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Background: VCA in WASP proteins binds Arp2/3 complex and actin via a variable number of WH2 domains.
Results:WH2 repeats in V, VC, and VCA of N-WASP bind actin in 1:2 complexes; VC-actin crystallizes as a 1:1 complex, and
the VCA�actin�Arp2/3 complex has 1:1:1 stoichiometry.
Conclusion: Data reconcile the studies of VCA-actin-Arp2/3.
Significance: Data provide insight in filament branching.

Wiskott-Aldrich syndrome proteins (WASP) are a family of
proteins that all catalyze actin filament branching with the
Arp2/3 complex in a variety of actin-based motile processes.
The constitutively active C-terminal domain, called VCA, har-
bors one or moreWASP homology 2 (WH2) domains that bind
G-actin, whereas the CA extension binds the Arp2/3 complex.
The VCA�actin�Arp2/3 entity associates with a mother filament
to form a branched junction from which a daughter filament is
initiated. The number and function of WH2-bound actin(s) in
the branching process are not known, and the stoichiometry
of theVCA�actin�Arp2/3 complex is debated.Wehave expressed
the tandemWH2 repeats of N-WASP, either alone (V) or asso-
ciated with the C (VC) and CA (VCA) extensions. We analyzed
the structure of actin in complex with V, VC, and VCA using
protein crystallography and hydrodynamic and spectrofluori-
metricmethods. The partial crystal structure of theVC�actin 1:1
complex shows two actins in the asymmetric unit with extensive
actin-actin contacts. In solution, each of the twoWH2domains in
V, VC, andVCAbindsG-actin in 1:2 complexes that participate in
barbed end assembly. V, VC, and VCA enhance barbed end depo-
lymerization like profilin but neither nucleate nor sever filaments,
in contrast with other WH2 repeats. VCA binds the Arp2/3 com-
plex in a 1:1 complex even in the presence of a large excess ofVCA.
VCA�Arp2/3bindsoneactin ina latrunculinA-sensitive fashion, in
a1:1:1 complex, indicating that bindingof the secondactin toVCA
is weakened in the ternary complex.

The WASP2/Scar/WAVE family of proteins counts many
members, all of which stimulate actin polymerization in a den-
dritic array of actin filaments that deformmembranes in a large
number of motile processes (1–3). These processes include the
extension of the lamellipodium of migrating cells, as well as
phagocytosis, dendritic spine activity, immune synapse forma-
tion, spatial organization of the Golgi, and endosomal vesicle
scission (4–12). WASP proteins work as membrane-bound,
stimulus-responsive enzymes that catalyze cycles of filament
branching and share theArp2/3 complex as a substrate (13, 14).
All proteins of the WASP family use the same molecular

mechanism tomultiply filaments by branching, albeit with vari-
able efficiencies (15–17). The conserved, constitutively active
C-terminal moiety of the WASP enzymes, conventionally
called VCA, is made of one or two WH2 (WASP homology 2)
domains (“V” referring to either a single or multiple WH2
domains in Fig. 1), followed by a connector domain (“C”) and an
acidic short extension (“A”). In the VCA region, the WH2
domain(s) bind G-actin, whereas the CA domain binds Arp2/3
complex. The resulting VCA�actin�Arp2/3 ternary complex (in
which the shortened notationArp2/3 refers to theArp2/3 com-
plex) associates with a filament to form the branched junction.
Binding of G-actin to VCA is generally required for the branch-
ing reaction (18), although a basic branching activity of yeast
Arp2/3 complex alone has been detected (19). The Arp2/3
complex is incorporated at the branched junction at each cata-
lytic cycle and thus penetrates the network at the same pace as
actin, by insertional polymerization (20–22).
How the morphology of the dendritic array develops and

perpetuates at the leading edge and how protrusive force is
produced against the membrane tightly depend on the molec-1 Recipient of Ligue Nationale Contre le Cancer Équipe Labellisée 2010 –2013,

European Research Council Advanced Grant “Forcefulactin” 249982, fund-
ing from the European Community Seventh Framework Programme FP7/
2007–2013 under Grant Agreement 241548, and an Agence Nationale
pour la Recherche, Programme Physique et Chimie du Vivant 2006 –2009
“Motilactin.” To whom correspondence should be addressed. Tel.: 33-01-
69-82-34-65; E-mail: carlier@lebs.cnrs-gif.fr.

The atomic coordinates and structure factors (code 2VCP) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

2 The abbreviations used are: WASP, Wiskott-Aldrich syndrome protein;
Arp2/3 complex, actin-related proteins 2 and 3 containing complex; WH2,
WASP homology 2; SCAR, suppressor of c-AMP receptor; WAVE, WASP fam-
ily Verprolin homologous protein; AEDANS, acetyl-N�-(5 sulfo-1-naphthyl)-
ethylenediamine; PEG, polyethylene glycol; C and A refer to the connector
and acidic regions of N-WASP; ASA, accessible surface area.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 41, pp. 34646 –34659, October 5, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

34646 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012

http://www.pdb.org/pdb/explore/explore.do?structureId=2VCP
http://www.rcsb.org/


ular mechanism of filament branching. However, despite
extensive structural and biochemical studies, this issue remains
elusive. The structural organization and stoichiometry of the
active VCA�actin�Arp2/3 complex (called “branching com-
plex”), its mode of binding to a filament, the nature of elemen-
tary steps and transients in the branching process, the fate of all
protein partners in the branching reaction, and the possible
requirement of additional G-actin molecules to nucleate a
daughter filament are missing pieces of the puzzle (23–28).
Among these questions, the functional role of the actin-WH2
interaction(s) in the enzymatic branching activity is not
understood.
WH2 domains (first found in WASP/WAVE proteins) are

small ubiquitous actin-binding modules found as single or
repeated domains in many signaling modular proteins (29).
They fold like thymosin �4 upon binding to actin. As single
domains, they either sequester G-actin or act like profilin, i.e.
make a complex with ATP�G-actin that participates in filament
elongation at barbed ends exclusively (30, 31). AsWH2 tandem
repeats and/or in association with adjacent motifs/domains
interacting with actin or actin-binding proteins, they display
multifunctional regulation of actin assembly (29, 31, 32). In
contrast to other WASP/SCAR/WAVE family members, the
VCA domains of N-WASP, WHAMM, and JMY contain tan-
dem repeats of WH2 domains (3). The VCA domain of
N-WASP displays a higher efficiency of branching thanWASP
or WAVE VCA (15). The WH2 repeats of JMY confer to the
protein an additional nucleating activity (17). The structures of
the complexes of actin with the larger VC and VCA domains of
N-WASP are not known. The isolated C domain of SCARVCA
binds G-actin like a WH2 domain using its N-terminal �-helix
(33). TheVCdomain ofN-WASPbinds theArp2/3 complex via
the C domain and branches filaments with a lower efficiency
than VCA (13). The CA domain binds the Arp2/3 complex at
two sites of different affinities (27), and two Alexa 488-labeled
VCAs co-sediment with Arp2/3 in analytical centrifugation
studies (26).
In a first step toward understanding the general molecular

mechanism for filament branching by WASP proteins, in par-
ticular the functional role of the association of actin to their
WH2domain(s) in the branching reaction, we describe here the
crystal structure of the VCmoiety of N-WASP in complex with
ATP-G-actin, in the absence of either DNase I, gelsolin, or
latrunculin A. In parallel, we analyze the binding of V, VC, and
VCA to G-actin in solution and compare the functional prop-
erties of the complexes in filament assembly. Although only one
of the twoWH2 domains of N-WASP binds actin in the crystal
structure of VC-actin, in the isolated V, VC, and VCA domains
of N-WASP these two WH2 domains form 1:1 (VA) and 1:2
(VA2) complexes with G-actin (A) in solution, which partici-
pate in barbed end assembly like profilin-actin. Despite their
binding two actin molecules, V, VC and VCA do not nucleate
nor sever filaments. Arp2/3 complex binds VCA in a 1:1 com-
plex and forms with VCA and actin a single 1:1:1 ternary com-
plex. Thus, binding of the second actin to VCA is abolished in
the ternary VCA�actin�Arp2/3 complex.

