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Abstract
Arp2/3 complex plays a central role in the de novo nucleation of filamentous actin as branches on
existing filaments. To form a new actin filament the complex must bind ATP, protein activators (e.g.
Wiskott-Aldrich syndrome proteins, WASp) and the side of an actin filament. Amide Hydrogen/
Deuterium exchange (HDX) coupled with mass spectrometry (MS) was used to examine the
structural and dynamic properties of the mammalian Arp2/3 complex in the presence of both ATP
and the activating peptide segment from WASp. Changes in the rate of hydrogen exchange indicate
that ATP binding causes conformational rearrangements of Arp2 and Arp3 that are transmitted
allosterically to the ArpC1, ArpC2, ArpC4 and ArpC5 subunits. These data are consistent with the
closure of nucleotide-binding cleft of Arp3 upon ATP binding, resulting in structural rearrangements
that propagate throughout the complex. Binding of the VCA domain of WASp to ATP-Arp2/3 further
modulates the rates of hydrogen exchange in these subunits, indicating that a global conformational
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reorganization is occurring. These effects may include the direct binding of activators to Arp3, Arp2
and ARPC1; alterations in the relative orientations of Arp2 and Arp3; and the long-range transmission
of activator-dependent signals to segments proposed to be involved in binding the F-actin mother
filament.
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INTRODUCTION
The spatial and temporal coordination of actin cytoskeletal assembly and disassembly is
essential for motility, cytokinesis, membrane trafficking and the establishment and
maintenance of cell morphology 1. Arp2/3 complex is responsible for the de novo nucleation
of actin filaments, forming characteristic “Y” branches off the side of existing filaments2. The
Arp2/3 complex is composed of seven subunits including two actin related proteins, Arp2 and
Arp3 that both bind ATP and are thought to form a nucleation site for the addition of new actin
monomers 3. The five additional protein subunits, denoted Arp complex (ARPC) 1–5, are
essential for a full activity 4; 5; 6. Branch formation by Arp2/3 complex requires ATP and
association with the side of an actin filament and members of the WASp/Scar (Wiskott-Aldrich
Syndrome Protein/Suppressor of cyclic AMP receptor) family of nucleation promoting factors
(NPFs) 7; 8. A three-dimensional reconstruction of the actin filament branch junction shows
the Arp2 and Arp3 subunits arranged like consecutive subunits in an actin filament forming
the base for the daughter filament 9. Arp2 and Arp3 must move 3 nm closer together from their
positions in inactive Arp2/3 complex to achieve their positions in the branch junction.

Binding of Mg2+-ATP to Arp2/3 complex increases the fluorescence resonance energy transfer
(FRET) between fluorescent proteins fused to ARPC1 and ARPC3 indicating that the
fluorescent proteins are closer together 10. Point mutations in the nucleotide binding pocket of
Arp3 reduced FRET, suggesting that nucleotide binding contributes to a structural change in
Arp3 10. In contrast, high resolution crystal structures suggest that nucleotide binding favors
closure of the nucleotide binding cleft of Arp3 without large conformational changes in the
complex 11; 12.

WASp family proteins promote nucleation by Arp2/3 complex by means of a conserved C-
terminal segment called the VCA domain (reviewed in Welch and Mullins, 2002 13). The VCA
region is the minimal segment required for activation 7; 13; 14; 15, consisting of a verprolin-
homology sequence that binds and may recruit actin monomers to Arp2/3 complex 16, a central
hydrophobic region for activation, and an acidic tail region for high-affinity binding to the
complex. WASp binding increases FRET within the nucleotide-bound Arp2/3 complex 10 and
favors a more compact organization of Arp2/3 complex in reconstructions of electron
micrographs (EM) of single particles 17; 18. Importantly, ATP and WASp cooperatively
activate Arp2/3 complex. ATP binding to both Arps is required for the nucleation of new actin
filaments 17; 19; 20 and is coupled to NPF binding, such that binding of either ligand increases
the affinity of the other (reviewed in 21). Homology modeling 22, cross-linking 23, EM 18; 24,
and small angle x-ray scattering (SAXS) 25, have all been used to map putative WASp binding
regions on Arp2/3 complex; however, structural evidence at the amino acid level is still needed
to fully define the binding sites, associated structural rearrangements and the mechanism of
Arp2/3 activation.

While high-resolution structures exist for the inactive complex, complementary approaches
are needed to answer many unresolved questions about mechanisms. Most or all of subdomains
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1 and 2 of Arp2 are disordered in crystal structures 11; 12; 26 leaving questions about the detailed
interactions between Arp2 and Arp3 that might be important for function. In particular, the
complex with bound activator has not been crystallized to establish the location of the binding
site and how activators affect inter and intra-subunit dynamics at the atomic level. Oxidative
footprinting and mass spectrometry experiments probed the effects of ATP and WASp binding
on the conformation of the complex in solution at the amino acid level 27. Measured changes
in reactivity/surface accessibility of amino acid side chains are consistent with the
crystallographic observations that ATP binding results in conformational alterations in Arp2
and Arp3 without significant rearrangements of the other five subunits 11; 12. Footprinting
further suggested that binding of WASp to the ATP-Arp2/3 complex results in rearrangements
of Arp2 and Arp3 leading to an actin-dimer-like compact conformational state 27, without the
involvement of the other subunits. These data, however, are limited to those solvent accessible
amino acid side-chains present on the protein surface, so subtle conformational changes or
those involving backbone contributions may have been missed.

