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The Arp2/3 complex is a conserved seven-subunit actin-
nucleating machine activated by WASp (Wiskott Aldrich
syndrome protein). Despite its central importance in a broad
range of cellular processes, many critical aspects of the mech-
anism of the Arp2/3 complex have yet to be resolved. In par-
ticular, some of the individual subunits in the complex have
not been assigned clear functional roles, including p40/
ARPC1. Here, we dissected the structure and function of Sac-
charomyces cerevisiae p40/ARPC1, which is encoded by the
essential ARC40 gene, by analyzing 39 integrated alleles that
target its conserved surfaces. We identified three distinct
sites on p40/ARPC1 required for function in vivo: one site
contacts p19/ARPC4, one contacts p15/ARPC5, and one site
resides in an extended structural “arm” of p40/ARPC1. Using
a novel strategy, we purified the corresponding lethal mutant
Arp2/3 complexes from yeast and compared their actin
nucleation activities. Lethal mutations at the contact with
p19/ARPC4 specifically impairedWASp-induced nucleation.
In contrast, lethal mutations at the contact with p15/ARPC5
led to unregulated (“leaky”) nucleation in the absence
of WASp. Lethal mutations in the extended arm drastically
reduced nucleation, and the same mutations disrupted the
ability of the purified p40/ARPC1 arm domain to bind the
VCA domain of WASp. Together, these data indicate that
p40/ARPC1 performs at least three distinct, essential func-
tions in regulating Arp2/3 complex-mediated actin assembly:
1) suppression of spontaneous nucleation by the Arp2/3 com-
plex, which requires proper contacts with p15/ARPC5; 2)
propagation of WASp activation signals via contacts with
p19/ARPC2; and 3) direct facilitation of actin nucleation
through interactions of the extended arm with the VCA
domain of WASp.

Regulated assembly of actin networks by theArp2/3 complex
is essential for cell motility, intracellular transport, remodeling
of cell shape, and endocytosis. TheArp2/3 complex binds to the
sides of pre-existing (mother) actin filaments and nucleates the
formation of new (daughter) filaments at a 70-degree angle,

leading to the assembly of branched, “arborized” arrays (1, 2).
Efficient nucleation by the Arp2/3 complex requires conforma-
tional rearrangements of its subunits and its actin monomer
recruitment, both of which are triggered by interactions with a
nucleation promoting factor (NPF)2 such as WASp (Wiskott
Aldrich syndrome protein; reviewed in Ref. 2). Despite the cen-
tral importance of WASp-Arp2/3 complex activity in facilitat-
ing a wide range of actin-based processes in vivo, our under-
standing of the activation and nucleation mechanism has
remained limited.
The Arp2/3 complex is comprised of two actin-like subunits

(Arp2 and Arp3), one 40-kDa WD repeat-containing subunit
that folds into a�-propeller (p40/ARPC1), and four structurally
unique subunits (p35/ARPC2, p21/ARPC3, p19/ARPC4, and
p15/ARPC5) (3). Arp2 and Arp3 have been hypothesized to
form a pseudo-actin dimer that seeds polymerization of the
daughter filament (4). However, the crystal structure of inactive
bovine Arp2/3 complex showed that Arp2 and Arp3 are well
separated before activation (3). This led to the hypothesis that
WASp binding induces conformational changes that drive
Arp2 and Arp3 closer together to mimic the barbed end of a
filament, which has been supported by fluorescence resonance
energy transfer and coupled electron microscopy and single
particle analyses (3, 5, 6).More recent evidence suggests further
that WASp binding may induce conformational rearrange-
ments that propagate through all seven subunits of the Arp2/3
complex (5, 6). The p35/ARPC2 and p19/ARPC4 subunits form
the structural core of the complex and mediate binding to the
side of the mother filament (3, 7–10). Functions of the remain-
ing three subunits have remained elusive. p21/ARPC3 has been
implicated in NPF binding (11), but it is the only subunit in
Saccharomyces cerevisiae that can be deleted without causing
severe cell growth defects (12). Chemical cross-linking experi-
ments suggest thatNPFs interactwith three additional subunits
(Arp2, Arp3, and p40/ARPC1) (13, 14). Relatively little is
known about the functional roles of the p40/ARPC1 and p15/
ARPC5 subunits. Both are essential for cell viability in S. cerevi-
siae (12), but the nature of their functional contributions to
actin assembly has remained unclear.
Two biochemical studies found that the Arp2/3 complex

lacking p40/ARPC1 shows severely reduced actin nucleation
activity in vitro (8, 15). p40/ARPC1 also binds to the VCA (ver-
prolin homology domain, connector, acidic) domain of S. cer-
evisiae WASp (Las17) (15, 16) and directly contacts two other
subunits in the complex, p19/ARPC4 and p15/ARPC5 (3). In
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addition, p40/ARPC1 has been implicated in binding to the
mother filament (17) and stabilizing the mother-daughter
branch to prevent rocking (9, 18). However, the precise mech-
anistic contributions of p40/ARPC1 to actin nucleation have
been difficult to resolve further without having specific alleles
that uncouple its physical interactions and functions.
Here, we dissected p40/ARPC1 structure and function in S.

cerevisiae by generating a large collection of integrated charge-
to-alanine alleles. Our analysis shows that intersubunit con-
tacts of p40/ARPC1 with p19/ARPC4 and p15/ARPC5 are
essential for activating and repressing Arp2/3 complex-medi-
ated actin nucleation, respectively. Further, we show that the
p40/ARPC1 extended arm domain binds to that WASp VCA
domain and that mutations disrupting this interaction severely
impair actin nucleation and are lethal in vivo. Together, these
data identify three distinct conserved surfaces on p40/ARPC1
that are essential in vivo and reveal that p40/ARPC1 performs
multiple roles in regulating actin nucleation.

