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Protein Purification and Labeling. Actin was purified from rabbit
muscle as described (1). To fluorescently label actin, it was first
polymerized overnight at 4 °C in Pipes buffer [50 mM KCl, 0.1
mM MgCl2, 0.2 mM ATP, 25 mM K+-Pipes (pH 8.3)], reacted
with Alexa Fluor 488 tetrafluorophenyl ester (AF488-TFPE;
Molecular Probes) for 3 h at 22 °C, dialyzed against G-buffer [3
mM Tris·Cl−, 0.1 mM CaCl2, 0.2 mM ATP, 0.5 mMDTT (pH 8)]
for 2 d at 4 °C to depolymerize, and gel filtered (1). To biotinate
actin, the same procedure was followed, except that actin was
reacted with maleimide-PEG2-biotin (Pierce/Thermo Fisher).
Actin-related protein (Arp) 2/3-SNAP was purified from a

Saccharomyces cerevisiae strain in which the ARC18 locus was
modified to produce an Arc18-SNAP fusion protein. To con-
struct the strain expressing the Arc18 subunit with C-terminal
SNAP tag, tobacco etch virus (TEV) protease site, and 3HA
tags, we first used PCR to amplify the ARC18-TEV-3HA::HIS
sequence from BGY694 (2), including 300 bases both upstream
and downstream. The primers contained XhoI and NotI sites.
This construct was subcloned into the XhoI/NotI sites of pRS305
(3). The SNAP tag sequence (pSET7-s6b; New England Biolabs)
was amplified with two primers containing SmaI sites (5′-GCG
CGC CCG GGA ATT CCA CCG GAT CCA CCA G-3′ and
5′-GCG CGC CCGGGGGAGGAT CTGGTGGTT CTGGAT
CCA TGG ACA AAG ATT GCG AAA TG-3′) and cloned be-
tween ARC18 and TEV. The resulting ARC18-SNAP-TEV-3HA
construct was liberated with an XhoI/NotI digest and transformed
into BGY311 (4) to generate BGY1430.

BGY1430 cultures were grown and Arp2/3-SNAP was isolated
as described (5). When desired, the SNAP tag was labeled during
purification by incubating the Arp2/3-SNAP-TEV-3HA bound to
α-HA antibody-coated Sepharose CL4B beads with SNAP-Sur-
face 549 (New England Biolabs) for 2 h at 22 °C, then washing to
remove free dye before TEV protease cleavage.
Full-length yeast WASp/Las17 (6) and its VCA domain (7)

were purified as described. Chicken muscle CapZ was purified
essentially as described (8).

Actin Assembly Kinetics.Bulk actin assembly assays were performed
essentially as described (2) using 2 μM gel-filtered actin monomers
(with 5% of monomers labeled with pyrenyl-iodoacetamide),
Arp2/3 complex (10 or 20 nM), and Las17 (10 nM; Fig. 1B) or its
VCA fragment (Fig. S2). Pyrene fluorescence was monitored at
0.3 Hz at excitation 365 nm and emission 407 nm in a fluorescence
spectrophotometer (Photon Technology International). The assay
was designed so that at its midpoint (1 μM) G-actin, it mimicked
the conditions of the single-molecule measurements.
During the pyrene assay the G-actin concentration G(t) de-

creases with time and the F-actin concentration F(t) increases.
To interpret the fluorescence records, we first assumed that the
level at which the pyrene fluorescence signal plateaus corre-
sponds to a steady-state F-actin concentration Fmax of 1.9 μM,
and the G-actin critical concentration Go of 0.1 μM (9, 10). In

contrast, at the start of the reactionG(0) is 2 μM and F(0) is zero.
These initial and final values were used to scale the florescence
records to yield the time course of F-actin concentration, F(t).
Barbed-end concentrations E(t) were calculated (11) from the

rate of change of F-actin concentration as

EðtÞ=F0ðtÞ=reðtÞ;

where F′(t) is the numerical derivative of the smoothed (10- to
20-point sliding-mean filter) F(t), and re(t) is the time-dependent
rate of actin elongation calculated as

reðtÞ= r½GðtÞ−Go�= r½Fmax −FðtÞ�;

where r is 10 s−1·μM−1, the elongation rate constant (9, 10).
To calculate the time-dependent branch concentration B(t)

from pyrene–actin curves, the concentration of barbed ends re-
sulting specifically from branch formation was calculated as

BðtÞ=
h
F

0
+AðtÞ−F

0
�AðtÞ

i.
fr½Fmax −F+AðtÞ�g;

where the subscripts +A and –A designate records collected in
the presence and absence of Arp2/3 complex, respectively. Fi-
nally, the apparent second-order rate constant for branch pro-
duction kB(t) was calculated as the time derivative of the branch
concentration divided by the F-actin and Arp2/3 complex con-
centrations

where B′(t) is the numerical derivative of the smoothed (50-point
sliding-mean filter) B(t) . In this calculation, the concentration of
free Arp2/3 complex, A(t), was taken to be (20 nM) − B(t). The
branching rate-constant data were further smoothed by 50-point
sliding-mean filter and expressed per unit length of filament by
multiplying by the linear subunit density in F-actin, 360 μm−1.
The resulting branching rate time-courses (Fig. S2C) were unin-
terpretably noisy for t < ∼250 s due to the low levels of F-actin
present early in the reaction. The branching rate reached a com-
paratively stable plateau in the time interval ∼300 s < t < ∼600 s,
and subsequently declined due to depletion of monomeric actin
and/or depletion of free Arp2/3 complex by nonproductive fila-
ment binding. We calculated the mean branch formation rate-
constant in the plateau region and found that this agreed within
experimental uncertainty with total internal reflection fluores-
cence (TIRF) measurements of the branching rate for reactions
both in the presence and absence of VCA (Fig. S2D).

