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Abstract

The Rho family GTPase effector IRSp53 has essential roles in filopodia formation and neuronal
development, but its regulatory mechanism is poorly understood. IRSp53 contains a membrane-
binding BAR domain followed by an unconventional CRIB motif that overlaps with a proline-rich
region (CRIB-PR) and an SH3 domain that recruits actin cytoskeleton effectors. Using a
fluorescence reporter assay, we show that human IRSp53 adopts a closed inactive conformation
that opens synergistically with the binding of human Cdc42 to the CRIB—PR and effector proteins,
such as the tumor-promoting factor Eps8, to the SH3 domain. The crystal structure of Cdc42
bound to the CRIB-PR reveals a new mode of effector binding to Rho family GTPases. Structure-
inspired mutations disrupt autoinhibition and Cdc42 binding in vitro and decouple Cdc42- and
IRSp53-dependent filopodia formation in cells. The data support a combinatorial mechanism of
IRSp53 activation.

The ability to reshape the plasma membrane underlies vital cellular processes such as cell
migration, phagocytosis, axonal guidance and tumor metastasis®. Bin-Amphiphysin-Rvs
(BAR)-domain proteins that sit at the interface between the plasma membrane and the actin
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cytoskeleton, have prominent roles in the regulation of these processes?3. The inverted BAR
(I-BAR) protein IRSp53 is a prototypical example of such proteins, linking Rho family
GTPase signaling to remodeling of the plasma membrane and the actin cytoskeleton*>. The
N-terminal 230 amino acids (aa) of IRSp53 form the I-BAR domain (referred to here as the
BAR domain), which is an a-helical, antiparallel dimerization and membrane-binding
fold87. Following the BAR domain is an unconventional Cdc42 and Rac interactive binding
(CRIB) motif, which is unique in that it contains only three N-terminal consensus residues,
whereas its C-terminal half consists of a proline-rich (PR) sequence featuring a canonical
SH3 domain-binding site (Fig. 1a,b). Here, we refer to the combined partial CRIB and PR
sites as the CRIB-PR domain. An SH3 domain lies 83 aa C terminal to the CRIB-PR
domain and is followed by a variable, isoform-specific C-terminal tail®°. The region
between the CRIB-PR and SH3 domains contains several phosphorylation sites that have a
role in binding Tiam1 (ref. 10) and 14-3-3 (refs. 11-13), offering alternative pathways for
IRSp53 regulation.

Underscoring the intense interest in IRSp53 is an ever-growing list of cytoskeletal effectors
that bind to its SH3 domain, including Eps8 (refs. 14,15), Menal, VASP17, N-WASP18,
WAVE? (refs. 19,20), mDial (refs. 20,21), espin?2, PSD-95 (ref. 23), Shank3 (ref. 24), 1Q-
ArfGEF (BRAG1)25 and atrophin-1 (ref. 26). Like many important cytoskeletal
proteins?”-28 IRSp53 is also a target for bacterial pathogens, including enterohemorrhagic
Escherichia coli, whose secreted scaffold EspFu is localized at the plasma membrane
through interaction with IRSp53 (refs. 29,30). As a result of its interactions with
downstream cytoskeletal effectors, IRSp53 has a critical role in the formation of filopodia
and lamellipodia in processes such as neurite extension31, dendritic spine
morphogenesis?3:24:32.33 cell motilityl4, tumor invasiveness!3:34:35 establishment of cell
polarityl2, eye lens formation36, myogenic differentiation3” and pathogen invasion20:29,

The activities of IRSp53 depend on interaction with Rho family GTPases6:18.19.31
Autoinhibition and GTPase-dependent activation and localization is a fundamental
regulatory mechanism among cytoskeletal proteins38-40, However, there are few examples
of proteins for which the molecular mechanism for autoinhibition and activation has been
fully demonstrated, including WASP#142, formins#3:44 and the WAVE complex#>46. Here,
to elucidate the regulatory mechanism of IRSp53, we studied its autoinhibited conformation
and synergistic activation by Cdc42 and downstream effectors, in vitro and in cells.