EXPERIMENTAL PROCEDURES

Strains, Media, and Plasmid Construction—Standard meth-
ods were used for growth and transformation of yeast (19). The
ARC40 open reading frame plus 300 bp upstream and 300 bp
downstream genomic DNA sequence was PCR-amplified and
ligated into the BamHI andNotI sites of pBluescript II, yielding
pBG636. A BglII site was introduced 203 bp upstream of the
ARC40 start codon in pBG636 by QuikChange site-directed
mutagenesis (Stratagene; La Jolla, CA), yielding pBG637. The
LEU2 open reading frame plus 903 bp upstream and 850 bp
downstream sequence was excised from pBG102 (20) by diges-
tion with BglII and ligated into the BglII site of pBG637, gener-
ating pBG638. All of the arc40 mutations were generated in
pBG638 by site-directed mutagenesis, with each allele contain-
ing a unique and silent restriction site. All of the plasmids were
DNA-sequenced.
The alleles were integrated at the LEU2 locus of either the

diploid strain BGY84 (MATa/� ade2-101/ADE2 his3�200/
his3�200 leu2–3,112/leu2-3,112 lys2-801/LYS2 ura3-52/
ura3-52 arc40�::HIS3/ARC40) or the haploid strain BGY89
(MATa arc40�::HIS3 ade2-101 his3�200 leu2-3,112 lys2-801
ura3–52, pRS316-ARC40-URA3). Wild type and mutated
pBG638 plasmids were linearized with NsiI and transformed
into yeast, and clones were selected on Leu� medium. Diploid in-
tegration strains were sporulated, tetrads were dissected, and
Leu�His� colonieswere selected. Integration of each allelewas
confirmed by PCR-amplifying the ARC40 locus from genomic
DNA and verifying the specific digestion patterns. Haploid
strains carrying the integrated alleles were generated and veri-
fied similarly after selection on Leu� medium and tested for
lethality by plating on medium containing 5-fluoroorotic acid.
Strainswith integrated arc40 alleles generated by the twometh-
ods yielded indistinguishable phenotypes (not shown). To gen-
erate the plasmid for purifying theArc40 extended armdomain
from Escherichia coli, a PCR product encoding Arc40 residues
306–355 was amplified from pBG638 and ligated into the
BamHI and NotI sites of pET-GST-TEV (21), producing
pBG302.

To generate a yeast strain for the isolation of Arp2/3 com-
plexes containing lethal arc40 alleles, we integrated different
epitope tags at the C termini of two different subunits of the
Arp2/3 complex.We first integrated a TEV-3�HA tag at the C
terminus of ARC18 using a modified version of the plasmid
pML9 (22), pML9-T, which includes a TEV protease recogni-
tion sequence (6). The PCR product was integrated by homol-
ogous recombination into the haploid strain BGY12 (MAT�
ade2-1 his3-11,15 leu2-3,112 psi� ssd� trp1-1 ura3-52). Inte-
gration was confirmed by PCR analysis and immunoblotting
whole cell extracts with anti-HA antibodies. Second, we inte-
grated a 3�HA tag at the C terminus of the wild type copy of
ARC40 using pML9 into the haploid strain BGY10 (MATa
ade2-1 his3–11,15 leu2-3,112 psi� ssd� trp1-1 ura3-52), which
is isogenic to BGY12. The integrationwas verified as above. The
two haploid strains carrying the distinct tags were mated,
diploids were sporulated, and tetrads were dissected. Hap-
loids carrying both tags (onARC18 andARC40) were verified
by immunoblotting. The resulting double-tagged haploid
strain (BGY960) was used to integrate wild type and mutant
ARC40 alleles at the LEU2 locus using integration plasmids
as described above.
Purification of Arc40 Extended Arm—To express the GST-

Arc40-arm inE. coli, pBG302was transformed into BL21 (DE3)
cells. One liter of cells was grown at 37 °C to an A600 level of
�0.5 in LBmedium containing 100 �g/ml kanamycin and then
induced for 3 h with addition of 0.4 mM isopropyl �-D-thioga-
lactopyranoside. The cells were pelleted, resuspended in 10 ml
of phosphate-buffered saline (20 mM sodium phosphate buffer,
150 mM NaCl, pH 7.4), and frozen at �80 °C. The pellet was
thawed in the presence of protease inhibitors (0.5�g/ml each of
antipain, leupeptin, pepstatin A, chymostatin, and aprotinin)
and 1 mM phenylmethylsulfonyl fluoride, and then the cells
were lysed by sonication. The lysates were centrifuged at
21,000 � g for 15 min, and the resulting supernatant was incu-
bated for 1 h at 4 °C with 1 ml of glutathione-agarose beads
(Sigma-Aldrich). The beads were washed three times with 15
ml of HEK (20 mM Hepes, 1 mM EDTA, 50 mM KCl, pH 7.5),
twicewith 15ml ofHEK500 (20mMHepes, 1mMEDTA, 500mM

KCl, pH 7.5), twice with 15 ml of HEK, and three times with 15
ml of 150 mM Tris, pH 8.3. The GST-Arc40-arm was either 1)
eluted as aGST fusion frombeads for 30min at 4 °Cwith 30mM

glutathione, 150 mM Tris, pH 8.3, or 2) released from GST by
digestion for 2 h at room temperature with 20 units TEV pro-
tease (Invitrogen). Glutathione-eluted GST-Arc40-arm was
exchanged into HEK buffer, aliquoted, and frozen in liquid N2.
TEV-releasedArc40-armwas purified further on amonoQ col-
umn (GE Healthcare) and fractionated to the flow-through.
The protein was concentrated to 200 �l, aliquoted, and frozen
in liquid N2.
Purification of Mutant and Wild Type Arp2/3 Complexes—