Microscope Flow Chambers. Flow chambers of ∼3 μL volume were
constructed from a no. 1.5 cover glass-bottom (24 × 60 mm) and
a glass microscope slide top (25 × 20 mm); both were cleaned by
sonicating multiple times (1 h in detergent, 1 h ethanol, 30 min
0.1 M KOH, and 15 min deionized water) and then treated with
2 mg/mL methoxy-PEG5000-silane (Laysan Bio) in 80% (vol/vol)
ethanol (pH 2), 70 °C overnight. The reaction for the bottom

kBðtÞ=B0ðtÞ=½F+AðtÞA�= 1
rF+AðtÞ½Fmax −F+AðtÞ�AðtÞ
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;
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also contained 0.02 mg/mL biotin-PEG3400-silane. Holes drilled
in the chamber top were attached to reservoirs made from mi-
cropipette tips (for fluid inlet) or to polyethylene tubing (for
fluid outlet) and sealed with epoxy. Top and bottom were as-
sembled separated by 30-μm-thick double-sided acrylic/polyester
adhesive strips (Nitto Denko) and sealed with epoxy. The fluid
outlet was connected to a valve (Hamilton) and syringe pump
(Harvard Apparatus) controlled by custom software. Fluid was
introduced into the flow chambers at 20–60 μL/min. Before each
experiment, flow chambers were coated for 15 min with buffer [5
mg/mL BSA, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM
imidazole (pH 7.5)], then for 30 s with 0.05 mg/mL streptavidin
in the same buffer. Next, the chamber was washed with 3 × 10 μL
buffer and immediately loaded with preassembled filaments.

TIRF Microscopy. Dual-wavelength TIRF microscopy was per-
formed on a custom-built microscope described previously (12).
TIRF buffer contained 50 mM KCl, 1 mM MgCl2, 1 mM EGTA,
10 mM imidazole (pH 7.5), 10 mM DTT, 0.2 mM ATP, 15 mM
glucose, 0.02 mg/mL catalase, 0.1 mg/mL glucose oxidase, 0.1%
BSA, and 0.25% methylcellulose.
To excite fluorescence from actin filaments and Arp2/3 com-

plexes, lasers beams from solid-state 488-nm (Spectra-Physics)
and 532-nm (CrystaLaser) lasers were directed in and out of the
microscope objective with small broadband mirrors aligned to
create an evanescent excitation field at the surface of the sample
chamber (12). A third laser beam at 785 nm (Power Technology)
reflected off the microscope slide and directed to a quadrant
photodetector (Pacific Silicon Sensor) was used to stabilize focus
through feedback to the piezoelectric microscope stage (13). Fluo-
rescence emissions were collected on an electron-multiplying
charge-coupled device (Andor).
Unless otherwise stated, TIRF experiments were conducted

according to one of the following two protocols:

i) For branching experiments, filaments were preassembled for
∼5 min with 3 μM actin (10% of monomers AF488 labeled,
1% biotinated) in TIRF buffer without methylcellulose, then
diluted to 1.5 μM total actin with buffer containing methyl-
cellulose and immediately injected into the flow chamber.
Once short filaments were observed on the microscope slide
surface, the assembly mixture was exchanged with TIRF
buffer containing 1 μM monomeric actin (10% AF488 la-
beled, 1% biotinated) and 20 nM labeled Arp2/3 complex,
with or without 300 nM VCA. Fluorescence images of
Arp2/3 complex were acquired continuously with 532 nm ex-
citation at 0.1 or 0.2 s per frame. Every 6–9 s, the 532-nm
laser was shuttered, a single frame of actin fluorescence was
recorded with 488 nm excitation, and the microscope was
automatically refocused. These interruptions of the Arp2/3
complex recording took ∼1 s.

ii) To maximize the time over which Arp2/3 complex binding to
and dissociating from actin filaments could be observed with-
out the microscope field of view becoming obscured by
a dense network of filaments, an altered protocol was used.
Filaments were preassembled as above except that only 5% of
actin monomers were labeled with AF488, assembly was al-
lowed to proceed for 1–2 h, and subsequent dilution was 40-
fold (to ∼75 nM F-actin) in TIRF buffer containing methyl-
cellulose and 20 nM capping protein (CapZ). Once these
long, capped filaments became tethered to the microscope
slide, the solution was exchanged with buffer containing
1 μMmonomeric actin (10% AF488 labeled, no biotin–actin),
10–20 nM CapZ, and 10 nM labeled Arp2/3 complex, with or
without 300 nM VCA. Because the filaments were very stable
under these conditions, Arp2/3 complex fluorescence was re-
corded continuously with only brief interruptions every 30–40 s

to image actin (to confirm the continued presence of tethered
filaments) and to autofocus.

Image Analysis. Image processing was performed with custom
programs developed in LabVIEW (National Instruments) and in
MatLab (MathWorks), and with ImageJ (National Institutes of
Health). Further data analysis was performed in MatLab and
Origin (OriginLab) software.

TIRF Measurement of Branch Formation Rate. Branch formation
rates were measured from TIRF recordings by counting branches
formed on a sample of mother filament segments. We selected
segments (typically 2–20 μm in length) that were continuously
visible for >10 min before being obscured by other filaments. For
each segment i, which had length Li, we counted the total number
of branches, ni, that appeared over the observation time ti. The
second-order branching rate constant was then calculated as

kB =
P

ini
Ao

P
iLiti

;

where Ao is the initial Arp2/3 complex concentration, 20 nM.
To confirm that the microscope slide surface does not interfere

with branch formation, we compared the linear density of branches
on filaments polymerized on the surface (0.04 ± 0.01 μm−1) with
the branch density on filaments that first polymerized in solution
above the surface and then settled into the TIRF field (0.07 ±
0.02 μm−1). Taken together with the comparison of branch for-
mation rates obtained from bulk actin assembly with those from
TIRF recordings (Fig. S2D), this data showed that the slide surface
causes little or no inhibition of Arp2/3 complex activation.

