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Actin filament networks assemble on cellular membranes in response
to signals that locally activate neural Wiskott-Aldrich-syndrome pro-
tein (N-WASP) and the Arp2/3 complex. An inactive conformation of
N-WASP is stabilized by intramolecular contacts between the GTPase
binding domain (GBD) and the C helix of the verprolin-homology,
connector-helix, acidic motif (VCA) segment. Multiple SH3 domain-
containing adapter proteins can bind and possibly activate N-WASP,
but it remains unclear how such binding events relieve autoinhibition
to unmask the VCA segment and activate the Arp2/3 complex. Here,
we have used purified components to reconstitute a signaling cascade
driven by membrane-localized Src homology 3 (SH3) adapters and
N-WASP, resulting in the assembly of dynamic actin networks. Among
six SH3 adapters tested, Nck was the most potent activator of
N-WASP-driven actin assembly. We identify within Nck a previously
unrecognized activation motif in a linker between the first two SH3
domains. This linker sequence, reminiscent of bacterial virulence fac-
tors, directly engages the N-WASP GBD and competes with VCA bind-
ing. Our results suggest that animals, like pathogenic bacteria, have
evolved peptide motifs that allosterically activate N-WASP, leading to
localized actin nucleation on cellular membranes.
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Actin polymerization provides the force that drives membrane
protrusion during cell motility as well as the propulsion of
endocytic vesicles and intracellular pathogens. Branched actin
networks are assembled on the surface of cellular membranes,
where actin monomers are incorporated into the membrane-
apposed ends of growing actin filaments (1-3). The formation of
new branches is initiated by the Arp2/3 complex, which requires
allosteric activation by membrane-associated nucleation-promoting
factors. Neural Wiskott-Aldrich-syndrome protein (N-WASP) is
an essential nucleation-promoting factor that integrates and trans-
duces membrane-localized signals to the Arp2/3 complex.
N-WASP constitutes a regulatory hub whose localization and
activation state govern the spatiotemporal dynamics of actin
network formation. Under resting conditions, N-WASP exists in
an autoinhibited conformation in the cytoplasm. Signaling from
tyrosine kinases, GTPases, and acidic phospholipids cooperatively
activates N-WASP on the membrane (4-7). Two principal themes
have emerged to describe N-WASP regulatory mechanisms: allo-
steric activation and oligomerization (8). Allosteric activation dis-
rupts intramolecular autoinhibitory contacts between the C helix
and the GTPase binding domain (GBD). These interactions
maintain N-WASP in a closed conformation that sterically occludes
its carboxyl-terminal verprolin-homology, connector-helix, acidic
motif (VCA) segment (9, 10) (Fig. 34). The small GTPase Cdc42 is
the archetypal allosteric N-WASP activator. Cdc42 binds directly to
the GBD and releases the VCA segment (11), which subsequently
binds the Arp2/3 complex and promotes actin filament nucleation
from the side of a preexisting actin filament. N-WASP oligomeri-
zation or clustering, mediated by signaling adapter proteins and
acidic phospholipids, facilitates simultaneous interaction of
two N-WASP molecules with one Arp2/3 complex. Simulta-
neous engagement of the constitutively inactive Arp2/3 complex
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by two VCA-type ligands is required for Arp2/3-mediated actin
nucleation (12, 13).

Src homology 3 (SH3) domain-containing adapter proteins have
also been shown to activate N-WASP. Such signaling adapters
often harbor multiple SH3 domains, each capable of binding a
canonical polyproline motif (14). Genetic, cell biological, and
biochemical evidence supports a role for the SH2/SH3 adapter
protein Nck in the activation of N-WASP (15-22). Phosphorylated
tyrosine residues on membrane receptors, such as the podocyte
adhesion receptor nephrin and the vaccinia virus membrane
protein A36R, localize Nck to the plasma membrane through its
SH2 domain. Nck then directly binds N-WASP and the N-WASP-
associated protein WIP, leading to localized actin polymerization
(15, 20, 21, 23). Similar to Nck, Grb2 is an SH2/SH3 adapter that
binds and activates N-WASP (24, 25), acting in concert with Nck
to promote actin-dependent vaccinia virus motility (26). Other
SH3 adapter proteins implicated in N-WASP activation include
Crk-1I (27), cortactin (28), Toca/CIP4 (29, 30), and Tks4/5 (31)
(Fig. 14). The mechanism by which SH3 adapters activate
N-WASP is only partially understood. Although SH3-mediated
oligomerization has been shown to increase N-WASP activity,
these experiments were performed with a constitutively active
N-WASP mutant lacking the GBD-VCA autoinhibitory in-
teraction (32). Key unresolved questions are whether and how
SH3 adapters counteract the autoinhibitory interactions that
restrain access to N-WASP’s VCA segment.