Wild type and mutant Arp2/3 complexes were isolated from
variants of the yeast strain BGY960 carrying different arc40
alleles integrated at the LEU2 locus (strains described above).
Yeast cells were grown to anA600 level of�1.0 in YPDmedium,
pelleted, washed, frozen in liquid N2, and lysed as described
(23). 5–10 grams of frozen cells were thawed in the presence of
protease inhibitors and 1 mM phenylmethylsulfonyl fluoride
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and then centrifuged at 265,000 � g for 20 min at 4 °C. The
clarified extract was incubated for 1 h at 4 °C with 50 �l of
CL-4B beads (GE Healthcare) coated with HA antibodies
(HA.11; Covance, Princeton, NJ). The beads were washed three
timeswith 1.5ml ofHEK, oncewith 1.5ml ofHEK500, and twice
more with 1.5 ml of HEK and then resuspended to generate a
100-�l slurry (50 �l of beads in 50 �l of HEK buffer). The
Arp2/3 complex was released from beads by digestion with 20
units of TEV protease (Invitrogen) for 2 h at room temperature.
Released Arp2/3 complex was harvested and incubated for 30
min at 4 °C with HA antibody-coated beads to remove any con-
taminating Arp2/3 complex containing endogenous wild type
Arc40-HA. Endogenous Arc40 depletion was assessed by
immunoblotting samples from each stage of the purification
with anti-HA antibodies (not shown), which verified that prep-
arations contained less than 2% endogenous Arp2/3 complex.
The proteins were aliquoted, frozen in liquid N2, and stored at
�80 °C. This preparation typically yields 100 �l of 0.1–0.3 �M

Arp2/3 complex, similar to what has been previously described
for lethal arc35Arp2/3 complexes (10). Based onWestern blot-
ting, 60–80% of the total Arp2/3 complex in the cells is isolated
in the initial purification step, and 25–50% of this total material
is the untagged mutant (or control wild type) Arp2/3 complex,
which is isolated in the subsequent step of the preparation.
Additional Protein Purification—Rabbit skeletal muscle

actin (RMA) was purified as described (24) and gel-filtered.
Pyrenyliodoacetamide-labeled RMAwas prepared as described
(25, 26). Full-length Las17/WASp and the VCA domain were
purified as described (27). Yeast actin was purified as described
(23).
Antibodies—Anti-HA (HA.11) mouse monoclonal anti-

body and anti-GST rabbit antibody were purchased from
Covance. Anti-HA horseradish peroxidase-conjugated anti-
body and anti-Arp2 goat antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-Las17-VCA domain
polyclonal antibodywas raised inchickens (Aves labs,Tigard,OR).
For immunoblotting, the following antibody dilutions were used:
anti-GST (1:1,000), anti-HA horseradish peroxidase (1:1,000),
anti-VCA (1:1,000), and anti-Arp2 (1:100).
Actin Assembly Kinetics—Actin assembly kinetics were mea-

sured using the pyrene-actin fluorescence assay. The reactions
(60 �l) contained 2 �M RMA unless otherwise indicated. 47 �l
of gel-filtered monomeric RMA (10% pyrene-labeled) in G
buffer (5 mM Tris, pH 7.5, 0.2 mM CaCl2, 0.2 mM dithiothreitol,
0.2mMATP) wasmixed with 10�l of HEK buffer or proteins in
HEK buffer and then mixed immediately with 3 �l of 20� ini-
tiation buffer (1 M KCl, 40 mM MgCl2, 10 mM ATP). Fluores-
cence was monitored by excitation at 365 nm and emission at
407 nm in a fluorescence spectrophotometer (PhotonTechnol-
ogy International, Birmingham, NJ) held at 25 °C. In supple-
mental Fig. S3, the activities of wild type and arc40-140Arp2/3
complex, in the presence and absence of Las17, were compared
using RMA versus yeast actin.
Las17/WASp Binding Assays—In one set of binding assays

(see Fig. 5A), control beads or beads coated with full-length
Las17/WASp or its VCA domain were incubated for 10 min
with 2 �M soluble Arc40-arm in HEK buffer. The beads were
pelleted, and the percentage of Arc40-arm bound was deter-

mined by analyzing pellet and supernatant fractions on Coom-
assie-stained gels. In the second set of binding assays (see Fig.
5B), control beads or beads coated with wild type GST-Arc40-
arm or mutant GST-Arc40–140-arm were incubated with 100
nM Las17/WASp plus 1 mg/ml bovine serum albumin in HEK
buffer. The beads were pelleted, and the amount of Las17/
WASp bound was determined by immunoblotting supernatant
fractions with anti-VCA antibodies and densitometry. In the
third set of assays (see Fig. 5C), beads coated with the GST-
VCA domain were incubated for 10 min with 75 nM wild type
ARC40, arc40�311–340, or arc40-140Arp2/3 complex inHEK
buffer. The beads were pelleted, and the amount of Arp2 bound
was determined by immunoblotting pellet fractions with anti-
Arp2 antibodies and densitometry.

RESULTS

Charge to Alanine Scan Mutagenesis—To dissect the role of
the p40/ARPC1 subunit of Arp2/3 complex, we integrated a
large collection of charge-to-alanine substitution alleles,
replacing the wild type S. cerevisiae gene (ARC40) and analyz-
ingmutant effects in haploid strains. Similarmutagenesis strat-
egies have been used to dissect the structure and function of
other key actin regulators, including cofilin, profilin, andCdc42
(28–30). When this work was initiated, the crystal structure of
p40/ARPC1 had not yet been reported. For this reason, we
could not initially take a structurally guided mutagenesis
approach (see below). Using an alignment of p40/ARPC1
sequences from distantly related species, we targeted for site-
directed mutagenesis all clusters of two or more conserved
charged residues (Arg, Asp, Glu, and Lys) within a window of
five residues (Fig. 1), because charged clusters tend to reside on
the surface of a protein.
A total of 30 unique arc40 alleles were initially constructed

