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From the ‡Graduate Group in Biophysics and §Department of Cellular & Molecular Pharmacology, University of California,
San Francisco, California 94143 and the ¶Institute for Biophysical Chemistry and Centre for Biomolecular Magnetic Resonance,
University of Frankfurt, 60439 Frankfurt, Germany

The Arp2/3 complex nucleates and cross-links actin filaments at
the leading edge of motile cells, and its activity is stimulated by
C-terminal regions of WASP/Scar proteins, called VCA domains.
VCA domains contain a verprolin homology sequence (V) that
binds monomeric actin and central (C) and acidic sequences (A)
that bind the Arp2/3 complex. Here we show that the C domain
binds to monomeric actin with higher affinity (Kd � 10 �M) than to
the Arp2/3 complex (Kd > 200 �M). Nuclear magnetic resonance
spectroscopy reveals that actin binds to theN-terminal half of the C
domain and that both the V and C domains can bind actin inde-
pendently and simultaneously, indicating that they interact with
different sites. Mutation of conserved hydrophobic residues in the
actin-binding interface of the C domain disrupts activation of the
Arp2/3 complex but does not alter affinity for the complex. By
chemical cross-linking the C domain interacts with the p40 subunit
of the Arp2/3 complex and, by fluorescence polarization anisot-
ropy, the binding of actin and the Arp2/3 complex are mutually
exclusive. Our results indicate that both actin and Arp2/3 binding
are important forCdomain function but that theCdomaindoes not
form a static bridge between the two. We propose a model for acti-
vation of theArp2/3 complex inwhich theCdomain first primes the
complex by inducing a necessary conformational change and then
initiates nucleus assembly by bringing an actinmonomer into prox-
imity of the primed complex.

Rapid assembly of actin filaments is required for many basic cellular
processes including amoeboid motility, endocytosis, and pathogen
invasion (1, 2). One important mediator of actin assembly is the Arp2/3
complex, an essential, evolutionarily conserved, seven-subunit protein
complex that nucleates and cross-links new actin filaments. TheArp2/3
complex binds the sides of pre-existing actin filaments and nucleates
new filaments branching from the old at a characteristic angle of 70° (3,
4). This activity, called dendritic nucleation (4), generates space-filling
networks of cross-linked and entangled actin filaments, the growth of
which can generate force and power motility (5). In vitro, three factors
cooperate to stimulate the nucleation activity of the Arp2/3 complex: a
preexisting actin filament, an actin monomer, and a nucleation-pro-

moting factor (NPF) 3 (6, 7). NPFs include members of the WASP/Scar
family of proteins (1, 8). Several WASP/Scar family proteins are regu-
lated by small GTPases and thus serve to link Arp2/3-dependent actin
assembly to upstream signals. The region ofWASP/Scar family proteins
that binds and activates theArp2/3 complex is called aVCAdomain and
is usually located at the C terminus. A canonical VCA domain is com-
posed of three sequences motifs: one or two V (verprolin homology)
sequences (also known as WASP homology 2 or WH2 domains) that
bind actin monomers; a C (central or connecting) sequence that is
essential for nucleation and has been shown to interact with the Arp2/3
complex; and an A (acidic) sequence that also binds to the Arp2/3 com-
plex and contributes the majority of the binding energy (1) (Fig. 1).
Although the molecular determinants for activation of the Arp2/3

complex have been worked out in some detail, the mechanism of actin
nucleation itself is notwell understood. The slowest step in spontaneous
actin assembly is the formation of a dimer. Conventional actin dimers
are extremely unstable and assemble with an equilibrium constant on
the order of 4M (9).On the basis of this fact, Kelleher et al. (10) proposed
that the two actin-related subunits of the Arp2/3 complex, Arp2 and
Arp3, overcome the kinetic barrier to nucleation by mimicking a con-
ventional actin dimer. In the crystal structure of the complex, Arp2 and
Arp3 are in the proper orientation to form an actin-like dimer, but they
are separated by a large gap (11) so that formation of a nucleation-
competent dimer would require a significant conformational change
(1). Goley et al. (12) used fluorescence resonance energy transfer to
demonstrate that binding of a VCA domain from WASP induces a
conformational change in the complex. The authors (12) also showed
that point mutations in the C region that abolish nucleation-promoting
activity also abolish the ability to induce the conformational change;
they did not test the effect of monomeric actin but found, surprisingly,
that filamentous actin had no detectable effect on the conformation of
the complex. This result indicates that either (i) filamentous actin does
not induce a conformational change in the complex or (ii) that the
actin-induced conformational change is different from that induced by
VCA and that the fluorescent probes are not positioned to detect it.
Electron microscopy studies also support the idea that VCA peptides
induce a significant conformational change in the Arp2/3 complex (13,
14) and, consistent with the ability to drive conformational rearrange-
ments, the VCA peptide makes contact with multiple subunits of the
Arp2/3 complex (p21, Arp3, Arp2 and p40) (15). Lastly, mathematical
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of a slow, first-order activation step following interaction with mono-
meric and filamentous actin and a VCA domain (15). This activation
step may correspond to a slow conformational rearrangement in the
complex.
Previous studies also revealed that actin monomers bound to the

