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How capping protein enhances actin filament growth and
nucleation on biomimetic beads

Ruizhe Wang and Anders E. Carlsson

Abstract

Capping protein (CP), which caps the growing ends of actin filaments, accelerates actin-based
motility. Recent experiments on biomimetic beads have shown that CP also enhances the rate of
actin filament nucleation. Proposed explanations for these phenomena include i) the Actin
Funneling Hypothesis (AFH), in which the presence of CP increases the free-actin concentration,
and ii) the Monomer Gating model, in which CP binding to actin filament barbed ends makes
more monomers available for filament nucleation. To establish how CP increases the rates of
filament elongation and nucleation on biomimetic beads, we perform a quantitative modeling
analysis of actin polymerization, using rate equations that include actin filament nucleation,
polymerization and capping, as modified by monomer depletion near the surface of the bead. With
one adjustable parameter, our simulation results match previously measured time courses of
polymerized actin and filament number. The results support a version of the AFH where CP
increases the local actin monomer concentration at the bead surface, but leaves the global free-
actin concentration nearly constant. Because the rate of filament nucleation increases with the
monomer concentration, the increased local monomer concentration enhances actin filament
nucleation. We derive a closed-form formula for the characteristic CP concentration where the
local free-actin concentration reaches half the bulk value, and find it to be comparable to the
global Arp2/3 complex concentration. We also propose an experimental protocol for
distinguishing branching nucleation of filaments from spontaneous nucleation.
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1 Introduction

The Actin Funneling Hypothesis (AFH) was proposed by Carlier and Pantaloni [1-3] to
explain how capping protein CP accelerates the motility of cells [4] and intracellular
pathogens [5]. CP caps free barbed ends of actin filaments and thus prevents them from
polymerizing [6]. According to the AFH, increased CP reduces the number of uncapped
filaments, so that fewer actin monomers are consumed and thus the monomer concentration
increases, enhancing motility. This provides a straightforward qualitative explanation of the
effects of CP on motility.

Previous theoretical works argue in favor of the AFH in several different geometries. Ref.
[7] modeled lamellipodial protrusion using a model incorporating capping/uncapping
processes at the leading edge, coupled with depletion of actin monomers resulting from actin
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polymerization. The analysis showed that with increasing capping rate, the protrusion
velocity initially grows, and subsequently drops. The initial growth resulted from an increase
in the actin monomer concentration at the leading edge caused by capping, consistent with
the AFH. Ref. [8] further showed that in a filopodial geometry, a reduction in the number of
uncapped filaments can lead to faster protrusion, because the actin concentration at the tip is
increased. Subsequent studies have reinforced these findings using increasingly realistic
descriptions of the actin network and monomer diffusion. In a study of the actin-based
propulsion of a disk [9] by freely diffusing filaments, based on explicit filament coordinates,
CP accelerated the disk motion by increasing the local free-actin concentration at the disk.
Subsequent studies of the effects of CP on lamellipodial protrusion [10-12] treated a rigid
actin network, and combined a three-dimensional stochastic treatment of the network’s
growth with an explicit treatment of monomer diffusion. They also found that protrusion is
accelerated by the increased free-monomer concentration resulting from capping.

However, we are not aware of modeling studies quantitatively testing the AFH by comparing
predictions of actin polymerization and nucleation with well-characterized experimental
observations. The work of Akin and Mullins [13] provides an opportunity for such a test.
They measured actin filament nucleation and polymerization on biomimetic beads coated
with the actin nucleator ActA, for varying concentrations of CP and Arp2/3 complex. ActA
is one of a number of “Nucleation Promoting Factors” (NPFs) that activate the Arp2/3
complex to generate new filaments as branches on existing filaments. The mechanism of
NPFs activating Arp2/3 complex involves events such as NPFs binding to Arp2/3 complex
and actin monomers, as well as Arp2/3 complex binding to filaments [14-17]. Ref. [13]
measured the growth of actin networks generated by large (3 gm radius) and small (220 nm
radius) beads. For the larger beads, time courses of actin subunit count and filament number
were measured after they were placed in a solution of actin monomers, Arp2/3 complex, and
CP. Several stages of growth and movement driven by actin polymerization were observed.
In the first stage, the actin network grew with spherical symmetry. The bulk monomer
concentration in this stage did not increase with CP, so alternatives to the AFH were
investigated. It was proposed that the faster motility caused by CP results from a more
effective growth geometry caused by increased branching. CP was also found to increase the
number of actin filaments on the beads, and this effect was explained via a Monomer Gating
model in which the competition between barbed ends and Arp2/3 complex for monomers is
modulated by CP.