(Table 1, arc40-101 to arc40-133). Each allele was chromo-
somally integrated into awild type diploid yeast strain (BGY84),
and diploids were sporulated and tetrads were dissected to
obtain haploids. After the crystal structure of bovine p40/
ARPC1 was reported (3) (Fig. 2A), it became evident that the
mutations we generated are distributed among all seven blades
of the �-propeller structure (Figs. 1 and 2B). To our surprise,
not a single allele in this initial collection (arc40-101 through
arc40-133) caused strong defects in cell growth (Fig. 2C) or
actin organization (not shown). Only one allele, arc40-118,
caused any phenotype. This mutant showed no obvious defects
in cell morphology or actin organization at the nonpermissive
temperature but exhibited partially impaired growth at an ele-
vated temperature (37 °C) (supplemental Fig. S1).
Revised Strategy to Define Essential Surfaces—The lack of

overt growth phenotypes in such an extensive allele collection
of an essential gene was unexpected and a bit puzzling. One
possibility we considered was that no single allele had been
effective in disrupting important p40/ARPC1 interactions. To
address this idea, wemodeled the positions of our alleles on the
structure of bovine p40/ARPC1 (Fig. 2, A and B). This revealed
that a number of our arc40 alleles that were well separated
in the primary sequence were actually adjacent on the surface of
the p40/ARPC1 structure (Figs. 1 and 2B). Using this informa-
tion to guide us, we next tested the effects of combined pairs of
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proximal alleles (Table 1,arc40-139 toarc40-145). As discussed
in greater detail below, this included combining alleles that
make contacts with p19/ARPC4 (encoded by the ARC19 gene
in S. cerevisiae) and alleles that comprise a broad exposed sur-
face of p40/ARPC1 that a homology modeling study had pre-
dicted binds to the mother filament (17). In addition, we con-
structed several new alleles, targeting p40/ARPC1 contacts
with p15/ARPC5 (encoded by the ARC15 gene in S. cerevisiae)
and an exposed �-helix in the structural arm located between
propeller blades six and seven of p40/ARPC1 (see below).
We integrated the new arc40 alleles at the LEU2 locus of a

diploid strain (BGY84) heterozygous for the arc40 deletion

(arc40�/ARC40). The diploids were
sporulated, and tetrads were dis-
sected. Because the LEU2 and
ARC40 loci segregate indepen-
dently, we observed for both wild
type and pseudo-wild type alleles
integrated at the LEU2 locus the
three predicted tetrad growth pat-
terns (two, three, or four viable
spores) (Fig. 3A;ARC40, tetrads 7, 3,
and 1, respectively). In contrast,
diploid cells with a lethal arc40
allele integrated at the LEU2 locus
produced only the one predicted
pattern of tetrad growth, consisting
of two viable spores and two dead
spores (Fig. 3A; arc40-139, arc40-
140, arc40-141, and arc40-143). As
an independent test of lethality, the
same alleles were integrated at the
LEU2 locus of a haploid arc40�
strain carrying a URA3-marked
ARC40 plasmid. These strains
were plated on medium contain-
ing 5-fluoroorotic acid to coun-
terselect against the URA3-
marked plasmid. This analysis
verified that the same alleles fail to
complement the loss of wild type
ARC40 (Fig. 3B).
To determine whether the lethal

arc40 alleles fell into single or mul-
tiple complementation groups, we
performed genetic crosses to gener-
ate diploid strains carrying pair-
wise combinations of lethal alleles,
covered by the URA3-marked
ARC40 plasmid. These strains were
tested for growth on 5-fluoroorotic
acid. All of the diploid strains failed
to grow, demonstrating that none of
the lethal alleles complement each
other. Thus, all of the lethal alleles
fall into a single genetic comple-
mentation group (supplemental Fig.
S2). One lethal allele (arc40-143)

was not included in this analysis because of likely defects in
folding (see below).
Essential Roles for Intersubunit Contacts—By examining the

surface interactions between p40/ARPC1 and p19/ARPC4 in
the crystal structure of Arp2/3 complex, we observed that six
residues on p40/ARPC1 form a total of eight hydrogen bonds
with p19/ARPC4. Four of the six residues are conserved
between Bos taurus and S. cerevisiae, but only one is charged
(Arg108 in S. cerevisiae). This residue forms hydrogen bonds
with two residues in p19/ARPC4 (Gln28 and Asp29 in B. taurus)
and is changed to alanine in one of our alleles, arc40-110. We
noted that arc40-107 is proximal to arc40-110, and although it

FIGURE 1. Alignment of p40/ARPC1 primary sequences from S. cerevisiae (S.c.), H. sapiens (H.s.), B. taurus
(B.t.), and S. pombe (S.p.). Bovine structural elements are designated above the primary sequences. The
arrows represent �-sheets, and boxes represent �-helices. The seven propeller blades of p40/ARPC1 are col-
ored-coded: green (blade 1), blue (blade 2), pink (blade 3), cyan (blade 4), orange (blade 5), lavender (blade 6),
and gray (blade 7), so that numbering is consistent with Fig. 2. Residues that are identical in all four species are
shaded in dark gray; similar residues are shaded in light gray. Allele numbers and mutations are shown above
the S. cerevisiae sequence. Sequences internally deleted in arc40�311–340 are marked by a red line. Residues
included in the arm domain peptide (residues 306 –355) are underlined in green.
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does not appear to participate directly in hydrogen bonding in
the crystal structure of (inactive) bovine Arp2/3 complex, its
proximity to p19/ARPC4 raised the possibility that upon acti-
vation it might be involved in contacting p19/ARPC4 (Fig. 3C).
For this reason, we combined arc40-107 and arc40-110 to gen-
erate arc40-139. This new allele was lethal (Fig. 3, A and B),
suggesting that p40/ARPC1 interactions with p19/ARPC4 are
essential for cell viability or, alternatively, that an as-yet-unde-
fined interaction with this surface on p40/ARPC1 is essential.
Upon examining the hydrogen bonding between p40/