Autoinhibition and activation by Cdc42

Cdc42 is required for filopodia formation in cells expressing full-length IRSp53 but not in
cells expressing the isolated BAR domain, suggesting that IRSp53 is autoinhibited?.
Compared to canonical CRIB motifs, the partial CRIB of IRSp53 is interrupted by a PR
sequence, 276-PLPVPP-281 (Fig. 1a,b), containing a canonical SH3 domain-binding site3L.
This PR sequence could bind the SH3 domain of IRSp53 itself, suggesting a mechanism for
autoinhibition*’. Activation would then result from competitive binding of Rho family
GTPases to the CRIB-PR16:18.31,
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As a first step to directly test this model, we used isothermal titration calorimetry (ITC) to
quantify the interactions of Rho family GTPases and the SH3 domain of IRSp53 with both
the isolated CRIB-PR and full-length IRSp53 (FL, Fig. 1a and Supplementary Fig. 1a). In
these experiments, we used a constitutively active mutant (G12V) of the two GTPases
suggested to activate IRSp53: Cdc42 (refs. 16,31) and Racl (ref. 19). We exchanged the
nucleotide on the GTPases with either GDP or GMP-PNP and confirmed the nucleotide state
before each ITC experiment by HPLC (as described in ref. 48). GMP-PNP-Cdc42g12v
bound FL with a dissociation constant (Ky4) of 16.1 uM. The affinity of GMP-PNP-
Cdc42¢1oy for the isolated CRIB-PR was three-fold higher (K4 = 5.0 uM) (Fig. 1c,d), a
result suggesting that the CRIB-PR is partially occluded in the full-length protein,
presumably by intramolecular inhibitory interactions. Of note, these affinities are lower than
those of Cdc42 and Rac for canonical CRIB matifs, including those of ACK, PAK, PAR6
and WASP, typically ranging from 1 to 50 nM (refs. 42,49,50). Neither GDP-Cdc42g12v
nor GMP-PNP-Raclg12y bound to FL or the isolated CRIB-PR, indicating that the
interaction is both GTPase and nucleotide specific.

The SH3 domain also bound to the isolated CRIB-PR domain (Fig. 1e), albeit with low
affinity (Kq = 114 uM), which is common for autoinhibitory interactions that are enhanced
by the proximity achieved within a single polypeptide*2-51, This reaction did not reach
saturation, and therefore the stoichiometry of the interaction could not be determined. The
affinity of the SH3 domain for FL was too low to be accurately quantified (Fig. 1e),
probably owing to competition with the endogenous SH3 domain. That both the SH3
domain and Cdc42g12v bind to the CRIB-PR is consistent with a model of autoinhibition
and competitive activation.

Autoinhibition and competitive activation would also be consistent with a conformational
change upon Cdc42 hinding. Indeed, the three-fold-reduced enthalpy of Cdc42g12y binding
to FL compared to CRIB-PR already suggested a reaction in which endothermic binding of
Cdc42¢1y is offset by an exothermic conformational change. To explore this possibility,
we developed a fluorescence resonance energy transfer (FRET) assay, using two different
reporters based on IRSp53 constructs FL and BAR-SH3 (Supplementary Fig. 1b). In both
cases, we labeled pairs of cysteines with the donor probe fluorescein maleimide and the
acceptor probe rhodamine maleimide. IRSp53 contains four endogenous cysteines, all
within the BAR domain. By peptide mass fingerprinting, we found that only one of these
cysteines (Cys230) reacted with the fluorescence probe (Supplementary Fig. 1c¢). We added
a second reactive cysteine by mutagenesis at the ends of constructs FL (S519C) and BAR-
SH3 (S452C), such that changes in FRET were observed only for the full-length sensors.
(Both proteins undergo partial C-terminal degradation.) To ensure that most of the donors
were coupled to acceptors, we first under-labeled with the donor probe and then performed
saturating labeling with the acceptor probe (Online Methods).

In the absence of Rho family GTPases, energy transfer (quenching) was present with both
FRET reporters (Fig. 1f-h). Titration of GMP-PNP-Cdc42¢1,y, but not GDP-Cdc42¢1,v
or GMP-PNP-Raclg12y, reduced the energy transfer, consistent with a Cdc42-dependent
conformational change in IRSp53 that increases the distance between fluorescence probes.
By fitting the fluorescence decrease as a function of GMP-PNP-Cdc42512y concentration,
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we found that Cdc42g12y bound with an affinity approximately seven-fold weaker to FL

(K4 = 23.0 uM) than to BAR-SH3 (K4 = 3.2 uM). This suggests that the region C terminal to
the SH3 domain also participates in autoinhibitory interactions. We also note that the
affinity of GMP-PNP-Cdc42¢1,y for FL measured by the FRET reporter is remarkably
similar to that measured by ITC (Fig. 1c), mutually validating both affinity measurements.

The energy transfer between probes was unchanged during titration of the isolated SH3
domain (Fig. 1g,h). This result is consistent with its lack of binding in ITC (Fig. 1e) and
suggests that the SH3 domain interacts too weakly in trans to offset autoinhibitory
interactions occurring intramolecularly.