Here we use a set of detailed calculations based on physically motivated rate equations to
study the the effects of CP on actin polymerization and nucleation. We focus on the data of
Ref. [13], because to our knowledge this is the only measurement of the time courses of total
actin count and actin filament number for biomimetic beads. Using a model with one
adjustable parameter, we obtain good fits to the measured time courses. We find that a
variant of the AFH, based on the local monomer concentration at the bead surface, can
explain the actin polymerization and nucleation data. The calculations show that CP
significantly increases the local actin concentration, enhancing the rates of both
polymerization and filament nucleation. Using analytic theory, we show that in general the
concentration of CP required to raise the local actin concentration to roughly half its bulk
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value is comparable to the concentration of Arp2/3 complex. Finally, we suggest an
experimental protocol for distinguishing branching nucleation from spontaneous nucleation
of actin filaments.

2.1 Physical mechanisms and equations

In the model (Fig. 1(a)), actin filaments grow on a bead of radius 7y = 3 um coated with a
nucleation promoting factor (ActA), which nucleates new filaments and anchors them to the
bead [18]. The key physical mechanism underlying the model is the reduction of the local
actin concentration [G] at the surface of the bead relative to the bulk concentration [ Gg].
Such depletion effects have previously been analyzed in Ref. [19]. To demonstrate the
magnitude of the effect, we note (see Supporting Material A) that [ G]/[ Gp] is reduced by a
fraction

1-[G]/[Gol=1/47[Go]Dmro, (1)

where /is the monomer current to the bead and D, = 70un?s1 [20] is the actin monomer
diffusion coefficient. This result is quite rigorous because it depends only on Fick’s law of
diffusion, and not on any assumptions about actin nucleation mechanisms. We estimate /in
the later part of the time courses Fig. 5b of Ref. [13], as a numerical time derivative based on
the difference between the 60s points and the 45s points, averaged over all the curves. This
gives /=~ 2.2 x 108571 Furthermore, inspection of Fig. S6B of [13] shows that Gy < 1.8uM.
Using these values in Eq. 1 gives a value of 0.8. Therefore [ G]/[ Gg] is reduced by at least
80%, as illustrated in Fig. 1(b). Thus inclusion of local depletion is crucial for the modeling.

In the literature it is generally assumed that Arp2/3 mainly creates new filaments on
preexisting filaments, but here we also treat the possibility that Arp2/3 generates filaments
by spontaneous nucleation at the bead. Uncapped filaments can be capped by capping
protein CP, but uncapping events on capped filaments are neglected, since the uncapping rate
(Ref. [21]) is extremely small on the 60-s time scale of the experiments. Incorporation of
new subunits into the actin network results from polymerization on uncapped filaments.

This model is analyzed via three sets of equations. The first set, Eqs. (2—4), treats the
dynamics of capped and uncapped filaments, and polymerized-actin subunits. The variables
and parameters are defined in Tables 1 and 2 respectively.

I (e N[ Arp)([G]— G o) +hap [ AT) ([ G]— G o))/ ([ Arp J+[ Arp]) —hioap N [CP]— kg

O]
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di kon f([G} Gc) kq (4)

Eq. (2) describes nucleation of new filaments either by branching from existing filaments or
by spontaneous nucleation, and subsequent capping. The [ G]-dependence of the nucleation
rates is based on the form used in Ref. [21], where the second power gave the optimal fit to
time courses of actin polymerization in the presence of activated Arp2/3 complex and
capping protein. Egs. (3) and (4) describe capping and polymerization/depolymerization
events, where depolymerization is described by the term proportional to G.. In each of these
equations we also include a term describing filament detachment, and assume that this is the
main mode of disassembly, so that the same rate enters all the equations. We find that the
results are quite insensitive to the value of this relatively uncertain term. These equations are
similar to those used in Ref. [21]. The key difference is the presence of the Arp, factor. This
factor results from assuming i) that [Arpp] is not the rate-limiting factor for nucleation over
the range of concentrations studied, as suggested by Ref. [13], but also ii) that when [Arm]
becomes extremely small, it must become rate-limiting. The functional form of Eq. 2 is
based on a binding equilibrium between Arp2/3 complex and a small number of potential
binding sites; Arp.is defined as the concentration where the binding sites are half filled.

