelling
as an important factor.

To estimate the extent of swelling, we note that the filaments in the experiments have
on average about 50 subunits, so we take the aspect ratio (length/diameter) to be 50.
Randomly oriented filaments with an aspect ratio of 50 will have a packing fraction
of only about 10%, as seen in Fig. 2 of Ref. [17]. The total number of subunits in the
network is approximately 1.5 ×108 (Fig. 5c of Ref. [4]). Taking an actin filament to
have a diameter of 7 nm [18], and using a length increment of 2.7 nm per subunit [19],
gives a volume of 1.5 ×108× 2.7 nm×π× 3.52nm2/0.1 * 155 µm3 for a 10% packing
fraction. This corresponds to a thickness of about 1 µm on a bead of radius 3 µm,
within the range of observed thicknesses. These findings support the hypothesis of
Akin and Mullins [4] that the thickness is influenced by the mechanical properties
of the networks rather than just the kinetics of polymerization. As Arp2/3 complex
accumulates, it may inhibit actin network remodeling and cause the actin filaments
to become denser, reducing the shell thickness.
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