VCA domain play an important role in activation of the Arp2/3 com-
plex. In an earlier study (6) we showed that the Arp2 subunit of the
complex hydrolyzes ATP during or soon after filament nucleation and
that the factors required for dendritic nucleation are also required for
ATP hydrolysis. We demonstrated a requirement for monomeric actin
by showing that a non-polymerizing, latrunculin-bound actinmonomer
could substitute for a polymerizable monomer. Marchand et al. (7)
demonstrated the importance of monomeric actin by showing that
removal of the actin-bindingWH2 sequence from aWASP-family VCA
domain greatly decreases the efficiency of Arp2/3 activation. These
authors (7) also found evidence that the truncated CA domain retained
weak monomer binding activity and thus could not conclude that the
residual nucleation-promoting activity was monomer-independent.
Here we report a structural and biochemical analysis of themolecular

requirements of Arp2/3 activation. By NMR spectroscopy we found
that the WH2-actin complex is similar to the previously described
ciboulot D1-actin complex (16). This result supports the proposal that
the two domains are evolutionarily related (17). In addition, we found
that the C domain also bindsmonomeric actin and thatmonomer bind-
ing plays a role in activating the Arp2/3 complex. This result, together
with the previous observation that the C domain binds the Arp2/3 com-
plex, suggests a simple model in which the C domain acts as a “docking
ring” that correctly positions an actin monomer onto the actin-related
subunits of the complex. To test this model we determined the affinity
of the C domain for actin and the Arp2/3 complex, both alone and in
combination. We found that the C domain binds much more tightly to
actin than to theArp2/3 complex and that binding of the two ismutually
exclusive. In addition, chemical cross-linking revealed that the C
domain does not bind Arp2 or Arp3 but contacts the p40 subunit. From
these observations, we propose a multistep model for Arp2/3 activation
in which the C-domain interacts sequentially with the Arp2/3 complex
and the WH2-bound actin monomer. In this model the C domain first
binds the Arp2/3 complex and induces a long-lived conformational
change. Next, the C domain dissociates and binds an actin monomer,
positioning it in the optimal orientation to interact with the “primed”
complex.

MATERIALS AND METHODS

Plasmid Construction and Protein Purification—All Scar1 and
N-WASP plasmids were constructed by PCR using full-length human
Scar1 (gift of Laura Machesky) and rat N-WASP (gift of Wendell Lim).
All clones were verified by sequencing. Proteins were expressed in BL21
(pLysS) cells as C-terminal His6, N-terminal GST fusions, or both,

where indicated in the text. For uniform labeling with 15N and 2H, BL21
(pLysS) cells freshly transformed with Scar1 VC or VCA expression
plasmids were grown in either Silantes [15N,2H]- or [15N]OD2 medium
(Cambridge Isotope Laboratories, Cambridge, MA). For residue-spe-
cific labeling, cells were grown in M9 minimal medium containing uni-
formly labeled 15N amino acid (lysine, arginine, alanine, isoleucine,
leucine, valine) (Cambridge Isotope Laboratories). Expression of all pro-
teins was induced by the addition of isopropyl 1-thio-�-D-galactopy-
ranoside to a final concentration of 0.5 mM. After expression for 3 h, the
cells were harvested by centrifugation, resuspended, and disrupted by
microfluidization, and supernatants were collected by centrifugation at
10,000 � g for 45 min. His6-tagged proteins were isolated under either
native or denaturing conditions on nickel-nitrilotriacetic acid resin.
GST fusions were bound to glutathione-agarose beads and cleaved off
the column using either thrombin or PreScission protease. All proteins
were further purified by chromatography onMonoQ resin (Amersham
Biosciences) and verified formolecular weight usingMALDI-TOFmass
spectrometry. Tag-free peptides were obtained from Synpep Corp.
(Alameda, CA) and were �95% pure. Arp2/3 and actin were purified
from Acanthamoeba castellani (6, 18) and the actin was pyrene-labeled
as described (19).

Fluorescent Labeling—Purified proteins were exchanged into HEK
buffer (50 mM KCl, 1 mM EDTA, 10 mMHEPES, pH 7.3) using a NAP-5
column and incubated with a 4–7-fold molar excess of Alexa-488 C5

maleimide (Molecular Probes, Eugene, OR) for 1 h at room temperature
and overnight at 4 °C. Samples were spun at 65,000 rpm, and the super-
natant was chromatographed on a G-25 column to remove unreacted
dye. MALDI-TOF was used to monitor percent labeling.

Actin Polymerization—All pyrene actin polymerization assays were
performedwithAcanthamoeba actin (6% pyrene labeled) in 50mMKCl,
1 mM MgCl2, 1 mM EGTA, 10 mM HEPES, pH 7.0. Ca2�-actin was
converted to Mg2�-actin prior to each polymerization reaction by a
2-min incubationwith 50�MMgCl2, 200�MEGTA. Fluorescence stud-
ies were conducted on a K2 Multifrequency Fluorometer (ISS Inc.,
Champagne, IL). Datawere analyzed usingKaleidaGraph (Synergy Soft-
ware, Reading, PA).

Polarization Anisotropy—Fluorescence studies were conducted on a
K2 Multifrequency Fluorometer at 25 °C. The samples contained
KMEH buffer (10mMNa-HEPES, pH 7.0, 50mMKCl, 1mM EGTA, and
1 mM MgCl2). For anisotropy measurements, fixed concentrations of
Alexa-488-labeled Scar1 VCA, CA, or C peptides were mixed with var-
ious concentrations of either the Arp2/3 complex, latrunculin-stabi-
lized actin, or both, and the data were fitted to a single site-binding
isotherm to determineKd. Alexa-488 was excited with polarized light at
493 nm, and the emitted light was detected at 525 nm. Affinities of
unlabeled peptides for either the Arp2/3 complex or actin were deter-
mined by competition with Alexa-488-labeled wild-type Scar1 VCA,
CA, or C peptides. Anisotropy data were fit to a full solution of the
equilibrium competition binding equation using KaleidaGraph (7).

Cross-linking—Proteins were dialyzed into 50 mM KCl, 1 mMMgCl2,
1 mM EGTA, 0.5 mM dithiothreitol, 0.2 mM ATP, and 10 mM imidazole
(pH 7.0) at 25 °C to facilitate cross-linking. The indicated protein con-
centrations were mixed with freshly prepared 1-ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride (EDC) and N-hydroxysuc-
cinimide (NHS) for 30 min at room temperature. Samples were
methanol/chloroform-precipitated and analyzed by Western blotting
with monospecific antibodies against the Arp2/3 complex subunits or
by fluorescence imaging of the Alexa-488-labeled C domain.