Here, we systematically compare the ability of distinct SH3
adapters to assemble actin and Arp2/3 networks while localized
to a membrane surface. To this end, we have biochemically
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Fig. 1.

Membrane-associated actin networks assembled by SH3 adapters and N-WASP. (A) Domain organization of SH3 adapter proteins used in this study.

(B) Experimental strategy for localization of His-tagged SH3 adapters using NTAD-doped membranes supported on silica microspheres. (C) Phase contrast and
fluorescence images of lipid-coated beads (NTAD density: 1%, 2.5%, or 5%) incubated with the indicated SH3 adapter (250 nM), N-WASP (50 nM), Alexa488
actin, and actin regulatory components. After 15 min, reactions were fixed with glutaraldehyde. (Scale bar: 5 um.) (D) Integrated fluorescence intensity of
Alexa488 actin tails. (E) Actin tail length. (F) Integrated fluorescence intensity of bead-localized Alexa568 SH3 adapters (250 nM). (Mean + SD; n > 20.)
Asterisks indicate a significant difference between Nck1 and Grb2 at 1% and 5% NTAD: **P < 0.01; ***P < 0.001, respectively.

reconstituted the N-WASP/actin signaling cascade from pure
components using a membrane bilayer supported on silica micro-
spheres. We find that membrane-localized actin assembly varies
dramatically depending on the SH3 adapter, with only Nck showing
robust actin assembly. Structure—function analysis revealed a pre-
viously unidentified N-WASP activation motif embedded within a
45-aa linker that connects the first two SH3 domains of Nck. This
conserved inter-SH3 domain linker binds directly to the N-WASP
GBD and in concert with the SH3 domains, potently stimulates
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actin network assembly on membranes. Nck thus uses both allo-
steric and oligomerization-based mechanisms to activate N-WASP.

Results

Polarized Actin Network Assembly Promoted by SH3 Adapters and
N-WASP. We initially compared six full-length SH3 adapter pro-
teins (Fig. 14) using a well-established reconstituted motility system
that contains purified N-WASP (amino acids 151-501; lacking the
N-terminal EVH1 domain), Arp2/3 complex, actin, and the actin
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regulatory proteins profilin, cofilin, and capping protein (33, 34).
As described in the Introduction, all six SH3 adapters have been
implicated in cellular N-WASP activation and have been shown to
bind the N-WASP proline-rich region. Because N-WASP-medi-
ated actin assembly occurs on the cytosolic surface of cellular
membranes, we used lipid bilayers supported on silica microspheres
(7, 35, 36). Supported lipid bilayers were supplemented with a
nickel-chelating lipid [1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-
1-carboxypentyl)iminodiacetic acid)succinyl] (NTAD)] to localize
Hise-tagged versions of the SH3 adapter proteins (Fig. 1B). To test
a range of SH3 adapter densities, we varied the molar fraction of
NTAD in the lipid bilayers (1%, 2.5%, and 5% NTAD, mol%).

Lipid-coated beads were incubated in a solution containing
the purified full-length SH3 adapter (250 nM), Alexa488-labeled
actin, N-WASP, and the actin regulatory components used at
concentrations that were previously shown to support bead
motility (7, 33). After 15 min, reactions were fixed with glutar-
aldehyde, and the bead-associated actin structures were analyzed
by wide-field epifluorescence imaging. Two measurements were
used to quantify bead-associated actin: integrated fluorescence
intensity of Alexa488 actin and actin tail length.

Nck was the only SH3 adapter that induced polarized actin
tails on >95% of the beads at the lowest NTAD density tested
(Fig. 1C and Fig. S1). Image analysis revealed that, in reactions
driven by Nck, bead-associated actin intensity and tail length
were already maximal at the lowest NTAD density (Fig. 1 D
and E). Moreover, Nck-coated beads displayed robust actin-
dependent motility when imaged live in a flow chamber containing
N-WASP, Arp2/3 complex, and actin regulatory components
(Movie S1). By contrast, Grb2 showed substantially weaker ac-
tivity. Grb2-induced tails were not detected at 1% NTAD, and
only diffuse actin “clouds” or short tails were observed at 2.5%
and 5% NTAD, respectively (Fig. 1C, row 2). The Grb2-induced
tails at 5% NTAD density contained one-half as much actin as
the Nck-induced tails obtained at 1% NTAD and were signifi-
cantly shorter (Fig. 1 D and E). A thin shell of bead-associated
actin was visible in reactions containing cortactin (Fig. 1 C and
D), consistent with its ability to directly activate Arp2/3 and bind
actin filaments (37). However, cortactin did not promote the
assembly of polarized actin tails. Reactions containing Crk-II,
CIP4, or Tks4 were devoid of visible actin structures.

