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Actin-related protein (Arp) 2/3 complex mediates the formation of
actin filament branches during endocytosis and at the leading edge
of motile cells. The pathway of branch formation is ambiguous
owing to uncertainty regarding the stoichiometry and location
of VCA binding sites on Arp2/3 complex. Isothermal titration calori-
metry showed that the CA motif from the C terminus of fission
yeast WASP (Wsp1p) bound to fission yeast and bovine Arp2/3
complex with a stoichiometry of 2 to 1 and very different affinities
for the two sites (Kds of 0.13 and 1.6 μM for fission yeast Arp2/3
complex). Equilibrium binding, kinetic, and cross-linking experi-
ments showed that (i) CA at high-affinity site 1 inhibited Arp2/3
complex binding to actin filaments, (ii) low-affinity site 2 had a
higher affinity for CA when Arp2/3 complex was bound to actin
filaments, and (iii) Arp2/3 complex had a much higher affinity
for free CA than VCA cross-linked to an actin monomer. Crystal
structures showed the C terminus of CA bound to the low-affinity
site 2 on Arp3 of bovine Arp2/3 complex. The C helix is likely to
bind to the barbed end groove of Arp3 in a position for VCA to
deliver the first actin subunit to the daughter filament.

crystallography ∣ polymerization ∣ thermodynamics

Members of the Wiskott–Aldrich syndrome protein (WASp)
family connect extracellular signals to the assembly of

branched actin filaments during cellular motility and endocytosis
(1–3). Actin-related protein (Arp) 2/3 complex interacts with
the C-terminal VCA domain of a WASp family protein, an actin
monomer and an actin filament during the formation of a growing
actin filament branch (4, 5).

VCA domains are largely unstructured in solution, but each of
their three sequence motifs has different activities. The N-term-
inal verprolin homology motif (V, a motif also known as WASp
homology 2, WH2) forms an α-helix that binds an actin monomer
(6). The central motif (C) forms amphipathic helix, which associ-
ates mutually exclusively with an actin monomer or Arp2/3 com-
plex (7, 8). The C-terminal acidic motif (A) binds Arp2/3 complex
(1). We refer to these motifs as V, C, and A throughout. WASp
and N-WASP are auto-inhibited by interactions of VCA with an
N-terminal guanosine triphosphatase (GTPase) binding domain
(GBD). Association of a Rho-family GTPase with the GBD re-
leases the proteins from autoinhibition (3, 9–11).

The original assumption was that CA binds to a single site
on Arp2/3 complex, but several lines of evidence suggest more
than one binding site. (i) Fusions of WASp-VCA to dimeric glu-
tathione S-transferase (GST) (2) and multirepeat VCA regions
(12, 13) activate Arp2/3 complex much more strongly than mono-
meric VCA. (ii) Dimers of GST-VCA bind Arp2/3 complex with
a stoichiometry of two VCAs to one Arp2/3 complex (13), so
Padrick et al. proposed two distinct A binding sites on Arp2/3
complex. (iii) Direct or indirect VCA clustering on a membrane
can activate Arp2/3 complex even in the absence of a Rho-family
GTPase (14–17). (iv) A is required for cross-linking VCA to Arp3
(18) and Arp2/3 complex component 1 (ARPC1) (19), but more
than 3 nm separate these subunits in crystal structures. (v) The

N-terminal acidic (NTA) domain of cortactin and VCA bind
Arp2/3 complex simultaneously; NTA competes VCA from the
cross-linking site on Arp3 but not the cross-linking site on Arp2/
ARPC1 (18). (vi) Small-angle X-ray solution scattering provided
data for a model of Arp2/3 complex with an actin monomer at-
tached to the barbed end of Arp2, V bound to barbed end groove
of actin, C bound to the barbed end groove and front of Arp2,
and the C-terminal tryptophan of A in a pocket between Arp3
and ARPC3 (20). This orientation of VCA could deliver the sec-
ond actin subunit of the branch but not the first actin subunit of
the daughter filament to the barbed end of Arp3.

Here we address some of the central questions remaining
about the pathway of branch formation. Isothermal titration cal-
orimetry (ITC) confirmed that Arp2/3 complex binds two mono-
meric CAs. Crystal structures of bovine Arp2/3 complex with
N-WASp CA show the C-terminal tryptophan binds to subdomain
3 of Arp3. Mutations confirmed that this site is essential for bio-
logical function. Formation of an actin filament branch involves
more than a dozen different reactions of the VCA domain of
WASp with actin monomers and two sites on Arp2/3 complex and
between Arp2/3 complex and actin filaments. The only way to
map such a complicated pathway is to make quantitative kinetic
and thermodynamic measurements of the individual reactions.
Using this approach, we found both positive and negative coop-
erativity among the reactants. Unexpectedly CA bound to high-
affinity site 1 inhibits Arp2/3 complex binding to actin filaments,
whereas CA binds the second site with much higher affinity when
Arp2/3 complex is bound to an actin filament. These observations
show that the pathway of actin filament branch formation in-
volves CA binding to two different sites on Arp2/3 complex with
opposite effects on actin filament binding.

Results
Evidence for Two Independent CA Binding Sites on Arp2/3 Complex.
We used isothermal titration calorimetry to characterize the stoi-
chiometry and thermodynamics of CA binding to Arp2/3 com-
plex. Titration of fission yeast WASp (Wsp1p)-CA into fission
yeast or bovine Arp2/3 complex released heat until saturation
with more than one CA per Arp2/3 complex (Fig. 1 A and B).
We compared methods to analyze the data. If we floated both
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the stoichiometry and affinities, the best fits gave stoichiometries
of >1.6 with Kds for the two sites that differed among experi-
ments. A better approach was to fix the stoichiometry at two,
which gave more reproducible affinities (Table 1). Fission yeast
CA binding to both sites on Arp2/3 complex was exothermic with
large positive entropy changes (Fig. 1 and Table 1). Titration of
either bovine or fission yeast Arp2/3 complex with bovine CA
generated smaller heats than titration with fission yeast CA,
but the signal was strong enough to measure the stoichiometry
(SI Text).