The second set, Egs. (5-7), describes how the local concentrations [G], [CA), and [Arp] at

the bead surface are depleted relative to their bulk values [GE)], [Cpé)], and [Arpé)], by protein
incorporation into the actin network. The extent of depletion is calculated in Supporting
Material A, using a quasi-static approximation based on the assumption that the free-protein
distributions change much faster than the actin network properties, giving

[G _ 47TT0D7TI[GE)] koan[Gc]
A7roDm+kon Nf 47T7“0Dm+koan (5)

47T7'0Dc+kmpr (6)

_ dmroDa[ Arpo]
477 Do+ (kir N ([G)=Ge) +ksp([G]=Ge)) /([ Arp J+[Arp]) (7

[Arp]
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The second term in [G] includes the contribution of actin depolymerization at the bead
surface; for [CP] and [Arp] only assembly is included. Note that [ Arp] appears on both sides
of Eq.(7). Therefore we solve explicitly for [Arp] in terms of the other quantities. These
equations are analogous to those used previously in studies of actin monomer depletion in a
lamellipodium geometry [7], in which the diffusion profile was taken to have its steady-state
form.

Finally, the third set Egs. (8-10), describes how the bulk concentrations are depleted by
incorporation of the proteins into the actin network. We assume that each capped filament
has an associated CP and that each filament has an associated Arp2/3 complex.

[Gol=[Gol-F/Vu (8)

[CPyl=[CPo-N/Vo  (9)

[ Arpol=[ Arpol—N/Va,  (10)

where Vj is the solution volume per bead.

2.2 Key simplifying approximations

The validity of most of the assumptions underlying the model is discussed in Supplementary
Material B. Here we discuss two the most substantial approximations.

Opposing force—The equations of motion do not explicitly include the effect of opposing
force on barbed-end polymerization. This would also slow capping [24-27], because the
capping process involves the addition of capping protein at the end of the filament similar to
the addition of a new subunit. In addition, branching would be slowed if, as suggested by
Ref. [28], new branches form on the side of the filament adjacent to the obstacle. The main
physical mechanisms causing opposing force in the bead geometry are the following:

. Pulling forces on membrane-attached filaments that must be overcome by
the growing filaments [29-31].

. Inwards forces caused by stretching of the actin gel.

Refs. [30] and [31] showed that the competition between populations of attached and
detached filaments can modify the force-velocity relation, and also lead to new active
behaviors, such as oscillations. Such oscillations were not seen in Ref. [13], but the average
rates of polymerization, branching, and capping could be reduced if i) only some of the
filaments are free to polymerize and ii) their polymerization is slowed by forces from
attached, non-growing filaments. Ref. [32] treated the effects of filament attachments within
a different model of an actin network pushing on a disk, and found that the growth velocity
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is essentially constant up to a certain value of the attachment strength, at which point it
begins to drop. In the simplest picture, the competition between attached and detached
filaments could be treated by reducing Ay Azap and kp, assuming a fixed ratio of attached
to detached filaments. Accordingly, we have performed additional simulations in which &,
and k.4 are reduced by 50%, and kp,is refitted. We find that in this case the key qualitative
features of the results are preserved, but the quantitative agreement with experiment is
worsened. For example, the increase in filament number at #= 60sinduced by increasing
[CPo] from 21 nmto 52 nmis 38% in the baseline model, but is only 25% when kp,and A
are reduced. We are not able to predict the effect of changes in the relative proportions of
detached and attached filaments.

Ref. [33] showed that gel-stretching forces are proportional to the shear modulus of the gel,
which is enhanced by crosslinking, and to the square of the gel thickness. Unlike the cell-
extract system of Ref. [33], the pure-protein system of Ref. [13] had no crosslinking
proteins, so the effects of the gel-stretching forces should be smaller. In addition, gel-
stretching forces would cause polymerization to slow over time as the gel thickness grows
and the filament density increases. However, no significant slowing was seen in Ref. [13]
under the conditions that give the maximum number of filaments. Therefore the effect of the
gel-stretching forces is probably small.

To further evaluate the possible impact of gel-stretching forces, we have developed a simple
modification of our model, based on the proportionality of the opposing force to the square
of the gel thickness [33]. Assuming that i) the thickness is proportional to £, ii) the number
of filaments is reasonably constant over the later parts of the polymerization process, and iii)
polymerization is slowed by a “Brownian ratchet” exponential factor [34], we multiply the
polymerization, branching, and capping rates by a factor exp(—-a2), with a chosen so that
the exponent is —1 at the end of the time courses. The fits to the data were repeated using
this term. We find that inclusion of the exponential factor changes the F-actin and filament
number time courses by 3-5%.