To ensure that the observed effects in the actin tail assembly
assay were not caused simply by differential recruitment of the
SH3 adapters, we used live imaging to quantify the fluorescence
intensity of Alexa568-labeled adapters on the bead surface.
Despite the common recruitment mechanism through hexahistidine
tag and NTAD lipids, the adapters localized to different extents. At
an NTAD density of 1%, the fluorescence intensities measured for
CIP4 and Tks4 were significantly higher than for Nck, Grb2, Crk-
II, and cortactin, all of which were used at a concentration of
250 nM (Fig. 1F, blue bars). We speculate that these differences
arise from intrinsic lipid binding and/or a propensity to oligomerize
on membrane surfaces. Most importantly, the Nck density at 1%
NTAD was significantly lower than the density of the other five
adapters at 5% NTAD. Despite achieving higher membrane den-
sities than Nck, the other SH3 adapters were significantly less active
or inactive. These results show that, of six SH3 adapters tested, Nck
has by far the strongest ability to assemble polarized actin networks
on the surface of supported membranes.

A potential explanation for Nck’s superior activity is that it re-
cruits more N-WASP to the membrane compared with the other
SH3 adapters. To test this, we measured the density of Alexa568-
labeled N-WASP recruited to lipid beads in the presence of the His-
tagged adapters. In initial experiments, Nck and Grb2 recruited
similar levels of N-WASP, but the other SH3 adapters recruited
substantially lower amounts. To compensate for these differences
in apparent affinity, we increased the N-WASP concentration to
200 nM. Additionally, we increased the NTAD density to 5% for
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Crk-I1, cortactin, CIP4, and Tks4, while maintaining 1% NTAD for
Nck and Grb2. Under these conditions, N-WASP levels recruited
by all of the SH3 adapters were within approximately twofold of
each other (Fig. 24). Despite the similar N-WASP density observed
with all six SH3 adapters, Nck showed the strongest actin assembly
activity (Fig. 2B). Tails assembled by Grb2 were approximately
threefold shorter and incorporated approximately twofold less actin
compared with Nck (Fig. 2C). Similar to our previous results (Fig. 1
C and D), Crk-II, cortactin, CIP4, and Tks4 did not assemble any
detectable actin structures. These data indicate that the increased
ability of Nck to assemble membrane-associated actin networks
cannot be explained solely by enhanced N-WASP recruitment. We
therefore considered the possibility that, among the SH3 adapters
tested, Nck might deploy a unique N-WASP activation mechanism.

Discovery of an Inter-SH3 Domain N-WASP Activation Motif. Nck is
recruited to cellular membranes through its SH2 domain, which
binds phosphorylated tyrosine residues on integral membrane
receptors or membrane-associated adapter proteins. Nephrin is
an Nck receptor on the plasma membrane of podocytes. Three
phosphorylated tyrosine residues on nephrin bind the SH2 domain
of Nck, and this interaction is essential for regulating podocyte
actin dynamics in an N-WASP-dependent manner (20, 21).

To explore the mechanism of Nck-mediated N-WASP activation
on membranes, we used a His-tagged, triphosphorylated nephrin
peptide (Hisg-pY3-nephrin), which recruits untagged Nck to the
surface of NTAD-containing membranes (38). Lipid-coated beads
with 1% NTAD were preincubated with Hisg-pY3-nephrin and
subsequently added to a solution containing untagged full-length
Nck, N-WASP, and the actin regulatory components described
above (Fig. 34). Similar to His-tagged Nck recruited through
NTAD lipids (Fig. 1C), untagged Nck recruited through pYs-
nephrin promoted the assembly of actin tails on >95% of the lipid-
coated beads (Fig. 3C and Fig. S2). Actin assembly promoted by
untagged Nck was strictly dependent on the addition of Hisg-pY3-
nephrin, and Nck mutants lacking the SH2 domain were inactive in
this system.

Using the pY;-nephrin system, we performed a deletion analysis
of Nck (Fig. 3B). Whereas deletion of the amino-terminal SH3A
domain had no effect, additional deletion of the inter-SH3AB
linker led to a drastic reduction in actin tails (Fig. 3C). The few
residual actin structures formed by this deletion construct con-
tained threefold lower actin fluorescence, and the average tail
length was reduced by 85% (Fig. 3 D and E). To exclude the
possibility that decreased actin assembly was a trivial result of re-
duced membrane recruitment, we measured surface densities of
the three Nck constructs in a separate experiment. Both deletion
mutants were recruited similarly to one another and to a slightly
higher extent than full-length Nck (Fig. 3F). Hence, the Nck mutant
lacking the inter-SH3AB linker is recruited to pYs-nephrin but is
specifically defective in promoting actin assembly (Fig. 3F). These
experiments identify for the first time, to our knowledge, a 45-aa
linker motif between the first two SH3 domains of Nck that strongly
potentiates N-WASP-dependent actin assembly on membranes.