Crystal Structures of CA Bound to Arp2/3 Complex. We used X-ray
crystallography to determine high-resolution structures of a
small, but informative, part of CA bound to Arp2/3 complex. Key
to our success was replacing potassium thiocyanate, previously
used in the crystallization buffer, with KCl. Electron density maps
of crystals of bovine Arp2/3 complex soaked with >1 mM bovine
N-WASP-CA showed three residues (N-WASP-502-EWE-504)
from the C terminus of CA bound to Arp3 (Fig. 2A). The tryp-
tophan indole ring is sandwiched between Pro236 and the guani-
dinium moiety of Arg333 (Fig. 2A), which are Pro249 and Arg345
in fission yeast. A salt bridge between N-WASP-Glu504 and
Arp3-Arg341 is part of an arginine triad with a network of

π-stacking interactions with Arg334 and Arg337. Maps of crystals
with fission yeast Wsp1-CA had clear density for the C-terminal
tryptophan side chain and a single flanking residue. These maps
had no density for a second bound CA tryptophan, so the second
site identified by ITC may be blocked by crystal contacts.

To test the biological relevance of VCA binding to this site
on Arp3, we mutated Pro249 or Arg345 of fission yeast Arp3 (Ta-
ble 2 and SI Text). Deletion of Arp3 is not only lethal but also
interferes with sporulation, so that germination of arp3 ∷ ura4þ∕
arp3 diploid cells sometimes yields only a single viable spore.
Haploid cells depending on Arp3 with mutations P249M, P249A,
R345A were not viable, but the Arp3 P249Y mutant grew at 32
and 25 °C as well as wild type. Thus the positive charge of Arg345
and the hydrophobic nature of Pro249 are essential for the bio-
logical function of Arp2/3 complex, likely to bind CA, although
these residues may also contribute to the structural stability of
Arp2/3 complex.

We were surprised to observe two turns of α-helix at the barbed
end of Arp3 in 2Fo − Fc and Fo − Fc maps of bovine Arp2/3 com-
plex at 2.7-Å resolution both in the presence and absence of CA
(Fig. 2B), because this helical density was not present in 13 struc-
tures of bovine Arp2/3 complex at this resolution (21, 22). This
helical density was observed in the original 2.0-Å structure of
Arp2/3 complex and interpreted as a helix consisting of ARPC1
residues Ala297 to Ala309 from an adjacent complex in the crys-
tal (23). In our crystals grown in KCl without CA, this density was
discontinuous but consistent with the structure of the ARPC1
insert helix. Maps calculated from crystals of bovine Arp2/3 com-
plex with N-WASP-CA or fission yeast Wsp1-CA had the same
helical density, most likely attributable to the ARPC1 insert helix.
In the following discussion, we suggest that this helical density is
a good model for the C helix binding Arp3 (Fig. 2C).

VCA Cross-Linked to the Back Side of Arp2 Inhibits Actin Polymeriza-
tion. Chemical cross-linking showed that the N terminus of VCA
is located near Arp2 on the back side of Arp2 adjacent to the
EWE binding site on Arp3. Under oxidizing conditions (50 μM
CuSO4) bovine N-WASP-VCA with an N-terminal cysteine spon-
taneously formed a disulfide bond with a cysteine substituted for
Arg198 on the top of subdomain 4 of Arp2 of budding yeast Arp2/
3 complex (equivalent to Leu199 of Arp2 of bovine Arp2/3
complex; Fig. 3 A, lane 5 and C). Schizosaccharomyces pombe
Wsp1p-VCA with an N-terminal cysteine also formed a cross-link
to R198C of Arp2 in budding yeast Arp2/3 complex. Under the
conditions of these reactions, 10 μM N-WASp-cysteine-VCA
should occupy both binding sites on 2 μM Saccharomyces cerevi-
siaeArp2/3 complex, assuming that it binds similar to Wsp1p-CA.

Fig. 1. Measurement of fission yeast Wsp1p-CA binding to Arp2/3 complex
by ITC at 25 °C. A 200-μL sample of 8 μM Arp2/3 complex in KMEI buffer
[50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole (pH 7.0), 1 mM
DTT, 0.1 mM ATP] was titrated with 2-μL injections of 160 μM Wsp1p-CA
in KMEI at 180-s intervals. Curves are best fits to the data to acquire the stoi-
chiometry and thermodynamic parameters. (A) Fission yeast Arp2/3 complex
plus fission yeast Wsp1p-CA. (B) Bovine Arp2/3 complex plus fission yeast
Wsp1p-CA.

Table 1. Kinetic and thermodynamic parameters of VCA-binding sites on Arp2/3 complex

Sp Arp2/3 complex Sp Arp2/3 complex Bovine Arp2/3 complex Bovine Arp2/3 complex

Site 1 Site 2 Site 1 Site 2

Kd, μM 0.13 ± 0.22 1.6 ± 1.33 0.1 ± 0.04 10.1 ± 1.1
ΔH, kcal∕mol −3.3 ± 0.6 −2.3 ± 0.6 −6.9 ± 0.2 −7.5 ± 1.1
ΔS, cal∕mol · K 22.7 ± 2.8 19.6 ±4 .2 9.1 ± 0.6 −2.4 ± 3.6

Reaction Kd, μM k−, s−1 kþ, M−1 s−1

Sp Arp2/3 complex+ unlabeled CA 0.29 (measured by
competition with labeled CA)

Sp Arp2/3 complex+ labeled CA 0.018 (measured) 28 (measured) 1.5 × 109 (calculated
from Kd and k−)

Sp Arp2/3 complex-actin
filaments + unlabeled CA

0.049 (measured by
competition with labeled CA)

Sp Arp2/3 complex- actin
filaments + labeled CA

0.008 (measured) 22 (measured) 2.7 × 109 (calculated
from Kd and k−)

Equilibrium binding of fission yeast (Sp) Wsp1p-CA to fission yeast (Sp) or bovine Arp2/3 complex measured by five independent isothermal titration
calorimetry experiments, assuming two binding sites while fitting the data (Fig. 1). Fluorescence anisotropy measurements of rate and equilibrium
constants for fission yeast Wsp1p-CA binding fission yeast Arp2/3 complex in the presence and absence of actin filaments.
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Control experiments showed that N-WASP-cysteine-VCA does
not form disulfides with the cysteine substitution L155C in Arp3
(equivalent to Leu117 of Arp3 of bovine Arp2/3 complex; Fig. 3A,
lane 4) or Arp2/3 complex with other cysteine substitutions (Arp2
D271C, Arp3 P342C; or Arp2 A207C, Arp3 D325C). Bovine
N-WASP-VCAwith a C-terminal cysteine did not form a disulfide

bond with either Arp2 or Arp3 carrying these cysteine substi-
tutions.