ARPC1 and p15/ARPC5, we noted that four residues in p40/
ARPC1 formed a total of five hydrogen bondswith p15/ARPC5.
Three of these p40/ARPC1 residues were conserved betweenB.
taurus and S. cerevisiae, but none of our existing alleles encom-
passed these residues. Because two of the residues (Asp235 and
Glu254 in S. cerevisiae) were proximal on the surface of p40/
ARPC1, whereas the third (Arg129 in S. cerevisiae) was more
distal, we generated two new alleles that mutate these residues,
arc40-141 (R129A) and arc40-142 (D235A, E254A) (Figs. 1 and
3D). arc40-141 was lethal (Fig. 3, A and B), whereas arc40-142
was pseudo-wild type for cell growth and actin organization
(not shown). The lethality of the arc40-141 allele points to the
functional importance of this surface on p40/ARPC1, likely
because of its physical contacts with the p15/ARPC5 subunit.
The Arc40 Arm Is Essential for Function in Vivo—One of the

most interesting features of the p40/ARPC1 subunit is the pres-
ence of a largely disordered loop that extends from the well

folded�-propeller domain.We refer to this element as the p40/
ARPC1 “arm,” because it is highly solvent-exposed and would
be accessible to potential ligands of p40/ARPC1. The sequence
of the arm is relatively divergent but contains a short stretch of
more highly conserved residues that can form an�-helix (Fig. 1,
residues 328–335 in S. cerevisiae). This helix is evident in the
packed crystal structure of bovine Arp2/3 complex, where the
helix in one complex contacts the Arp3 subunit in an adjacent
complex (3). Although it is not yet clear whether this �-helix
also exists when the Arp2/3 complex is free in solution, the
solvent exposure and sequence conservation of this site sug-
gests that it may promote protein-protein interactions impor-
tant for Arp2/3 complex function and/or regulation.
Our initial charge-to-alanine collection contained several

alleles with mutations in the arm (arc40-123 to arc40-128), but
these alleles conferred pseudo-wild type phenotypes. To fur-
ther investigate the role of this domain, we generated an allele
that deleted most of the loop, residues 311–340, replacing it
with a five-alanine linker (arc40�311–340). This allele was
lethal, suggesting that it has a crucial role in p40/ARPC1 func-
tion (Fig. 3, A and B). Because mutations of the conserved
charged residues in this region were pseudo-wild type (Fig. 1
and Table 1), we considered that conserved hydrophobic resi-
dues in the helixmight be important for function. Two residues
that are absolutely conserved across distant species are Phe332
and Ala298 (Fig. 1). We generated two new alleles to investigate
their roles. First, we changed Phe332 to alanine because this Phe
residue contacted Arp3 in the crystal structure, but this muta-
tion caused no growth defects (not shown). However, combin-
ing the F332Amutation with an A328E produced a lethal allele
(arc40-140; Fig. 3,A, B, and E). The Ala to Glu substitution was
chosen to maintain helical structure while disrupting hydro-
phobic interactions. The lethality conferred by this allele sug-
gests that this sequence may facilitate an interaction that is
critical for Arp2/3 function in vivo.
Putative F-actin Binding Site on p40/ARPC1—One previous

modeling study hypothesized that a large number of conserved
surface residues on p40/ARPC1 contact the mother actin fila-
ment (17). Some of these residues were mutated in our arc40
alleles, but all of them were pseudo-wild type for cell growth
and actin organization. We investigated the functional contri-
bution of this surface further by combining four of the alleles in
this region (arc40-109, arc40-110, arc40-112, and arc40-114;
Figs. 1 and 3F) in pair-wise combinations and examined their
growth phenotypes. One combination allele, arc40-143 (arc40-
112 and arc40-114; Fig. 1), was lethal (Fig. 2, A and B), whereas
the other combinations were pseudo-wild type (not shown).
However, the lethality may be due to protein misfolding,
because GST-Arc40-143 purified from E. coli was unstable
compared with wild type GST-Arc40 (not shown), leaving the
in vivo importance of the putativemother filament binding sur-
face in question.
Effects of Lethal Alleles on Arp2/3 Complex Activity—Next,

we investigated how the actin nucleation capabilities of Arp2/3
complex are affected by each lethal arc40 allele. Accomplishing
this required developing a new method for isolating mutant
Arp2/3 complexes. Although small quantities of yeast Arp2/3
complex can be isolated from nonlethal yeast strains using a

TABLE 1
Summary of ARC40 alleles

Allele Mutation Growth
phenotype

Possible
interaction

ARC40 Wild type NEa
arc40-101 K7A,D8A,K9A NE
arc40-103 D30A,K31A NE
arc40-104 E39A,D41A NE
arc40-105 K60A,D61A NE
arc40-106 D63A,K64A NE
arc40-107 D83A,R84A NE p19/ARPC4
arc40-108 E90A NE
arc40-109 D94A,K98A NE
arc40-110 R105A,R108A NE p19/ARPC4
arc40-111 E137A,E139A NE
arc40-112 K146A,K149A NE
arc40-114 K185A,D188A NE
arc40-115 K190A,E191A NE
arc40-116 R209A,E210A NE
arc40-118 E227A,R228A Slow growth

at 37 °C
arc40-119 D266A,E268A NE
arc40-120 E283A,E286A NE
arc40-121 K289A,K292A NE
arc40-122 D298A,K301A NE
arc40-123 D312A,E313A NE
arc40-124 D319A,E320A NE
arc40-125 R330A,K331A NE
arc40-126 K333A,E334A NE
arc40-127 D336A,K338A NE
arc40-128 K340A,D344A NE
arc40-129 E347A,E351A NE
arc40-130 E356A,R358A NE
arc40-131 E362A NE
arc40-132 D376A,K378A NE
arc40-133 D295A,K296A NE
arc40-139 D83A,R84A,R105A,R108A Lethal p19/ARPC4
arc40-140 A328E,F332A Lethal VCA domain
arc40-141 R129A Lethal p15/ARPC5
arc40-142 D235A,E254A NE p15/ARPC5
arc40-143 K146A,K149A,K185A,D188A Lethal F-actin?
arc40-144 D94A,K98A,R105A,R108A NE F-actin?
arc40-145 R105A,R108A,K146A,K149A NE F-actin?
arc40�311–340 Deletion of 311–340 Lethal VCA domain

a NE, no effect.
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cleavable affinity tag integrated at the C terminus of any one of
several different subunits (31), this established strategy pre-
cludes purification of Arp2/3 complex from lethal mutants. To
overcome this obstacle, we developed a new purification strat-
egy, which has four steps: 1) co-expression in a haploid strain of
untagged mutant arc40 and HA-tagged wild type Arc40; this
strain also has a TEV-3xHA tag integrated at the C terminus of
Arp2; 2) co-isolation ofmutant andwild typeArc40-containing
Arp2/3 complexes on HA antibody-coated beads; 3) release of
mutant Arp2/3 complex by TEV protease digestion; and 4) a
final incubation with HA antibody-coated beads to clear any

residual wild type Arp2/3 complex.
Thewild typeArp2/3 complex puri-
fied by this method showed actin
assembly activity indistinguishably
from wild type Arp2/3 complex iso-
lated by our previous method (not
shown).
Wild type and lethal mutant