Direct Binding of the Inter-SH3 Linker to the N-WASP GBD. We hy-
pothesized that the inter-SH3AB linker (Nck1 amino acids 61-105)
might interact directly with N-WASP. Within this linker is a 9-aa
motif (amino acids 67-75) that is highly conserved across species
(Fig. 4 A and B). Moreover, the spacing of the hydrophobic resi-
dues suggested the possibility of forming an amphipathic helix (Fig.
4B and Fig. S3). Several amphipathic helical peptides have been
shown to bind N-WASP through its GBD. In the autoinhibited
state, the N-WASP GBD binds intramolecularly to the amphipathic
C helix in the carboxyl-terminal VCA region (10) (Fig. 34). Am-
phipathic helices can also activate N-WASP: helical motifs within
the Escherichia coli virulence factors, EspFy and EspF, bind the
GBD in competition with the inhibitory C helix (39-41). To our
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Fig. 2. Nck is the most effective SH3 adapter in promoting N-WASP-dependent actin assembly. (A) Integrated fluorescence intensity and representative
images of bead-localized Alexa568 N-WASP (200 nM) incubated with NTAD-doped lipid-coated beads and the indicated His-SH3 adapters (250 nM). To
compensate for differences in N-WASP recruitment efficiency, the NTAD density was increased to 5% for Crk-Il, cortactin, CIP4, and Tks4, whereas 1% NTAD
was used for Nck1 and Grb2. (B) Representative phase contrast and fluorescence images of actin assembly reactions under conditions reported in A. (Scale
bars: 5 um.) (C) Integrated fluorescence intensity of Alexa488 actin tails and tail lengths (mean + SD; n > 20). Asterisks indicate significant differences between

Nck and Grb2: ***P < 0.001.

knowledge, such an activation mechanism has only been docu-
mented with bacterial pathogens and has not been found with
endogenous eukaryotic activators.

To test whether the inter-SH3AB linker can directly interact
with the N-WASP GBD, we first performed GST pull-down ex-
periments with purified proteins. Full-length Nck bound to gluta-
thione beads loaded with N-WASP GST-GBD but not to beads
loaded with a structurally and functionally related GST-GBD de-
rived from the PAKI1 kinase (Fig. 4C). These results indicate a
specific, direct, and previously undocumented interaction between
Nck and the N-WASP GBD. Deletion of the SH2 and the SH3A
domains from Nck did not affect the interaction (Fig. 4D). How-
ever, additional deletion of only 18 amino acids from the inter-
SH3AB linker, including the putative amphipathic helix, com-
pletely abrogated binding to the GBD along with deletion of the
entire linker (Fig. 4D). To further assess the importance of the
inter-SH3AB linker, we used a construct lacking the SH2 domain
(Nck amino acids 1-270). Replacing either the entire linker (amino
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acids 67-105) or only the hydrophobic motif (amino acids 67-77)
with a Gly-Ser linker of equal length abolished the interaction (Fig.
4E). Finally, GBD binding was completely prevented by four ala-
nine mutations at hydrophobic positions within the putative am-
phipathic helix [Ile67/Val68/Leu71/Leu75 (4A)]. These results strongly
suggest that the inter-SH3AB linker, implicated above in promoting
N-WASP-dependent actin assembly (Fig. 3 C-E), mediates direct
interactions between Nck and the N-WASP GBD.

We next evaluated actin comet tail assembly by full-length Nck
containing the four Ala mutations in the inter-SH3AB linker. In
the presence of lipid-coated beads with a high NTAD density
(1%), 4A Nck formed tails similar to the WT (Fig. S4). However,
with a lower density of 0.25% NTAD, 4A Nck was defective,
producing two- to threefold less actin than WT Nck (P < 0.001)
(Fig. S4 A-C). We hypothesized that, at higher NTAD densities,
polyvalent SH3-mediated interactions could potentially compen-
sate for the defective linker in 4A Nck. To test this, we introduced
the four Ala mutations in a construct lacking the SH3A domain
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(Nck amino acids 61-377). Here, the 4A mutant was strongly
compromised in its ability to assemble actin tails, displaying a
threefold reduction in polymerized actin and a fivefold decrease in
tail length, even at 1% NTAD (P < 0.001) (Fig. 4F and Fig. S5 4
and B). Collectively, these data establish a role for the amphi-
pathic motif in actin comet tail formation, which becomes essen-
tial under conditions of low pY3z-nephrin density or when the first
SH3 domain is removed.