Purified Arp2/3 complex cross-linked to VCA did not stimu-
late actin filament nucleation like mixtures of VCA and Arp2/3
complex, unless the disulfide bond was reduced (Fig. 3B). The
cross-link is likely to preclude the 30-Å movement of Arp2 rela-

Fig. 2. Crystal structures and models of WASp-CA bound to bovine Arp2/3 complex. (A) Stereo diagram of a 2Fo − Fc density map (blue) of the C-terminal
A-tripeptide (lime-green stick figure) bound to Arp3 (orange ribbon diagram). (B) Space-filling model and ribbon diagram of Arp3 (orange) and the density
(blue) from a 2Fo − Fc map contoured to 1σ of the C-terminal A-tripeptide (lime-green stick figure) and the ARPC1 insert helix (backbone green) at the barbed
end of Arp3. (C) Space-filling model of Arp3 with stick figures (Upper) of the structure of the ARPC1 insert helix (dark green) and (Lower) a homology model of
the N-WASP C helix (lime green) in the same location. Residue E32 from ARPC2 is cyan. (D) Hypothetical model based on crystal structures for VCA associating
with Arp2/3 complex at site 2 and the first two subunits of the daughter filament. A Holmes actin filament model was aligned with Arp3 to position Arp2 (pink)
and the first (gray) and second (brown) subunits of the daughter filament. The elements of VCA are shown as follows: The backbone (green) of the C-terminal
A-tripeptide and the C helix (Fig. 2C) are associated with Arp3 and a stick figure of human WASp-V (green) (Protein Data Bank ID code 2A3Z) is bound to the
first actin subunit. Dashed green lines represent 21 residues of the A loop and 22 residues in the V-C connector. A black arrow indicates the direction of the
growing daughter filament.
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tive to Arp3 during activation of the complex and/or the cross-
link may prevent V from delivering the first actin subunit to the
daughter filament.

Actin Filaments Increase the Affinity of Arp2/3 Complex for WASp-CA.
We used fluorescence anisotropy to measure CA binding to free
Arp2/3 complex and Arp2/3 complex bound to the side of a fila-
ment. We labeled a cysteine added to the N terminus of CA with
maleimide-Alexa-Fluor-546. Alexa-Fluor-546-labeled CA alone
has a fluorescence anisotropy of approximately 0.2, and titration
of low concentrations (<10 nM) of labeled Wsp1p-CA with
Arp2/3 complex increased the fluorescence anisotropy to 0.36.
The clean, single-site binding isotherms gave Kds of Arp2/3 com-
plex and Alexa-Fluor-546-CA of 18.4 nM (average of 11 and
25.8 nM) without actin filaments and 7.9 nM (average of 4 and
11.7 nM) with 5 μM actin filaments (Fig. 4A and Table 1).

We competed unlabeled CA with Alexa-Fluor-546-Wsp1p-CA
to determine the affinity of the unlabeled Wsp1p-CA for the
high-affinity site 1 on Arp2/3 complex. Given the low concentra-
tion of Alexa-Fluor-546-CA, we assumed that all the labeled CA
was bound to the high-affinity site 1 on Arp2/3 complex and that
interactions of Wsp1p-CA with the two binding sites are indepen-
dent of each other. Fitting the data gave the upper limit Kd of
the high-affinity site 1, because a small fraction of the unlabeled
Wsp1p-CA may have been bound to the low-affinity site 2
(Fig. 4B). Unlabeled CA bound Arp2/3 complex with a Kd of
0.29 μM (average of 0.30 and 0.28 μM), similar to the affinity of
unlabeled Wsp1p-CA for site 1 measured by ITC (0.13 μM) and
of human WASp-VCA for bovine Arp2/3 complex (24).

The affinity of unlabeled CA for Arp2/3 complex was higher in
the presence of actin filaments, with a Kd of 0.05 μM (average of
0.073 and 0.025 μM) (Fig. 4B and Table 1). Because filaments
block and inhibit CA binding at high-affinity site 1 on Arp2/3
complex (data shown in Fig. 6A), we interpret this to mean CA
has higher affinity for site 2 when Arp2/3 complex is bound to an
actin filament.

We measured the rate of dissociation of Alexa-Fluor-546-
labeled CA from Arp2/3 complex after mixing with excess unla-
beled CA. The reaction reached equilibrium within 1 s, giving
dissociation rate constants of 22 s−1 without actin filaments (pre-
sumably site 1) and 28 s−1 with actin filaments (presumably site 2)
(Fig. 4C and Table 1). These dissociation rates may have been
faster than the reported rate constant of 0.3 s−1 for dissociation
of rhodamine-WASP-VCA from bovine Arp2/3 complex (24),
because the experiments used different species of VCA labeled
with different dyes.

Arp2/3 Complex Has a Much Higher Affinity for CA than Actin-VCA. To
study how an actin monomer bound to VCA influences its inter-
actions with Arp2/3 complex, we used N,N′-m-phenylenedimalei-
mide to cross-link a cysteine on the N terminus of Wsp1p-VCA to
Cys374 of actin monomers labeled on lysine with Alexa-Fluor-488
(6, 20) (Fig. 5A). This strategy allowed for experiments uncom-
plicated by dissociation of actin from VCA.