Single Molecules of Arp2/3 Complex at Branch Sites.Arp2/3 complex
fluorescence intensity records (Fig. 3A, gray) were produced by
integrating images over a 0.5- × 0.5-μm region centered at the
branch site. To suppress noise, intensity records were filtered
(Fig. 3A, green) with a five-frame sliding average. We observed
that 90 ± 3% (143/160) of branch junctions displayed a spot
of Arp2/3 complex fluorescence. In all cases, Arp2/3-SNAP549
complex fluorescence was observed to first appear in a single
discrete step increase over background fluorescence, consistent
with binding of a labeled Arp2/3 complex from the solution. In
97 ± 2% (112/116) of the records in which the spot was sub-
sequently seen to disappear (presumably by photobleaching, be-
cause Arp2/3 complex remains irreversibly bound at branch
junctions), the disappearance occurred in a single step, in-
dicating that only a single fluorophore was present at the junc-
tion (Fig. S1C). These data are consistent with the hypothesis
that branches were formed by a single Arp2/3 complex bound to
the mother filament (with 90% having a fluorescent label) and
inconsistent with hypotheses that dimers or higher-order ag-
gregates of Arp2/3 complex are required (Fig. S1E). In a rela-
tively small number of records (33/143), a second abrupt increase
in Arp2/3 complex fluorescence was seen before the first spot
had photobleached. Such events were assumed to arise from
binding of a second Arp2/3 complex to the mother or daughter
filament near the branch junction. These records were excluded
from the photobleaching analysis, and they were also excluded
from the activation time analyses if the second binding event
happened before daughter filament nucleation (Fig. 3).
The fluorescent spots observed at branch sites had a wide range

of intensities (Fig. 1C). This variation in intensity is likely due to
different branch points being at different positions above the
microscope slide surface and at different locations within the
field of view, because the intensity of the excitation evanescent
field varies steeply with distance above the slide surface and is
somewhat inhomogeneous across the field. The distribution of
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intensities of all fluorescent spots at branch sites together with
the distribution of those that photobleached in a single step is
shown in Fig. S1D. Both distributions have the same shape
(single broad peak), consistent with the interpretation that
branch sites are occupied by a single Arp2/3 complex.

Activation Delay Times. Activation times were measured by com-
paring the Arp2/3 complex fluorescence intensity records to
daughter filament length records that were produced by manually
tracing the filament contour. To improve accuracy, only daughter
filaments whose elongation could be followed as they grew from
∼0.3 to 1.5 μm were selected for analysis. Daughter length meas-
urements between ∼0.3 and 1.5 μm were fit with a linear function
to obtain the nucleation event time (subject to the assumption that
the polymerization rate is constant). The time of Arp2/3 complex
binding to mother filament was identified as a step increase in the
integrated fluorescence intensity at a nascent branch junction (Fig.
3B). The lag between Arp2/3 complex binding and daughter nu-
cleation was defined as the activation delay time (ta) for each
branch. The measured ta values ranged from <0 to >20 s, but this
variability was due in part to imprecision in measuring the lengths
of short daughter filaments. For a precise measure of the charac-
teristic activation time,<ta>, daughter length records were aligned
based on the time at which eachArp2/3 complex bound themother
filament. For all branches observed in a given experiment, the
time-length data were then binned according to length and the
time values in each bin averaged to determine the mean time to
reach the length corresponding to the mean of the length data in
the bin (Fig. 3B, blue points). These combined data were linear fit
with 1/SE2 weighting to obtain <ta>. The <ta> values were aver-
aged over three independent experiments.
To test for systematic errors in the measurements of daughter

filament length, and therefore nucleation time, we generated sim-
ulated fluorescence image sequences of branch formation and
elongation.The simulationswere basedonamathematicalmodel of
the experiment that included (i) stochastic incorporation of labeled
actin subunits into filaments; (ii) stochastic (Poisson-distributed)
photon emissions from each dye; (iii) a 2-D Gaussian point-spread
function; (iv) stochastic photobleaching; and (v) variable nucleation
times, branching angles, and locations of the branch on the mother
filament. To mimic the experimental data as closely as possible,
these resulting idealized branch movies were summed with movies
of measured background fluorescence. Analyzing these simulated
recordings of branch nucleation and growth in the same way as the
real data were analyzed yielded a difference between the measured
and simulated nucleation time of 0.6 ± 1.8 s, demonstrating that
there was no significant systematic error in the measurements, and
that the estimated statistical uncertainty in the analysis was similar
for the simulated and real experimental data. The simulations did
not account for the possibility of pauses in daughter filament
elongation, or for possible fluctuations of the daughter filament out
of the field of TIRF illumination, both of which could influence the
accuracy of the calculation of nucleation time.

Arp2/3–Filament Binding Kinetics. To quantify Arp2/3–filament
binding and dissociation kinetics, we used automated identi-
fication and tracking of Arp2/3 complex fluorescent spots by
an algorithm described previously (14). Before spot detection,
Arp2/3 complex image sequences acquired at 0.1 or 0.2 s per
frame were typically smoothed by a rolling average of the images
such that the final temporal resolution was 0.5–1 s. Each filament
path was traced in the actin fluorescence images to define the
center line of a mask of width 0.7–0.9 μm used to select the
subset of Arp2/3 complex spots that colocalized with filaments.
For the background control, spots from background regions were
selected the same way using a simulated filament path.
To find the rate constants for Arp2/3–filament bindings, we

measured the initial binding rate of Arp2/3 complex to filament

segments of fixed length. This analysis protocol was chosen be-
cause it minimizes effects from photobleaching or blinking of
bound Arp2/3 complexes. Specifically, we treated filament seg-
ments of length ls= 0.4 μm (approximately the spatial resolution of
the microscope) as independent locations for Arp2/3 complex
binding. The times to first Arp2/3 complex binding observed in
each segment were fit with exponential probability distribution
functions (Fig. S3). It is important to note that individual segments
do not represent single binding sites, but contain many, possibly
overlapping, sites where Arp2/3 complex can bind the filament. By
restricting our analysis to the first binding event observed in each
segment we avoid artifacts resulting from occupation of multiple
unresolved sites in the segment and from photophysical blinking or
bleaching of the dye label. The resulting apparent rate constants
were converted to units of M−1·s−1·μm−1 by dividing by the seg-
ment length (ls) and by the total concentration of Arp2/3 complex
in the reaction (cArp). In the fits, the fraction of filament segments
available for binding Arp2/3 complex was treated as a free pa-
rameter, because some segments may have been blocked by in-
teraction with the microscope slide surface. This fraction was
0.84 ± 0.09 (mean ± SE over three independent trials), suggesting
that interference from the slide surface was minimal, but providing
a possible explanation for the observed nonuniform distribution
of Arp2/3 complex binding locations on filaments (Fig. 2A).
Nonspecific binding of Arp2/3 complex to the slide surface was