Arp2/3 complexes were compared
for their abilities to nucleate rabbit
muscle actin polymerization in the
presence and absence of full-length
Las17/WASp (Fig. 4). In the pres-
ence of Las17/WASp, arc40-139
Arp2/3 complex nucleated actin
much less efficiently than wild type
complex over a range of concentra-
tions (Fig. 4B). However, in the
absence of Las17/WASp, its base-
line nucleation activity was compa-
rable with wild type Arp2/3 com-
plex (Fig. 4A). This suggests that
arc40-139 is impaired specifically in
WASp-stimulated actin nucleation.
In contrast, arc40-141Arp2/3 com-
plex nucleated actin assembly with
comparable efficiency to wild type
Arp2/3 complex in the presence of
Las17/WASp, whereas in the
absence of Las17/WASp, it exhib-
ited a 2-fold increase in base-line
nucleation activity compared with
wild type complex over a range of
concentrations (Fig. 4, C and D).
Immunoblotting demonstrated that
the increased basal nucleation activ-
ity of arc40-141 Arp2/3 complex
was not due to contaminating
Las17/WASp (not shown). Finally,
arc40-140 Arp2/3 complex showed
little if any nucleation activity in the
presence or absence of Las17/
WASp (Fig. 4,E and F). Importantly,
similar defects were observed for
thismutant using yeast actin instead
of rabbit muscle actin (supplemen-
tal Fig. S3).

Arc40 Arm Binds to the VCA Domain of Las17/WASp—To
better understand the mechanistic basis of the arc40-140
impairments in actin nucleation shown above, we tested
whether this mutation affects binding of the VCA domain of
Las17/WASp to the Arp2/3 complex. Previous studies have
suggested that the p40/ARPC1 subunit of Arp2/3 complex
interacts with the VCA domain (15, 16); however, the location
of the VCA-binding site on this subunit has remained
unknown.We incubated the soluble GST-Arc40 armwith con-
trol beads or beads coated with Las17/WASp or its VCA
domain. The GST-Arc40 arm showed binding to both con-

FIGURE 2. Analysis of initial p40/ARPC1 alanine scan mutations. A, crystal structure of bovine Arp2/3 com-
plex (adapted from Ref. 3), with the seven subunits differently colored: Arp2 (pink), Arp3 (orange), p40/ARPC1
(tan), p35/ARPC2 (cyan), p18/ARPC3 (purple), p19/ARPC4 (blue), and p15/ARPC5 (yellow). B, top view of p40/
ARPC1 showing the positions of residues mutated in the initial alanine scan allele collection modeled on
bovine ARPC1. The one temperature-sensitive allele (arc40-118; Fig. S1) is green; all other alleles were psuedo-
wild type for cell growth and actin organization and are colored blue. The propeller blades are numbered 1–7
counterclockwise in the top view and color-coded to be consistent with Fig. 1. The side chains of residues
mutated in arc40 alleles are shown. C, growth of integrated arc40 haploid strains at 25 °C. All of the strains were
serially diluted and plated for growth on YPD medium at different temperatures (16, 25, 30, 34, and 37 °C); no
defects in growth were observed at any temperature (not shown).
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FIGURE 3. Analysis of lethal arc40 alleles. S. cerevisiae numbering of residues is used in C–F. All of the subunits in the Arp2/3 complex are colored as in Fig. 2A.
A, tetrad analysis of arc40 alleles integrated at the LEU2 locus in the heterozygous diploid strain arc40�::HIS3/ARC40. The diploid strains were sporulated, and
tetrads were dissected. The specific patterns of growth for all alleles except ARC40 indicate lethality (see “Results”). B, cell growth phenotypes of an ARC40 strain
and arc40�::HIS3 strains with integrated LEU2-marked copies of arc40� or specific arc40 alleles carrying a URA3 marked ARC40 plasmid. The cells were grown
in YPD medium overnight and then serially diluted, plated on YPD, �uracil, �leucine, or 5-fluoroorotic acid-containing medium, and grown for 3 days at 25 °C.
C, surface rendered structure of p40/ARPC1 (tan) showing its contacts with p19/ARPC4 (stick model with green mesh). Residues mutated in lethal arc40-139 are
highlighted in red and numbered. D, surface rendered structure of p40/ARPC1 showing contacts with p15/ARPC5, with residues in lethal arc40-141 highlighted
in red. Residues in nonlethal arc40-142 are highlighted in purple. E, surface rendered structure of p40/ARPC1 (tan) with residues in lethal arc40-140 highlighted
in red. F, surface rendered structure of p40/ARPC1 (tan) displaying residues that have been predicted to mediate mother filament side binding (17). Mutated
residues that when combined yielded a lethal allele (arc40-143) are highlighted in red. Residues that when combined were pseudo-wild type are high-
lighted in purple.
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structs but not to control beads, demonstrating that it binds
specifically to the VCA domain (Fig. 5A). This interaction was
verified in reciprocal tests, where soluble Las17/WASp was
observed to bind to beads coated with the GST-Arc40 arm but
not control beads (Fig. 5B). In addition, this interaction was
weakened by the arc40-140 mutation (Fig. 5B). Finally, we
observed major differences in the abilities of wild type,
arc40�311–340 and arc40-140 Arp2/3 complexes to bind
GST-VCA-coated beads (Fig. 5C). A deletion of the arm
(arc40�311–340) drastically reduced Arp2/3 complex bind-

ing to VCA beads, whereas the
double point mutation (arc40-
140) diminished the interaction to
a significant but lesser extent.
Together, these data suggest that

one of the critical functions of the
Arc40 arm is to interact with the
VCA domain of Las17/WASp to
promote actin nucleation. Because
deletion of the VCA domain of
Las17/WASp in vivo is not lethal,
this further suggests other NPFs
genetically redundant with Las17
(e.g. Myo3/Myo5 and Pan1) may
depend on the same site on the
Arc40 arm to activate the Arp2/3
complex.