Structural studies of the WASP GBD (68% sequence identity
to N-WASP GBD) have revealed a high degree of conforma-
tional plasticity. In the absence of a binding partner, the WASP
GBD is partially folded or unstructured. Binding of the auto-
inhibitory C helix (10) or an activating EspFy-derived peptide
(40) causes the GBD to adopt a mostly helical globular fold. To
test whether the Nck linker behaves similarly, we recorded heter-
onuclear single-quantum coherence (HSQC) spectra of '*N-labeled
N-WASP GBD in the presence and absence of the unlabeled Nck
linker peptide (amino acids 61-106). The GBD spectrum in the
presence of the Nck linker peptide revealed greater peak disper-
sion and more uniform peak intensities and line widths compared
with the GBD alone (Fig. 54), consistent with a more compact,
folded domain. Based on chemical shift differences from NMR
spectra recorded with increasing concentrations of the Nck pep-
tide, we determined the equilibrium Ky to be 33 + 8 pM (Fig. 5B
and Fig. S6). We also recorded the N-WASP GBD spectrum with
the VCA peptide and observed similar chemical shifts to those
recorded in the presence of the Nck linker peptide: 80% of the
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peaks show a weighted chemical shift difference of less than
0.1 ppm (Fig. S7).

To characterize the GBD-Nck linker complex in greater detail,
we used standard triple-resonance experiments to assign the back-
bone (86% completion) of a construct comprising the N-WASP
GBD covalently linked to the inter-SH3AB segment from Nck (Fig.
S8) (Biological Magnetic Resonance Data Bank accession no.
26643). Analysis of the HN, N, CO, Ca, and Cp chemical shifts
using Talos+ (42) indicates secondary structure similar to the
WASP GBD in complex with the autoinhibitory C helix (Fig. 5C
and Fig. S94) (10). Importantly, the Talos+ analysis predicts a
helical conformation for the Nck hydrophobic motif (amino acids
66-75). Moreover, the difference between the secondary Co and
Cp chemical shifts for residues within the hydrophobic motif
is positive (A3[Ca — CB] > 0) (Fig. 5D and Fig. S9B), consistent
with a helical conformation (43). Collectively, these data suggest
that the structure of the GBD-Nck linker complex is similar to
that of the GBD-VCA complex. A prediction of this model is that
binding of the C helix and the Nck linker to the GBD are mutually
exclusive. Consistent with competitive binding, addition of in-
creasing concentrations of VCA abrogated binding of full-length
Nck to the GBD (Fig. 5 E and F). Based on these results, we
conclude that Nck binds N-WASP through not only its SH3 do-
mains but also, its inter-SH3AB linker. These interactions may act
in a cooperative manner to destabilize autoinhibitory contacts
between the GBD and VCA regions, resulting in allosteric acti-
vation of N-WASP (Fig. 6).
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Discussion

In response to membrane-localized signals, N-WASP binds and
activates the Arp2/3 complex, promoting the assembly of branched
actin networks and the physical movement and deformation of
cellular membranes. In addition to the canonical activators, Cdc42
and PIP2, membrane-localized SH3 adapter proteins have been
implicated in N-WASP activation. It has remained unclear how
SH3 adapters disrupt the intramolecular interactions that main-
tain N-WASP in an autoinhibited state.

Using purified components, we reconstituted N-WASP-dependent
actin assembly on a lipid bilayer supported on silica microspheres,
allowing side by side comparison of multiple SH3 adapters. We
find that the SH2/SH3 adapter Nck activates N-WASP more po-
tently than all of the other SH3 adapters, including Grb2, Crk-II,
cortactin, CIP4, and Tks4. Although previous studies have focused
on SH3/polyproline interactions to explain N-WASP activation
by Nck, we identify here an activation motif in the linker between
the first two SH3 domains (amino acids 67-75). This motif, which
had no assigned function before this work, binds directly to the
N-WASP GBD and competes with the autoinhibitory C helix in the
VCA region, leading to allosteric activation of N-WASP.

The inter-SH3AB activation motif is conserved among Nck
orthologs, suggesting that the N-WASP GBD interaction and
activation mechanism is also evolutionarily conserved. N-WASP
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activation by the inter-SH3 linker is reminiscent of the mechanism
used by the bacterial virulence factors, EspFy and EspF, to nu-
cleate actin assembly in host cells. The activation motif in EspFy
and EspF has the same pattern of hydrophobic residues as the
Nck motif (Fig. 4B) (®-®-xx-P-x-x-x-P; ® is any hydrophobic
residue and x is any residue) (39—41). Structural studies by mul-
tidimensional NMR have shown that the EspFy peptide adopts
a helical conformation when bound to the WASP GBD (40).
Likewise, our analysis of secondary chemical shifts strongly sug-
gests that the Nck hydrophobic motif also adopts a helical con-
formation with the side chains of Ile67, Val68, Leu71, and Leu75
lying on one face of the helix (Fig. S3).

Similar to linker segments in many other proteins (44), the
Nck inter-SH3AB linker is multifunctional. In addition to acti-
vating N-WASP through GBD binding, the inter-SH3AB linker
has been shown to bind intramolecularly to the SH3B domain
(45) and mediate Nck homo-oligomerization and phase separa-
tion (46). The N-WASP C-helix motif is similarly multifunc-
tional, binding in a mutually exclusive manner to G actin and the
Arp2/3 complex (47) in addition to mediating autoinhibition by
intramolecular GBD interactions.