EXPERIMENTAL PROCEDURES

Proteins and Peptides—Actin was purified from rabbit skele-
tal muscle and was isolated as a monomeric CaATP-G-actin
form by gel filtration in G buffer (5 mM Tris/HCl, pH 7.8, 1 mM

dithiothreitol, 0.2 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3).
Actin was pyrenyl-labeled. Spectrin-actin seeds were prepared
from human erythrocytes (34). The Arp2/3 complex from
bovine brain, full-length recombinant human gelsolin, and the
VCA domain of human neuralWiskott-Aldrich syndrome pro-
tein (N-WASP) were purified as described previously (35).
From a DNA fragment encoding human N-WASP

VCA(389–505), two C-terminal His6 recombinant peptides
VC(392–484) and V(392–458) were cloned and expressed as
follows. The peptides were amplified by PCR using nucleotides
carrying adaptors including either NdeI or XmaI cutting sites,
respectively, VC-XmaI-3� (5�-tccccccgggTCAAGAATGAA-
TGGCTTTGCTCCT-3�) and VC-NdeI-5� (5�-ggaattccatatgc-
atcatcatcatcatcattatccaagatcttacCCTTCTGATGGGGACCA-
TCAGG-3�); V1-NdeI-5� and V2-XmaI-3� (5�-tccccccgggtcat-
ggtgtagactcttggccatc-3�). After restriction enzyme digestion,
each gene was cloned under the control of an arabinose-induc-
ible promoter in the expression vector pBAD33-GFP (36). Plas-
mids were expressed in Escherichia coli strain BL21. Cultures
were grown at 310 K in LB medium containing 25 �g�ml�1

chloramphenicol untilA600 nm � 1.2. Cells were induced by the
addition of 10 mM arabinose and harvested 1 h post-induction.
Theywere centrifuged twice for 20min at 10,000� g and frozen
at 193 K. The cell pellet was resuspended in 20 mM Tris/HCl,
pH 8.0, 200 mM NaCl, 5 mM EDTA, 1 mM PMSF. Cells were
lysed with a French press at 69 megapascals. His6-tagged pep-
tides were isolated on 15 ml of nickel-Sepharose 6 Fast Flow
(Amersham Biosciences) (loading solution: 90 ml of 100 mM

Tris/HCl, pH 8.9, 1 M NaCl, 5 mM imidazole, 0.1% N-lauryl
sarcosyl), washedwith 60ml of solutionA (20mMTris/HCl, pH
8.0, 1 M NaCl, 5 mM imidazole), and eluted by a 100-ml linear
gradient of imidazole (50–400 mM) at the flow rate of 2
ml�min�1. The fractions containing the peptide were pulled
and exchanged into C buffer (25 mM NaOH/HOAc, pH 4.3, 1
mM EDTA, 25 mM NaCl, 5 mM DTT). Peptide solution was
loaded on a Source 15S (Amersham Biosciences) and eluted by
a linear gradient of NaCl (5 mM to 1 M). Purity of peptides was
checked by SDS-PAGE and isoelectric focusing.
Molar Extinction Coefficient Determination—The 280-nm

molar extinction coefficient of the peptides VC and V was
measured by the titration of the Cys-431 free sulfhydryl group
by Ellman’s reagent (Pierce) (E280 � 3180 M�1�cm�1) and from
lyophilization of 3.79mg of VC (E280 � 2830 M�1�cm�1). These
values are in reasonable agreement with the value of E280 �
2980 M�1�cm�1 calculated according to Pace et al. (37).
Analytical Size-exclusion Chromatography—Size-exclusion

chromatography of VC- or VCA-incubated mixtures with
G-actin was carried out using a Superdex 200 10/300 GL col-
umn (Fig. 1A). The column was calibrated using standard glob-
ular proteins. Isocratic elution was carried out at 0.3 ml/min in
(5 mM Tris, pH 7.5, 100 mM NaCl, 0.1 mM CaCl2, 0.1 mM ATP,
1 mMDTT). Elutions were monitored by absorbance at 280 nm
and analyzed by densitometry on SDS-PAGE.
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Crystallization and Data Collection—Solutions of CaATP-
G-actin and N-WASP-peptide (in a 1:2 actin/peptide molar
ratio) were concentrated to 180 �M of actin in 5 mM Tris/HCl,
pH 7.4, 0.2 mMATP, 20 �MCaCl2, 20 mM tris(2-carboxyethyl)-
phosphine, 0.01% NaN3.

Crystals were obtained by the vapor-diffusionmethod at 278
K, under argon, in 3-�l drops containing a 2:1 mixture of pro-
tein solution and precipitant, 11.5% (w/v) polyethylene glycol
8000 (Sigma), 8.5%TacsimateTM (Hampton Research), 100mM

Hepes, pH 7.0. After 3 weeks of growth, the reservoirs were
changed to 13.8% (w/v) PEG 8000, 12.5%TacsimateTM, 100mM

Hepes, pH 7.0. Crystals were soaked in 16% (w/v) PEG 8000,
12,5% TacsimateTM, 100 mM Hepes, pH 7.0, 15% ethylene gly-
col, before flash freezing in liquid nitrogen. Crystals with simi-
lar shapes were also obtained using either 150 mM sodium cit-
rate and 9% PEG 8000, 500 mM sodium formate and 11% PEG
8000, 200 mM sodiummalonate and 12% PEG 8000, or 400 mM

sodium tartrate and 10.5% PEG 8000.
Structure Determination and Refinement—Data were col-

lected at 100 K at beamline ID14-4 and ID23-2 at the European
Synchrotron Radiation Facility inGrenoble, France.We obtained
diffraction patterns of the two complexes VC�G-actin and V�G-
actin. All of them are isomorphous, but only the first one was of
high enough quality to collect data. Data were indexed and scaled
in the programs MOSFLM (38) and SCALA (39). The apparent
point groupwasP622, but according toPadilla andYeates (40),we
detectedamerohedral twinwitha twinning factorof0.432.Molec-
ular replacementusingAMoRe (41)was carriedoutwith the start-
ing model 2A3Z of actin alone (42) in all P622 enantiomorph
groups.Twosetsof twohighlycontrasted solutionsof rotationand
of translation functions were obtained in the P6122 group. They
correspond to twomolecules per asymmetric unit and to the same
solution rotated along the twin law.
These solutions were also obtained using PHASER (43) but

turning off the crash test. Indeed, the twin resulted in a clash
between molecules related by the 2-fold axis perpendicular to
the crystallographic 6-fold axis in the P6122 super group.
Therefore, we concluded that the true space groupwas P61with
a twinning axis in the 110 direction and twomolecules A and B
per asymmetric unit. The solvent content is 76%, and the Mat-
thews coefficient is evaluated to 5.2Å3/dalton.MoleculesA and
B are related to the other by a noncrystallographic true 2-fold axis
perpendicular to the c axis and at an angle of�24.4°with thea axis
in the a, b plane. In addition to this contact, analysis of the crystal
packing showed that molecules A and B are each organized along
the 61 axis in a similar manner. The contacts of each molecule of
the asymmetric unit with their neighbors along the 61 axis are
identical; consequently, the structure can be refined with strict
noncrystallographic symmetry constraints.
The model of actin was refined in CNS (44) with the hemi-

hedral twinning procedure. We applied first a rigid-body
refinement with eight bodies corresponding to the four sub-
domains of each actin molecule of the asymmetric unit
(twinned Rfact � 0.386 twinned Rfree � 0.390). It was followed
by simulated annealing and by energy minimization applying a
strict NCS constraint. Manual rebuilding was facilitated
because the region linked to molecule A by the twin law con-
tained only solvent. So the electronmapwas unusually clear for

such a twinned structure. We had to rebuild essentially three
zones as follows: first, the 10 C-terminal missing residues at the
C terminus part of the protein, which were absent in the initial
model; second, the D-loop, and third, the VC peptide. Bulk
solvent correctionwas applied, and two restrained and grouped
B-factors per residue were refined. Final statistics are twinned
Rfact � 0.275 and twinned Rfree � 0.331.
Analysis of the Fluorescence Data for Binding of V and VC to