measured by applying the same analysis method to regions in
which no filaments were observed. These background control
regions we segmented as above, and the times to first binding in
each segment were recorded. Exponential fits to the distribution
of these times produced the rate constant for slide binding per
unit path length (analogous to filament length for the regions of
the slide containing a filament). Corrected rate constants for
binding of Arp2/3 complex to filaments were calculated as kon =
(kfil − kbkg)/n, where kfil is the filament-region binding rate, kbkg
is background-region binding rate (Fig. S3), and n = 360 μm−1 is
the number of subunits per unit length of F-actin.
To illustrate the agreement between binding data and the

binding curves predicted by the measured rate constants, we first
plotted background-corrected binding data curves (e.g., Fig. 2B).
These were calculated as 1 − Sfil(t)/Sbkg(t), where Sfil(t) and
Sbkg(t) are the fraction of segments from filament and back-
ground regions, respectively, that were not yet bound by Arp2/3
complex at time t. We then plotted the predicted binding curves
as 1 − exp(−kon t Ao n ls), where Ao is the initial Arp2/3 complex
concentration, 10 or 20 nM.
Fitting of binding data were performed using a maximum-

likelihood algorithm that accounted for event intervals missed
because they were too short (< 0.5–1 s) or too long (>10–15 min).
SEs were estimated by bootstrapping.

Arp2/3–Filament Dissociation Kinetics. To quantify Arp2/3–filament
dissociation kinetics, distributions of Arp2/3 complex lifetimes on
filament regions were first corrected for slide binding by sub-
tracting the frequency of observed events of the same lifetimes on
background regions. These curves were then fit with two- or three-
exponential probability functions to find the time constants τi and
corresponding relative amplitudes, or fractions, ai, of the different
components of the distribution of lifetimes of Arp2/3–filament
complexes (Fig. S5). After establishing that the longest time-
constant (τ3) from three-exponential fits of lifetime data were the
same with and without VCA and was equal to the photobleaching
time constant at branch sites, the three data sets were globally fit
with the constraint that the long time-constants were equal (τ3 =
τ3V), but letting the amplitudes and shorter time-constants vary
independently for ±VCA data. The fit parameters were averaged
for two independent trials and are presented in Table S1. Fitting
and error analysis of dissociation data were performed using the
same methods as for binding data.
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To test whether a two-exponential probability function was
sufficient to fit the lifetime distributions, we compared two- and
three-exponential models using the Bayesian information crite-
rion (BIC) (15), BIC = ln(L) − k/2 ln(n), where L is the maxi-
mized likelihood, k is the number of free fit parameters, and n is
the number of measurements. The strength of evidence for se-
lecting one model over another is considered substantial when
the difference in BIC is >1.1 (>3:1 odds), strong when the
difference is >2.3 (>10:1 odds), very strong when the difference
is >3.4 (>30:1 odds), and decisive when the difference is >4.6
(>100:1 odds) (16). Based on these criteria, the three-exponen-
tial model provided a decisively better fit to our lifetime distri-
butions than the two-exponential model (Fig. S5C). Confidence
interval envelopes, shown as shaded regions in Fig. 2B and Fig.
4A, were calculated by fitting 5,000 different equal-length re-
samplings (bootstraps) of the measured data set, sorting the fit
values at each time point, and plotting the fifth and 95th per-
centile, representing the 90% CI. Errors on mean fit parameters
(Table S1) were taken as the larger of (i) the mean of the errors
calculated for each independent trial by bootstrapping (SD of
the bootstrap parameter distributions) or (ii) the SE of results
from independent trials.

Global Fitting of Kinetic Models. To determine the values of the rate
and equilibrium constants in a given kinetic model that produced
the best agreement with experimental observations, we derived
a set of equations to calculate model-predicted values of all of the
quantities measured in our experiments: amplitudes and time
constants from lifetime distributions, binding rates, activation
times, activation efficiencies, and overall stimulation of branch
formation, with andwithoutVCA.The set of derived equations for
each model were used to globally fit the data by minimizing the
total χ2 difference between the predicted values and the observed
results. All modeling included a stable dead-end state of filament-
bound Arp2/3 complex because of the presence of a small number
of long-lived Arp2/3–filament complexes that did not produce
branches (Fig. S4). For simplicity, the dead-end state was in-
cluded by assuming that a small minority of Arp2/3 complexes
(fde) are defective in such a way that they bind filaments irre-
versibly and do not lead to branches. The rate of binding of these
defective complexes to filaments was assumed to be the same as
k1 (Fig. 4B). Thus, the effective rate of formation of dead-end
complexes was kDE = fde k1. The observed lifetimes of both the
dead-end complexes and the branch-forming complexes is limited
by the photobleaching rate (kpb), which was treated as an addi-
tional free parameter. All other model parameters are defined
in the kinetic scheme (Fig. 4B; Fig. S6A; Table S3) for the model
being fit.
The equations used to fit the data with the favored model shown

in Fig. 4B (with the constraint that k−1 < k−2) are as follows:

The model prediction of the fold-stimulation of kB by VCA was
used as a prediction of the fold-stimulation of rate actin assembly
measured by bulk pyrene–actin assays.
For the model of Fig. 4B, note that in the case where k−2 >> k3