Filament nucleation mechanisms—\We assume that filament nucleation is dominated
by Arp2/3-based branching as opposed to CP-based nucleation in solution. CP is known to
nucleate actin filaments in vitro [13,35]. These filaments slowly polymer-ize at the pointed
ends rather than at barbed ends. In the system of Ref. [13], such filaments could diffuse to
the bead surface and contribute to the filament count. We thus estimate the upper limit of the
number of bead-bound filaments that could result from such a process. We define A[ CA] and
A[G], respectively, as the differences between the initial and final bulk concentrations of CP
and actin monomers measured in Ref. [13]. To estimate the maximum filament number from
this process, we assume that all of A[CP] and A[G] are due to CP-induced nucleation and
subsequent polymerization, and that the bead is a perfect absorber for the filaments. Then
the concentration of CP-nucleated filaments is A[CA).

In Supplemental Material C we prove that the number Ny, of CP-nucleated filaments
attached to the bead is less than
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, AICP Los
N,,'ggfhzélwr()#[Dmtflnﬁ—%ro \/ Dt £/7(V/ Linaz— v/ Lmin)]

(L max L min ) L min (11)

where Dy, is the monomer diffusion coefficient, L, and L, are the lengths of the shortest
and longest filaments (measured in subunits), respectively, and #is the accumulation time.
For the case of an initial CP concentration of 56 nM, Fig. S6a of Ref. [13] shows a final CP
concentration of approximately 15 #M. This means that the upper limit of A[CA] is 41 nM;
the actual value is smaller since not all of the CP is free at the beginning of the time course.
We take A[G] to be the global concentration of polymerized actin on the beads, estimated
below in Parameterization and Fitting Procedure as 0.84M. This gives (L) = A[G)/A[CA|
=20 and (using Lyjn=3) Lmax= 37, so that Gy = 41 nMI34 = 1.2 nM . Using these values

in Eq. 11, along with D,;, = 70um?s™1 [20], we obtain N7, —3 4 » 10°. This is much lower

touch

than the filament number measured in Ref. [13], which is about 2 x 10°.

The actual number of CP-nucleated filaments on a bead will be even less than N/7%%,  for
three reasons. First, the derivation of Eq. 11 does not include the slowing of filament
accumulation due to global depletion of the number of filaments. Second, the bead is
probably not a perfect absorber. Third, we used an upper bound for ACP, and the actual
value will be smaller. Therefore it is reasonable to assume that most of the filaments on the
bead are generated by Arp2/3-based branching on the bead rather than by CP-induced

nucleation in solution.

3 Parameterization and Fitting Procedure

The parameters not given previously, and whose values are not fitted in the calculations, are
obtained as follows. For the diffusion coefficient D, of Arp2/3 complex, we note that the
Arp2/3 complex molecular mass is approximately 220 kDa (Ref. [36]), and the actin
molecular mass is 42 kDa. Treating the complex as a sphere, assuming that the molecular
mass is proportional to the third power of the protein radius, and that Dis inversely
proportional to the radius [37], we obtain D, ~ (42/220)3 D,,,~ 40 un?s™L. Similarly, D, ~
(42/65)13 D,;,~ 61 unPs71, since the molecular mass of CP is ~ 65 kDa (Ref. [38]). The
value of kg, is not fitted in the baseline model; rather it is given a value so that less than 5%
of the filaments are generated by spontaneous nucleation; the results are found to be
insensitive to its precise value. The value of &, is obtained from the simulations, by
matching the experimental data using a least-squares procedure. We minimized the sum of
all the squared errors between the predictions and the experimental data at all time points for
Ngiven in Ref. [13] divided by the squared experimental values of A, for each of the
experimental [Arpg] and [CFp] values.