Measurements of fluorescence anisotropy showed that differ-
ent concentrations of Arp2/3 complex were required to bind CA
and actin-VCA and that Arp2/3 complex bound to actin filaments
has a higher affinity for actin-VCA than free Arp2/3 complex
(Fig. 5B). Titration of 20-nM cross-linked Alexa-Fluor-488-
actin-VCA with Arp2/3 complex increased the fluorescence ani-
sotropy. Lower concentrations of Arp2/3 complex bound to actin
filaments were required to increase the anisotropy and even low-
er concentrations of free Arp2/3 complex increased the anisotro-
py of Alexa-Fluor-488-CA.

Saturating the binding sites in the experiments was challenging
owing to limited quantities of free Arp2/3 complex and Arp2/3
complex bound to actin filaments. We measured anisotropies
up to 0.36 at 13 μM free Arp2/3 complex (see SI Materials and
Methods), but higher concentrations of Arp2/3 complex were

Fig. 3. Cross-linking a cysteine at the N terminus of N-WASp-VCA to R198C in subdomain 4 of Arp2 of budding yeast Arp2/3 complex. (A) SDS-PAGE without a
reducing agent of cross-linking reaction products. Lanes 1, N-WASp-cysteine-VCA; 2, wild-type Arp2/3 complex plus N-WASp-cysteine-VCA; 3, Arp2/3 complex
with mutations Arp3 (L155C) and Arp2 (R198C) plus N-WASp-cysteine-VCA; 4, Arp2/3 complex with Arp3 (L155C) plus N-WASp-cysteine-VCA; 5, Arp2/3 complex
with Arp2 (R198C) plus N-WASp-cysteine-VCA. * VCA cross-linked to Arp2. (B) Saccharomyces cerevisiae (Sc) Arp2/3 complex cross-linked to N-WASp-VCA does
not nucleate actin filaments. Time course of actin polymerization monitored by the fluorescence of pyrene-labeled actin. Conditions: 4 μM actin (15% pyrene-
labeled), 10 mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 0.2 mM CaCl2. Red, actin alone; blue, actin incubated for 5 min with
10 mM DTT; green, 100 nM ScArp2/3 complex Arp3 (L155C)/Arp2 (R198C) cross-linked to N-WASp-cysteine-VCA; black, 100 nM ScArp2/3 complex Arp3 (L155C)/
Arp2 (R198C) cross-linked to N-WASp-cysteine-VCA incubated with 10 mM DTT for 5 min. (C) Ribbon diagram of bovine Arp2/3 complex (Protein Data Bank ID
code 1TYQ) with red spheres showing Arp2 L199 (equivalent to R198 of ScArp2) and orange spheres showing Arp3 L117 (equivalent to L155 of ScArp3).
Subdomains 1 and 2 of Arp2 lacked electron density and are not included.

Table 2. Spore viability of diploid fission yeast with Arp3 mutations

No. of viable
spores per ascus Δarp3 Arp3 P249A Arp3 R345A Arp3 P249M

1 22 2 1 2
2 14 34 35 34
3 0 0 0 0
4 0 0 0 0

For each strain, 36 asci were picked, and the viable spores were counted
after incubating on YE5S agar plate at 25 °C for 4 d.
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not available to reach a plateau. To calculate the fraction of cross-
linked Alexa-Fluor-488-actin-VCA bound to each concentration
Arp2/3 complex, we assumed that the upper limit of fluorescence
anisotropy of randomly oriented molecules in water solution is
0.4, so the highest fluorescence anisotropy in our titration corre-
sponded to about 70% (average of 52% and 88% in two experi-
ments) of actin-VCA bound to Arp2/3 complex. By the same
criterion, about 28% (average of 15% and 40%) of actin-VCA
bound to 0.1 μM Arp2/3 complex associated with 5 μM actin
filaments (Fig. 5B), the highest concentration of this material
available (see SI Materials and Methods). The semilog graph in
Fig. 5B shows that Arp2/3 complex has a much higher affinity
for Alexa-Fluor-546-labeled CA than actin-VCA, and that ac-
tin-VCA has a higher affinity for Arp2/3 complex bound to actin
filaments (estimated Kd ¼ 0.1 μM) than free Arp2/3 complex
(estimated Kd ¼ 10 μM).

Polymerization assays with pyrene-labeled actin showed that
cross-linked actin-VCA was less active than VCA in promoting
the nucleation of actin filaments (Fig. 5C). A concentration of
500 nM actin-Wsp1p-VCA produced the same rate of polymer-
ization as 50–100 nM monomeric Wsp1p-VCA. When half of the
actin monomers were polymerized, 500 nM actin-Wsp1p-VCA
produced 0.4-nM ends and 500 nM monomeric Wsp1p-VCA
produced 1.7-nM ends from 50 nM Arp2/3 complex.

CA Inhibits Binding of Arp2/3 Complex to the Side of Actin Filaments.
We used a fluorescence assay to measure binding of pyrene-
labeled Arp2/3 complex to the sides of actin filaments. Addition
of actin filaments to fission yeast Arp2/3 complex with a pyrene
label on A317C of ARPC2 results in a slow increase in the fluor-
escence signal (Fig. 6A), which is interpreted as Arp2/3 complex
binding to the sides of actin filaments (25). Time courses of the
fluorescence change following mixing of 0.2 μM pyrene-labeled