A complementary approach is to combine amide hydrogen/deuterium exchange (HDX) with
mass spectrometry to identify subtle structural changes induced by ligand binding or
interactions between proteins 28; 29; 30. Some hydrogens within a protein exchange
continuously with protons of solvent water (reviewed in Englander, 2006 30) and can be
exchanged with deuterons (2H) when dissolved in deuterium oxide (D2O) at neutral pH.
Because amide protons are present at every amino acid, except proline, this technique offers
the potential to map structural changes along the entire length of the polypeptide chain. The
rate of HDX of amide hydrogens varies by many orders of magnitude depending on their
environment 29; 30; 31, including differences in solvent accessibility and the involvement in
hydrogen bonding that helps stabilize secondary and tertiary structure. Thus, ligand binding
might alter the HDX rate of a protein or peptide segment directly due to steric blockage (i.e.,
shielding from solvent) or indirectly arising from a conformational rearrangement induced by
ligand binding. Generally, HDX alone cannot distinguish between these two mechanisms.
Changes in exchange rates can be mapped onto existing structures and complimentary
biochemical and biophysical methods such as mutagenesis, crosslinking, and molecular
modeling can be used to distinguish between direct and indirect binding effects.

In this work, we utilized amide hydrogen/deuterium exchange combined with mass
spectrometry to probe structural changes of the Arp2/3 complex associated with binding ATP
and WASp-VCA. We first examined the global effects of Mg2+-ATP and WASp-VCA binding,
revealing those subunits that are responsive to ligand binding. We then characterized specific
regions showing differing degrees of HDX within the complex using liquid chromatography
coupled to high resolution Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass
spectrometry. These results provide insights into structural and dynamic changes involved in
the mechanism of WASp activation of the Arp2/3 complex and allow for a comparison of
existing models for Arp2/3 activation.

RESULTS
Global HDX of the Basal and Activated Arp2/3 Complex

We compared the time course of HDX of bovine thymus Arp2/3 complex without ATP and
with ATP ±WASp-VCA. In general, proton exchange was faster in solvent accessible regions
than buried regions. Most of the ARPC4 subunit in the Arp2/3 complex is buried from solvent
by other subunits 11; 12; 26, so only modest exchange rates were observed for ARPC4 relative
to the other subunits (Figure 1). This behavior verified that the Arp2/3 complex was intact and
stable during the HDX experiments.
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Time courses of deuterium exchange clearly showed that bound ATP reduced the number of
incorporated deuterons into all subunits of Arp2/3 complex except ARPC3 (Figure 1). Bound
ATP had the greatest impact on Arp2, Arp3 and ARPC1, followed by ARPC2, ARPC4, and
ARPC5. Even the small difference in deuterium incorporation in ARPC5 was consistent and
significant, given the standard deviations calculated from triplicate samples.

Surprisingly, addition of WASp-VCA to the ATP-bound Arp2/3 complex caused only a slight
difference in global deuterium incorporation (Figure 1). Compared to the ATP-bound complex,
only Arp3 exhibits a further global reduction in deuterium incorporation, while Arp2 and
ARPC2 exchanged slightly more deuterium (Figure 1).

Region-specific changes in HDX in specific regions of the inactive and active complex
Ligand binding may influence regional deuterium incorporation without changing global
deuterium incorporation owing to compensating positive and negative changes. Therefore, to
obtain a more detailed understanding of the structural changes that occur upon ligand binding
to Arp2/3 complex, we investigated the deuterium incorporation of individual peptide segments
at the 80 minute time point when the differences in deuterons exchanged were largest (Figure
1). Apo-, ATP-, and ATP/WASp-Arp2/3 complexes were subjected to HDX for 80 minutes,
quenched with pH 2.5 phosphate buffer in a chilled ice bath, and then digested for 87 seconds
on a pepsin column. The resulting peptides were separated by HPLC followed by mass analysis.

A 7 Tesla FT-ICR MS equipped with a standard electrospray source detected a large number
of overlapping peptides produced by pepsin digestion including 1745 of the 1981 residues in
the complex, with the following coverages: Arp3 (93%), Arp2 (90%), ARPC1 (90%), ARPC2
(93%), ARPC3 (79%), ARPC4 (85%) and ARPC5 (88%). During the HDX experiments, these
numbers were reduced to 82% of Arp3, 67% of Arp2, 69% of ARPC1, 79% of ARPC2, 65%
of ARPC3, 35% of ARPC4, and 67% of ARPC5, or 69%, due to the broadening of some mass
peaks caused by partial deuterium incorporation, and the inability to differentiate between
similar masses at the same retention time. Figure 2a compares the deuterium exchange into
individual peptides with and without ATP while Figure 2b compares deuterium exchange into
individual peptides of ATP-Arp2/3 with and without WASp-VCA. Peptides with significantly
different deuterium incorporation levels were mapped onto the composite structural model
based on nucleotide-bound bovine Arp2/3 described above (Figures 3–5).