Our results, combined with previous studies, suggest that Nck
can activate N-WASP by two complementary mechanisms. First,
the Nck inter-SH3 linker can bind directly to the N-WASP GBD,
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thereby releasing the critical VCA segment. We note that the
affinity of this interaction (K4 = 33 + 8 pM) is probably insufficient
to activate autoinhibited N-WASP on its own; cooperative binding
of the linker, along with one or more SH3 domains, is likely re-
quired to disrupt N-WASP’s autoinhibitory interactions. Second,
Nck can promote N-WASP oligomerization. When N-WASP
binds to a poly-SH3 adapter that is itself oligomerized by a third
multivalent adapter, phase separation can occur, enforcing a high
density of N-WASP molecules (38, 48).

On recruitment to the membrane by pY;-nephrin/Nck complexes,
N-WASP molecules can presumably equilibrate between auto-
inhibited and activated states. At high local densities of pY3-nephrin
and Nck, the density of activated N-WASP molecules bound to the
Arp2/3 complex may be sufficient to nucleate actin assembly without
GBD engagement by the Nck hydrophobic motif. This model may
explain our observation that, at high NTAD densities, the Nck 4A
mutant (with a defective hydrophobic motif) assembles actin comet
tails similar to the WT (Fig. S4). By contrast, a functional hydro-
phobic motif is essential at low NTAD densities or when the SH3A
domain is deleted (Fig. 4F and Figs. S4 and S5). In the cellular
context, a similar dependency on the Nck hydrophobic motif may
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occur under conditions where the local density of Nck is below the
critical concentration required for phase separation (for example,
when the balance of kinase and phosphatase activity is shifted to
produce low phosphotyrosine levels on membrane-associated
receptors that recruit Nck).

Consistent with previous observations (48), Nck and N-WASP
phase separate in our hands when mixed together at micromolar
concentrations. However, under the conditions of our bead
motility assays (100-250 nM Nck and 50-200 nM N-WASP), we
do not observe phase separation in solution. We also have not
detected macroscopic phase separation on the lipid-coated beads
in contrast to a recent study, in which macroscopic, phase-sep-
arated domains containing pYs-nephrin, Nck, and N-WASP
were observed on planar lipid bilayers (38). Nevertheless, it is
likely that membrane-associated Nck and N-WASP can form
higher-order oligomers in our system, especially at high densities
of NTAD (and pY3-nephrin); such oligomeric assemblies may be
important for promoting localized actin nucleation (Fig. 6).

The quantitative relationships between Nck/N-WASP signal-
ing inputs on the one hand—tyrosine kinase/phosphatase activ-
ities, phosphotyrosine valency, and phase separation—and actin

Okrut et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510876112/-/DCSupplemental/pnas.201510876SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510876112/-/DCSupplemental/pnas.201510876SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510876112/-/DCSupplemental/pnas.201510876SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1510876112

— N-WASP inactive
B Nck ERRT R
\'" [+ A

pY l

—@—PXXP PxxP_mL
000 KEEHg Vv c A
[SH3A| 'SH2
active

[ membrane ]

Fig. 6. Proposed mechanism of N-WASP activation by Nck. In the auto-
inhibited conformation, the N-WASP C helix binds intramolecularly to the
GBD. Nck binds to tyrosine-phosphorylated receptors on the membrane and
activates N-WASP by competitively displacing the C helix from the GBD with
its inter-SH3AB linker. The released VCA segment is available to activate the
Arp2/3 complex. Polyvalent interactions between the SH3 domains of Nck
and the proline-rich region (PRR) of N-WASP can lead to higher-order olig-
omer formation, increasing the local density of activated N-WASP molecules.

network assembly and force production on the other hand re-
main to be elucidated. We anticipate that reconstituted signaling
and actin assembly systems of even higher complexity will be
essential for obtaining a complete mechanistic description of
emergent phenomena at the intersection of signaling and cyto-
skeletal dynamics.

Materials and Methods

Protein Expression and Purification. Expression plasmids, constructed from pET
vectors, were transformed into E. coli BL21 (DE3) CodonPlus RIL (construct
details are in Table S1). Cultures (2-4 L) were grown in LB at 18 °C overnight
after induction with 0.5 mM isopropyl p-D-1-thiogalactopyranoside. For
isotope labeling, M9 minimal medium was supplemented with '*C-glucose
and/or ">NH,Cl, and bacteria were induced for 6 h at 30 °C.