Fig. 5. Interactions of fission yeast Arp2/3 complex withWsp1p-CA andWsp1p-VCA cross-linked to actin monomer. (A) Purification of fission yeastWsp1p-VCA
cross-linked to Alexa-Fluor-488-actin monomer. SDS-PAGE of samples, Lanes: 1, Alexa-Fluor-488-actin monomer; 2, cys-VCA reacted with PDM; 3, VCA cross-
linked to Alexa-Fluor-488-actin monomer before purification; 4, Alexa-Fluor-488-actin-VCA purified from free actin and VCA by gel filtration and Mono Q
chromatography; 5, protein standards with molecular weights; 6, fission yeast Arp2/3 complex. (B) Fluorescence anisotropy assay of equilibrium binding of
fission yeast Wsp1p-CA or Wsp1p-VCA cross-linked to an actin monomer to fission yeast Arp2/3 complex ±5 μM actin filaments. Samples were incubated for
4 min at 25 °C with a range of concentrations of Arp2/3 complex and (♦) 2.7 nM Alexa-Fluor-546-Wsp1p-CA, (▴) 10 nM Alexa-Fluor-546-Wsp1p-CA with 5 μM
actin filaments, (⦁, ○) two independent experiments with 20 nM Alexa-Fluor-488-actin-VCA, or (▪, □) two independent experiments with 20 nM Alexa-Fluor-
488-Actin-VCA with 5 μM actin filaments. (C) Nucleation-promoting activity of VCA and VCA cross-linked to actin monomer assayed by the time course of
polymerization of pyrene-labeled actin. Conditions: 2.5 μM 15% pyrene-labeled actin monomers and 50 nM fission yeast Arp2/3 complex in KMEI buffer
[50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole (pH 7.0), 1 mM DTT, 0.1 mM ATP] with (○) no additions, (□) 500 nM Wsp1p-VCA, or (◇)
500 nM Wsp1p-VCA cross-linked to actin monomer.

Fig. 4. Actin filaments increase the affinity of fission yeast Arp2/3 complex for Wsp1p-CA. (A) Fluorescence anisotropy assays of equilibrium binding of Alexa-
Fluor-546 labeled CA to Arp2/3 complex. (⦁) 2.7 nM Alexa-Fluor-546-Wsp1p-CA titrated with Arp2/3 complex or (▪) 10 nMAlexa-Fluor-546-Wsp1p-CAwith 5 μM
actin filaments titrated with Arp2/3 complex previously equilibrated for 8 h with 5 μM actin filaments. Each data point is an average of four measurements. (B)
Fluorescence anisotropy assays for equilibrium competition between unlabeled Wsp1p-CA and Alexa-Fluor-546-Wsp1p-CA for binding to Arp2/3 complex.
Titration with unlabeled Wsp1p-CA of (⦁) 2.7 nM Alexa-Fluor-546-Wsp1p-CA and 0.4 μM Arp2/3 complex or (▪) 10 nM Alexa-Fluor-546-Wsp1p-CA, 5 μM actin
filaments and 0.1 μM Arp2/3 complex. (C) Fluorescence anisotropy measurement of the time course of dissociation of Alexa-Fluor-546-Wsp1p-CA from Arp2/3
complex after mixing with an equal volume of unlabeledWsp1p-CA. (⦁) Mixing 200 μMunlabeledWsp1p-CAwith 1.5 μMArp2/3 complex and 1 μMAlexa-Fluor-
546-Wsp1p-CA. The average of 14 time courses from two experiments gave kobs ¼ 27.6 s−1. (▪) Mixing 80 μMunlabeled CAwith 0.5 μMArp2/3 complex, 0.4 μM
Alexa-Fluor-546-Wsp1p-CA, and 13, 22.5, or 25 μMactin filaments. The average of 14 time courses from three experiments with three actin concentrations gave
kobs ¼ 21.8 s−1.
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Arp2/3 complex with a range of actin filament concentrations
could be fit with double exponential equations. With ADP-actin
filaments, kobs for the faster, large-amplitude component was
proportional to actin filament concentration (Fig. 6B), giving
kþ ¼ 3 × 10−5 μM−1 s−1, k− ¼ 2 × 10−4 s−1, and Kd ¼ 6.7 μM.
For ADP · Pi-actin filaments, the parameters were kþ ¼
1 × 10−5 μM−1 s−1, k− ¼ 3 × 10−4 s−1, and Kd ¼ 30 μM (Fig. 6B).
The kobs values for the slower reactions depended weakly on the
actin filament concentration (Fig. 6B). The source of the signal
for the slow reaction is not known.

Two aspects of these results deserve comment. First, both the
association and dissociation rate constants were 10-fold smaller
in our assays than Beltzner and Pollard (25). We discovered that
photobleaching of pyrene in the previous work caused the fluor-
escence change to plateau prematurely. These truncated time
courses gave falsely high values of kobs for the binding reactions.
Lower intensity excitation used here reduced photobleaching and
allowed us to observe higher amplitudes of fluorescence change
over longer time courses with lower kobs.

Second, the higher affinity of Arp2/3 complex for ADP-actin
filaments (Kd ¼ 6.7 μM) than ADP · Pi-actin filaments (Kd ¼
30 μM) was surprising given that branches appeared to be more
stable on ADP · Pi-actin filaments than on ADP-actin filaments
(26). A simple hypothesis to explain all of the data is that the pre-
sence of a daughter filament influences the affinity of Arp2/3
complex for ADP · Pi- and ADP-actin filaments.

The presence of 1 μM CA dramatically decreased the initial
rate for Arp2/3 complex association with 15 μM actin filaments
from 0.10 to 0.016 arbitrary units (ADP · Pi-actin filaments) and
from 0.14 to 0.013 arbitrary units (ADP-actin filaments) (Fig. 6A).
Because 1 μM CA saturates the high-affinity site 1 but not all
of low-affinity site 2, this result is evidence that CA occupancy of
the high-affinity site 1 interferes directly or indirectly with Arp2/3
complex binding to actin filaments. These slow reactions did not
reach a plateau in 12 h with either ADP- or ADP · Pi-actin fila-
ments (Fig. 6A), so we could not measure equilibrium binding of
CA-Arp2/3 complex to actin filaments with this assay.