We obtained the initial Gy as the final GE) of about 1.4uM (obtained from Fig. S6B of Ref.
[13]) plus a contribution from the subunits on the beads. To calculate this contribution, we
used the bead surface area density per unit volume of 1010 yn?/mL = 1072um™ (Ref. [13],
Supplementary Material) and the bead radius of 7y = 3 ym, to infer a bead density of (1/30) x
10 2unY(4 1 x 32umP) = 3 x 1078/unP, since the solution was diluted 1:30. Thus, the
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solution volume per bead is V4 ~ 3.3 x 10° uP. We use 1.5 x 108 (Fig. 5¢c of Ref. [13]) as a
typical number of actin subunits on the bead. The global concentration of actin on the beads
is thus ~ 1.5 x 108/3.3 x 10° um? = 0.8uM, giving an initial Gy = 2.2uM . This is lower than
the value suggested by the stoichiometry of the solution, presumably because of
polymerization induced by CP [13,35]. Similar calculations for [ CPy] yield initial values
[CPy]=21 and 52 1M, corresponding to the final values of 15 and 30 1M respectively. The
final value of [Arnp] after the experiment was not given in Ref. [13], so we use the quoted
initial value. For Arp,, we find that values less than 10 nM reproduce the weakness of the
Arp2/3 effect measured in Ref. [13].

There are several possible variations of the model, and a priori it is not clear which
combination of assumptions describes the system best. For this reason, we first present a
baseline model, which makes the assumptions that we feel are most plausible. In this model,
the contribution from spontaneous nucleation is assumed to be much less than (< 5%) that
from branching, but not completely negligible. We also assume that Arp, < Arpy. We then
present results for two modifications of the baseline model, describe the basic mechanisms
by which CP enhances polymerization and nucleation, and propose experiments to
distinguish between branching nucleation and spontaneous nucleation.

4.1 Baseline model

This model (Fig. 2(a)) matches several aspects of the filament-number measurements well: i)
the general trend of the time courses; ii) the weak effect of [Arp2/3] on A, and iii) the strong
positive effect of CP on A. When [CRy] is increased, the resulting increase in A grows with
time. In contrast, when [Arpg] is varied, the change in A/becomes smaller at later times. The
main discrepancies between the baseline model and the experimental data are in the the
initial stage (< 15 ) of the growth of actin networks for higher values of the CP
concentration. However, only one datum is available within the first 15 s of the experiment,
so the significance of the discrepancy between the experiments and the fit is not clear.

The time courses of the number of subunits Fare also matched well for different CP
concentrations (Fig. 2(b)). Consistent with the experiments, we find that CP has a weak
effect on the number of actin subunits incorporated into network. This is because the large
density of uncapped filaments causes the actin gel to act essentially as a perfect absorber.
The total polymerization rate is thus limited not by the number of uncapped filaments, but
rather by diffusion of actin monomers to the region of the bead. CP enhances the growth rate
of individual uncapped filaments, but also reduces the fraction of filaments that are
uncapped, and these effects compensate in such a way that the total rate of actin assembly is
almost independent of CP. Again, the largest fractional discrepancies between the baseline
model and the experimental data are within the first 15 s of the experiment.

4.2 Model with only spontaneous nucleation

Since the relative importance of branching and spontaneous nucleation for bead-induced
actin polymerization is not known, we have also studied a variant of the model in which
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spontaneous nucleation is the only source of new filaments. In Figure 3(a) and 3(b), we see
that the results of this model are almost indistinguishable from those of the baseline model.
Another variation of the model, with no spontaneous nucleation (see Supporting Material
D), also differs only slightly from the baseline model. Thus there is no obvious way to
differentiate spontaneous nucleation from branching on the basis of the data considered here.
Section 4.6 describes an experimental protocol that can distinguish between the nucleation
modes.

4.3 Model without [Arp.] term

We found that the [Arp/] term, in Egs. (2) and (7) is needed to reproduce the small effect of
[Arp2/3] on N. In Fig. 4, we present results for the case when the factor 1/([Ard] + [Arpd)
in Egs. (2) and (7) is dropped. It is seen that in this case lowering [Arpg] shifts the high-
Arp2/3 (dashed) curve away from the low-Arp2/3 (solid) curve, and the gap between them
does not decrease with time. Both of these behaviors are inconsistent with the experimental
findings. In contrast, in Figs. 3 and 4 where the [Arp ] correction is included, the calculated
time courses of N for different [Argg] eventually converge, despite an early-time difference.

This suggests that a factor other than Arp2/3 complex is the rate-limiting factor for
nucleation, as pointed out by Akin and Mullins [13]. Instead, it is possible that the limited
amount of the actin nucleator ActA attached to the bead surface is the rate-limiting factor.
This contention is supported by previous work, which showed that the rate of motion of of
certain viruses in limited by the release of actin filaments from nucleation-promoting factors
[18]. Mechanical effects, as suggested by Ref. [13], could also be important. In Supporting
Material E we discuss how such effects might influence the gel thickness.