Bacterial cell pellets were lysed using a microfluidizer (Microfluidics) in
20 mM Hepes, pH 7.5, 500 mM NaCl, 5-10% glycerol, and 4 mM B-mercapto-
ethanol with protease inhibitor (4 mM Benzamidine or 1 mM di-isopropyl-
fluorophosphate). For Nck and Grb2, 30 mM arginine was added to the lysis
buffer. Lysates were cleared (24,000 x g for 40 min at 4 °C) and incubated in
batch with Ni-nitriloacetic acid-agarose (Qiagen). The beads were washed
with ATP buffer (lysis buffer supplemented with 10 mM MgCl,, 2 mM ATP,
30 mM KCI) and a high-salt buffer (lysis buffer with 1 M Nacl), and the
protein was eluted with 400 mM imidazole.

Poly-His tags were cleaved from Nck, N-WASP (amino acids 151-501),
cofilin, and profilin by incubation with tobacco etch virus (TEV) protease
overnight. Tks4 and N-WASP were further purified with a heparin column
(HiTrap; GE Healthcare), eluting with 50-1500 mM NaCl in storage buffer.
N-WASP was stored in 20 mM Hepes, pH 7.5, 300 mM NacCl, and 1 mM
tris(2-carboxyethyl)phosphine (TCEP). Tks4 was stored in 20 mM MES,
pH 6.5, 250 mM Nacl, and 5% glycerol. All other proteins were further purified
by size exclusion chromatography on S75 or S200 columns (GE Healthcare)
equilibrated with storage buffer. The following storage buffers were used:
Grb2 and Nck constructs (20 mM Hepes, pH 7.5, 500 mM Nadcl, 0.5 mM TCEP,
10% glycerol), CIP4 (20 mM Hepes, pH 7.5, 150 mM Nadl), cortactin (50 mM
Tris, pH 7.4, 100 mM Nadcl, 10% glycerol), cofilin (20 mM Tris, pH 8, 50 mM
Nacl, 1 mM DTT), and profilin (20 mM Tris, pH 8, 1 mM DTT, 1 mM EDTA).

GST-tagged N-WASP GBD and covalently linked GBD-Nck linker complex
were purified on glutathione-Sepharose 4B (GE Healthcare). GST fusion
protein was eluted with 30 mM glutathione (GSH) followed by dialysis in
20 mM Hepes, pH 7.5, 100 mM Nadcl, and 1 mM DTT. For NMR experiments,
the GST tag was cleaved by incubation with TEV protease followed by size
exclusion chromatography.

To purify N-WASP VCA and Nck inter-SH3AB linker, cell pellets were lysed
by incubation with 3 M guanidinium HCl overnight at room temperature
(RT). The cleared lysate was applied to a Ni-chelating column (GE Healthcare)
and washed with 1 M NaCl. Proteins were eluted with 0-400 mM imidazole
followed by dialysis in storage buffer (Nck linker: 20 mM Hepes, pH 7.5,
200 mM NaCl; VCA: 20 mM Hepes, pH 7.5, 200 mM NacCl, 1 mM TCEP).
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The following proteins were purified as previously described: actin (49),
capping protein (50), and Arp2/3 complex (51), except that Arp2/3 complex
was purified from frozen bovine thymus (Pel-Freez Biologicals).

Fluorescent Labeling. Unless stated otherwise, proteins (5-50 pM) were la-
beled with 1 M eq Alexa568 maleimide (Invitrogen) on ice for 1 h. Crk-Il was
labeled overnight at 4 °C with 10 eq Alexa568 NHS (Invitrogen). Unreacted
dye was removed by gel filtration. F-actin was labeled for 6 h on ice with
2 eq Alexa488-TFP (Invitrogen); unreacted dye was removed by pelleting the
actin filaments followed by actin depolymerization. The extent of labeling
(percentage of dye-labeled protein) was calculated by dividing the concen-
tration of the protein-bound dye (determined by measuring the fluores-
cence emission intensity relative to a standard dilution series of the free dye)
by the protein concentration. Protein concentrations were calculated from
the absorbance at 280 nm after subtracting the dye contribution.

Preparation of Lipid-Coated Beads. Chloroform solutions of 1,2-dioleoyl-
sn-glycero-3-phosphocholine, NTAD (nickel salt; Avanti Polar Lipids), and
Atto390-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (Atto390-DOPE; ATTO-
TEC) were mixed in molar ratios of 94:5:1, 96.5:2.5:1, and 98:1:1 of 1,2-dioleoyl-sn-
glycero-3-phosphocholine:NTAD:Atto390-DOPE, evaporated in a stream of
argon, and dried under high vacuum for at least 2 h. Lipids were resus-
pended in vesicle buffer (20 mM Hepes, pH 7.5, 100 mM NacCl, 330 mM sucrose)
to a final concentration of 5 mM, sonicated for 20 s, subjected to five freeze—
thaw cycles, and stored at —80 °C.