Discussion
Our ITC measurements confirm the 2∶1 stoichiometry of CA
binding to Arp2/3 complex (13) and together with our spectro-
scopic binding assays provide the only evidence that the affinities
of CA for the two sites differ more than 10-fold (Table 1). Reac-
tions of Wsp1p-CA with both sites on Arp2/3 complex are
exothermic with large positive entropy changes, so both hydro-
phobic and electrostatic interactions are involved, as expected
from the participation of the acidic residues of the A motif and

the hydrophobic nature of both the conserved tryptophan residue
in A motif and the amphipathic helix formed by the C motif (7,
24). Our crystal structures and cross-linking VCA to Arp2/3 com-
plex show one binding site on the back side of Arp2/3 complex,
which is probably low-affinity binding site 2 that delivers the first
subunit to the daughter filament as proposed in the model in
Fig. 2D. Cross-linking CA to Arp2 (8, 18, 27, 28) showed that
Arp2 on the front side of Arp2/3 complex participates in the
high-affinity site 1. Our kinetic and thermodynamic data show
that association of Arp2/3 complex with the side of an actin fila-
ment strongly influences CA binding to both sites and that actin
monomer bound to V influences the binding of VCA to Arp2/3
complex. We first consider the two binding sites and then the
reaction mechanism.

High-Affinity CA Binding Site 1 on Arp2/3 Complex.Multiple indepen-
dent lines of evidence show that high-affinity site 1 is on the front
side of Arp2/3 complex and ARPC1 contributes much of the bind-
ing energy. (i) A can be cross-linked to ARPC1 (8, 18, 27, 28).
(ii) GST-VCA has nearly the same affinity for purified ARPC1
and Arp2/3 complex (19). (iii) High concentrations of VCA re-
duced hydrogen/deuterium exchange of two ARPC1 peptides (29).
(iv) The affinity of VCA forΔArp2Arp2/3 complex (lacking Arp2)
is similar to that for complete Arp2/3 complex (30).

Multiple studies also agree that CA can be covalently cross-
linked to Arp2 by a variety of strategies (8, 18, 27, 28), but locat-
ing this site has been problematic. Cross-linking has not identified
this binding site and the evidence from other approaches is not
yet self-consistent.

The pointed end of Arp2 is one possible binding site given that
a high concentration (160 μM) of WASp-VCA also reduced
hydrogen/deuterium exchange of peptides that form helices and
loops in subdomains 2 and 4 at the pointed end of Arp2 (29).
Direct binding was judged to be more likely to cause these
changes than movement of Arp2 relative to Arp3. Our crystals
soaked in CA had no extra density at the pointed end of Arp2,
most likely because crystal contacts blocked this binding site.
VCA at this position should interfere directly with Arp2/3 com-
plex binding to the side of an actin filament as observed in our
spectroscopic assays.

The barbed end groove is another potential binding site for C
on Arp2, as proposed in a model based on small angle X-ray scat-
tering of actin-VCA bound to Arp2/3 complex (20) and supported
by the effects of high concentrations of VCA hydrogen/deuterium
exchange on residues in this groove of Arp2 (29). On the other
hand, no density for C appeared in the barbed end groove of Arp2
in our electron density maps. One possibility is that CA occupies

Fig. 6. Wsp1p-CA inhibits binding of fission yeast Arp2/3 complex to the side of actin filaments. (A) Time course of pyrene-labeled fission yeast Arp2/3 complex
binding to actin filaments measured by fluorescent intensity. Conditions: KMEI buffer [50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole (pH 7.0), 1 mM
DTT, 0.1 mM ATP] with 16.7 mM K2SO4 to form ADP-actin filaments or 16.7 mM potassium phosphate to form ADP · Pi-actin filaments. Reactions of 0.2 μM
pyrene-labeled Arp2/3 complex with (○) 15 μMADP-actin filaments or (□) 15 μMADP · Pi-actin filaments. Reactions of 0.2 μM pyrene-labeled Arp2/3 complex
and 1 μM Wsp1p-CA with (◇) 15 μM ADP-actin filaments or (▵) 15 μM ADP · Pi-actin filaments. (B) Actin filament concentration dependence of kobs from
pyrene-labeled Arp2/3 complex binding ADP- and ADP · Pi-actin filaments. Data from A were fit to two exponentials, a large amplitude fast reaction and a
small amplitude slow reaction. Slopes of these plots give kþ and the y intercepts give k−. Fast components: (▴) ADP-actin filaments, and (▪) ADP · Pi-actin
filaments. Slow components: (♦) ADP-actin filaments, and (⦁) ADP · Pi-actin filaments.
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more than one site on Arp2 at different points in the branching
pathway.

Low-Affinity CA Binding Site 2 on Arp2/3 Complex.Our crystal struc-
tures are the only high-resolution information about CA binding
to Arp2/3 complex. They show why interaction of the conserved
tryptophan at the C terminus of A with Arp3 is required for CA
binding to Arp2/3 complex (24), cross-linking to Arp3 (18, 19),
and viability of fissions yeast (see SI Text).

Although the ARPC1 insert helix occupied the hydrophobic
groove at the barbed end of Arp3 in our crystals, this is also
an attractive site to bind the C helix (7). The ARPC1 insert helix
has a hydrophobic residue Phe302 separated by two residues from
an arginine, similar to the two most conserved residues in the C
motif, a hydrophobic residue (Φ) and an arginine (R) separated
by two residues in the consensus sequence ΦXZXΦXZXΦXX
RXXΦ (7). Mutation of either of these residues reduces nuclea-
tion-promoting activity (7).

When modeled into the ARPC1 helical density with the oppo-
site polarity, N-WASP-C (residues 473-EVMQARSK-480) shares
three features with the ARPC1 insert helix (Fig. 2C). First, the
side chains of N-WASP-Met475 and ARPC1-Phe302 make van
der Waals interactions with a hydrophobic pocket consisting of
Arp3 residues Trp153, Phe379, and Met383. Second, the guani-
dinium moieties of CA-Arg478 and ARPC1-Arg299 are close to
ARPC2-Glu32. Third, like ARPC1-Arg301, residues Glu473 and
Gln476 of the C helix may donate hydrogen bonds to the back-
bone oxygen atoms of Arp3 Ser155 and Val158 in a surface loop
(155-SRQVG-159) with density in the 2.0 Å Arp2/3 complex
structure (23) but not in other structures of Arp2/3 complex
(21, 22). This loop may be an adaptation of Arp3 to bind CA,
because it is missing in actin.