4.4 How CP enhances actin polymerization and nucleation

In this and the following subsections, we investigate the basic biophysical mechanisms
embodied in the model and make proposals for future experiments. To simplify the
theoretical analysis, we keep the bulk concentrations at constant values

([Gol=[Gol, [CPyl=[CPy), | Arpy=] Arp,). The heart of the mechanism by which CP
enhances motility and filament number is seen in Fig. 5(a), where the local monomer
concentration [ G] at the bead increases by approximately 80% when [ CA,] increases from
21 nMto 52 nM. The dependence of the asymptotic value of [G] on [CP], shown in Fig.
6(a), shows a monotonic climb. This will accelerate elongation. The increase occurs because
CP reduces the number of uncapped filaments (see Fig. 6(b)), which would otherwise have
lowered the local actin concentration [ G] by consuming monomers. Since the nucleation rate
of new actin filaments increases strongly with [ G], CP increases this rate as well, as shown
in Fig. 5(b). This mechanism for CP enhacing motility and filament nucleation makes only
two key assumptions: that the number of uncapped filaments is reduced by CP, and that the
nucleation rate grows with the free-actin concentration. The same basic mechanism is
present in the spontaneous-nucleation model (SN) discussed above and the branching-only
model discussed in Supporting Material B, both of which also fit the data well.

Our finding that CP reduces the number of uncapped filaments and increases the filament
elongation rate differs from that of Ref. [13], where the number of uncapped filaments and
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the elongation rate were found to be independent of CP. We believe the reason for the
difference is that Ref. [13] used the global CP and actin concentrations to evaluate the
number of uncapped filaments and the elongation rate, while here we use the local
concentrations at the bead.

It is not clear whether the mechanism is important for the smaller beads considered by Ref.
[13]. The use of a more complex motility medium and the lack of measured A values for this
case make it difficult to assess the extent of local depletion of proteins around the beads.

4.5 The characteristic CP concentration for raising the free-actin concentration

For interpreting the results of motility experiments, it is useful to estimate the characteristic
value CP,of [ CRy] where the local actin concentration at the bead reaches half the bulk
value: [G] = 0.5[ Gp]. To calculate CP,, we consider relatively late times, when the number
of uncapped filaments has reached steady state (i.e., dN¢/dt= 0). We obtain from Eq. (2)

ko ((G]=G)*[ Arp]

At Ar] el OFh o

if we assume that i) branching dominates over spontaneous nucleation and ii) the decay term
is negligible. We define a dimensionless filament number ng= k,,N44ry Dy, so that (from
Eq. 5) [G] = [Go)/(1 + ny, and ng= 1 corresponds to [G] = 0.5[ Gp]. Then Eq.(6) can be
rewritten as

[CP]=[CPo|/(14+nsDmkecap/Dckon). (13)
From Eq.(7) (again ignoring the spontaneous nucleation term), we obtain

Dmkbr([G]_GC)z

A=l (14 2 LTS g

From our numerical results, the first term of the denominator is negligible when 0.25[ Gy] <
[G] < 0.5[ Gy, so we obtain

ko ([G]—Go)?[Arp]
[Arp |+[ Arp] =Dukon Arpo/Dmnny- (15)

Putting n¢= 1 and Egs. (13),(15) into (12), we obtain

Phys Biol. Author manuscript; available in PMC 2016 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Carlsson

Page 11

konD, D
M e L2 ) ~1.5[ Arpy).
Feaap Do + D. ) [Arpq

cr=tm .

For our parameters, and [Arpg] = 96 nM, Eq. (16) yields [CPy] ~ 0.14 uM. This theoretical
estimate is essentially identical to the numerically obtained value [ CP,] = 0.14 uM value
corresponding to [G] = 1.1 uM = 0.5[ Gg] in Fig. 6(a).

If we assume that the currents of Arp2/3 and CP to the bead are close to being diffusion-
limited, then this result is consistent with the physical intuition that the rate of CP flow to the
bead should at least equal the rate Arp2/3 flow, so that all filaments will eventually be
capped. Eq.(16) is also consistent with the finding of Loisel ef a/[5] that the optimal [ CA]
value and [Arm] values for actin-propelled pathogens are nearly the same.