AEDANS-Actin—The observed fluorescence of AEDANS-ac-
tin was expressed as the sum of the contributions of all species
of AEDANS-actin in free and liganded states, as shown in Equa-
tions 1 and 2.

Fobs � f0[A] � f1�VA� � 2f2�VA2� (Eq. 1)

F0 � f0�Atot� (Eq. 2)

where f0, f1, and f2 represent the intrinsic fluorescence of free
AEDANS�actin (A), of VA and VA2 complex, respectively (f2
refers to the intrinsic fluorescence of actin averaged over the
two G-actin molecules in VA2), and [Atot] represents the total
concentration of actin. The saturation of actin by V or VC, Y,
was expressed by the relative extent of fluorescence change
shown in Equation 3,

Y � ��Atot� � �A�	/�Atot� � (Fobs � F0)/�Fmin � F0	 � ��Vtot�K2

� 2�Vtot���A�K1K2)/{[A�2 � K2�A��1 � 2K1�Vtot�	 � K2�K1

� �Vtot�	} (Eq. 3)

where [Vtot] � [V] � [VA] � [VA2].
The fluorescence anisotropy of AEDANS-actin in the pres-

ence of V or VC was expressed as the sum of the contributions
of A, VA and VA2 species as in Equation 4.

rmes � (r0[A] � r1[VA] � r2[VA2])/�Atot� (Eq. 4)

in which r0, r1, and r2 represent the anisotropies of AEDANS
bound to free actin and to actin in VA and VA2 complexes,
respectively. Because of the cubic nature of the equations
expressing the saturation of actin by V and VC, the values of K1
and K2 were determined by manual adjustment of theoretical
curves that were generated as follows using the Excel software.
Values of [V] were incremented and used to calculate the cor-
responding values of [A], [VA], and [VA2], derived as shown in
Equations 5 and 6.

[A] � {�(K1K2 � [V]K2) � ((K1K2 � [V]K2)2�8

[Atot]��V�K1K2)1/ 2}/(4[V]) (Eq. 5)

�VA� � �V���A�/K1

�VA2� � �V���A�2/(K1K2)

�Vtot� � �V��1 � (�A�/K1	 � �[A�2)/K1K2) (Eq. 6)

The fluorescence intensity data and the anisotropy data (Fig. 2)
were analyzed in a global fashion, to find a set of values ofK1 and
K2 that best fitted the data.
Analysis of the Seeded Filament Growth Rates—In the pres-

ence of V or VC, if only free actin participates in filament elon-

Interactions of N-WASP with Actin and Arp2/3 Complex

34648 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012



gation (pointed end growth), the rate of filament elongation
from seeds is expressed as shown in Equations 7 and 8,

Vel � k �
P �F0���A� � �AcP�	 (Eq. 7)

In the absence of V or VC,

Vel � V0 � k �
P �F0���Atot� � � AC

P�	 (Eq. 8)

where [Atot] is the total concentration of G-actin in the growth
assay; k�

P the on rate constant for G-actin to the filament
pointed end and AC

P is the critical concentration for actin
assembly at pointed ends. The data were expressed as normal-
ized rates of elongation as in Equation 9.

Vel/V0 � (�A� � �AcP�)/��Atot� � �AC
P�	 (Eq. 9)

The iteration method described above was used to calculate
[V0], [A], and Vel and to compute simulated curves. The best fit
to the experimental curves was searched bymanual adjustment
of K1 and K2.

If VA and VA2 complexes participate in barbed end growth
and V caps barbed ends with an equilibrium dissociation con-
stant KF, then the normalized elongation rate was described by
Equation 10 (in which the critical concentrations for barbed
end assembly of VA and VA2 have been neglected).

Vel/V0 � 
KF�F0�/(KF � �V�	}�{k �
B (�A� � Ac

B) � k �
�B (�VA� �

2�VA2�)}/ {k �
B �F0��(�Atot� � Ac

B)} (Eq. 10)

As described above, the values of [V]were incremented, leading
to calculated values of [A], [VA], [VA2], and [V0]. Theoretical
curves of Vel/V0 were generated. The values of the rate con-
stants for association of VA or VA2 to barbed ends (k�B) were
assumed to be identical. Both k�

�B and KF were adjusted manu-
ally for the best fit to the data.

RESULTS

Design and Production of the V and VC Fragments of
N-WASP—Two His6-tagged constructions of fragments were
derived from the VCA domain of humanN-WASP (Fig. 1) (35).
A V construct included the two WH2 domains starting from
residue 392 to 458. The VC construct (residues 392–484)
included the two WH2 domains and the C region.

Binding of G-actin to the V, VC, and VCA Regions of N-
WASP—The complexes of V, VC, and VCA constructs with
G-actin were analyzed using hydrodynamic and spectroscopic
methods. Gel filtration analysis, at protein concentrations in
the 10�5–10�6 M range and near physiological ionic strength,
provided evidence for the binding of two G-actin molecules to
either V, VC, or VCA domains of N-WASP (Fig. 2A). The same
complex of Stokes radius of�42 Åwas eluted from the column
when the loaded sample contained 7 �M VC and either 21, 14,
or 7 �M G-actin. Similarly, the VCA�actin complex eluted with
a Stokes radius of �47 Å. The Stokes radii of these complexes
are larger than the Stokes radius of actin (30 Å) or of known 1:1
WH2�ATP�G-actin complexes obtained with Cobl constructs
of 8–8.9 kDa containing a singleWH2domain (34–35Å), indi-
cating that two actin molecules are bound to V, VC, and VCA.
This stoichiometry was confirmed by densitometric analysis of
the peak fractions on SDS-PAGE (Fig. 2B).
The interaction between G-actin and theWH2 domains of

N-WASP was then monitored using the fluorescence of
AEDANS-actin as a probe. The fluorescence of AEDANS-
actin was decreased by 39 � 2% upon binding either V or VC
at low ionic strength (G-buffer), as was observed upon bind-
ing of thymosin �4 (45), the WH2 domains of Spire (46) and
Cordon-Bleu (47). This result is consistent with the similar
binding of the N-terminal amphipathic �-helix of �-thymo-
sin and WH2 domains to the shear zone between actin sub-
domains 1 and 3 at the barbed face of the actin monomer.
Identical fluorescence titration curves were obtained with V
and VC (Fig. 2C). The binding was tight enough to exclude
the binding of a single actin molecule. Actually all data
points fall well above the titration curve expected for a tight
1:1 complex, and up to 80% of the saturation level are on a
straight line corresponding to a 1:2 V�actin complex. There-
fore, actin binds to each of the two WH2 domains of V and
VC in a VA2 complex, consistent with the gel filtration
results. The superimposable binding curves obtained with V
and VC indicate that in VC the C region does not bind a third
G-actin molecule. In contrast, the isolated C region of
human Scar has been reported to bind G-actin (33).
The stable fluorescence plateau reached at saturation of