NMR Spectroscopy—NMR experiments were carried out at 30 °C on
Bruker DRX 500- or 600-MHz spectrometers equipped with a triple

FIGURE 1. Domain organization of WASP/Scar proteins. EVH1, Ena/Vasp homology 1
domain; B, basic region; GBD, GTPase-binding domain; Poly Pro, proline-rich region; SHD,
Scar homology domain; WH2, verprolin-like or WASP homology 2 domain; C, central or
connecting domain; A, acidic domain.
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resonance z axis gradient CryoProbe. Unbound [15N]VCA, residue spe-
cific 15N-labeled VC, and [15N,2H]VC samples each contained 400 �M

protein in 90%H2O, 10%D2OwithmodifiedG-actin buffer (bufferA: 50
mM d6-Na-HEPES (Cambridge Isotope Laboratories), pH 7.5, 100 �M

CaCl2, 100 �M ATP, and 0.5 mM Tris(2-carboxyethyl)phosphine). For
studies of actin-bound peptides, 5ml of�50�MG-actinwas exchanged
into 2mM d6-Na-HEPES, pH7.5, 10�MATPbyNap-5 chromatography
and immediately lyophilized. The lyophilized powder was then resus-
pended in a solution containing 300 �l of 400 �M peptide in buffer A
containing 600 �M latrunculin B (Calbiochem). Samples were spun at
100,000� g for 30min resulting in a final actin concentration of 500�M.
Assignments of residues in VC were obtained using a combination of
[15N,1H]HSQC (heteronuclear single quantum coherence), [15N,1H]-
TROSY-HSQC (transverse relaxation optimized spectroscopy),
three-dimensional [15N,1H]NOESY-HSQC, and three-dimensional
[15N,1H]TROSY-NOESY-HSQC experiments (nuclear Overhauser
effect spectroscopy) (20) on [15N]-VCA, [15N,2H]VCA, residue-specific
15N-labeled VC, and [15N,2H]VC samples bound to monomeric actin.
NOESY mixing times were 80 and 120 ms. Data were processed using
NMRPipe (21) and analyzed using XEASY (22).

RESULTS

Secondary Structure and Interacting Residues of the VC-Actin
Complex—The binding of an actinmonomer to aNPF and ultimately to
the Arp2/3 complex are essential steps in the activation of the Arp2/3
complex (1). To understand the role of monomeric actin in activating
the complex, we sought to define the minimal actin-binding region of
the human Scar1 VCA peptide. Using fluorescence polarization anisot-
ropy, we measured the affinities of C-terminal truncation mutants of
VCA for monomeric actin (Table 1). Removal of the A domain of Scar1
(VC) or the A domain together with the last five residues of the C
domain (VC�5, residues 489–538) had no effect on actin binding.
Removal of both the A and C sequences (isolated WH2 domain), how-
ever, decreased the affinity by 10-fold (3.1 �M versus 0.35 �M, respec-
tively). Therefore, we define the optimal actin-binding region of the
human Scar1 VCA domain as VC�5.

We then used NMR spectroscopy to determine the identity and sec-
ondary structure of 15N-labeled residues in Scar1 VC bound to an unla-
beled actin monomer. VC was used instead of VC�5 because of its
higher solubility. First, we used [15N,1H]TROSY-HSQC spectra to look

for structural differences between free Scar1VC and Scar1VCbound to
monomeric actin. Based on chemical shift dispersion, we found that 29
residues in Scar1 VC bind actin (Fig. 2, A and B, supplemental Fig. S1).
Changes in the chemical shift of a number of residues became maximal
at equimolar amounts of actin and Scar1 VC, consistent with formation
of a 1:1 complex.
To better understand the structural changes that occur in VC upon

binding actin, we collected [15N,1H]TROSY-NOESY spectra of VC
bound to the 43-kDa actin monomer (Fig. 2C). Because of the high
correlation time of the actin-VC complex, 100% deuteration of the VC
peptide was required to reduce the relaxation time and produce NOEs
with sharp line widths, limiting information available to amide-amide
intra- and inter-residue amide-H� NOEs. A combination of TROSY
pulse sequences, 100% deuteration, buffer optimization (23), and use of
a cryoprobe enabled us to acquire high quality NOESY spectra at pro-
tein concentrations of 150–400 �M. From the observed NOEs we
determined direct connectivity of a number of residues. Consistent with
previous reports (7, 24), our data indicate that the VC domain by itself is
unfolded and that about 40% of the VC peptide adopts a helical confor-
mation upon binding actin.
We assigned the NOESY spectra and determined which residues of

Scar1 VC contact actin by using residue-specific labeling strategies.
Seven separate isotope-labeled samples of Scar1 VC were prepared,
each with a different 15N-labeled amino acid: alanine, valine, isoleucine,
lysine, arginine, leucine, and glycine. The HSQC spectra of each labeled
peptide alone and in complex with actin revealed that many residues
undergo significant chemical shift changes and line broadening upon
binding actin (Fig. 2D, supplemental Fig. S2). Such changes in the NMR
spectra indicate the involvement of these amino acids in the binding
interface. We correlated chemical shifts in the bound state with NOEs
to partially assign the VC peptide. The entire WH2 domain (residues
498–522)was assigned using sequentialNOEs and residue labeling. The
presence of strong amide-amide NOEs indicates that theWH2 domain
is helical. The intensity of theNOEs decreases dramatically at a position
immediately C-terminal to the highly conserved Gly-512 and com-
pletely disappears at the C-terminal end of the canonical WH2 domain
(Val-514), indicating that this region is either dynamic or in an ordered
yet nonhelical conformation (Fig. 2A). We observed two inter-residue
amide-aliphatic NOEs between actin and Scar1 VC, one at residue Leu-
502 and another at Arg-518. Both residues are highly conserved and are
required for actin binding. As NOEs are short-range dipole-dipole
interactions limited to distances of up to 5–7 Å, our data indicate that
these residues in Scar1 VC are in direct contact with the actinmonomer
(Fig. 2A).
Consistent with our binding data shown in Table 1, a number of

residues in the C domain undergo actin-induced chemical shift changes
and line broadening (Fig. 2A). In addition, spectra of the isolated C
domain show chemical shift changes and decreases in peak intensity
upon binding actin (supplemental Figs. S1 and S2). Unlike in the WH2
region, we detected no amide-amideNOEs in theNOESY spectra of the
C domain, either alone or attached to the WH2 domain (Fig. 2A). This
does not exclude the possibility that the C domain is helical upon bind-
ing to actin, as a number of mechanisms such as dynamics can signifi-
cantly weaken NOE cross-peaks. In fact, our mutagenesis data (see
below) as well as previous studies (24, 25) are consistent with helical
structure in the C domain.