DISCUSSION

Although a large number of stud-
ies have addressed the Arp2/3 com-
plex structure and dissected the
effects of many of its cellular NPFs
(32), our understanding of the
Arp2/3 complex activation mecha-
nism remains incomplete. For in-
stance, it is not yet resolved pre-
cisely where on the surface of the
Arp2/3 complex NPFs bind or how
NPF binding alters the structure
and function of someof the subunits
in the complex leading to actin
assembly. In this study, we used a
mutagenesis approach, with cou-
pled genetic-biochemical analyses,
to dissect the structure and func-
tion of the p40/ARPC1 subunit of
Arp2/3 complex. We first identified
conserved surface residues on p40/
ARPC1 essential for in vivo function
and then purified the corresponding
mutant Arp2/3 complexes and ana-
lyzed their defects in WASp-in-
duced actin assembly. In doing so,
we identified three essential sur-
faces on p40/ARPC1 with distinct
functional roles in the actin assem-
bly process.
Mutagenesis and in Vivo Analysis—

Our initial collection of arc40 alleles, covering every cluster of
conserved charged residues in the primary sequence, failed to
identify even a single allele with a strong phenotype. Using the
crystal structure of the Arp2/3 complex to model these muta-
tions (Fig. 2B), it became evident that these alleles may have
lacked stronger phenotypes because of the specific nature of the
tertiary fold of p40/ARPC1. Many of the clusters of charged
residues mapped to �-sheets that form each propeller blade
instead of solvent-exposed surfaces, precluding their involve-

FIGURE 4. Actin nucleation activities of wild type and arc40-139, arc40-141, and arc40-140 Arp2/3 com-
plexes. The rates of assembly were determined from the slopes of the curves at their steepest points, which
was between 25 and 50% assembly. A, C, and E, actin assembly reactions containing 3 �M monomeric rabbit
muscle actin (5% pyrene-labeled) with variable concentrations of wild type (blue) or mutant (red) Arp2/3
complex. B, D, and F, actin assembly reactions containing 2 �M monomeric rabbit muscle actin (5% pyrene-
labeled), Las17/WASp (5 nM for arc40-139, arc40-141 and 10 nM for arc40-140), and variable concentrations of
wild type (blue) or mutant (red) Arp2/3 complex. A higher concentration of monomeric actin was used for the
reactions in A, C, and E compared with B, D, and F to more readily detect base-line Arp2/3 complex nucleation
activity in the absence of Las17/WASp.
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ment in protein-protein interactions. It is interesting to note
that these mutations do not appear to disrupt propeller organi-
zation and folding because they did not adversely affect cell
growth or actin organization. Thus, the p40/ARPC1 �-propel-
ler fold appears to be quite resistant to mutational disruption.
After the crystal structure of bovine Arp2/3 complex became

available (3), we modified our mutagenesis strategy (see
“Results”), combining specific pairs of first round alleles to gen-
erate more new, second round alleles with multiple mutations
clustered on proximal surfaces of p40/ARPC1. Using this strat-
egy, we successfully identified three conserved surfaces on p40/
ARPC1 that are required for cell viability: 1) sites of contact
with p19/ARPC4; 2) sites of contact with p15/ARPC5; and 3)
the extended arm domain of p40/ARPC1. Another surface of
unknown function onp40/ARPC1, foundnear its interfacewith
Arp2, was identified as essential for cell viability (arc40-143);
however, as mentioned, this allele likely caused protein mis-

folding. Genetic analyses of the remaining three lethal alleles
showed that they are each recessive and that they fall into a
single complementation group; however, they cause distinct
biochemical defects. This implication of these observations is
that each of the three functional roles for p40/ARPC1 revealed
here (suppression of actin nucleation in the absence of WASp,
signaling to other subunits in the complex to promote nucle-
ation in the presence ofWASp, and direct binding to theWASp
VCA domain) are required for the same physiological function,
promoting regulated actin assembly.
p40/ARPC1 Functional Roles in Actin Nucleation—To date,

only a limited number of studies have usedmutational analyses
to dissectArp2/3 complex structure and function (6, 10, 31, 33).
The wild type Arp2/3 complex exists in equilibrium among
multiple conformation states, including inactive (open), inter-
mediate, and “primed” (closed) states, with the primed state
most closely resembling the conformation of theWASp-bound
Arp2/3 complex (6).Mutations in the p35/ARPC2 subunit have
been shown to render Arp2/3 complex either less easily acti-
vated by WASp (referred to as “nucleation-impaired”) or par-
tially active in the absence of WASp (referred to as “unregu-
lated” or leaky), with a corresponding shift in conformational
equilibrium toward either the inactive or primed states, respec-
tively (6). A second study showed that mutations in the nucle-
otide-binding pockets of Arp2 and Arp3 can cause either
impaired or enhanced WASp-inducible actin nucleation, with
the enhanced activity mutation driving the Arp2/3 complex
into a more “closed” conformation (33). A third study revealed
that mutations at the barbed end of Arp2 (e.g. arp2-1 and
arp2-2) strongly impair actin nucleation in both the presence
and the absence of WASp (31). A fourth study dissected the
structure and function of the p35/ARPC2 subunit and identi-
fied surfaces critical for actin nucleation and endocytosis (10).
Here, we have extended these efforts with a dissection of the
p40/ARPC1 subunit.
We purified mutant Arp2/3 complexes carrying the lethal