(as our fitting results predict; Table S2), the kinetic competition
for escape from the A2F bound state is shifted toward dissocia-
tion (to state A2 + F) over activation (to state B), such that the
activation time is <ta> ∼1/k−2 ∼ τ1, and the activation efficiency
is fB ∼ k3/k−2. Furthermore, because in this model VCA alters
the activation rate k3 and not the dissociation rate k−2, it is ap-
parent that fB is affected by VCA, whereas <ta> is not, consistent
with our observations.
In fitting the data with the Fig. 4Bmodel, we found that the off-

filament conformational equilibrium constant (Keq) and the fila-
ment binding rate of the closed, branch capable state (k2) could
not be determined independently; only the product is well-de-
termined and reported in Table S2. Therefore, the data are in-
sufficient to distinguish effects on Keq from effects on k2, and the
decision about which is affected by VCA is arbitrary. We chose to
have Keq and not k2 vary with VCA because there is precedent in
the literature for a VCA-dependent conformational equilibrium
of Arp2/3 complex in the absence of actin filaments (17–20).
Quantitative goodness-of-fit statistical comparisons of different

models was achieved by computing the relative Akaike in-
formation criterion (AIC; ref. 21) for each model, assuming the
underlying errors are normally distributed, using the total χ2 and
the number of free model parameters (k) as AIC = −χ2/2 − k
(Table S3). The strength of evidence for selecting one model
over another is interpreted from the difference in AIC values, as
described above for BIC.

Construction and Testing of Kinetic Models. Our multiple experi-
mental measurements (Arp2/3–filament binding and dissociation
kinetics, activation time, and efficiency) taken together revealed
key aspects of the mechanism of VCA-stimulated actin branch
formation by Arp2/3 complex. We sought to build a kinetic
model of branch formation that could explain our empirical
observations with a minimum number of adjustable parameters
(i.e., rate and equilibrium constants). The logic that guided the
development of the primary model (Fig. 4B) was as follows:
First, because the Arp2/3–filament complex lifetime distribu-

tions show three distinct components, the model must include a
minimum of three filament-bound states (minimum of two differ-
ent reversibly bound states and at least one that is bound irre-
versibly or at least remains bound for a time longer than the
photobleaching time). Second, because the observed activation
time is most similar to the shorter of the time constants identified
in the lifetime distributions (<ta> ∼ τ1 ∼2 s), we proposed that
activation occurs as a transition out of the most unstable filament-
bound state, and that a second state with intermediate lifetime
(τ2 ∼10–15 s) is not on the pathway to branch formation. Consis-
tent with independent observations that there are at least two
conformations of Arp2/3 complex when it is not bound to filament
(17–20), we proposed that the two reversibly bound states (A1F
and A2F in Fig. 4B) are populated by capture of two different
conformations of Arp2/3 complex (A1 and A2) from solution by
mother filament (F). Furthermore, we assume that these two un-
bound states can interconvert on a time scale that is fast compared
with filament binding. Therefore, the basic structure of the parallel
class of models, shown in Table S3, dictates that the relative
number of Arp2/3–filament complexes in the productive vs. non-
productive pathways is determined by the off-filament conforma-
tional equilibrium constant Keq and the ratio of binding rate
constants k2/k1. In this class of models, only the A2F state can
undergo activation (with rate k3) to form the branch state (B).
The goals of the kinetic model analysis were (i) to find aminimal

kinetic model of branch formation by Arp2/3 complex consistent
with our data and (ii) to explore possible mechanisms by which

Measured quantity
Equation (red indicates parameters

affected by VCA)

Filament binding rate kon = fdek1 + ð1� fdeÞðk1 +Keqk2Þ=ð1+KeqÞ
Short lifetime fraction a1 = ð1� fdeÞKeqk2k�2=½konð1+KeqÞðk�2 +k3Þ�
Short time-constant τ1 = 1=ðk�2 +k3 +kpbÞ
Intermediate lifetime

fraction
a2 = ð1� fdeÞk1=½konð1+KeqÞ�

Intermediate
time-constant

τ2 = 1=ðk�1 +kpbÞ

Long lifetime fraction a3 =1−a1 −a2
Long time constant τ3 =1=kpb
Activation time delay htai=1=ðk�2 + k3Þ
Activation efficiency fB = ð1� fdeÞKeqk2k3=½konð1+KeqÞðk�2 +k3Þ�
Branch formation rate kB = konfB:
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branch formation is regulated by VCA. Our data tell us that the
presence of maximally activating levels of VCA produces a ∼two-
fold stimulation of the rate of Arp2/3 complex binding to filaments
(kon) and a ∼threefold stimulation of the efficiency with which
Arp2/3–filament complexes form branches (fB). Furthermore,
these two effects combine to produce an overall four- to sevenfold
effect of VCA on branch formation. We first attempted to explain
these data with simple models in which VCA modulates only
a single parameter. In the context of the parallel class of models,
modulation of Keq is predicted to affect both the effective binding
rate (if k1 and k2 are different) and the activation efficiency (by
differentially populating states in the productive pathway over the
nonproductive pathway). Consequently, modulation of Keq also is
predicted to affect the fraction of short- vs. longer-lived Arp2/3–
filament complexes. However, our observations showed little
change in the relative amplitudes of the different components of
the lifetime distributions with VCA (Table S1). Thus, parallel
models in which VCA only affects Keq were unable to globally fit
the data (Table S3) and were therefore rejected; the same was true
for models of other classes in which only one parameter was
modulated by VCA.
To find a minimal model that could describe the observed

effects of VCA and be consistent with all our data, it was nec-
essary to have VCA affect a minimum of two model parameters.
We considered a variety of such models both from the parallel
class and from two other classes (Table S3). This procedure led to
the selection of the model shown in Fig. 4B, with k−2 > k−1 (i.e.,
A2F less stable than A1F) and with VCA stimulating branch
formation by acting to bias the off-filament conformation equi-
librium (Keq) and the activation rate (k3). The only other model
considered that produced a satisfactory goodness-of-fit statistic
was the similar but more complex box model shown on the last
line of Table S3. We also considered a variety of sequential
models that contain only a single pathway for Arp2/3 complex
interaction with the mother filament. None of these models
produced an acceptable agreement with the data (Table S3); the
results of the best-fitting of these models are shown in Fig. S6.
The parallel and sequential models correspond to orthogonal