Influence of ATP binding on H/D Exchange of Arp3 and Arp2—ATP binding reduced
deuterium incorporation (i.e. protection) in peptides [184–199], [211–227] and [328–344] of
Arp3 (Figures 2a and 3a), which all contact ATP directly in the crystal structure 11. Notably,
ATP also protected peptides distant fromthe nucleotide binding cleft from exchange, including
Arp3 peptides [2–8], [35–59], [97–109], [120–140], [145–162], and [262–282] (Figure 3a).

ATP binding also reduced deuterium incorporation into peptides [91–108], [117–128], [130–
141], [147–154], and [333–352] of Arp2 (Figure 3a). The first three peptides belong to
subdomains 1 and 2 of Arp2 that are disordered in the crystal structure. Marginal protections
were noted in the nucleotide-binding cleft (Figure 2a), although the difference is just below
our defined significance level as indicated by yellow coding (Figure 3a), suggesting that ATP
binding to Arp2 does not induce an obvious cleft-closure as seen in Arp3 (Figures 3a and 4).
In addition, no significant differences were observed in the region between Arp3 and Arp 2
upon nucleotide binding (Figure 3a, yellow), indicating that ATP is not sufficient to bring Arp2
and Arp3 into a dimer-like conformation.

Influence of ATP binding on H/D Exchange of Other Subunits—ATP bindingnot
only reduced deuterium incorporation levels in its direct binding partners, Arp3 and Arp2, but
also in the other subunits. ATP binding reduced deuterium exchange into peptides [147–154]
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and [333–352] of Arp2 together with peptides ARPC1 [91–121], a long loop positioned parallel
to loop Arp2 [333–352], and loop ARPC1 [125–131], which is in close proximity to Arp2
[147–154] (Figure 4). ATP binding also protected ARPC1 [32–46], a loop distant from Arp2,
suggesting that the effects of ATP binding are communicated throughout this entire subunit.
ATP binding to the Arps also reduces deuterium exchange in five beta strands of ARPC1, only
one of which is at the Arp2-ARPC1 interface (Figure 4). At the same time, a C-terminal
extension of ARPC1 [358–372] became more flexible and displayed an increase in deuterium
incorporation. ATP binding to the Arps predominantly reduced deuterium exchange in the two
homologous globular domains of ARPC2. Most of the peptides from the long C-terminal helix
of ARPC2 were not recovered. The effects of ATP on ARPC1 suggest that the closure of the
nucleotide binding cleft of Arp3 makes the adjacent domains of ARPC1 more compact and/or
less dynamic (Figure 4). ATP binding to the Arps reduced deuterium exchange more in ARPC5
than APRC4. On the other hand, ATP binding to the Arps significantly increased deuterium
incorporation on the loop ARPC3 [23–37], indicating this conformational adjustment increased
the solvent accessibility and/or dynamics of this loop.

Arp3 and Arp2 H/D Exchange upon ATP and WASp-VCA Binding—The addition
of WASp-VCA to ATP-bound Arp2/3 complex significantly reduced the rates of deuterium
incorporation in [145–162] and [366–378] (Figures 2B and 3B). These two α-helices are in the
center of this subunit, close to the nucleotide binding site. It is notable that ATP binding alone
protected [145–162], but not [366–378]. WASp-VCA binding modestly reduced deuterium
incorporation in Arp3 peptides [30–34], [60–65], [108–121], [143–147], [161–166], [211–227]
and [283–298]. Notably, WASp-VCA binding increased deuterium incorporation in Arp3
peptides [2–8] and [271–282], the opposite of the effect of ATP binding alone.

The most significant effect of WASp-VCA binding in Arp2 was protection of 8 amide
hydrogens in the peptide [36–51] from the “DNase binding loop”. This peptide in subdomain
2 of Arp2 does not appear in electron density maps of Arp2/3 complex. Based on the composite
structure of Arp2 with modeled subdomains 1 and 2 (Figure 3), this loop is located within or
near the interface between Arp3 and Arp2. WASp-VCA binding also reduces deuterium
exchange of Arp2 peptide [240–265], which forms aH, and strands β9 and β10 in subdomain
4, which also interface with Arp3. Reduced deuterium exchange was also observed in peptides
[259–272] comprising a portion of αH and αH′, and [317–325] within αJ. WASp-VCA binding
protects additional amide hydrogens in Arp2 peptides [91–108] consisting of the loop αB-αC
in subdomain 1, and [154–171] consisting of β6, β7 and a portion of loop β7-β8 in subdomain
3 (Figure 2b, 3b).

H/D Exchange of Other Subunits upon ATP and WASp-VCA Binding—WASp-
VCA binding to ATP-Arp2/3 complex changes deuterium incorporation in all of the other
subunits (Figure 2b, 5). WASp-VCA protected 5 amide protons in ARPC1 peptide [66–82]
and 2 amide protons in peptide [358–372], but allowed 1 additional amide proton to exchange
in ARPC1 peptide [32–46]. WASp-VCA decreased deuterium incorporation in peptides [39–
58], [64–75], [90–104], [153–165] and [274–298] of ARPC2 and peptide [99–114] of ARPC4.
WASp-VCA slightly protected peptide [87–105] of ARPC5 and caused mostly subtle increases
in deuterium exchange in most peptides of ARPC3.