AEDANS-actin by V or VC suggests that the fluorescence of
AEDANS-actin is quenched identically in possible 1:1 and 1:2

FIGURE 1. Domain organization of WASP family proteins and design of N-WASP peptides. Modular structures found in WASP, N-WASP, WHAMM, and JMY
(17) contain the following: WH1, WASP homology region 1; B, basic region; GBD, GTPase-binding domain; NLS, nuclear localization sequence; PRD/P, pro-rich
domain; WMD, WHAMM membrane interaction domain; W, WH2 domain; C, connector region; A, acidic domain. His6-tagged peptides including both WH2
domains (WW, referred as V), VC, and VCA peptides were designed.
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complexes of V or VC with actin. Therefore, the anisotropy of
fluorescence of AEDANS-actin, which is expected to differ in
VA and VA2 complexes due to their different sizes, was used to
provide complementary information on the distribution of
actin in various complexes. Fluorescence anisotropy titrations
of AEDANS-actin by either V orVC show a biphasic shape (Fig.
2D). Upon addition of increasing amounts of V or VC, the ani-
sotropy of AEDANS-actin first increased from 0.100 to 0.115�

0.001 and then decreased to a final lower value of 0.106� 0.001.
These data indicate that a large VA2 complex, characterized by
a high anisotropy value (r � 0.117), is formed at V/actin ratios
lower than 1:2, although when V or VC are in excess over G-ac-
tin, the smaller 1:1VAcomplex (r� 0.106), predominates. Data
in Fig. 2, C and D, were analyzed as described in under “Exper-
imental Procedures” (Equations 3–10), using the following sim-
ple (sequential) binding scheme which implicitly assumes that
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actin binds identically (K1) to either WH2 domain in VA com-
plex andwith a lower affinity (K2) to the availableWH2 domain
in VA, giving VA2. (Note that three equilibrium dissociation
constants would be required if a square isoenergetic binding
scheme was used.)

V � A7VAK1

VA � A7VA2K2

SCHEME 1

The global analysis of the fluorescence intensity and anisotropy
binding curves in Fig. 1 was consistent with values of 0.02 � 0.02
and0.3�0.1�MforK1 andK2, respectively, inG-buffer.Note that
these twovalues are lowenough to account for the apparent coop-
erativebinding recorded ingel filtrationexperimentsperformedat
higherprotein concentrations.Thedistributionof actin inVAand
VA2 complexes as a function of the total concentration ofV is also
shown in Fig. 2,C andD. The curve in Fig. 2Dwas calculated using
the values of K1 and K2 derived from Fig. 2C, and values of 0.117
and 0.106 for the anisotropies of VA2 and VA complexes. The
generated curve fits reasonably well the experimental data, which
show appreciable scatter.
To evaluate the robustness of the relative values ofK1 andK2,

the fit to the anisotropy curves was performed assuming differ-
ent values of the anisotropy of VA and VA2. A good fit can also
be obtained with K1 � 0.08 �M and K2 � 0.3 �M, imposing
anisotropy values of 0.106 and 0.125 for VA and VA2 respec-
tively. Overall the two sets of values are in reasonable agree-
ment. As a matter of comparison, anisotropy values of 0.157
and 0.125 were found, respectively, for complexes of
AEDANS�actin with Spire, in which four actins are bound to
the four WH2 repeats (46) and with a fragment of Cordon-
Bleu, in which two actins are bound to two WH2 repeats
(47).
Identical titration curves and values of binding constants

were obtained under physiological ionic conditions (MgATP-
actin in 0.1 M KCl, 1 mM MgCl2, and 0.2 mM EGTA). Hence,
within experimental error, the VA and VA2 complexes are as
stable in polymerization buffer as in G buffer. The presence of
25 �M latrunculin A only very slightly decreased the stability of
the complexes (data not shown), as observed previously on
Spire�actin complex (46).
The fluorescence of AEDANS-actin was quenched by 37 �

2% upon binding VCA, but the titration curves were very dif-
ferent from those obtained with V and VC and showed no
straightforward evidence for a 2:1 molar ratio in the complex,

due to an overall low affinity of actin to VCA. (Fig. 2C). No
overshoot in fluorescence anisotropy of AEDANS-actin was
detectable either in the range of concentrations of VCA lower
than AEDANS-actin. Consistent with fluorescence intensity
measurements, the anisotropy increased slightly upon addition
of VCA from 0.100 � 0.001 up to a single higher limit value of
0.105 � 0.002, indicating a small change in mobility of actin.
The resulting large scatter of the data did not allow us to derive
a significant equilibrium constant (data not shown). Either
actin binds more weakly to the two WH2 domains when the
acidic region was present or actin binds to one WH2 and its
binding to the second WH2 on VCA was too weak to be
detected. In conclusion, the additional C-terminal acidic region
(A) ofN-WASPhas a strong influence on the affinity of actin for
the WH2 domains; however, a major 1:2 complex is formed
with unlabeled actin at concentrations above micromolar (Fig.
2A). The actin binding modes of the WH2 domains of V, VC,
and VCA of N-WASP are summarized in Fig. 2E.
Crystal Structure of VC�Actin Complex—Crystals of

Ca-ATP�G-actin�N-WASP peptide complexes were obtained
only with a 2-fold excess of peptide over G-actin, to avoid
actin polymerization induced by the high concentrations of
protein and salts used in crystallization solutions. Both V
and VC fragments of N-WASP co-crystallized in a 1:1 com-
plex with Ca-ATP�G-actin in identical conditions and gave
isomorphous crystals, but only the VC�actin complex yielded
data of high enough quality at 3.2 Å resolution. The crystals
were merohedrally twinned; nevertheless, the structure was
solved by molecular replacement starting from the crystal
structure of actin�DNase I�WASP WH2 (PDB code 2A3Z)
and was refined using CNS with the hemihedral twinning
procedure (twinned Rfact � 0.275 and twinned Rfree � 0.331)
(Table 1).
The VC�actin complex crystallizes with two molecules per

asymmetric unit (Fig. 3A), which are related to each other by a
true 2-fold noncrystallographic axis. The main surface contact
lies near the D-loop, which is buried at the contact of residues
87–99 and 127 on subdomain I of the second molecule of the
asymmetric unit. The total accessible surface area (ASA) buried
at the interface between the two actin molecules of the asym-
metric unit is 1835Å2 for the two actinmolecules together (48).
This value lies within the limits of the “standard size” (1600 �
400 Å2) of total buried ASA observed in protein-protein recog-
nition sites (49). Qualitatively, the buried ASA includes hydro-
gen bonds and hydrophobic interactions with two hydrophobic
residues Val-45 and Tyr-91, which are almost entirely buried in