mechanisms of regulation of Arp2/3 complex in which the con-
formational equilibrium occurs off-filament or on-filament, respec-
tively. More complex mechanisms of Arp2/3 complex-mediated
branch formation that combine aspects of our two basic models
(e.g., the box class; Table S3) can also be consistent with our data;
and such more-elaborate models may be required to fully explain
regulation of Arp2/3 complex activity by cellular factors. We favor
the parallel model over the box model based on parsimony, be-
cause the fit of these models to our data are statistically equivalent
but the box model contains an additional free parameter. The
models evaluated demonstrate that a comparatively simple model
with only two parameters modulated by VCA is sufficient to ex-
plain our observations, whereas further simplified models with
only one VCA-modulated parameter are not sufficient.

Detailed Comparison with Previous Work. Early biochemical studies
of Arp2/3 complex reported an apparent actin-binding affinity of

2.3 ± 0.3 μM (22) for Arp2/3 complex from Acanthamoeba.
These measurements were made by cosedimentation of Arp2/3
complex with preassembled filaments following a 15-min period
of incubation in the absence of VCA. In our experiments, we see
that a few percent of Arp2/3–filament complexes are very long-
lived (lifetimes >2 min; limited by photobleaching in our mea-
surements). These complexes, though rare, have a large effect on
the apparent affinity and suggest that the system may not reach
equilibrium over a 15-min reaction. Using our measured kinetics,
we predict that 6% of Arp2/3 complexes would be bound by 2.3
μM of filament after 15 min in the absence of VCA. This value is
∼eightfold lower than the ∼50% measured earlier (22), but a
difference of this magnitude is not unreasonable given the very
different conditions (e.g., species of Arp2/3 complex, concen-
tration of G-actin).
Previous reports of pyrene-labeled Arp2/3 complex dissocia-

tion from actin filaments indicated an off-rate of 10−4–10−3 s−1,
suggesting that Arp2/3–filament complexes are extremely kinet-
ically stable (23, 24). In contrast, we find that there are multiple
species of Arp2/3-F-actin, and 90% of the complexes formed
dissociate far more quickly, at a rate of 0.5 s−1. Similarly, the
same studies reported Arp2/3–filament binding rates of 10–100
M−1·s−1, well below our results (kon = 1,000–4,000 M−1·s−1). The
earlier work used Schizosaccharomyces pombe Arp2/3 complex,
in contrast to the S. cerevisiae protein used here. It is possible
that the species difference accounts for the 100- to 1,000-fold
faster kinetics we observe, but this seems unlikely given that the
overall nucleation activity of Arp2/3 complex from the two or-
ganisms is similar (25, 26). We favor the alternative explanation
that the fluorescence enhancement of the pyrene–Arp2/3 com-
plex measured in the earlier studies is not caused by filament
binding per se but by a slower or rarer conformational change in
Arp2/3 complex that occurs after binding, perhaps one associ-
ated with activation. This interpretation would also account for
why our results for the branch formation efficiency and for the
rate of the limiting step in the activation pathway (1.3% and k3 =
0.007 s−1, respectively, in the presence of VCA) differ so sub-
stantially from the results implied by the pyrene–Arp2/3 fluo-
rescence data (∼100% efficiency and >0.15 s−1 activation rate).
Interestingly, our results are partially consistent with conclusions
based on modeling bulk actin assembly kinetics alone (11), in
that our activation rates agree (0.008 s−1), but there are signifi-
cant differences between our measurements and the modeled
binding and dissociation rates, and thus in the inferred activation
efficiency (∼40%).
In contrast with earlier studies, our work directly observes

binding of individual Arp2/3 complexes to mother filaments and
the formation of daughter filaments from these individual Arp2/3
complexes. By doing so, we demonstrate that Arp2/3 complex
interaction with F-actin is highly dynamic and inefficient, with the
majority of binding events leading to rapid dissociation (0.5 s−1)
rather than branch formation. These results were largely un-
expected from previous work and provide unique insight into the
mechanism of activation and regulation.
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Fig. S1. Fluorescent labeling of Arp2/3 complex was subunit-specific and allowed visualization of single complexes at branch sites. (A) Strategy for tagging
and fluorescent labeling of Arp2/3 complex. A DNA construct containing the Arc18/ARPC3 coding sequence fused at its C terminus to a SNAP tag, TEV protease
cleavage site, and 3× HA epitope tag was integrated into the yeast genome via homologous recombination, replacing the endogenous Arc18 locus. (B) De-
naturing gel electrophoresis of purified Arp2/3 complex, Arp2/3-SNAP, and Arp2/3-SNAP549 complex. Protein stain (Left) and fluorescence scan (Right) revealed
that the Arc18-SNAP subunit comigrated with Arp2 and Arc40, was specifically labeled, and that the labeled sample had negligible unreacted dye remaining
after purification. Images are of nonadjacent lanes taken from the same gel. (C) Arp2/3 complex fluorescence records at four sites of branch formation; time
0 is defined as the time at which each spot of Arp2/3 complex fluorescence appeared. In all cases, the spot photobleached in a single step (arrows), but the
branch remained after spot disappearance. (D) Test to examine whether the distribution of Arp2/3 complex fluorescence intensities is consistent with single
fluorophores. Histograms of intensities of all fluorescent spots at branch sites (n = 143) compared with those that photobleached in a single step (N1 = 112). (E)
The fraction of branch junctions that display a spot of Arp2/3 complex fluorescent spots and the fraction of those spots that show single-step photobleaching
(bars), with the corresponding best-fit predictions calculated assuming different Arp2/3 complex stoichiometries (s) at the branch junctions (lines). The fit
results were found by varying the Arp2/3 complex-labeling fraction (fl) and by using the binomial distribution to calculate the branch-labeling fraction as 1 – Po
and the single-step photobleaching fraction as P1/(1 – Po), where Po = (1 – fl)

s and P1 = s fl(1 – fl)
s−1.
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BA