4.6 A method for distinguishing branching from spontaneous nucleation in the growth of
actin networks

In Sections 4.1 and 4.2, we showed that the the available data does not determine whether
branching nucleation (BN) or spontaneous nucleation (SN) dominate. Here we show that
modifying the design of the experiments of Ref. [13] to measure the total number of
filaments at 7= 60 sas a function of [CA], using lower [ Gp] values, can differentiate
between the BN and SN models. Figure 7 shows the number of filaments as a function of

[ CPp] for the two models. In the SN model, A increases monotonically with [CA]. In
contrast, in the BN model AVincreases to a peak but diverges from the SN results by turning
over and eventually approaching zero at long times. The reason for these differences is the
following: in the BN model, dN/dt= kugr N where kore= kpJArol([G] - G2([Arp] +
[Arp]) = kegplCP] = kg If [CP] is large enough, kgrwill be negative and NVgwill thus
approach zero at long times, at which point no new filaments can be initiated by branching.
However, in the SN model,

2
Al GG 1Pk,

. _ kSp
N = e+ Avy] an

Adding Eq. (17) to Eq. (3), we obtain dMdt= ks [ Ampl([G] - GA([Arp ] + [Arpl) — ko Nf
+ N,). If the small kyterm is ignored, this quantity depends on [CP] only via [G]; since [G]
increases with increasing [CP], so will dM dt.

5 Discussion

We have performed a quantitative modeling study of the effect of CP and Arp2/3 complex
on motility and and actin filament nucleation, using a model based on the local
concentrations of key proteins at biomimetic beads. The main conclusions are the following:

1. Increasing CP concentration leads to a larger number of filaments because
filaments are nucleated at a higher rate. The mechanism is that the

Phys Biol. Author manuscript; available in PMC 2016 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Carlsson

Page 12

nucleation rate of actin filaments grows with the local monomer
concentration, which is increased by lowering the number of uncapped
filaments through increased CP. A kinetic model based on this effect fits
the experimental data of Ref. [13] well, with only one adjustable
parameter. The characteristic CP concentration CP,where the local actin
concentration at the bead reaches half the bulk value is related to the bulk
Arp2/3 complex concentration [Argg] as follows: CP,~ 1.5[Arg]. This
estimate is roughly consistent with the concentrations at which Listeria
was found to reach its maximum velocity in Ref. [5].

2. In order to reproduce the relatively small effect of Arp2/3 complex on the
number of filaments, it was necessary to introduce a term based on [Arpo ]
that weakens the Arp2/3-dependence of the nucleation rates. This suggests
that a factor other than Arp2/3 complex is rate-limiting for actin filament
nucleation.

3. We have suggested a feasible method of determining whether spontaneous
nucleation (SN) or branching nucleation (BN) is the dominant mechanism
of filament initiation in the bead polymerization assay. This method is
based on measuring the number of filaments A as a function of [CFy]. For
SN, Nincreases monotonically, but for BN, it reaches a peak and turns
over.

Our study reinforces findings from previous calculations of actin polymerization in
lamellipodia and filopodia, that used either rate equations and analytic theory [7,8] or
explicit 2d or 3d modeling of the actin network [9-12,39]. These works found that the actin
monomer concentration is depleted near the leading edge; this effect is reduced by capping
protein. Ref. [7] showed that depletion can be understood straightforwardly from the density
nrof uncapped filaments per unit area at the leading edge. If one treats the lamellipodium as
a rectangular strip of width W (perpendicular to the leading edge) having a density (per unit
area) of free filaments rrat its front, the free-monomer density is reduced by a factor 1/(1 +
konWnid D,)). Here we have treated a similar physical effect in the geometry of a biomimetic
spherical bead, where the reduction factor [19] is 1/(1 + kyufon¢! D). Having access to
published curves of filament number and subunit count [13] in a biomimetic system allowed
us to quantitatively establish effect of capping protein on the actin monomer concentration
and actin filament nucleation, in a system with few unknown parameter values.

The importance of the depletion effects for intracellular pathogens such at L /steria depends
on the number of free filaments at the pathogen surface. It is clear from the form of the

reduction factor above that the depletion effects will be significant if ny > n% = Dy, /rokon.
We treat Listeriaas as sphere of radius /0 ~ 1um. Using the same Kinetic constants as for the

lamellipodium case, we obtain 71/§L:250um*2. We do not know the value of ngfor Listeria,
but if it is comparable to the measured value for lamellipodia the depletion effects will be
important.