FIGURE 2. Actin binds to each of the two WH2 domains of N-WASP in the isolated V, VC, and VCA fragments. A, analysis of the complexes of VC or VCA with
G-actin on size-exclusion chromatography and SDS-PAGE. Samples at indicated molar ratios containing 7 �M VC or VCA with either 21 (red, blue), 14 (cyan), 11
(orange), or 7 �M (green) G-actin were loaded and eluted on a Superdex 200 10 � 300 column at near-physiological ionic strength. The elution of G-actin alone
(5 �M) is shown in black. B, SDS-PAGE analysis of the saturated eluted complex of VCA and G-actin (red curve in A). The peak fraction (lanes f) was co-electro-
phoresed with protein markers (lanes a), VCA, and actin standards (lanes b– e). The densitometric analysis indicates a VCA/actin molar ratio of 1:2 in the peak
fraction. A similar 1:2 VC/actin molar ratio is obtained in the peak fraction of the saturated eluted VC�actin complex (data not shown). C, fluorescence titration
curves of AEDANS-actin by the V, VC. and VCA fragments of N-WASP. AEDANS-G-actin (1.5 �M) was titrated by V (blue), VC (red), or VCA (green closed circles). The
resulting quenching of AEDANS fluorescence is normalized to represent the saturation of actin by the peptides. The curves are calculated assuming the
formation of VA and VA2 complexes (see text) with values of 0.02 and 0.3 �M for K1 and K2, and a K1 value of 1.2 �M for a putative single 1:1 complex of VCA with
actin. The equivalence point (black dashed line) at �0.75 �M V for 1.5 �M AEDANS-G-actin indicates a 1:2 VC/A stoichiometry. Inset, fraction of actin in VA (red)
and VA2 (blue) complexes in the conditions of the main frame. D, fluorescence anisotropy titration curves of AEDANS-actin (1.5 �M) by V (yellow, orange, and
green closed symbols) and VC (red and blue closed symbols and blue and green open symbols). Independent experiments are superimposed. The continuous red
line is calculated according to Equation 4 and using anisotropy values of 0.1, 0.106, and 0.117 for G-actin, VA, and VA2 complexes respectively, and values of K1
and K2 as in C. Inset, fraction of actin in VA (red) and VA2 (blue) complexes. E, scheme for binding of the V, VC, and VCA fragments of N-WASP to G-actin.
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the interface. For comparison, the other ASA buried between
symmetry-related molecules in the crystal packing are com-
posed between 280 and 665 Å2 for each pair contact.
The N-WASP VC peptide is tightly bound to actin.Whether

actin binds the first or the second of the two consecutive WH2
domains of N-WASP, which share 13 identical residues among
18, cannot be discriminated on the 3.2 Å electron density map.
However, the distance between the N and C termini of the
nearest symmetry-related WH2 is larger than 48 Å, which
excludes the possibility that the two WH2 bound to the two
actins in the asymmetric unit represent the consecutive (10
residue apart) WH2 domains of a single VC. Hence, the crystal
structure corresponds to VC�actin 1:1 complex. The sequence
of the second WH2 domain (residues 433–451) fits the non-
crystallographic symmetry averaged electronic density better
for the long side chain of residues Arg-434, Asp-435, and Ile-
445 and for the short side chain of residues Ser-449 andAla-451
than the corresponding sequence 405–423 in the first WH2
domain. The sequence 433–451 was therefore refined on both
molecules A and B, leaving the connector (C) domain and the
first WH2 domain disordered.
In the VC�actin complex, VC shares the fold of WH2

domains of WASP/WIP/WAVE/MIM in their complexes with
actin�DNase I (42, 50); the N-terminal part of WH2 forms an
amphiphilic �-helix with its hydrophobic side buried in the
groove between subdomains 1 and 3 of actin. The C terminus
moiety (Gly-444–Ala-451) is in an extended conformation. In

the LKKT-related sequence, Lys-445 is in the vicinity of but
does not interact directly with Asp-24 of actin. Similarly, Lys-
445 and -446 in WASP and at homologous positions in WIP
and MIM do not interact with actin directly. A total ASA of
1640 Å2 is buried at the contact between actin and the second
WH2 domain. The calculated free energy of solvation is �12.4
kcal/mol (48). The hydrophobic residues Leu-434, Leu-435, Ile-
438, and Leu-444 are entirely buried, and Ile-442 and Val-447
are partially buried.
Two main differences with the structure of actin�DNase

I�WASP WH2 complex (Protein Data Bank code 2A3Z) are
noticed. First, the actin D-loop (residues 41–54) adopts an
�-helix conformation in the VC�actin complex, as observed in
the ADP-TMR-actin structure (Protein Data Bank code 1J6Z)
(51). Because ATP is seen bound to actin in the VC�actin com-
plex, we conclude that the D-loop can adopt several conforma-
tions (�-helix, antiparallel �-turn, extended, or unstructured
loop), independently of the nature of the bound nucleotide, as
pointed out by Rould et al. (52). The helix of the D-loop is
further stabilized by contacts with the second molecule of
the asymmetric unit, suggesting that the conformation of the
D-loop is governed by crystal packing. As compared with the
ADP-TMR-actin structure, however, in VC�actin the residues
of the subdomain 2 are rotated by 12° in a rigid-body motion
(Fig. 3B) (DynDom) (53). The rotation of subdomain 2 thus
appears independent of the D-loop secondary structure and of
the neighboring contacts and could correlate with Pi release

TABLE 1
Data collection and refinement statistics

Data collection
Space group P61
Wavelength 0.97551 Å
Resolution 48.3 to 3.2 Å (3.37 to 3.20 Å)a
Unit cell parameters a � b � 136.24 c � 205.41 Å
Unique reflections 35,056
Redundancy 3.5 (2.3)
Completeness 98.5% (95.0%)
Average I/�(I) 8.8 (2.3)
Rmerge

b 12.0% (40.0%)
Yeates �L�� and �L2��c 0.458 and 0.284

Estimated Twin fraction (�) 0.432
Refinement
Resolution range 20.0 to 3.2 Å (3.31–3.20 Å)
Unique reflections 32,407 (2,338)
No. of protein atoms 6070
No. of heteroatoms 86
No. of solvent atoms 0
Root mean square bond deviation 0.011 Å
Root mean square angle deviation 1.614°
Twinned Rwork

d 27.5% (29.6%)
Twinned Rfree

e 33.1% (32.5%)
Mean temperature factor 28.6 Å2

Ramachandran plot
Favored 81.6%
Allowed 18.0%
Generous 0.3%
Disallowed 0.1%

a Figures in parentheses apply to the highest resolution shell.
b Rmerge � �h�i �I(h,i) � I(h)��/�h�iI(h,i), where I(h,i) is the intensity of the ith
observation of reflection h, and I(h)� is the average intensity of redundant
measurements of reflection h.

c Yeates �L��untwinned � 0.500 and perfectly twinned � 0.375 and L2� un-
twinned � 0.333 and perfectly twinned � 0.200.

d Twinned Rwork � �h�Fobs �((1 � �)Icalc(h1) � � Icalc(h2))1/2�/�h Fobs for F �
3�(F) with I(h1) and I(h2) reflections related by the twinning operation but not
by crystallographic symmetry.

e Twinned Rfree � �h�Fobs � ((1 � �)Icalc(h1) � � Icalc(h2))1/2�/�h Fobs for F
�3�(F) for 5% of the reserved reflections.