DISCUSSION
High resolution structures of proteins, particularly when bound to macromolecular or small
molecule ligands, greatly enhance our understanding of function by identifying catalytic sites,
binding domains, and allosteric reorganizations important for regulation. When high resolution
structures are not available, alternative and complementary approaches are needed to identify
binding interactions. Alternative approaches are particularly important for large multi-
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component assemblies that may be heterogeneous or otherwise incompatible with atomic
resolution analysis. Footprinting by means of hydrogen/deuterium exchange coupled to mass
spectrometry provides detailed information about changes in structure and dynamics resulting
directly from ligand binding and molecular rearrangements, even in disordered regions of
proteins and in polymeric and multi-component systems, such as microtubules 32, actin
filaments 33 and viral capsids 34. To our knowledge, the seven-subunit 220 kDa Arp2/3 complex
is one of the highest complexity assemblies studied by HDX-MS.

In the present work, we combined measurements of HDX in whole subunits and numerous
peptides to assess how ATP and WASp-VCA binding influence the structure and dynamics of
Arp2/3 complex. Analysis of both global and local HDX was required to reveal offsetting
changes in HDX that resulted in minimal net changes within subunits. We mapped exchange
data onto a model of bovine Arp2/3 complex based on crystal structure (1TYQ) to begin to
distinguish between direct effects of ligand binding and long-range allosteric effects.

ATP binding induces modest conformational changes in Arp2/3 complex
Multiple crystal structures show that ATP binding in the nucleotide cleft of Arp3 induces local
changes in the cleft and a rigid body movement of subdomains 3 and 4 of Arp3 and ARPC3
relative to the rest of the complex that closes the cleft, but does not cause major rearrangements
of the complex12. In solution, oxidative footprinting showed that ATP binding protects residues
within the nucleotide binding cleft consistent with partial cleft closure 27. Oxidative
footprinting also identified ATP-dependent protections in subdomains 3 and 4 of Arp2, but not
subdomains 1 and 227. In the present work, HDX revealed that ATP binding results in
protections in both Arp3 and Arp2 that are consistent with previous structural data, but these
studies also provide new insights into ATP-dependent structural and dynamic alterations.

Global effects of ATP binding on the Arp2/3 complex—ATP binding to Arp3 and
Arp2 causes changes in HDX that extend far beyond the nucleotide binding clefts of these
subunits to include all five other subunits. ATP binding resulted in mass differences of 3% (13
Da) in Arp3, 5% (19 Da) in Arp2, 8% (27 Da) in ARPC1 and 7% (11Da) in ARPC4 (Figure
1), showing that ATP binding initiates modest conformational changes that propagate
throughout Arp2/3 complex and influence its global dynamics. Crystal structures also revealed
that ATP binding causes modest changes in conformations throughout the complex 11, whereas
solution FRET experiments suggested that nucleotide binding induces large-scale
conformational changes that bring ARPC1 and ARPC3 into closer proximity 10. Oxidative
footprinting experiments did not detect these conformational adjustments outside the Arps,
likely because they have a greater impact on the polypeptide backbone than on the surface
accessibility of side chains in ARPC1 and ARPC4, which are the features exploited in oxidative
footprinting.

Local effects of ATP binding to Arp3—Remarkably, ATP binding gave only marginal
protection to the peptides containing the amino acid residues that form 9 hydrogen bonds with
the triphosphate of ATP 11 in our HDX experiments (Figure 2a). These residues are Asp-11,
Thr-14, Tyr-16 and Lys-18 in the P1 loop, Asp-172 and Gly173 in the P2 loop and Gly-324 in
the P3 loop of the Arp 3 subunit. Main chain amide nitrogens of the glycine residues form these
hydrogen bonds, so it is expected that ATP would protect these peptides. Perhaps compensating
positive and negative HDX changes within the same peptide masked site-specific changes.
Interestingly, ATP binding decreased deuterium incorporation into two peptides adjacent to
the hydrogen bonding sites, peptide [328–334] comprising αK and loop αK-αK′ (p3 loop),
situated directly under the adenine ring. ATP binding also protected peptide [184–189], which
contains the N-terminal end of αE that is close to the edge of the adenine ring (Figure 3a) as
well as Arp3 β11 and loop αD-β9, which are located in the interface between subdomains 1
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and 3, possibly because this subunit is more rigid and/or assumes a more compact conformation
upon ATP binding.

Effects of ATP binding on distal regions of Arp3—ATP binding protects many
peptides in regions of Arp3 far from the nucleotide cleft, suggesting a significant change in
structure or dynamics associated with ATP binding as expected from the cleft-closure observed
in crystals 11. All of the distal Arp3 peptides protected by ATP binding are in areas that contact
other subunits, including β13 and loop β12–β13 in subdomain 4 as well as the DNase binding
loop between β4 and β5 [35–59]. ATP binding also influences HDX of parts of Arp3 that
contact adjacent subunits, including loop αB-αC in subdomain 2 in the interface region between
Arp3 and ARPC2 and the αK peptides and the loop [164–176] in the interface with ARPC3
(Figure 3a). These data are consistent with molecular dynamics simulations showing that
surrounding subunits exert significant effects on the structure and dynamics of Arp3 35. In
particular, these calculations suggest that the DNase binding loop of Arp3 plays a role in
stabilizing the nucleotide-binding cleft and that nucleotide bound to Arp3 may stabilize by
contacts between this loop and ARPC2.