DC

Fig. S2. VCA stimulated by sixfold the production of filament barbed ends by Arp2/3 complex. (A) Assembly of 2 μM actin (5% pyrene labeled) in the presence
or absence of 20 nM Arp2/3 complex with or without the indicated concentrations of the VCA domain of yeast WASp. (B) Concentrations of filament barbed
ends formed at 50% maximal assembly (±SE), calculated from the rate of pyrene–actin fluorescence increase (from fits to curves in A; Materials and Methods)
shows that Arp2/3 complex activity is stimulated 6.3- ± 0.8-fold by VCA, after correcting for filaments generated by actin alone (dashed line) at a concentration
of VCA (300 nM) that gives near-maximal stimulation. (C) Second-order branching rate constant over the course of the actin assembly reactions shown as red
and blue traces in A, calculated directly from the second derivative of the increase in pyrene–actin fluorescence (SI Materials and Methods). (D) Branching rates
calculated from pyrene–actin assembly assays in C (mean ± SD of the yellow plateau region) compared with branching rates measured by single-molecule TIRF
microscopy (Fig. 1C).

+ VCA - VCA

Fig. S3. Binding kinetics of 10 nM Arp2/3 complex to regions of the microscope slide where filaments were tethered and to “background” regions where no
filaments were visible, in the presence of 1 μMactin and the presence or absence of 300 nMVCA. Plotted are the fractions of filament segments (0.4 μm in length)
or equally sized segments of background regions, where at least one Arp2/3 complex was detected at or before the indicated observation times (Materials and
Methods). Fits to data yielded apparent second-order binding rate constants (±SE): kfil = 1.7 ± 0.2 (+VCA) and 0.6 ± 0.1 (−VCA) × 106 M−1·s−1·μm−1 for binding
filament regions, blue; kbkg = 0.5 ± 0.1 (+VCA) and 0.2 ± 0.1 (−VCA) × 106 M-1·s−1·μm−1 for binding background regions, green; the corresponding exponential
probability distributions are displayed as solid lines. Data are from the experiment shown in Fig. 2B.
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ACV-ACV +

Fig. S4. Cumulative lifetime distributions of Arp2/3-SNAP549 fluorescent spots observed in filament-containing regions of the slide surface (∼20-min ob-
servations of regions with total lengths of 237 μm with VCA and 195 μm without VCA, and widths of 0.7 μm) and those observed over equal times and areas in
background regions that contain no detectable filaments. Plots show the number of spots with lifetimes less than or equal to the value indicated, observed in
the presence or absence of VCA. Lifetimes of the Arp2/3–filament complexes that successfully nucleated daughter filaments (red stars) were used to assess the
photobleaching rate of the Arp2/3-SNAP549 adduct. A small number (<0.5%) of spots had long lifetimes (>60 s) but did not produce visible daughter filaments
(blue circles); these dead-end complexes may arise from incomplete assembly of or photodamage to a small fraction of Arp2/3 complexes.

BA

2-exp fits 3-exp fits

-VCA +VCA -VCA +VCA

a1 0.947 ± 0.006 0.979 ± 0.003 0.915 ± 0.009 0.960 ± 0.008

ττττ1 (s) 2.04 ± 0.05 1.69 ± 0.05 1.88 ± 0.04 1.59 ± 0.04

a2 0.053 ± 0.006 0.021 ± 0.003 0.077 ± 0.008 0.028 ± 0.007

ττττ2 (s) 47 ± 9 140 ± 40 15 ± 2 10 ± 3

a3 0.008 ± 0.002 0.012 ± 0.003

ττττ3 (s) 190 ± 80 240 ± 80

ΔBIC = BIC3exp-BIC2exp 66 14

C

Fig. S5. There are more than two states of the Arp2/3–filament complex. (A) Fits using a two-exponential (exp) survival probability function failed to re-
produce features of Arp2/3–filament lifetime distributions measured both with and without VCA. (B) A three-exponential function yielded better fits. (C) The
fit parameters. Amplitudes were normalized, ∑ai = 1; thus, the number of free parameters was three (2-exp) and five (3-exp). BIC statistical tests indicate that
the three-exponential fits are decisively better than the two-exponential because ΔBIC >5 (Materials and Methods).

Smith et al. www.pnas.org/cgi/content/short/1211164110 8 of 12

www.pnas.org/cgi/content/short/1211164110


0.001

A

B

Arp2/3
complex F-actin

+
k1'

k-1'
A + F

k2'

k-2'
AF1

k3'

AF2 B

activationbinding

dissociation

C

elongation

Fig. S6. Sequential model for Arp2/3 complex activation that fits experimental data less well than the model presented in Fig. 4B. (A) Kinetic scheme. Re-
versible binding of Arp2/3 complex to mother filament (producing state AF1) is followed by activation through on-filament conformational changes leading to
branch formation (state B) through the intermediate AF2. Rate constants k1′ and k3′ (red) were allowed to assume different values in the presence and absence
of VCA. (B) Example lifetime distributions of Arp2/3 complex on F-actin, with and without VCA (same data as in Fig. 4A), shown with fits using the sequential
model. (C) Comparison of observed quantities (gray) and predictions from the model in A (red). VCA stimulation ratios (Left) of the rate of branch formation
(kB), the rate of Arp2/3 complex binding to filaments (kon), and the fraction of filament-bound Arp2/3 complexes that nucleate daughter filaments (fB) are
shown together with the values of the two model parameters k1′ and k3′ that are VCA dependent. Also shown (Right) are the observed activation times and
the corresponding model predictions, demonstrating that the model is inconsistent with the observations. The model in Fig. 4B is strongly favored over this
sequential model (ΔAIC = 3.4; Table S3).
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Table S1. Comparison of measurements to predictions of two kinetic models for the process of
actin branch formation by Arp2/3 complex