In this model (Fig. 2D), the three elements of VCA are posi-
tioned to deliver the first actin subunit of the daughter filament to
the barbed end of Arp3 next to Arp2 (5, 31, 32). The V helix is
bound at the barbed end of the first actin subunit (6) and con-
nected to the C helix by 22 residues. Arp2/3 complex on a mother

Fig. 7. Thermodynamics of the interactions of VCA, Arp2/3 complex, actin monomer, and mother actin filament. The top rows are Arp2/3 complex alone. The
second rows are Arp2/3 complex with VCA. The thirds rows are Arp2/3 complex with actin-VCA. The left columns are without Arp2/3 complex. The middle
columns are Arp2/3 complex without actin filaments. The right columns are Arp2/3 complex bound to actin filaments. Scan vertically or horizontally to see the
effects of each bound ligand on binding of other ligands. The Kds are from experimental measurements (this paper; 24; in bold font) or from the detailed
balance calculations. The + symbol indicates reactions where limits were estimated and the † symbol indicates uncertainty about whether VCA cross-linked to
actin binds site 1 or site 2. Binding of CA to site 1 interferes with Arp2/3 complex binding to the sides of actin filaments. CA binding to site 2 on Arp2/3 complex
promotes binding of the complex to the sides of actin filaments. The free energy change ΔG during formation of the actin-VCA-Arp2/3 complex on the side of
an actin filament from the four reactants is −24.4 kcal∕mol.
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filament would have higher affinity for actin-VCA (Fig. 5B), be-
cause Arp2 would be positioned more favorably for binding the
first actin than in free Arp2/3 complex. Exposure of this entire
CA binding site in the EM model of the branch junction (5) ex-
plains why the mother filament does not compete for binding to
site 2. The model explains why VCA can be cross-linked to Arp3
and ARPC3 and less readily to ARPC2 and ARPC5 (8, 18, 27, 28)
and how the N terminus of V can be cross-linked to the back side
of subdomain 4 of Arp2 (Fig. 3). VCA binding reduces hydrogen/
deuterium exchange in two Arp3 peptides in the proposed C helix
binding site, but not residues around the A binding site observed
in our crystals (29). Our hypothesis is consistent with NMR ob-
servations and mutagenesis (7), although it is not known which
CA binding site was probed in those experiments.

Positive and Negative Interactions Among the Proteins at Branch Junc-
tions.The components that assemble branches—actin monomers,
actin filaments, VCA, and Arp2/3 complex—have both positive
and negative influences on the interactions of other components
as illustrated by the free energy changes associated with these
reactions (Fig. 7). When Arp2/3 complex is bound to a mother
filament, site 2 has a 40-fold higher affinity for CA than free
Arp2/3 complex. Similarly, Arp2/3 complex on a mother filament
binds VCA cross-linked to an actin monomer with much higher
affinity (presumably for site 2) than free Arp2/3 complex. There-
fore, by detailed balance, CA or actin-VCA binding to site 2
should increase the affinity of Arp2/3 complex for actin filaments
40- to 100-fold. Conformational changes may explain this differ-
ence. The barbed end grooves and nucleotide-binding clefts of
actin-family proteins open and close in a reciprocal fashion.
The nucleotide-binding cleft of Arp3 is open and the groove is
closed in inactive Arp2/3 complex. The nucleotide-binding cleft
of Arp3 is closed in the model of the branch junction (5), so the
Arp3 barbed end groove is expected to be open and may be more
favorable for binding the C helix.

Other interactions have negative effects on linked reactions
(Fig. 7) and paradoxically inhibit interactions known to contri-
bute to branch formation. (i) Although both VCA and actin fila-
ments are required to activate Arp2/3 complex, CA bound to
high-affinity site 1 inhibits binding of Arp2/3 complex to the side
of an actin filament. (ii) Whereas V and actin monomers contri-
bute to branch formation, an actin monomer bound to V strongly
inhibits VCA binding to free Arp2/3 complex, presumably to the
high affinity. Actin bound to C may also compete with Arp2/3
complex (8). (iii) Although VCA contributes to nucleation by
bringing a bound actin monomer to Arp2/3 complex, association
of V with the barbed end of actin (6) inhibits elongation (33, 34)
and VCA cross-linked to an actin monomer is a poor nucleation-
promoting factor (20) (Fig. 5C).

Mechanism of Arp2/3 Complex Activation During Branch Formation.
Our data support the idea that branch formation involves more
than one interaction of VCA with Arp2/3 complex (13). We de-
scribe one possible scenario that is consistent with the available
data but recognize that more information is required to verify
the order of the reactions and the most populated of the many
possible pathways.

VCA engages Arp2/3 complex. Cells have multiple mechanisms to
cluster VCAs for parallel interactions with Arp2/3 complex: close
packing of independent VCAs on cell membranes (35); tandem
activity-bearing VCA motifs (12, 13); or assembly on scaffold
proteins (17, 36–38) including adapters with two SH3 domains
that bind proline-rich domains of two nucleation-promoting fac-
tors (NPFs) (13, 39). Activation of these crowded NPFs exposes
their C-terminal VCA motifs, allowing interactions with Arp2/3
complex and actin monomers. Binding a VCA to the high-affinity

site on Arp2/3 complex would favor coincident binding of a sec-
ond nearby VCA to the low-affinity site.

Mother filament binding activates Arp2/3 complex. Although VCA
bound to the high-affinity site inhibits binding to the side of
an actin filament, VCA exchanges rapidly on and off Arp2/3 com-
plex (Table 1), allowing Arp2/3 complex to bind a mother actin
filament during intervals when VCA dissociates. Association of
Arp2/3 complex with a mother filament blocks the site 1 and
increases the affinity of actin-VCA for site 2 40- to 100-fold,
presumably by stabilizing the active conformation found in the
branch junction. Because the mother actin filaments blocks site
1, it is not occupied by VCA during subsequent steps.

Initiation of the daughter filament. Once bound to site 2 on acti-
vated Arp2/3 complex, VCA delivers the first actin subunit to
the daughter filament. A second actin-VCA associated with
the front side of Arp2/3 complex could deliver the second subunit
of the daughter filament. We have not studied this site, but an
attractive mechanism is that VCA binds with C in the barbed end
groove of Arp2 (20) and with A associated with ARPC1 (39).
Both of these sites are exposed when Arp2/3 complex is bound
to the side of an actin filament (5).