Effects of ATP binding on Arp2—ATP binding protected regions of Arp2 distant from
the nucleotide-binding cleft of Arp2, but not residues in the cleft. Protected regions were the
modeled loop between αB-αC [91–108], β5 strand [130–141], loop αD-β6 [147–154] within
subdomain 1, αK and loop αK-αL [333–352] in subdomain 3 (Figure 3a). All of these features
were disordered in crystals of Arp2/3 complex 11. Due to incomplete coverage in the
nucleotide-binding cleft, our data do not exclude the possibility that Arp2 may experience an
ATP-induced cleft closure similar to Arp3, (Figures 3a and 4).

Effects of ATP binding on ARPC1—ATP binding to the Arps resulted in significant
protection of ARPC1 at its interface with Arp2 (Figure 4). This interaction between Arp2 and
ARPC1 induces protections in nine additional, β-sheets in ARPC1 (color-coded in blue, Figure
4), suggesting that this interaction increases the rigidity of this subunit.

Effects of ATP binding on ARPC2—ATP binding to Arps reduces deuterium exchange
on peptide ARPC2 [16–32] in the interface with Arp3, suggesting a coupling between Arp3
and ARPC2. As a consequence of this interaction, ARPC2 may assume a more rigid
conformation with reduced fluctuations, consistent with the large portion of the subunit, which
shows protection, e.g. segments 90–165 and 200–209. Given that ARPC2 interacts with the
side of actin filaments such small ATP-induced structural and dynamic changes contribute to
stabilizing the active conformation of the complex.

Effects of ATP binding on ARPC3—Although ATP binding to Arps has only a negligible
effect on global exchange of ARPC3, peptide [23–37] incorporates a higher level of deuterium
(Figure 2a). HDX decreased in other peptides, resulting in little net change.

Effects of ATP binding on ARPC5—ATP binding to Arps reduced deuterium exchange
in four of the seven helices of ARPC5 including peptides [56–80], [81–86], [87–105] and [107–
122] (Figures 2a and 4, green/blue). This effect of ATP binding was greater on regions of
ARPC5 more peripheral to the Arps than more proximal regions. Changes initiating in the Arps
may spread to ARPC5 through its extended N-terminus which interacts with subdomain 4 of
Arp2 and two helices that interface with ARPC4 and a loop in ARPC1 (Figure 4).

Effects of ATP binding on sites that interact with mother filaments—Analysis of
phylogenetically conserved residues 22, experiments with a reconstituted dimer of ARPC2 and
ARPC4 4 and a structural model based on reconstruction of branch junctions from EM
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tomograms 9 identified an extensive interface of Arp2/3 complex with the side of an actin
filament. Subunits ARPC2 and ARPC4 form much of this interface, but parts of each of the
other 5 subunits (including the pointed ends of both Arps) appear to interact with the side of
the filament. Remarkably, ATP binding to the Arps influences HDX on many parts of this
interface. These results of HDX show that ATP binding to Arps influences many features of
the interface of Arp2/3 complex with the mother actin filament and provide clues about why
bound ATP is required for actin filament branch formation.

WASp-VCA binding sites on Arp2/3 complex
The absence of high resolution structures limits our understanding of the binding sites for
WASp-VCA on Arp2/3 complex. The stoichiometry is not even certain. The V-motif binds to
an actin subunit 16. VCA can be chemically crosslinked to Arp3, Arp2 and ARPC1 36; 37, so
it is assumed that the C- and A-motifs extend over long distances over the surface of Arp2/3
complex. NMR studies show that CA binds within 25 Å of ARPC3 23. A model based on SAXS
data proposed that C-motif binds to the base of Arp2 and the A-motif bind near Arp3 and
ARPC3 25. Our HDX data provide some new clues about the binding sites.

VCA binding influences HDX on all seven subunits—Although global HDX data
indicate that the effects of WASp-VCA binding to the ATP-Arp2/3 complex are confined to
Arp3, Arp2 and ARPC2, analysis of peptides shows that all 7 subunits respond to WASp-VCA
binding with altered rates of deuterium incorporation in various regions (Figure 2b). The fact
that WASp-VCA addition to the ATP-bound complex increases the protection in Arp3 and
decreases the protection in ARPC2 indicates that subunits rearrange upon WASp-VCA binding
(Figure 1). VCA binding tightens the Arp3 nucleotide binding cleft and loosens the structure
of ARPC2 relative to the ATP-bound state. WASp-VCA binding increases the affinity of both
Arp2 and Arp3 for ATP but does not alter the stoichiometry of bound nucleotides 19. Thus, the
additional protections brought about by VCA binding are not the consequence of altered
backbone solvent accessibility due to further nucleotide binding, but reflect changes the
conformation or dynamics of each subunit.