Observed
mean ± SE

Parallel model,
Fig. 4B

Sequential model,
Fig. S6A

Binding rate per F-actin, three independent trials
kon, M

−1·s−1 1,400 ± 300 1,450 1,450
konV, M

−1·s−1 3,000 ± 700 2,900 2,910
Activation efficiency, three Independent trials
fB 0.004 ± 0.002 0.0043 0.0044
fBV 0.013 ± 0.004 0.0132 0.0140

Activation delay, three independent trials
<ta>, s 3 ± 2 2.1 11.5*
<ta>V, s 5 ± 2 2.1 9.6*

Arp2/3–filament lifetime distributions, two
independent trials with n = (3,654, 3,694)
and NV = (2,151, 1,335) observations
a1 0.91 ± 0.06 0.905 0.906
a1V 0.89 ± 0.07 0.941 0.903
τ1, s 2.1 ± 0.2 2.08 1.97
τ1V, s 1.9 ± 0.3 2.06 1.97
a2 0.08 ± 0.01 0.078 0.077
a2V 0.08 ± 0.05 0.039 0.070
τ2, s 15 ± 2 13.1 9.0
τ2V, s 11 ± 2 13.1 7.2
a3 (= 1 − a1 − a2) 0.016 ± 0.008 0.017 0.017
a3V (= 1 − a1V − a2V) 0.03 ± 0.02 0.020 0.027
τ3, s 140 ± 60 136 155

Values reported with and without VCA present are shown in red and blue, respectively.
*The sequential model fails to predict a short activation delay.

Table S2. Parallel model, Fig. 4B: Values of the model parameters
determined from fits to binding, dissociation, activation
efficiency, and activation delay data

Model parameter Fit value

Keq k2, M
−1·s−1 1,500 ± 300

KeqV k2, M
−1·s−1 3,200 ± 600

k1, M
−1·s−1 130 ± 30

k−1, s
−1 0.07 ± 0.01

k−2, s
−1 0.47 ± 0.04

k3, s
−1 0.0022 ± 0.0005

k3V, s
−1 0.007 ± 0.001

kDE, M
−1·s−1 19 ± 9

Only the product of the rate constant k2 and the equilibrium constant Keq

are well-determined, not their individual values (although k2 >> k1). The
effective rate of formation of dead-end complexes is indicated as kDE.
VCA-dependent parameters are shown in blue (−VCA) and red (+VCA).
Means ± SE.
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Table S3. Comparison of kinetic models of branch formation

Type of model Conditions 
VCA-dependent 

parameters Complexity*
Fitting results 

AIC† Notes 

k 1 > k 2

k 1 > k 2

k 1 > k 2

k 1 > k 2

k 1 > k 2

7 
8 
8 

k 1 < k 2

 7 
8 

¶ and § 
¶ and §

§
¶
¶

7 
7 
7 

¶ and §
¶ and §

§

§; Fig. S6; Table S1

k 1 > k 2

k 1 > k 2

k 1 > k 2

k 1 > k 2

k 1 > k 2 8 

9 

9 

k 1 < k 2

8 

9 

‡, ¶, and §

‡, ¶, and §

§

¶

¶

Keq

Keq, k 2

Keq, k3

Keq

Keq, k 2

Keq, k3

k1 , k 1

k1 , k 2

k1 , k2

Keq

Keq, k4

Keq, k3

Keq

Keq, k4

Keq, k3 9 

10.6 
11.1 
1.9 
3.5 
3.3 

8 
Fig. 4; 

Tables S1 and S2 0 

9.0 
9.0 
6.0 

7 k1 , k3 3.5 

11.0 

13.3 

4.0 

4.7 

4.7 
1.0 

A2 + F

A1 + F A1Fk-1

k2

k1

k3

k-2

Parallel 

A2F B

K

A+ F AF1 AF2 B
k3

k-2k-1

k1 k2

Sequential 

A2 + F

k4

A1 + F A1Fk-1

k2

k1

k-4

k3

k-2 

Box

A2F B

Keq

*Number of fit parameters, excluding photobleaching rate and dead-end complex formation rate.
†The AIC (21) for a model is based on the goodness of fit (−χ2) with a penalty for increasing the number of free-model parameters (k): AIC = −χ2/2 – k. ΔAIC was
calculated relative to the AIC for the favored model (parallel with k−1 < k−2, with Keq and k3 VCA dependent). No statistical preference for one model over
another is indicated if the magnitude of ΔAIC is <1.1 (bold).
‡Predicted binding rate (kon) does not increase with VCA enough to match observations.
{Predicted activation efficiency (fB) does not increase with VCA enough to match observations.
§Predicted activation delay is significantly longer (<ta> ∼10 s) than the observed delays.
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Movie S1. The dynamics of branched actin network assembly by Arp2/3 complex, corresponding to images shown in Fig. 1C. Dual-color TIRF microscopy
merged image sequence of assembly of actin (green; 1 μM, 10% AF488-labeled, 1% biotin-labeled) in the presence of Arp2/3-SNAP549 (red; 20 nM) and VCA
(300 nM, unlabeled). Actin images are single frames from time-lapse recordings (0.2-s duration every 6 s), whereas in this movie each Arp2/3 complex image
was an average of five frames before and five frames (0.2 s per frame) following each actin frame. Playback is accelerated 50-fold. (Scale bar: 5 μm.)

Movie S1

Movie S2. Arp2/3 complexes bound to F-actin display a broad range of lifetimes. Dual-color TIRF microscopy image sequence of Arp2/3-SNAP549 (red; 10 nM,
continuous acquisition of 0.2-s duration images) binding and dissociating from stabilized actin filaments (green; 0.2-s duration images acquired once every 40 s)
in the presence of 300 nM VCA, 1 μM monomeric actin (10% AF488-labeled), and 20 nM CapZ. Playback accelerated 10-fold. (Scale bar: 1 μm.)

Movie S2
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