How could one experimentally distinguish between the present local-depletion model and
the monomer gating model of Ref. [13]? The clearest distinction would be obtained by direct
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measurement of the protein concentrations near the bead, which should be much lower than
the bulk concentrations if the local-depletion model holds. This could be accomplished via
fluorescence correlation spectroscopy (FCS) [40], using a laser spot placed near the bead
together with functional fluorescently labeled proteins. Because FCS uses the high-
frequency components of the fluorescence signal, one can in principle separate the proteins
in solution from those bound to the bead. Nevertheless, the experiment would be
challenging, since the background concentration of proteins bound to the bead is much
higher than that in solution. This difficulty might be remedied by pulse-chase experiments in
which the color of the fluorophore is abruptly changed. If the imaging were performed
quickly enough, the ratio of bound to free protein of the second color could be reduced
significantly.

Alternatively, one could photobleach circular regions containing the beads, and measure the
fluorescence recovery. The earliest stages of recovery would be dominated by actin
monomers diffusing in from the edge of the bleached region. The initial magnitude of the
recovery would thus depend on the monomer concentration at the edge. If one varied the
radius of the photobleached region, one could then obtain an estimate of monomer
concentration as a function of distance, and see how it varies with CP. Performing such
measurements would require using a plane of focus through the bead, and eliminating out-
of-focus light. This could be accomplished by using confocal microscopy to image beads
attached to a surface.
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Refer to Web version on PubMed Central for supplementary material.
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Schematics of a) actin filaments on a bead and b) the monomer concentration profile.
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Figure 2.

Bgseline model. [Go] =2.2 M, kp=0.65 UM 2571, kg=1.0 x10* uM257L, [Arpd = 2 nM.
Low [CPy] = 21 nM , high [CPy] =52 nM . Low [Argg] = 48 nM , high [Arpg] = 96 nM . In
this and following figures, an estimate of the nonspecific association of CP to the beads was
subtracted from filament numbers quoted in Ref. [13]. This was obtained by linear
interpolation of the data in Fig. S5 of Ref. [13].
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=2.2 M, k=0, kgp= 4.3 x 10° uM 2572,
[Arp] =2 nM . Low [CRy] = 21 nM , high [CPy] =52 nM . Low [Armp] = 48 nM , high
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Figure 4.

Model without [Arp] term. [Go] =2.2 M, kp=18.5 M 3571, kg=1.0 x 10° uM 3571,
[Aro] =2 nM. Low [CRy] =21 nM , high [CPy] =52 nM . Low [Argg] = 48 nM, high
[Arp] = 96 nM.
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Effect of [ CA] on the local monomer concentration [G] (frame a) and the initiation rate of
new actin filaments (frame b). [Go] = 2.2 (M, kp=0.65 M 2571, kg=1.0 x 10% M 2572,
[Arp] =2 nM |, [Argg] = 96 nM . Low [CRg] = 21 nM , high [CPy] = 52 nM.
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Figure 6.
Effect of [CP] on asymptotic values of [G] (frame a) and N¢(frame b). [Gg] = 2.2 uM,

kp=0.651M 2571, kg=1.0 x 10* uM257Y, [Arpd = 2 nM, [Arpo] = 96 M.
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Table 1

Simulation Variables

Symbol | Definition
Ng Number of uncapped filaments in the network
A Number of capped filaments in the network
Total number of filaments in the network; N= N¢+ N,
F Number of actin subunits in the network
[G] local (bead surface) monomer concentration
[cA local (bead surface) capping protein concentration
[Am] local (bead surface) Arp2/3 complex concentration
, Real-time bulk monomer concentration
[Gop
, Real-time bulk CP concentration
(CPq
, Real-time bulk Arp2/3 complex concentration
[ Arpo]
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Table 2
Simulation Inputs
Symbol | Definition Value References
6 Actin monomer size 2.7 nm [22]
n Bead radius 3 um [13]
Dy, Actin Monomer diffusion coefficient 70 pmPst [20]
D, Capping protein diffusion coefficient 61 pmPst This article
D, Arp2/3 complex diffusion coefficient 40 umtst This article
Kon Monomer on-rate constant 116 upmrist | [23]
ksp | Capping rate 8 uMist [21]
Ksp Nucleation rate Varies This article
Kpr Branching rate Varies This article
ky Decay rate 1.8 x103s71 [21]
[Go] Initial bulk monomer concentration 1.4-3.0uM [13]
G, Barbed-end critical concentration 0.07 um [21]
[CR] Initial bulk capping protein concentration | 15-128 nM | [13]
[Arm] Initial bulk Arp2/3 complex concentration | 48 — 96 n\V/ [13]
[Arp] Crossover Arp2/3 complex concentration 1-10 1M This article
W Solution volume per bead 3.3 x 10° umP | Calculated from [13]
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