Location of potential VCA binding sites on Arp3—WASp-VCA binding reduces HDX
in many parts of Arp3, so this data alone does not pinpoint the VCA binding site. Some of the
changes may explain the ability of VCA to enhance nucleotide binding 19; 20. VCA protects
loop αK-αL (peptide Arp3 [366–378]), lying just above the nucleotide (Figure 3b) as well as
neighboring peptides aD, loop αD-β9 (peptide Arp3 [145–162]) and β7 below the bound ATP,
indicating altered solvent accessibility or structural change in this region. VCA binding reduces
HDX around one site (A-2) on the surface of Arp3 that was predicted to bind the A-motif based
on phylogenetic conservation, electrostatics and a hydrophobic pocket binding pocket for
binding the tryptophan one residue removed from the C-terminus of VCA 22. The A-2 site on
Arp3 involved A150, W153, R161, F379, M383, and L384. WASp-VCA binding significantly
protected residues in the A-2 site on peptide [145–162]) in our HDX experiment. WASp-VCA
binding did not protect F379, M383 or L384, but did protect the neighboring peptide [366–
378] in the loop αK-αL. Protection of these two peptides was markedly stronger than other
peptides in Arp3 (Figure 2b, part a). The other potential binding site on Arp3 (A-1) involves
K228, M327, F328, R329, R333, R334, R337, K340, and R341 22. Our HDX detected all of
these residues in sites A-1, except for K228, but VCA binding did not protect any of them.
Thus A-2 is a strong candidate to bind the A motif of WASp-VCA. A model based on SAXS
data proposed that the A-motif extends toward the interface between Arp3 and ARPC3 25,
consistant with NMR and crosslinking studies 23 but on the opposite side from the A-2 site.
VCA did not influence HDX in this region, but coverage was incomplete.
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Location of potential VCA binding sites on Arp2—WASp-VCA binding influences
HDX in many parts of Arp2, but the region that seems most likely to interact directly with
VCA is the peptide [36–51] comprising β3-αA loop in subdomain 2 (Figure 3b), corresponding
to the DNase binding loop of actin. The β3-αA loop and rest of subdomain 2 of Arp2 are
disordered in all available crystal structures, so it is remarkable how strongly VCA reduces
HDX. Phylogenetic conservation of residues in this loop and the location near the potential
A-1 and A-2 sites on Arp3, suggested that this region might interact with the C-motif of VCA
22. Alternatively, VCA binding may also promote the interaction of the β3-αA loop with Arp3,
consistent with VCA-dependent protection of the Arp2-Arp3 interface region. The groove
between subdomains 1 and 3 of Arp2 is another potential binding site for the C-motif, because
the residues are phylogentically conserved 22. VCA binding protects these residues and a model
based SAXS illustrates how the VC motif is the right size to extend from the V binding site
on an actin subunit to a potential C binding site at the base of Arp2 25. Most other peptides
affected by VCA binding are buried in interfaces with other subunits.

Location of potential VCA binding sites on ARPC1—VCA can be chemically
crosslinked to ARPC1 36; 37 and VCA protects several peptides from HDX (Figure 5). The
large WASp-VCA-dependent protection in peptide [66–82] makes it a likely candidate for
WASp binding while modest protections in peptides [273–283] and [358–372] and the
decreased protection in [32–46] are more likely the result of conformational changes.

Influence of ATP and WASp-VCA binding on activation of Arp2/3 complex
A number of approaches have contributed to our understanding of how binding of nucleotide
and activators influence the structure and activity of Arp2/3 complex. The head-to-tail
arrangement of the two Arps in crystal structures of inactive Arp2/3 complex is inappropriate
to initiate an actin filament branch 11; 12; 26, but the structure suggested how the two Arps
might move closer together by about 30 Å to support nucleation 26. A FRET analysis 10 and
electron micrographs of single Arp2/3 complexes 18 supported the concept that WASp-VCA
binding favors rearrangement of the complex. A 3D reconstruction of electron tomograms of
actin filament branches confirmed that Arp2 and Arp3 reorganize to form the first two subunits
in the branch 9, but did not reveal the internal details of the large conformational change.
Although binding of ATP and VCA are required for branch formation, this ternary complex is
inactive until it binds to the side of an actin filament 15; 38; 39. Therefore ATP, VCA, actin
monomers and actin filaments all cooperate to activate Arp2/3 complex. For example, actin
filaments promote binding of WASP-VCA to Arp2/3 complex 15 and VCA promotes binding
of ATP to the Arps 19.

As suggested above, the ATP-dependent movements in some parts of subunits ARPC2, ARPC5
and ARPC4 may have the effect of promoting a conformation suitable for mother actin filament
binding. WASp-VCA binding may induce further structural alterations that are more
compatible with the fully activated conformation associated with mother filament engagement.
Thus, some regions of the subunits mentioned above may need to undergo additional
conformational changes. As predicted, WASp-VCA binding enhanced the protection of
peptides ARPC2 [153–165] and ARPC5 [87–105]. Together, these studies suggest that all
subunits of the complex are involved in the activation of the complex to form branched daughter
filaments.

Our HDX results show that the interactions of ATP and WASP-VCA with the Arp2/3 complex
alter levels of HDX in all seven subunits, confirming the involvement of the entire complex in
activation. The effects of ATP and WASp-VCA binding on subunits ARPC1, ARPC2, ARPC4
and ARPC5 (Figures 4 and 5) are consistent with coupling between these ligands and
association of the ternary complex of Arp2/3 complex-VCA and an actin monomer with the
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side of an actin filament during branch formation. Consistent with cryoEM and biochemical
data, our HDX data support a model in which ATP- and WASp-VCA binding to Arp2/3
complex promotes reorganization of Arp2 and Arp3 as well as all other subunits. Importantly,
we have identified specific peptide segments that respond to ligand binding, and these data
provide a potential mechanistic basis for the coupling between activator binding, F-actin
binding and de novo nucleation. This work provides the foundation for future HDX experiments
with the Arp2/3 complex in the presence of ATP, WASP, actin monomers, and actin filaments
that should provide additional structural and dynamic detail relevant to the formation of actin
filament branches.