Binding and Activation Properties of VCA Truncations—Based on
our NMR data it appears that actin contacts residues within the C
domain that have previously been shown to be important for activation
of the Arp2/3 complex (7, 24, 26). We used polarization anisotropy to

TABLE 1
Affinitiies and activities for all Scar1 VCA mutations

Construct Kd for
actina

Kd for
Arp2/3a Activityb

�M �M

Scar VCA 0.32 � 0.2 0.88 � 0.2 1.0
VC 0.40 � 0.1 �200 0.0
VC�5 0.35 � 0.1 ND ND
V 3.10 � 0.5 ND 0.0
CA 11.50 � 2.3 0.92 � 0.1 0.08
C 12.20 � 2.7 �200 0.0
A ND 7.30 � 1.2 0.0
VCA V531A 0.93 � 0.1 1.30 � 0.2 0.5
VCA V531D 1.69 � 0.2 1.90 � 0.1 0.1
VCA L535A 0.09 � 0.02 1.10 � 0.1 0.2
VCA T533D 0.34 � 0.2 0.74 � 0.2 1.1

a Affinities were measured by competition with Alexa-488 Scar1 VCA or Alexa-488
Scar1 C using fluorescence polarization anisotropy. Values are listed as �S.E. for
fits to aminimumof 10 data points for each titration derived from three independ-
ent experiments. ND, not determined.

b Activitywas calculated by dividing themaximumnumber of ends generated for the
specified construct by the number of ends generated by wild-type VCA. Activity
wasmeasured atmaximal concentration for theVCA truncations (see Fig. 3B) and
at equimolar amounts for the VCA point mutants (0.5 �M, see Fig. 5). ND, not
determined.
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confirm that the isolated C domain binds actin directly (Fig. 3A). We
first added a cysteine to the C terminus of the C domain and used it to
covalently attach the fluorescent dye Alexa-488. Titration with actin
caused a saturable increase in the anisotropy of the labeled C domain
from 0.08 to 0.16. This increase is consistent with a single actin mono-
mer binding to theCdomain (Fig. 3A, inset). Fitting this curve to a single
site hyperbola gave a Kd of 13.4 �M. A competition assay for actin
between unlabeled and labeled C domain yielded a Kd of 12.2 �M for
unlabeled peptide (data not shown), indicating that the dye had no
significant effect on actin binding.
Previous reports claimed that, under certain conditions, both the VC

and CA domains of WASP weakly stimulate nucleation by the Arp2/3
complex (7, 27). Given the fact that both actin and Arp2/3 bind to
residues in the C domain, it is possible that these interactions allow the
VC and CA peptides to retain some nucleation-promoting activity. To
this end, we measured the activities of multiple deletion constructs of
Scar1 VCA (Table 1) using pyrene-actin assembly assays. Removal of
theWH2 domain from Scar1 VCA (Scar1 CA) significantly reduced the
nucleation activity but did not completely abolish it, whereas removal of
the acidic domain (Scar1 VC) abolished nucleation activity entirely (Fig.
3B, Table 1). Hufner et al. (27) report that the VC domain of WASP

fused to GST weakly promotes nucleation. In the present study, how-
ever, we used an untagged, monomeric version of the peptide. We
believe the difference in results can be attributed to the dimerization of
GST, which has been shown previously to increase artifactually the
activity of VCA (28). Therefore, it appears that theCA region retains the
minimal activating properties of Scar1 and that theWH2 domain serves
to increase the activity of the peptide. To determine the geometric con-
straints on the ability of theWH2 domain to enhance nucleation by the
CA region, we constructed mutant VCA domains with flexible peptide
linkers of various lengths inserted between the WH2 domain and the
CA region. The linkers had little effect on the kinetics of Arp2/3-medi-
ated actin polymerization, indicating that the effect of theWH2 domain
is not sensitive to its distance from or orientation to the CA sequence
(Fig. 3C).
The addition of 150 �M C domain peptide (�40:1 ratio of C domain

to actin) inhibits spontaneous assembly of actin filaments but does not
alter the critical concentration, as judged by pyrene fluorescence (Fig.
3D, data not shown). This agrees with previous data showing that VCA
and WH2 peptides both inhibit spontaneous polymerization without
sequestering actin monomers (28). Interestingly, the C domain
increases the lag time of VCA/Arp2/3-mediated actin polymerization