A suspension of glass beads (3.5 pL; 2.3-um diameter; Total 2.8 x 107;
Bangs Laboratories) was mixed with 5 pL lipid suspension and diluted to a
final volume of 45 pL in vesicle buffer (6.2 x 108 beads mL™"). The suspension
was sonicated (3 x 10 s) in a bath sonicator (Branson 2510) and incubated
while rotating for 30 min at RT.

The beads were pelleted by pulse centrifugation, washed two times with
200 pL vesicle buffer, resuspended in 45 pL vesicle buffer, and used within 8 h.

Motility Assay with Different SH3 Adapters. Lipid-coated beads (6.1 x 10°
beads mL™") containing 1%, 2.5%, and 5% NTAD were incubated with
0.25 uM Hisg-tagged SH3 adapter (20% Alexa568 labeled), 0.05 pM N-WASP,
and motility components [9 pM actin (5% Alexa488 labeled), 0.075 pM Arp2/3,
0.05 pM capping protein, 2.6 uM profilin, 3.5 uM cofilin] in motility buffer (10 mM
Hepes, pH 7.5, 2 mM MgCl,, 50 mM KCl, 50 mM Nadl, 1 mg/mL BSA, 2.5 mM ATP,
5 mM TCEP, 1.3 mM Dabco, 20 mM ascorbic acid, 0.2% methylcellulose).
Samples were incubated for 15 min at RT while rotating. For quantitative
image analysis, the reaction was diluted 1:1 in 3% glutaraldehyde (Ricca
Chemical Company), spotted on a microscopy slide, covered with a coverslip,
and imaged within 1 h.

Motility Reactions Using pYs-nephrin and Nck. For each assay, lipid-coated
beads (7.6 x 10’ mL™") were preincubated (15 min at RT) with 0.5 uM Hisg-
pYs-nephrin (38) in buffer containing 10 mM Hepes, pH 7.5, 1 mg/mL BSA,
and 50 mM KCl. Phosphonephrin-loaded beads were diluted eightfold in
motility buffer containing 0.1 pM Nck (20% Alexa568 labeled), 0.2 uM
N-WASP, and actin motility components as described above.

N-WASP and SH3 Adapter Density Measurements. To compare the surface
densities of SH3 adapters or N-WASP, we quantified the Alexa568 signal on
the lipid-coated beads. Indicated amounts of Alexa568-labeled SH3 adapters
or unlabeled SH3 adapter and Alexa568 N-WASP were incubated with lipid-
coated beads in motility buffer for 15 min while rotating. The suspension
(~6 pL) was transferred to a flow chamber that had been passivated with
—poly-(-lysine)-PEG (3 mg/mL) (52) and imaged live as described below.

Microscopy and Image Analysis. Epifluorescence and phase contrast images
of fixed motility reactions were acquired with a 60x objective (N.A. 1.4) on
an Olympus IX70 Inverted Microscope equipped with a Coolsnap HQ CCD
Camera (Photometrics). Flat field-corrected images were analyzed using a
CellProfiler Pipeline (53) to automatically locate beads, threshold images
(Background Global Method), and determine the integrated fluorescence
intensity of Alexa488 actin associated with each bead.

Live confocal images were acquired to quantify the density of N-WASP or
SH3 adapters on lipid-coated beads. Images were obtained using a 100x
objective (N.A. 1.49) on a Nikon ECLIPSE Ti Inverted Microscope equipped
with a Yokoyama CSU-X1 Spinning Disk, a Hamamatsu EM CCD 9100-13
Camera, and 50-mW lasers [solid state, 405 nm; diode-pumped solid-state
(DPSS), 561 nm]. For density measurements, flat field-corrected images
were analyzed for bead fluorescence using a Mathematica script. The script
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identifies bead positions based on the Atto390-DOPE lipid fluorescence,
quantifies bead fluorescence in the Alexa568 channel (SH3 adapter or
N-WASP), and subtracts the median background value of a circular region
outside of the bead. P values were calculated using an unpaired, two-tailed
Student’s t test.

Pull-Down Assays. GST-tagged N-WASP GBD (1.5 nmol; amino acids 196-274)
or PAK1-GBD (1.5 nmol; amino acids 67-150; Cytoskeleton Inc.) was immo-
bilized on GSH Sepharose 4B (20 pL per sample; GE Healthcare) for 15 min at
4 °C. The beads were washed two times with Nck storage buffer. Nck con-
structs (1.5 nmol total) were added to the beads and incubated for 2 h at a
final concentration of 5 pM. The beads were washed two times, and the
supernatant as well as the bead samples were subjected to SDS/PAGE. The
Coomassie-stained gels were analyzed using a Licor Gel Imaging System. For
competitive pull-down assays, N-WASP VCA (0-50 uM) was added to the
binding reaction.

NMR Spectroscopy. All NMR chemical shift assignment experiments were
performed at 298 K on an Agilent DD2 600-MHz spectrometer equipped with
a cold probe using NMRPipe for data processing (54) and NMRView for
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