FIGURE 3. Crystal structure of the 1:1 VC�actin complex. A, representation
of the Ca-ATP�G-actin�N-WASP WH2 complex asymmetric unit. The actin mol-
ecules A and B of the asymmetric unit (yellow and pale green) are related by a
noncrystallographic 2-fold axis, nearly normal to the figure. The D-loops
(green and brick) are folded in �-helices stabilized by extensive contacts with
the symmetric molecule. VC peptides (ball and stick) are shown in 2Fo � Fc
electron density map (1,2 �). B, Ca-ADP�G-actin�rhodamine structure (1J6Z,
blue) is superimposed onto the molecule A (red) of the asymmetric unit (root
mean square fit on the 5–31 and 73–372 main chain). A ribbon representation
of the VC peptide (green) is shown. As compared with ADP-actin, the sub-
domain 2 rotates forward by 12° around the hinge axis (orange spheres). The
�-helix Asn-78 to Arg-95 of subdomain 3 is translated by 0.8 Å along its axis
(orange and marine blue).
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(51), which would promote a shift of the Asn-12–Val-17 hair-
pin toward the	-phosphate position inADP-actin as compared
with the present ATP-bound actin�WH2 structure. The main
consequences are a shift of the hydrogen-bonded main chain
Val-30,-Ser-33 and the reorganization of the “sensor loop” Ile-
71–His-73. The subdomain 2 (Ser-33–Glu-72) rotates around
the axis represented in Fig. 3B, and the �-helix Asn-78–Arg-95
is translated by 0.8 Å along its axis toward the N terminus. The
second difference between VC�actin and actin-DNase I�WASP
WH2 concerns the structure of the 10 C-terminal residues of
actin, which are disordered in actin-DNase I�WASP WH2,
although they appear clearly defined in the Fourier difference
map of the VC�actin structure. The refined structure of the C
terminus converged to the amphiphilic helix observed in the
majority of actin structures.
Functional Analysis of the V and VC Regions of N-WASp in

ActinAssembly—The complexes of V, VC, andVCAwithG-ac-
tin behaved very similarly in kinetic and steady state measure-
ments of actin assembly in F-buffer. Their functional properties
were investigated in detail because they are likely involved in
the overall mechanism of filament branching with Arp2/3
complex.
Preliminary assays showed that like profilin both V and VC

inhibited spontaneous actin assembly even at substoichiomet-
ric amounts, conditions favoring formation of VA2 complexes.
Hence, in contrast with the tandem repeats ofWH2 domains of
JMY (17), the two adjacentWH2domains ofN-WASPbind two
actins but do not nucleate actin assembly.
The effect of V and VC on F-actin assembled at steady state

was then analyzed (Fig. 4A). Superimposable curves were
obtained with V andVC. The slopes of the linear declines in the
amount of F-actin as a function of the total amount of V or VC,
indicating sequestration of G-actin, were much steeper when
barbed ends were capped, whereas insignificant depolymeriza-
tion was observed when barbed ends were free. In the simple
case of a canonical sequestering agent S making a nonpolymer-
izable 1:1 complex with G-actin, like T�4, the relative values of
these slopes are determined by the values of the critical concen-
trations for actin assembly in filaments (AC), with free and
capped barbed ends, respectively, and the value of the equilib-
rium dissociation constant KS for the complex SA of actin with
the sequestering agent, as described by Equation 11,

[SA] � �S0��AC/(AC � KS) (Eq. 11)

The situation is more complex with V and VC because both

FIGURE 4. Functional properties of V, VC, and VCA in actin assembly. A,
effects of V and VC on the amount of F-actin assembled at steady state. Actin
(10% pyrenyl-labeled, 3.8 �M) was polymerized with (open symbols) or with-
out (closed symbols) 13 nM gelsolin and incubated overnight in the presence

of V (blue curves) or VC (red curves) at the indicated concentrations. Note that
when barbed ends are capped by gelsolin, F-actin is totally depolymerized by
addition of less than 1 molar eq V or VC, consistent with sequestration of actin
in high affinity VA2 complexes. In contrast, V and VC fail to significantly depo-
lymerize F-actin when barbed ends are free. B, effects of V, VC, and VCA on
barbed and pointed end growth rates. Initial rates of barbed end (closed sym-
bols) and pointed end (open symbols) growth was measured in the presence
of 2.5 �M MgATP-G-actin and the indicated amounts of V (blue curves), VC (red
curves), and VCA (green curves). Normalized values of the growth rates are
shown. Inset, expanded graph in the 0 –3 �M peptide range. C, increase in
barbed end depolymerization rate by VC. Shown are time courses of depo-
lymerization of pre-assembled F-actin (2.5 �M) induced by 40-fold dilution in
polymerization buffer containing VC at the following concentrations: 0 (red),
2.3 �M (blue), 4.6 �M (green), 13.8 �M (black), and 20.8 �M (magenta). Inset, plot
of the initial depolymerization rate constant versus VC concentration.
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make VA and VA2 complexes. The possible sequestration of
actin in these complexes therefore was expressed as shown in
Equations 12–14.

[Vtot] � �V��(1 � �A�/K1 � �A�2/K1K2) (Eq. 12)

[Aseq] � �VA� � 2�VA2� (Eq. 13)

[Vtot]/�Aseq� � (K1K2 � �A�K2 � [A]2)/(�A�K2 � 2[A]2)

(Eq. 14)

The concentration of sequestered actin at a given total concen-
tration ofV orVC, [Aseq], was experimentally determinedwhen
barbed ends were free or gelsolin-capped andwas incorporated
in Equation 14, using values of [A] equal to the values of the
critical concentrations at either the barbed end (0.1 �M) or the
pointed end (0.6 �M). This procedure generated a unique set of
values for K1 (3.4 �M) and K2 (0.18 �M) that could satisfy the
data at both barbed and pointed ends in Fig. 4A in terms of
sequestration of actin in VA and VA2 complexes. These values
ofK1 andK2 are significantly higher than and incompatiblewith
those derived from titration curves in G- or F-buffers (0.02 and
0.3 �M, respectively). Thus, a pure sequestration activity of V
and VC is inconsistent with the data. One should note that VA
and VA2 are not equally represented at steady state when
barbed ends are free or capped, because the ratio [VA2]/[VA]�
[A]/K2 depends on the critical concentration [A]. Using values
of 0.1 and 0.6 �M for [A] at steady state when barbed ends are
free and capped, respectively, one finds that VA2 is 6-fold more
abundant than VA when barbed ends are capped than when
barbed ends are free. In summary, steady state measurements
strongly suggest that like profilin, V and VC do not behave as
bona fide sequesterers when barbed ends are free.

To understand how V and VC affect barbed end and pointed
end assembly dynamics, the effect of V and VC on the rate of
barbed end or pointed end growthwas examined (Fig. 4B). Both
V and VC inhibited pointed end growth very efficiently. Total
inhibition was reached at a substoichiometric molar ratio of V
or VC with respect to G-actin, consistent with the sequestra-
tion of G-actin in a tight predominant VA2 complex. The pre-
dominance of VA2 in this concentration range was confirmed
by calculating the distribution of VA and VA2 at different total
concentrations of V or VC, using values of binding constants
derived from the titration assays.
The effects of V and VC on barbed end growth rate were

more complex. The rate of barbed end growth at 2.5 �M

MgATP-G-actin decreased in a biphasic fashion with increas-
ing concentrations of V or VC. A steep initial 40% decrease in
rate was observed in the range of low concentrations of V or VC
(0 to 3 �M) in which total inhibition of growth at pointed ends
was recorded (Fig. 4B, inset). The partial inhibition of barbed
end growth was followed, at a higher concentration of V or VC
(5–50 �M), by a much less steep decrease in rate. These data
indicate thatVA andVA2 complexes can productively associate
with barbed ends like profilin-actin; however, our data do not
allow accurate determination of the kinetic parameters for
barbed end assembly fromVA andVA2 specifically. The slower
decline in rate at a high concentration of V or VC, although the

calculated concentration of VA complex remains constant,
suggests that V and VCmay also cap barbed ends with very low
affinity to prevent their growth fed byVA.The samebehavior at
barbed ends and the same inhibition at very high concentra-
tions were observed with VCA (green curve in Fig. 4B). The
experimental data were well accounted for by a model (Equa-
tion 10 under “Experimental Procedures”) in which VA and
VA2 support barbed end growth with on rate constants (k�

B ) of
5.5, 4, and 6.5 �M�1�s�1 for V, VC, and VCA, respectively, and
V, VC, and VCA cap barbed ends with low affinity (KF � 15, 5,
and 20 �M, respectively).
The evidence for barbed end growth from the complexes of

actin with V, VC, and VCA implies that these WH2 domains
interact with barbed ends, at least transiently. To further
address this point, the effect of V, VC, and VCA on dilution-
induced depolymerization of actin filaments was assayed (Fig.
4C). For V, VC, and VCA, all three increased the rate of barbed
end dissociation up to amaximumof 7-fold, in a concentration-
dependent behavior consistent with V and VC binding to
barbed endswith aKdof 5� 2�M. In contrast, neitherVnorVC
affected the rate of pointed end depolymerization (data not
shown). Hence, the increase in barbed end depolymerization
rate is not due to severing of the filaments, but it results from
specific binding of the WH2 domains of V or VC to barbed
ends, causing faster release of the V�actin complex than actin. A
similar effect has been reported for profilin (54, 55) and for the
WH2 domains of Cordon-Bleu, which exhibit functional simi-
larity to profilin (47).
Analysis of the Complexes Formed between VCA, Actin, and

Arp2/3 Complex—Branching of filaments by VCA occurs by
association of a branching complex of VCA with actin and
Arp2/3 complex with a filament. The Arp2/3/VCA/actin stoi-
chiometry of the branching complex (in which the shortened
notation Arp2/3 refers to Arp2/3 complex) is not well known
and has been debated recently (25–27). In small angle x-ray
scattering solution studies ofArp2/3 in complexwith a covalent
(N-WASP)VCA�actin 1:1 complex, theV region binds actin; the
C region binds the barbed face of Arp2 (25); and the A region
binds the small subunit p21 of the Arp2/3 complex (56). How-
ever, recent reports proposed that Arp2/3 complex was active
when bound to two WASP VCA domains. One study (26)
showed binding of two Alexa 488-labeled VCAs to Arp2/3
complex, and the other study (27) demonstrated that the
Arp2/3 complex made a 1:2 complex with twomolecules of the
isolated CA domain. Our data show that the WH2 domains of
N-WASP interact with G-actin with an affinity that appears
weakened by the acidic (A) C-terminal region, in the isolated
VCA state. Upon interaction with Arp2/3 complex, the con-
tacts made by the acidic region with subunits of the Arp2/3
complex may neutralize this region and restore enhanced
strength of binding of the two WH2 domains of VCA in an
unknown fashion. In summary, if VCA can bind two actin mol-
ecules and if two VCA molecules bind to Arp2/3, the Arp2/
3�VCA�actin may potentially display up to 1:2:4 stoichiometry.
The noncovalent complexes of Arp2/3 complex with unla-

beled VCA and actin were characterized by size-exclusion
chromatography (Fig. 5). The Stokes radius of the Arp2/3 com-
plex increased from 51 Å to a maximum of 52 Å upon addition
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of VCA, at various VCA�Arp2/3 complex molar ratios in the
load.Apeak corresponding to freeVCAappeared as soon as the
VCA�Arp2/3 complexmolar ratio in the loadwas higher than 1,

indicating that a single 1:1 VCA�Arp2/3 complex species was
formed (Fig. 5A). Further addition of G-actin in increasing
amounts in the load led to a single faster migrating species of

FIGURE 5. Gel filtration analysis of the complexes of Arp2/3 complex with VCA and actin. A, samples containing Arp2/3 complex alone (3 �M) or supple-
mented with VCA at indicated molar ratios were loaded and eluted on a Superdex 200 10 � 300 column at physiological ionic strength. B, elution patterns of
samples containing Arp2/3 complex alone or supplemented with VCA and actin at indicated ratios. Conditions as in A. C, SDS-PAGE analysis of the eluted
VCA�actin�Arp2/3 ternary complex and standards consisting of pre-mixed actin and Arp2/3 in a 1:1 molar ratio and at the indicated concentrations, from which
the molar ratio of actin Arp2 and p34 in the eluted complex was derived. Standards and samples were electrophoresed on the same gel to establish the molar
composition of VCA�actin�Arp2/3 complex rigorously. D, hydrodynamic radius and apparent molecular weight of the eluted complexes derived from the
size-exclusion chromatography calibration with known protein standards. Stokes radius values are within 10% standard deviation.
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Stokes radius at 54 Å, consistent with a 1:1:1 VCA�actin�Arp2/3
complex. The theoretical molecular mass of 266 kDa, assuming
a globular shape, is reasonably consistent with the calculated
molecular mass of 275 kDa for a 1:1:1 complex. Themolar ratio
was confirmed both by SDS-PAGE analysis of the content in
actin and the Arp2/3 complex in the fractions of the eluted
complex, and by the appearance of an actin peak at
actin�Arp2/3 complex molar ratios higher than 1 in the loaded
samples (Fig. 5, B–D). No evidence was observed for a second
binding site of VCA to Arp2/3 complex in these experiments
nor for binding of two actins to the V moiety of VCA when the
CA region was engaged in contacts with Arp2/3 complex.
When the chromatography of samples of Arp2/3, actin and
VCA was performed in the presence of latrunculin A, the elu-
tion profiles of Arp2/3 complex and of VCA�Arp2/3 complex
were unchanged, but a complex could no longer be detected
between actin and VCA�Arp2/3 complex (Fig. 6). Because
latrunculin A does not prevent binding of VCA to actin, this

result indicates that the pointed face of VCA-bound actin in the
ternary complex interacts with components of Arp2/3 complex
in a manner incompatible with latrunculin A binding.

DISCUSSION

The analysis of the structural/functional interaction of the
two adjacentWH2domains ofN-WASP in theV, VC, andVCA
domains and the characterization of the ternary VCA�
actin�Arp2/3 complex provides new insight into the multifunc-
tionality of WH2 repeats and its use in the filament branching
reaction.
Each of the twoWH2 domains of N-WASP binds one G-ac-

tin molecule, with an affinity that is lowered by the presence of
the acidic C-terminal extension (VCA). BothVA andVA2 com-
plexes are formed from V, VC, and VCA, with affinities in the
107 M�1 range, and are observed in solution in proportions
depending on the concentrations of actin and V or VC or VCA.
The fact that the affinity of actin is lowered by the acidic region
A in VCA may have an interesting physiological implication, a
weak affinity facilitating the dissociation of actin from VCA in
the branching process.
In the crystal structure of VC�actin 1:1 complex, two VC-

actin molecules form the asymmetric unit. The D-loop adopts
an �-helix conformation and forms the major part of the inter-
face between the two actins. This contact differs from the actin-
actin contacts in the filament. The apolar buried surface, calcu-
lated according to Bahadur and Chakrabarti (57) was 989 Å2,
and the fraction of buried atomswas 0.366. Despite the low free
energy of solvation, estimated to �4.4 kcal/mol, and of the low
resolution and high value of the B factor of residues in the D
loop, these figures are suggestive of possible functional interac-
tions (48, 57). Whether similar contacts might occur in nature,
for instance in the structural organization of the branch junc-
tion, in which VCA transiently binds G-actin, the Arp2 and
Arp3 subunits of the Arp2/3 complex and the mother filament,
is an issue raised by these data.
The present results reinforce the view that the protein envi-

ronment of theWH2 domains plays a determinant role in their
multifunctionality. The twoWH2 domains of N-WASP are not
nucleators of actin filaments, even when they are present in
polymerizing actin solutions at concentrations such that VA2 is
the dominant complex. Therefore, two adjacent actin-bound
WH2domains do not necessarily generate a nucleation activity.
This conclusion is in full agreement with the observation that
the two adjacent WH2 domains of Cordon-Bleu do not nucle-
ate actin in the absence of theN-terminally adjacent lysine-rich
K region (47). Conversely, filament nucleation by WH2

TABLE 2
Characteristic parameters of the V, VC and VCA fragments of N-WASP
for G-actin binding and filament barbed end assembly

V VC VCA Profilina

K1, �M 0.02 0.02 0.1a
K2, �M 0.3 0.3
K�
B , �M�1�s�1 5.5 4 6.5 7a

KF 15 5 20 20b,c
koff (ADP-actin), s�1 70 70 70b,c

a See Ref. 70.
b See Ref. 54.
c See Ref. 71.