FIGURE 2. Residues of the VC peptide perturbed upon actin binding and secondary structure of the bound peptide. A, alignment of human Scar1, WASP, and N-WASP VCA
regions. Structural information is displayed above the alignments in B–D. Actin-binding residues were determined by line broadening and NOEs. Secondary structure was determined
by the presence and strength of amide-amide NOEs. The helix designates residues with strong amide-amide NOEs, and the dashes denote weak amide-amide NOEs. Arp2/3-
interacting residues were determined by line-broadening experiments (24). The autoinhibitory helix denotes the structure of the C domain bound to the GTPase-binding domain of
WASP (25). B, 1H-15N TROSY-HSQC spectrum of [15N,2H]Scar1 VC (residues 489 –538) bound to Ca2�-ATP-actin with latrunculin B at 25 °C. The assignment of residues in the bound
state is shown. C, selected regions of the three-dimensional [15N,1H]TROSY-NOESY-HSQC spectra of [15N, 2H]VC bound to Ca2�-ATP-actin showing intramolecular amide-amide NOEs.
Cross-peaks are shown in red and intramolecular NOEs in black. Connecting residues are denoted. D, overlay of the [15N,1H]HSQC spectra of the free [15N-Lys]VC (black) and the
[15N-Lys]VC-actin complex (red).
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and, qualitatively, appears to decrease the rate of filament generation in
a dose-dependent manner. This activity of the C domain, inhibition of
spontaneous polymerization, was previously unknown.
We next attempted to understand how the affinity of the V, C, and A

regions for actin and Arp2/3 each contribute to nucleation-promoting
activity. We measured the affinities of multiple deletion constructs of
Scar1 VCA for actin and Arp2/3 using fluorescence anisotropy and
competition binding assays (Table 1). Panchal et al. (24) reported that
upon titration of a 15N-labeled N-WASP VCA peptide with the Arp2/3
complex, residues in both the C and A domains undergo line broaden-
ing, indicative of binding to the complex (Fig. 2A). By polarization ani-
sotropy, we find that the C domain alone binds very weakly to the
Arp2/3 complex (Kd�200�M) (Table 1). By itself, the acidic domain (A)
binds the Arp2/3 complex with micromolar affinity. Adding the C
sequence (CA) increases the affinity for the complex 8-fold compared
with the isolated A sequence. If the increased affinity reflects the C

domain binding to the Arp2/3 complex, then the binding energy of this
interaction is about 1 kcal/mol, consistent with a Kd of �184 mM. From
our anisotropy data we estimate the Kd of this interaction at �500 �M.
This discrepancy may represent the effect of tethering the two peptides
together and/or the effect of a conformational change induced by one
peptide on the binding of the other. In our hands, the CA region is the
smallest contiguous fragment that 1) binds both actin and the Arp2/3
complex and 2) promotes nucleation activity of the complex.

Actin and Arp2/3 Bind to the C Domain in a Mutually Exclusive
Manner—An attractive hypothesis for the role of the C domain in acti-
vating the Arp2/3 complex is that it forms a bridge betweenmonomeric
actin and the Arp2/3 complex and positions the first monomer of the
daughter filament in the proper orientation to interact with the com-
plex. To test this “molecular bridge” hypothesis, we used Alexa-488-
labeled CA to monitor whether actin and Arp2/3 can bind simulta-
neously to the Scar1 C domain (Fig. 4A). We added 1 �M Arp2/3

FIGURE 3. Binding and activation properties of VCA truncations. A, C domain binds actin monomers. Conditions: 10 mM HEPES, pH 7.0, 50 mM KCl, 1 mM EGTA, and 1 mM MgCl2, 200
�M latrunculin B. Equilibrium binding of the C domain labeled with Alexa-488 (0.2 �M) to monomeric actin measured by fluorescence anisotropy. Curve is best fit of data to binding
quadratic (39) yielding equilibrium constant of 13.4 �M (see Table 1). Scatchard plot (inset) indicates a 1:1 stoichiometry. B, time course of pyrene-actin polymerization for VCA
truncations. Mg-ATP-actin monomers (4 �M 5% pyrene-labeled) and 10 nM Arp2/3 complex were polymerized in 10 mM HEPES, pH 7.0, 50 mM KCl, 1 mM EGTA, and 1 mM MgCl2 at 22 °C,
either alone or with 0.5 �M Scar1 VCA (residues 489 –559), 4 �M Scar1 CA (residues 523–559), 4 �M Scar1 VC (residues 489 –543). C, activities of Gly-Ser insertions. Mg-ATP-actin
monomers (2 �M 6% pyrene-labeled) and 10 nM Arp2/3 complex were polymerized either alone or with the indicated construct (0.5 �M). Scar1 CA was used at 4 �M. The number of
Gly-Ser pairs is indicated by n. The placement of the Gly-Ser pairs in the VCA sequence is illustrated. D, the C domain inhibits spontaneous actin polymerization. Time course of
pyrene-actin (4 �M, 5% pyrene-labeled) polymerization in the presence of 150 �M and 75 �M C and C-V531D peptides alone or with 10 nM Arp2/3 complex and 0.25 �M Scar1 VCA
peptide.
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complex to 20 nM fluorescently labeled CA peptide (�50% bound) and
then titrated latrunculin-bound actin monomers to high concentration
(100 �M). The addition of monomeric actin decreased anisotropy to a
value between that of CA bound to Arp2/3 and CA bound to actin. This
suggests that a significant fraction of the Arp2/3-bound CA was
released (Fig. 4A). The Arp2/3 complex should still bind to the A
domain, albeit with a lower affinity (Table 1), because of its interaction
with the highly conserved tryptophan in the A domain. Consistent with
this idea, the addition of excess unlabeled A peptide (40 �M) following
titration with monomeric actin caused a further saturable decrease in
anisotropy to the level of actin plus CA alone. The apparent Kd calcu-
lated from the titrationwith actin is�10�M,which agrees well with our
direct binding measurements (KD � 12.2 �M) (Table 1). These data are
not consistent with the idea that theC domain forms a simplemolecular
bridge between an actin monomer and the Arp2/3 complex.