MATERIALS AND METHODS
Arp2/3 complex and WASp-VCA

Nucleotide-free Arp2/3 complex was purified from bovine calf thymus 26. Actin
polymerization assays40 verified that the activity of the complex in the deuterated buffer used
for HDX is comparable to protonated buffer (data not shown). The VCA region of bovine N-
WASp was prepared 41. Pepsin and adenosine 5′-triphosphate disodium salt (ATP) (99%) were
purchased from Sigma-Aldrich. Deuterium oxide (99.9% deuterium) was obtained from
Cambridge Isotope Laboratories. Poros 20AL media and trifluoroacetic acid (TFA) were
purchased from Applied Biosystems. Acetonitrile was purchased from Fisher Scientific. All
other reagents were of the highest purity available.

HDX/MS experiments
Prior to the HDX reaction, apo-Arp2/3 complex, ATP-Arp2/3 complex, and ATP/WASp-
VCA-Arp2/3 complex were incubated in H-buffer (20 mM Tris, 50 mM NaCl, and 1 mM DTT)
supplemented with 6.25 mM Mg2+-ATP or both 6.25 mM Mg2+-ATP and 0.16 mM WASp-
VCA, at 25°C for 30 minutes. The concentration of Arp2/3 complex was 40 μM in all
experiments. To ensure identical sample handling conditions, prior to HDX, apo-Arp2/3
complex was incubated in H-buffer alone. To prepare the deuterated buffer, H-buffer was
subjected to several cycles of drying and re-dissolving in D2O. HDX was initiated by diluting
the reaction mixtures 20-fold into deuterated aqueous buffer at 25°C. Given the equilibrium
dissociation constant (Kd) of ~0.9 μM for WASp-VCA binding 15; 19; 37 these conditions
ensure ~90% saturation. After 1, 5, 10, 30, and 80 minutes of reaction, 20 μL aliquots of samples
were mixed with equal volumes of pre-chilled quenching buffer (0.5 M phosphate, pH 2.5).
The quenched samples were subjected to immediate LC-ESI MS analysis for global HDX
experiments, or were treated with an additional on-line pepsin digestion at 0°C and subsequent
LC-ESI FT ICR MS analysis for local HDX experiments. All global HDX experiments were
performed in triplicate. The maximum measured standard deviation was ±4.0 Da for Arp3, 3.2
Da for Arp2, 6.2 Da for ARPC1, 3.5 Da for ARPC2, 2.1 Da for ARPC3, 2.3 Da for ARPC4
and 2.1 Da for ARPC5. These standard deviations were small given the mass accuracy of LTQ
mass spectrometer (±3 Da). The deviations in our triplicate results are smaller than the
difference in deuterium incorporation in all subunits upon ATP or ATP/Wasp binding.

LC MS Analysis of individual Arp2/3 complex subunits
The extent of deuterium incorporation into the individual subunits of Arp2/3 complex was
determined by LC-ESI MS. A Shimadzu HPLC, with two LC-10AD pumps, was used to
generate a fast gradient with 50 μL/minute flow rate. Solvent A was 5% acetonitrile in H2O
and 0.05% TFA while solvent B consisted of 95% acetonitrile in H2O and 0.05% TFA. To
minimize back exchange, the solvent peek tubing, injector, and column were submerged in an
ice bath. Five microliters of quenched complex was loaded onto a 1.0 × 50 mm C3 (MicroTech
Scientific, Vista, CA) column. After desalting with 5% solvent B for 5 minutes, the individual
subunits were eluted with a 6 minute gradient composed of 15% to 55% B. The effluent was
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directly delivered into a LTQ mass spectrometer (Thermo Electron Corporation) for mass
analysis. The amount of deuterium in each subunit was determined from the mass difference
between nondeuterated and deuterated samples without adjustment for deuterium gain or loss
during LC-ESI MS analysis. The effect of deuterium gain or loss was not taken into account
in this work because the HDX behavior of the three forms of Arp2/3 complex was examined
under identical conditions.