FIGURE 6. Gel filtration analysis of the complexes of Arp2/3 complex with
VCA and actin with latrunculin A. A, samples containing Arp2/3 complex
alone or supplemented with VCA and actin at the indicated ratios and with
latrunculin A were loaded and eluted on a Superdex 200 10 � 300 column at
physiological ionic strength. The dotted lines refer to elution patterns
observed without latrunculin A (reproduced from Fig. 5). B, SDS-PAGE analy-
sis of the VCA�Arp2/3 complex and VCA�actin�Arp2/3 ternary complex eluted
with latrunculin A. (Note absence of actin in eluted complex.) For the electro-
phoretic positions of actin, some subunits of the Arp2/3 complex and protein
molecular weight standards are indicated.
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domains does not require two adjacentWH2 domains, because
the first WH2 domain of Cordon-Bleu, flanked by the K region
nucleates as well as two consecutive domains. Similarly, the
C-terminal dimerization domain of the pathogen protein VopL
weakly nucleates actin, and nucleation is enhanced by addi-
tionalWH2 domains, which by themselves do not nucleate (58,
59). A general mechanism of “facilitated spontaneous nucle-
ation” of actin filaments by WH2 domains, differing from the
initial template mechanism (60–62), has been proposed, in
which binding of a WH2 domain to an actin monomer
enhances its electrostatic interaction with another actin mon-
omer to form a pre-nucleus actin dimer (47, 63). Thus, WH2
domains that harbor appropriate sequence elements to
decrease the electronegativity of G-actin lower the free energy
of nucleation associated with elementary steps of the regular
actin nucleation pathway. The WH2 domains of N-WASP do
not harbor this peculiar property; therefore, in the absence of
theArp2/3 complex they do not nucleate actin either in isolated
state or in the context of the activated full-length N-WASP
protein in which the VCAC-terminal domain is exposed. Bind-
ing of the Arp2/3 complex is not sufficient to confer a nucleat-
ing activity to VCA, because the association with a mother fil-
ament is required for nucleation of a daughter filament (64, 65).
However, binding of putative ligands to N-WASP or toWAVE
might confer an actin-nucleating activity to the WH2 domain
by modifying its electrostatic environment. The nucleating
activity then might synergize with the Arp2/3 complex-depen-
dent branching activity and enhance the potency of the WASP
protein to generate new barbed ends.
In contrast with other WH2 tandem repeats like Spire or

Cordon-Bleu (46, 47), V and VC do not sever filaments. The
absence of severing activity correlates with the absence of
nucleating activity.
V, VC, and VCA share two properties with profilin and a

few other WH2/�-thymosin domains. First, their complexes
with MgATP-G-actin participate in barbed end growth
(Table 2). Second, in dilution-induced depolymerization
assays, in which the core ADP-F-actin subunits dissociate
endwise, their interaction with the barbed ends enhances by
7-fold the dissociation of MgADP-F-actin subunits. These
data bring growing evidence for a variety of functional inter-
actions of WH2 domains with barbed ends, including the
capture of barbed ends by theWH2 domain of N-WASP (66),
the capping of barbed ends by Spire WH2 domains (46, 67),
and the tracking of barbed ends by theWH2 domain of VASP
(68, 69). Table 3 summarizes the diverse multifunctionality
patterns reported on various WH2 repeats. Domain swap-
ping and engineering of chimeric or mutated WH2 repeats

will allow us to design customized WH2 domains and to
modulate at will the overall biological function of the pro-
teins in which they are inserted.
Filament branching using the Arp2/3 complex is a property

shared by allWASP family proteins despite their variable num-
ber of WH2 domains, indicating that one actin bound to one
WH2 domain interacts with the Arp2/3 complex in a function-
ally conserved fashion in the branching process. In the
(N-WASP)VCA�Arp2/3�actin complex, G-actin is probably
bound to the second WH2 domain of N-WASP, in a position
homolog to WASP WH2. A supplementary WH2 domain of
N-WASP was reported to increase the efficiency of branching
(15). Assuming that the WH2 domain adjacent to CA binds
actin in VCA�Arp2/3�actin complex, binding of the first (N-ter-
minal) WH2 domain of (N-WASP)VCA to another actin mol-
ecule in the branching process might account for the enhanced
branching efficiency. Such a barbed end tracking function,
comforted by other data (66), might participate in the protru-
sive activity of dendritic actin arrays.
Only a 1:1 complex of VCA with the Arp2/3 complex is iso-

lated using unmodified proteins in a wide range ofmolar ratios.
This result contrasts with the reported association of twoAlexa
488-labeled VCA molecules to the Arp2/3 complex (26) and
with the binding of fission yeast CA to two sites on the Arp2/3
complex, albeit with very different affinities (27). The present
data do not favor the view that branching of filaments requires
the binding of two WASP molecules to the Arp2/3 complex.
The difference between the various results may be due to the
labeling of VCA or to the difference in reactivity of CA versus
VCA and of yeast versus bovine proteins. However, the present
evidence for single noncovalent 1:1 VCA�Arp2/3 complex and
1:1:1 VCA�actin�Arp2/3 complexes is in agreement with the
small angle x-ray scattering solution structure of VCA�actin�
Arp2/3 in which VCA and actin were covalently linked (25).
Although two actin molecules bind to the VCA domain of
N-WASP irrespective of the presence of latrunculin A, actin
does not bind to the 1:1 VCA�Arp2/3 complex in the presence
of latrunculin A, suggesting that new latrunculin-sensitive con-
tacts are established between actin and Arp2 in the ternary
branching complex, also consistent with solution studies (25).
The fact that one single branching enzyme (VCA) is bound to
its substrates Arp2/3 complex and actin simplifies the possible
molecular mechanisms for filament branching and the possible
binding modes of the VCA�actin�Arp2/3 branching complex
with a filament.What minimum size F-actin unit can function-
ally interact with the VCA�actin�Arp2/3 complex is the next
challenging issue.

TABLE 3
Compared multifunctionality of various WH2 domains in single module or tandem repeats in actin assembly
Symbols used are as follows: �, �, and ? indicate that the property has been observed, not observed, or not tested, respectively.

Protein (WH2 no.)
G-actin (ATP, ADP)

sequestration
Barbed end
elongation

Filament
nucleation

Filament
severing

Barbed end
capping

Barbed end
tracking

N-WASP (2) � � � � � �
ActA (1) � � � � � �
VASP (1) � � � � � �
INF2 (1 � FH2) � ? � � ? ?
Spire (4) � (ATP, ADP) � � � � �
Cordon-Bleu (3) � (ADP) � � � � �
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