Elongation of the daughter filament.Given the capping activity of V
(33, 34) and low nucleation activity VCA cross-linked to an actin
monomer (Fig. 5C), dissociation of VCA from the first two actin
subunits will promote elongation of the daughter filament. This
behavior is consistent with fluorescence recovery after photo-
bleaching experiments, showing that rapid N-WASP exchange
is critical in vivo for movements that depend on Arp2/3 complex
and actin (40).

The multiple interactions in this scenario explain why dimeric
GST-WASp-VCA activates Arp2/3 complex 100-fold more effec-
tively than VCA monomers (2). Hierarchical regulation through
these protein complexes and successive interactions of VCA with
Arp2/3 complex are likely to contribute to the ability of cells to
tune the Arp2/3 complex activity with high spatial and temporal
specificity.

Our work and Padrick et al. (39) reveal that actin filament
branch formation is not a simple linear pathway. Much is still
to be learned about how numerous linked positive and negative
interactions contribute to branch formation. Progress will require
more information about CA binding sites and the massive con-
formational changes that bring together Arp2 and Arp3 to form
the binding site for the first actin subunit in the branch.

Materials and Methods
SI Materials and Methods provides a more detailed account of our methods.

Protein Purification and Labeling. We purified Arp2/3 complex from fission
yeast with modifications of a previous method (25) and measured the con-
centration by absorption at 290 nm (ε ¼ 139;030 M−1 s−1). We labeledmutant
Arp2/3 complex (p20 C167S p34 A317C) with N-(1-pyrene)iodoacetamide
(p29, Invitrogen) (25). We purified bovine Arp2/3 complex from thymus (21).
We expressed S. pombeWsp1p-VCA (497Q–574D), S. pombeWsp1-CA (542S–
574D), bovine N-WASP-CA (466G–505D), and bovine N-WASP-VCA (428P–
505D) as GST fusions in plasmid pGV67 in Rosetta (DE3) pLysS Escherichia coli
cells (Novagen) and purified the proteins by ion exchange and glutathione
Sepharose 4B affinity chromatography, followed by cleavage of VCA/CA from
GST and Mono Q and gel filtration chromatography. We labeled a cysteine
added to the N terminus of CA with Alexa-Fluor-546 C5-maleimide (A10258,
Invitrogen). The concentration of unlabeled CA was measured by absorption
at 280 nm (ε ¼ 5;690 M−1 cm−1), and the concentration of Alexa-Fluor-546-
labeled CA was measured by absorption at 554 nm (ε ¼ 93;000 M−1 cm−1).
We purified actin from chicken breast muscle acetone powder by one cycle
of polymerization and depolymerization followed by gel filtration on Sepha-
cryl S-300 (41). We labeled actin Cys374 with pyrene-iodoacetamide (42) or
Alexa-Fluor-488 carboxylic acid, succinimidyl ester (26). We reacted Cys-VCA
with 18 mM N,N′-m-phenylenedimaleimide (PDM) in dimethylformamide for
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3 h at 4 °C, removed unreacted PDM and reacted a 10-fold molar excess of
PDM-VCA with Alexa-Fluor-488 actin overnight on ice. Cross-linked products
were purified by gel filtration and Mono Q chromatography.

Isothermal Titration Calorimetry. We titrated 200 μL of Arp2/3 complex in the
cell of a Microcal ITC 200 calorimeter (Bonsai Advanced Technologies) with
2-μL injections of 160 μM Cys-CA in 4 s each at 3-min intervals.

Crystallography. We grew small crystals of 50 μM bovine Arp2/3 complex (23)
andmacroseeded them into drops containing 1 μL 50 μMArp2/3 and 1 μL well
solution (100 mM Hepes 7.5, 200 mM KCl, 100 mM glycyl-glycyl-glycine and
8% PEG 8K). Crystals were soaked by adding 1 μL of 2–4 mM bovine or S.
pombe CA to the 2 μL hanging drops for 1 h. Crystals were cryoprotected
with well solution containing 25% glycerol, frozen in liquid nitrogen for
storage and cryoannealed by blocking the cryostream from the sample for
3 s. X-ray diffraction data were collected at the National Synchrotron Light
Source using beam line X25 equipped with an Area Detector Systems
Corporation Q315 CCD detector and processed with standard methods (SI
Materials and Methods). The coordinates of Arp2/3 complex with bound
CA were submitted to the Protein Data Base, accession number 3RSE.

Viability of S. pombe Cells with Arp3 Mutations.We created the following sub-
stitutions in fission yeast Arp3: Arp3 P249A, P249M, P249Y, or R345A. Diploid
cells with these mutations on one chromosome were sporulated on nitrogen-

deficient agar plate (SPA5S) at 25 °C for 2 d. After tetrad dissection, spores
grew on YE5S agar plate at 25 °C for 4 d before evaluating growth.

Spectroscopy. We used a Photon Technology International Alphascan fluori-
meter to measure fluorescence intensity and fluorescence anisotropy for
actin polymerization, equilibrium binding, and kinetics experiments (24).

Cross-Linking the N Terminus of VCA to Arp2. We created the following sub-
stitutions in budding yeast Arp2 and Arp3: Arp2 R198C, A207C, or D271C;
Arp3 P342C or D325C. We expressed Arp2/3 complex with pairs of these sub-
stitutions in budding yeast and purified Arp2/3 complex by a method similar
to that for fission yeast. Budding yeast Arp2/3 complex (2 μM) was reacted
with 10 μM N-WASp-cysteine-VCA in 10 mM imidazole (pH 7.0), 50 mM KCl,
1 mMMgCl2, 1 mM EGTA, 0.2 mMATP, 0.2 mM CaCl2, 50 μMCuSO4 for 60 min
at 4 °C. During ion exchange chromatography on Mono Q Arp2/3 complex
cross-linked to VCA eluted at 40.5 mS behind free Arp2/3 complex at 31 mS.
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