alleles identified in our screen (arc40-139, arc40-140, and
arc40-141). Analysis of their biochemical activities revealed
that arc40-139 causes the Arp2/3 complex to be nucleation-
impaired specifically in response to WASp (Fig. 4, A and B).
This defect is reminiscent of arc35-6 (6), which suggests that
the interaction between p40/ARPC1 and p19/ARPC4 may be
important when the complex adopts an activated conformation
after WASp binding. In contrast, arc40-141 caused the Arp2/3
complex to be unregulated in its nucleation activity (Fig. 4, C
andD). These effects are reminiscent of arc35-5 and arp2-7 (6,
31), suggesting that the interaction between p40/ARPC1 and
p15/ARPC15 may help hold the Arp2/3 complex in an inactive
state when NPFs are not present, suppressing nucleation.
Because p15/ARPC5 physically interacts with p40/ARPC1 and
Arp2, our data suggest that p15/ARPC5 may function as a
molecular “latch,” holding p40/ARPC1 and perhaps Arp2 in a
less active position until WASp triggers conformational rear-
rangements in the complex that are propagated in part via p19/
ARPC4 interactions with p40/ARPC1. Details of this hypothe-
sized mechanism may become clear once a crystal structure of
activated Arp2/3 complex becomes available. Finally, arc40-
140 caused the Arp2/3 complex to be nucleation-impaired in

FIGURE 5. The p40/ARPC1 “arm” domain binds to the VCA domain of
Las17/WASp. A, 2 �M soluble Arc40 arm was incubated for 10 min with con-
trol beads or beads coated with full-length Las17/WASp or its VCA domain.
The beads were pelleted, and the percentage of Arc40 arm bound was deter-
mined by analyzing pellets and supernatants on Coomassie-stained gels.
B, wild type and mutant (arc40-140) GST-Arc40 arm peptides were immobi-
lized on glutathione-agarose beads and incubated with 100 nM soluble, full-
length Las17/WASp. The beads were pelleted, and the percentage of Las17/
WASp bound was determined by analysis of the supernatant fractions
by immunoblotting with anti-VCA antibodies. C, 75 nM wild type ARC40,
arc40�311–340, or arc40-140 Arp2/3 complex was incubated with GST-VCA
coated beads. The beads were pelleted, and the relative amounts of Arp2/3
complex bound were determined by analysis of the pellet fractions by immu-
noblotting with anti-Arp2 antibodies.
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both the presence and the absence of WASp (Fig. 4, E and F).
These effects are reminiscent of arp2-1 and arp2-2 effects (6,
31) but are more severe. This may explain why arc40-140 is
lethal, whereas arp2-1 and arp2-2 are only conditionally lethal
(34).
It is interesting to note that in our entire screen, the only

lethalmutationwe identified in p40/ARPC1 that did notmap to
a contact interface with another subunit was arc40-140. The
two residuesmutated in this allele (Ala328 andPhe332) are found
in the extended arm of p40/ARPC1, a segment that is largely
disordered in the bovine Arp2/3 complex crystal structure. The
location of this arm domain and the absolute conservation of
the two residues mutated in arc40-140 suggest that this site
maymediate important functional interactions with other pro-
teins. Our analysis has shown that the arm binds directly to the
VCA domain of WASp and that arc40-140 weakens this inter-
action (Fig. 5). These observations expand on previous reports
showing that VCA interacts with p40/ARPC1 (13–16), defining
Ala328 and Phe332 as residues mediating p40/ARPC1-VCA
interactions. In two of the studies mentioned above, conserved
hydrophobic residues in the C and A portions of VCA were
suggested to mediate contact with p40/ARPC1 (15, 16). Our
analysis potentially identifies Ala328 and Phe332 as the cognate
binding site on p40/ARPC1 for one or both of these parts of
VCA.
One observation that we have not yet been able to explain is

why arc40-140 impairs actin nucleation of the Arp2/3 complex
in the absence of Las17/WASp (Fig. 4). In the crystal structure
of the Arp2/3 complex, the helix mutated in this allele packs up
against Arp3 of an adjacent complex (3). Because Arp3 is a
structural homologue of actin, this may point to a role for this
helix of p40/ARPC1 in mediating Arp2/3 complex interactions
with actin, which might explain our results. Indeed, one recent
high resolution electron microscopy study has suggested that
the p40/ARPC1 arm may be important for Arp2/3 complex
binding to the mother filament at branch points (9). Technical
obstacles prevented us from determining whether arc40-140
influences binding of Arp2/3 complex to F-actin; further anal-
ysis is needed to test this hypothesis.
A Model for p40/ARPC1 Function—Based on our new find-

ings, we propose amodel for the role of the p40/ARPC1 subunit
inArp2/3 complex-mediated actin assembly. First, p40/ARPC1
plays an essential role in suppressing actin nucleation by
Arp2/3 complex in the absence of WASp. This is achieved
through physical contacts between p40/ARPC1 and p15/
ARPC5, which maintain the complex in an inactive state. As
mentioned above, p15/ARPC5 may serve as a molecular latch,
holding p40/ARPC1 andArp2 in an idling position untilWASp
(and/or F-actin) triggers conformational rearrangements in the
complex leading to nucleation. Second, the extended arm of
p40/ARPC1 binds directly to the VCAdomain ofWASp, which
is essential for nucleation. This arm may provide an important
anchoring site for WASp and/or help trigger release of the
VCA-bound actin monomer to promote nucleation. In addi-
tion, the arm of p40/ARPC1 may mediate interactions with
F-actin (see above) and thus bemulti-functional. Third, we pro-
pose that p40/ARPC1plays a critical role in transmittingWASp
activation signals leading to actin nucleation, specifically

through contacts with the p19/ARPC4 subunit. It is possible
that contacts between p40/ARPC1 and p19/ARPC4 facilitate
the propagation of conformational rearrangements in Arp2/3
complex suggested by recent studies (5, 6).
This model suggests that p40/ARPC1 has a number of criti-

cal roles in actin nucleation, explaining why this subunit is
indispensable in vivo (12). In addition to pinpointing the sur-
faces on p40/ARPC1 that are critical for its cellular and bio-
chemical functions, our data support an emerging view that the
specific roles of the individual subunits in Arp2/3 complex are
highly integrated and that their interactions with WASp and
each other propagate complex structural and functional rear-
rangements to provide cells with an exquisitely regulated actin
nucleation mechanism.
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