C Domain Cross-links to p40 of Arp2/3—To better understand the
interaction of the C domain with the Arp2/3 complex, we cross-linked
Alexa-488-labeled C domain to the Arp2/3 complex using the zero-
length cross-linker EDC in the presence of NHS. Cross-linked species
were separated by SDS-PAGE and detected with a fluorescence imager

(Fig. 4B). In the presence of the Arp2/3 complex, EDC/NHS produced a
single, new, fluorescent, C-domain-containing band of about 45 kDa.
Blotting with antibodies against Arp3, Arp2, p35, and p40 indicate that
this band represents theC domain cross-linked to the p40 subunit of the
complex. The addition of monomeric actin decreased cross-linking to
p40, consistent with competition between actin and Arp2/3 for the C
domain (supplemental Fig. S3). It is formally possible that binding to
filaments or the A peptide could induce a conformational change in the
Arp2/3 complex that promotes a novel interaction with the C domain.
No new cross-links, however, were formed between the C domain and
the Arp2/3 complex in the presence of phalloidin-stabilized actin fila-
ments (with andwithout latrunculin-actinmonomers) or excess A pep-
tide (supplemental Fig. S3, data not shown), suggesting that p40 is the
only site at which the C-domain interacts with the activated complex.

Perturbation of C domain Binding to Actin, but Not to Arp2/3, Cor-
relates with Decreased Nucleation-promoting Activity—A comparison
of the residue-specific data on the binding of Arp2/3, actin, and
GTPase-binding domain to the VCA peptide suggests that the binding
sites for all three proteins overlap in the C domain (Fig. 2A). To under-
stand the role of each binding event, we performed alanine-scanning
mutagenesis on the entire C domain and determined the ability of each
mutant to activate the Arp2/3 complex (Fig. 5, Table 1). Several studies
report that residues in the C domain are important for the activity of
WASP/Scar family proteins (7, 24, 26). We found that every conserved
hydrophobic residue in the C domain and both arginines at the C-ter-
minal end are important for NPF activity (Figs. 2A and 5B).

FIGURE 4. Interaction of the C domain with Arp2/3 and actin. A, actin competes with
Arp2/3 complex for binding to the C domain. Equilibrium binding of the CA domain
labeled with Alexa-488 (0.02 �M) to monomeric actin in the presence of 1 �M Arp2/3
complex measured by fluorescence anisotropy. Anisotropies of different bound states
are given on the right side of the graph. At 95 �M actin, 40 �M A domain (544 –559) was
added to the sample. B, EDC/NHS cross-linking of Alexa-488-labeled C domain (residues
522–543) to the Arp2/3 complex. Each reaction was immunoblotted with antibodies to
the four highest molecular weight subunits of Arp2/3. Coomassie (c), fluorescence (f),
and immunoblot (ib) signals for each condition are shown. The only subunit of Arp2/3
that cross-links to the C domain, p40, is shown in the gray box. Asterisks denote the
full-length C peptide and its degradation product. This degradation product is missing
residues 522–527 of Scar1 as measured by MALDI-TOF spectrometry. Cross-linking reac-
tion conditions: 2 mM EDC/NHS was added to 8 �M Arp2/3 complex alone or with 25 �M

Scar1 C for 30 min at room temperature.

FIGURE 5. Effect of C domain mutations on activation of the Arp2/3 complex. A, plot
of the concentration of ends versus time for each mutant in the C domain of Scar1
VCA-(residues 489 –559) peptides. Curves were generated from time courses of pyrene-
actin polymerization for each mutant (0.5 �M) in the presence of 10 nM Arp2/3 complex,
2 �M actin in KMEH buffer at 22 °C. B, relative maximum concentration of ends for each
mutant, normalized to wild-type Scar1 VCA. Residues shown to bind actin in Fig. 2A are
indicated in red.
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Previous studies of similar mutants in the VCA region of N-WASP
found no correlation between Arp2/3 activation and affinity for the
Arp2/3 complex (24). Because many of the conserved residues in the
Scar1 C domain involved in Arp2/3 activation also bind directly to actin
monomers, we determined the affinities of mutants for both actin and
the Arp2/3 complex (Table 1, supplemental Fig. S4). Perturbing the
affinity of the C domain for monomeric actin in either direction signif-
icantly decreased nucleation activity. The V531D mutation caused a
5-fold decrease in affinity for actin, whereas, surprisingly, the L535A
mutation caused a 3.5-fold increase in affinity for actin. Both mutations
produced a 10-fold reduction in the number of filament ends generated
in Arp2/3 complex activation assays. This suggests that both increases
and decreases in the affinity of the C domain for actin severely hinder
nucleation activity. We observed no strong correlation between nucle-
ation-promoting activity and affinity for the Arp2/3 complex, with nei-
ther mutation causing more than a 2-fold decrease in affinity for the
Arp2/3 complex, which is consistent with previous results (24). In addi-
tion, a C domain peptide containing the V531D mutation has no effect
on spontaneous polymerization or VCA/Arp2/3-mediated actin
polymerization, which further illustrates that this mutation blocks the
binding of actin (Fig. 3D).

DISCUSSION

Structure and Function of theWH2Domain—TheWH2 domain was
originally identified as a sequence of�25 residues at the C-terminal end
of WASP family proteins that binds actin monomers with micromolar
affinity. The WH2 domain binds monomers at the “barbed end” and
prevents spontaneous nucleation but does not alter association with the
fast growing barbed end of existing filaments. This combination of
activities can be used to regulate actin assembly in a variety of ways, and
WH2-related sequences are found in many proteins (�30 proteins,
SMART Data base (29)) that alter cytoskeletal organization. Under-
standing the structure and function of this domain alone and in the
context of nearby regulatory elements, therefore, will give us insight into
several classes of cytoskeletal regulatory mechanism.
Using NMR, we have shown that the Scar1 WH2 domain by itself is

unfolded and that it acquires secondary structure upon binding mono-
meric actin. This disorder-to-order transition is advantageous in that it
provides high specificity at relatively low (micromolar) affinity. Struc-
turally, the Scar1 WH2 domain is defined by an N-terminal helix of
10–16 residues C-terminally capped by 2–5 helix-breaking residues
immediately followed by a 4-residue L��� motif in an extended con-
formation (where L is a leucine, � is an arginine or lysine, and � is any
hydrophobic residue) (Fig. 2A). The helix is defined by a ��XX� motif