LC-ESI-MS and LC-ESI-MS/MS analysis of proteolytic peptides
To identify proteolytic peptides, undeuterated Arp2/3 complex was quenched with phosphate
buffer (pH 2.5) in an ice bath, as described above, containing 1 μL of 0.1M TCEP. A 20 μL
aliquot was loaded onto an immobilized pepsin column prepared as described by Wang 42. The
protein was digested on the column for about 87 seconds (digestion time is calculated as 87
seconds for the 2.1 × 50 mm column at 200 μL/min loading flow rate). The peptic peptides
were captured on a C18 trap column (1 × 8 mm, Michrom Bioresources, Inc.) for about 2.5
minutes. This trap column also served as a desalting column. The desalted peptides were
applied to a C18 column (1.0 × 50 mm, Vydac) for separation by a switching valve and eluted
with a 5–15% gradient for 2 minutes and 15%–65% for 8 minutes at 50 μL/min and infused
into a 7T Varian IonSpec FT-ICR-MS (Varian Inc.) or a LTQ (Thermo Electron Corporation)
for ESI-MS or ESI-MS/MS, respectively. Peptides were identified by searching against the
bovine Arp2/3 sequence (NP_776651, NP_001095683, NP_001014844, NP_001029885,
NP_001029443, NP_001069631, NP_001030524) using a combination of accurate masses and
MS/MS. The LTQ mass spectrometer was operated in a data dependent mode with dynamic
exclusion containing 3 event scans (a full mass scan, a zoom scan, and an MS/MS scan).
SEQUEST was used to search against the Arp2/3 and pepsin sequences to determine the peptic
peptides. The extent of deuterium incorporation into proteolytic peptides was determined by
FT-ICR MS from the centroid mass difference between deuterated and nondeuterated samples.
FT-ICR MS was chosen to monitor subtle differences in deuterium level because it affords
extremely high resolution and mass accuracy. The Varian 7T QFT-ICR routinely provides
better than 5 ppm mass accuracy with external calibration. Based on a systematic error of about
5%, deuterium incorporation of 0.5 Dalton was considered significant.

Models of subdomains 1 and 2 in Arp2
Models of bovine Arp2 domains 1 and 2, which were disordered in the crystal structure of
bovine Arp2/3 (PDB Code 1TYQ), were generated using the online MODELLER server,
ModWeb (http://modbase.compbio.ucsf.edu/ModWeb20-html/modweb.html). The program
identified the actin structure from Dictyostelium discoideum (PDB Code 1NLV) as having the
best homology and coverage (49% sequence identity over amino acids 7 to 388 of Arp2). The
Arp2 homology model was structurally aligned with the ordered part of Arp2 from the crystal
structure (domains 3 and 4). Most disordered portions in the 1TYQ structure were retained in
the homology model of Arp2 (i.e., amino acids K7 to I41, D54 to A142, and K351 to K388)
except the loop containing R42 to K53 which was modeled from the structure 1ATN using the
CCP4 43 program CHAINSAW 44. The peptide connections between segments derived from
different sources (X-ray, MODELLER 45; 46, CHAINSAW) were regularized using the
program COOT 47. Metal nucleotide positions were taken directly from the 1TYQ structure.
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Figure 1. Time course of HDX of apo-Arp2/3 complex (solid line), ATP-Arp2/3 complex (short-
dashed line), and ATP/WASp-Arp2/3 complex (long-dashed line)
The number of hydrogens exchanged determined by the mass increase for each individual
subunit as a function of exchange time. a, Arp3; b, Arp2; c, ARPC1; d, ARPC2; e, ARPC3; f,
ARPC4; g, ARPC5.
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Figure 2. The changes in deuterium incorporation in peptic peptides in a) ATP-bound vs. apo-
Arp2/3 complex and b) ATP- vs. ATP+WASp-Arp2/3 complex
Peptides from each subunit are plotted against the difference in deuterium incorporation
following an 80 minute HDX. Differences in deuterium incorporation were determined by the
mass difference in individual peptides between a, the apo- and the ATP-bound complex and
b, the ATP- and ATP/WASp-bound where negative numbers indicate enhanced protection
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when ligand is bound, while positive numbers indicate decreased protection. a, Arp3; b, Arp2;
c, ARPC1; d, ARPC2; e, ARPC3; f, ARPC4; g, ARPC5.
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Figure 3. Mapping the local HDX changes on a ribbon model of the Arp3-Arp2 dimer
a) compares deuterium exchange into individual peptic peptides with and without ATP; b)
compares deuterium exchange into individual peptides of ATP-Arp2/3 complex with and
without WASp-VCA.) Differences in deuterium incorporation were determined by the mass
difference in individual peptides between a) the apo- and the ATP-bound complex and b) the
ATP- and ATP/WASp-bound complex. Subdomains of Arp2 and Arp3 are labeled 1–4. Arp3
(top) is based on the crystal structure (1TYQ) and the Arp2 (bottom) is from the composite
structure of 1TYQ with modeled subdomains 1 and 2. α-helices are labeled with capital letters
and β-sheets are labeled with numbers in a). Segments of the polypeptide chains cleaved by
pepsin are labeled by degree of protection: red >+0.5 Da; yellow, −0.5 Da to 0.5 Da; green,
−0.5 to −1 Da; blue <−1 Da; and grey, missing peptides. Peptides with significant changes in
deuterium incorporation are labeled (brackets).
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Figure 4. Mapping the local HDX changes on the model of the Arp2/3 complex with and without
ATP
Differences in deuterium incorporation were determined by the mass difference in individual
peptic peptides between the apo- and the ATP-bound complex. The subdomains 1 and 2 of
Arp2 are from the composite model. Peptic peptides are colored as described in Figure 3.
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Figure 5. Mapping the local HDX changes on the model of the ATP-Arp2/3 complex with and
without WASp-VCA
Differences in deuterium incorporation were determined by the mass difference in individual
peptic peptides between the ATP- and the ATP/WASp-bound complex. The subdomains 1 and
2 of Arp2 are from the composite model. Peptidic peptides are colored as described in Figure
3 and 4. The square indicates possible WASp binding sites.
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