found in many other helical peptides that engage in protein-protein
interactions, such as the nuclear hormone co-activator GRIP1 and tran-
scriptional co-activator CBP/p300 (30). The helix-breaking residues are
usually glycines (found in all WH2 domains from WASP/Scar1 pro-
teins), prolines, and aspartate. Comparing our datawith the recent x-ray
crystallographic structure of the ciboulot D1-actin complex and the
NMR-derived model of the thymosin �4-actin complex reveals that
both domains are structurally homologous to WASP family WH2
domains and use analogous residues to interact with actin (Fig. 6A). In
particular we find that Leu-501 and Arg-512 in the Scar1WH2 domain
directly contact the actinmonomer (Fig. 2A). The equivalent residues in
ciboulot (Val-14 and Lys-31) and thymosin (Met-6 and Lys-18) sit
directly in the binding interface in their respective structural models
(16, 31, 32). In addition, our NMR data are supported by recently solved
atomic structures of actin-bound WH2 domains fromWASP and Scar
(33).
WASP family proteins contain either one or twoWH2 domains, but

there is no strong correlation between nucleation-promoting activity
and number ofWH2 domains present. Rather, it is the sequence on the
C-terminal side of the WH2 domain, the C domain, that appears to
determine its role in Arp2/3 activation (Fig. 6B). As we have shown, the
C domain plays a crucial role in actin nucleation.

Actin and Arp2/3 Binding by the C Domain—Three lines of evidence
suggest a critical role for the C domain in the activation of the Arp2/3
complex: 1) the region is highly conserved in all WASP family proteins;
2) mutation of conserved residues decreases nucleation-promoting
activity; and 3) in WASP and N-WASP, interaction of the GTPase-
binding domain with the C domain strongly inhibits nucleation-pro-
moting activity. Despite its importance, however, the role of the C
domain inArp2/3 activation is not well understood.We found that both
actin monomers and the Arp2/3 complex bind to the C domain, and we
propose that it may coordinate their interaction.
Previous results indicated that residues in the WASP/Scar family C

domain interact directly with and promote a conformational change
within the Arp2/3 complex. The crystal structure of the inactive Arp2/3
complex reveals thatmajor conformational rearrangementsmust occur
for Arp2 and Arp3 to form an actin-like dimer capable of nucleating a
new filament (11). In lower resolution structural models based on elec-
tron microscopy, the Arp2/3 complex appears in at least three confor-
mations: open, intermediate, and closed (13, 14). Binding of full-length
WASP promoted the appearance of the closed state of the Arp2/3 com-
plex. Moreover, a FRET (fluorescence resonance energy transfer) assay
demonstrated that a wild-type CA peptide from N-WASP induces a
conformational change in the Arp2/3 complex that brings the p40 and

FIGURE 6. Regions C-terminal to the WH2 domain dictate function. A, structural alignment of WH2 domains. Scar1 WH2-(498 –5140), ciboulot D1-(10 –33), thymosin �4-(2–20), and
Spir C-(432– 448) are shown. Residues directly facing actin are in bold and the extended motif in gray. Actin-binding residues are predicted for Spir. B, residues C-terminal to the WH2
domain dictate the function of the protein. Domain layout of selected WH2 domain-containing proteins: C, central domain that binds to actin and the Arp2/3 complex; L3, linker 3 of
Drosophila Spir that can nucleate actin filaments; weak cap, residues that weakly bind the pointed end of actin monomers; pointed-end cap, residues that strongly bind the pointed
end of actin monomers.

Role of WASP/Scar C Domain in Arp2/3 Complex Activation

APRIL 14, 2006 • VOLUME 281 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 10595



p21 subunits (and presumably the Arp2 and Arp3 subunits to which
they are connected) into closer proximity (12). These authors also found
that mutation of a conserved hydrophobic residue in the C domain,
L470A (equivalent to V531D in Scar1 (24)), abolishes the ability of the
construct to induce a conformational change. This result is consistent
with a report that residues in the C domain directly interact with the
Arp2/3 complex (24). This C domain-dependent conformational
change may correspond to the rate-limiting “activation” step in Arp2/
3-dependent nucleation (15).
There is at present no high-resolution structural model for the inter-

action between VCA domains and the Arp2/3 complex. We showed
previously that WASP family CA domains cross-link to multiple sub-
units of the Arp2/3 complex: p40, Arp2, Arp3, and p21 (15). Here, we
found that zero-length chemical cross-linkers cross-link the C domain
to the p40 subunit. The p40 subunit contains multiple WD40-like
repeats. These repeats are found inmany signaling proteins andmediate
numerous types of protein-protein interactions, particularly with highly
conserved disordered regions. Previously it was shown that within the
yeast Arp2/3 complex, the p40 subunit provides most of the binding
energy for the CA peptide, and isolated p40 binds VCA with similar
affinity to the intact complex (34). These results are not entirely con-
sistent with previous cross-linking studies nor with our data showing
that the C domain provides little binding energy for the Arp2/3 com-
plex. Electron microscopic studies of a WASP family protein bound to
theArp2/3 complex suggest that theNPFs contact the junction between
p40, Arp2, and Arp3 (13, 14, 35). In addition to these results, Weaver et
al. (36) provide evidence that the highly conserved tryptophan found in
the C-terminal portion of the A domain of all Arp2/3 activators inter-
acts with the Arp3 subunit. From these results, we propose an orienta-
tion for the CA peptide on the Arp2/3 complex (Fig. 7). The N-terminal
region interacts specifically with the p40 subunit, and the A domain
stretches from this site on p40 toArp3, where the conserved tryptophan
in the acidic domain might fit into a hydrophobic pocket (37). Based on
the structure of the actin-bound WH2 domain and weak sequence
homology between the WH2 and C domains, Chereau et al. (33) pro-
posed that theCdomain interactswith theArp2 subunit of the complex.
Our chemical cross-linking data and evidence cited above, that the
C-domain interacts primarily with the p40 subunit of the complex, do
not support this model.
Our NMR studies identify residues in the N-terminal half of the C

domain that directly contact actin (Figs. 2A, supplemental Fig. S1, Table
1) and demonstrate that the C and WH2 domains bind simultaneously
to the samemonomer. Furthermore, we find that the C domain inhibits

spontaneous nucleation of actin monomers, an activity identical to that
of the VCA region and the isolated WH2 (V) domain (28). The WH2
domain sterically blocks the formation of a nucleus by binding to a cleft
between subdomains 1 and 3 of actin but allows for barbed-end elonga-
tion from preformed filaments. At present, we do not understand why
the isolated C domain inhibits spontaneous nucleation. Possibilities
include: 1) that it binds to a site on the barbed end that is distinct from
that of the WH2 domain; or 2) that it binds a site that interferes with
lateral, cross-strand interactions in the filament. We also find that the
isolatedCdomain inhibitsVCA/Arp2/3-mediated actin polymerization
in a dose-dependent manner. It does not appear that this is caused by
directly perturbing the VCA/Arp2/3 interaction, as our results indicate
that the C domain interacts very weakly with the Arp2/3 complex
(Kd�200 �M) and, at themaximal concentration tested (150�M), could
not act as a competitive inhibitor. TheCdomain interactsmore strongly
(�20-fold) withmonomeric actin (Kd�10�M), however, and inhibition
may be a consequence of both preventing the interaction of a monomer
with the C domain of VCA and the inhibition of spontaneous nucle-
ation. In addition, mutations V531D and L535A, which severely impair
the activity of the Scar1 VCA domain, have no effect on affinity for the
Arp2/3 complex. Both mutations, however, significantly perturbed
actin binding either by strengthening (L535A) or weakening (V531D) it.
Furthermore, a C domain peptide containing the V531D mutation
inhibited neither spontaneous actin polymerization nor VCA/Arp2/3-
mediated actin polymerization. We propose, therefore, that actin bind-
ing to the C domain plays a significant role in the first steps of activating
the Arp2/3 complex.

Models for Arp2/3 Activation—A realistic model for activation of the
Arp2/3 complexmust take into account four observations. 1) Binding of
the CA region to the Arp2/3 complex induces a conformational change
that is probably required for nucleation (12–14). 2) In the presence of
the VCA domain, monomeric actin induces a further conformational
change that results in hydrolysis of ATP on the Arp2 subunit (6). 3) The
C domain binds even more tightly to monomeric actin than to the
Arp2/3 complex, and mutations that perturb affinity for actin also per-
turb Arp2/3 activation. 4) Binding of actin and the Arp2/3 complex to
the C domain is mutually exclusive.
The simplest model for Arp2/3 activation is that the C domain acts as

a molecular bridge, directly contacting both actin and the Arp2/3 com-
plex and acting as a template for their interaction. This interaction could
cause further conformational changes in the complex resulting in ATP
hydrolysis by the Arp2 subunit and formation of a stable nucleus. This
model is consistent with all available data except that the observation

FIGURE 7. Role of the C domain-actin interaction in Arp2/3 activation. A model of the steps leading to activation of the Arp2/3 is shown. Actin is depicted in gray, WH2 in red, C in
green, the A domain in blue, and the Arp2/3 complex in orange and brown. We propose the following steps in the activation of the Arp2/3 complex. 1, the C domain of the VCA peptide
binds to the Arp2/3 complex and an actin monomer in a mutually exclusive manner and exists in a dynamic state. Binding of the C domain to the Arp2/3 complex occurs through the
p40 subunit, and the A domain is modeled to bind to Arp2 and Arp3 based on previous results (15, 36, 37). The VC region binds to the barbed end of an actin monomer. 2, the CA region
induces a conformational change of the Arp2/3 complex bringing p21, Arp3, Arp2, and p40 in closer proximity to each other (12–14). 3, the C domain then binds the actin monomer
and, with the WH2 domain, positions it on the Arp2/3 complex. The monomer binds the actin-like Arp2 and Arp3 subunits, forming a nucleus for polymerization and formation of a
daughter filament. The addition of the monomer triggers ATP hydrolysis on Arp2. 4, the WH2-actin contact is lost because of filament formation and Arp2 ATP hydrolysis lowers the
affinity for the CA region such that VCA is released (6).
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that binding of actin and the Arp2/3 complex to the C domain is mutu-
ally exclusive. To account for this fact, we propose that the C domain
exists in dynamic equilibrium between binding actin and the Arp2/3
complex (Fig. 7). When bound to the Arp2/3 complex the C domain
induces a relatively stable conformational change that brings Arp2 and
Arp3 into proximity. The C domain then dissociates, binds to the actin
monomer tethered to the WH2 domain, and orients the monomer for
proper interaction with Arp2. If the monomer makes productive con-
tact before the complex returns to its inactive state, it triggers creation
of a stable heterotrimeric nucleus composed of Arp2, Arp3, and actin
and seeds formation of a daughter filament. Following this event, Arp2
ATP hydrolysis releases the CA region from the complex (6). This
“dynamic interaction and conformational memory” model would
account for the coupling of actin binding and filament nucleating activ-
ities as well as the mutually exclusive interaction. The relatively low
affinity of the C domain for both actin and the Arp2/3 complex and the
fact that strengthening or weakening its interaction with actin inhibits
activity suggest that the rate constants that define the C domain inter-
action with actin and the Arp2/3 complex are tuned to optimal values.
The mechanism we put forth here is similar to kinetic proofreading
mechanisms that temporally separate the binding step from the activa-
tion step using an irreversible reaction such as the hydrolysis of ATP
(38). Future experiments detailing the kinetics of the C domain/actin
and C domain/Arp2/3 interactions as well as high-resolution structural
information of the Arp2/3 complex bound to VCA, F-actin, and mono-
meric actin are needed to fully resolve the mechanisms of activation of
the Arp2/3 complex.
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