Heterohexameric complex of IRSp53, Cdc42 and Eps8

The results described above suggested that activation of IRSp53 requires the detachment of
the SH3 domain from the CRIB-PR domain. In principle, this detachment could also be
achieved through the binding of an effector protein to the SH3 domain24. To test this
hypothesis, we selected the IRSp53 effector Eps8, which is overexpressed in numerous
cancers1434, We titrated Eps8 into the BAR-SH3 FRET reporter (Fig. 2a). At saturation,
Eps8 produced a total increase in donor fluorescence similar in magnitude to that produced
by GMP-PNP-Cdc42g12v (Fig. 2a). The titration could not be fit to a single-site binding
model, owing to its biphasic character. Indeed, the donor fluorescence first decreased and
then increased, with the transition between phases taking place at an Eps8/BAR-SH3 molar
ratio of ~1:1. (The concentration of BAR-SH3 in this experiment was 0.5 pM.) The second
phase was best fit to a cooperative binding function, with Hill coefficient of 2.5 and K of
1.0 uM. The biphasic and cooperative character of the interaction suggested that one
molecule of Eps8 binds to one molecule of IRSp53 or, more likely, two Eps8 molecules bind
to the IRSp53 dimer.

To more conclusively determine the stoichiometry of the Eps8—IRSp53 complex, we used
size-exclusion chromatography combined with glycerol gradient sedimentation
(Supplementary Fig. 2). This analysis showed that Eps8 is an elongated monomer in solution
with a measured mass of 106,000 Da (theoretical mass, 114.8 Da), IRSp53 is a dimer as
expected for a BAR-domain protein, and the two interact to form a 2:2 complex with a
measured mass of 288,000 Da (theoretical mass, 298,600 Da).

To test whether IRSp53 could simultaneously bind Cdc42 and a downstream effector, we
titrated the saturated Eps8—IRSp53 complex with Cdc42g1,y. This second titration
produced a conformational change in addition to that generated by Eps8 (Fig. 2a). To further
investigate this point, we reversed the order of the experiment, by first titrating Cdc42g12v
into IRSp53 and then titrating Eps8. The results confirmed the additive character of the
conformational changes induced by these two proteins on IRSp53 (Fig. 2b). Cdc42g12v
bound to IRSp53 and to the Eps8—IRSp53 complex in a similar manner, i.e.,
noncooperatively (Hill coefficient < 2.0), albeit with a somewhat lower affinity for the
complex (Kq of 2.4 versus 10.7 uM). Eps8 also bound similarly to IRSp53 and the
Cdc42¢12v-IRSp53 complex; in both cases, the interaction was cooperative (Hill coefficient
> 2.0), and the affinities were nearly identical (K4 of 1.0 versus 1.1 uM). Both Eps8
titrations displayed the characteristic biphasic binding described above.
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These experiments showed that Cdc42 binding to the CRIB-PR and Eps8 binding to the
SH3 domain both produce conformational changes in IRSp53, but these changes are of a
different nature. Thus, independent of the order in which Cdc42g12y and Eps8 were titrated
into IRSp53, the total change in energy transfer at equilibrium was similar for both
titrations, and was greater than for either Eps8 or Cdc42¢1,y alone. These results suggest
that Cdc42¢12yv and Eps8 can bind simultaneously to IRSp53 and additively alter its
structure to produce full activation. Because one Cdc4212y molecule binds to each of the
CRIB-PR domains of IRSp53 (Fig. 1c,d), and Eps8 forms a 2:2 complex with IRSp53
(Supplementary Fig. 2), these results suggest that IRSp53, Cdc42 and Eps8 form a
hexameric 2:2:2 complex.

Structure of GMP-PNP-Cdc42512yv bound to the CRIB-PR

We determined the crystal structure of GMP-PNP-Cdc42¢1,y bound to the CRIB-PR
domain at 1.9-A resolution (Table 1, Fig. 3a and Supplementary Video 1). Amino acids
Ser263-Ser291 of the CRIB-PR were well defined in the electron density map (Fig. 3b,c).
Three residues at the N terminus of the peptide were disordered in the structure and
presumably do not interact with Cdc42. The structure reveals a new mode of GTPase
binding to a CRIB-related sequence. Indeed, only the N-terminal portion of the CRIB-PR,
up to residue Pro270, overlaps with classical CRIB motifs (Fig. 3d). Coincidentally, Pro270
is also the last residue of the CRIB-PR shared with canonical CRIB maotifs (Fig. 1b). From
Pro270 to Pro280, the CRIB-PR chain meanders along a hydrophobic surface on Cdc42
(Fig. 3c). Classical CRIB motifs take a different path, forming a 3-strand that runs
antiparallel to B-strand 2 of the GTPase and making hydrophobic and electrostatic contacts
with switch | of the GTPase through their canonical FxHxxH C-terminal sequence that is
missing in IRSp53 (Fig. 3d). In contrast, in the CRIB-PR, the all-critical interaction with the
switch I-switch 1 region is established through a short helix formed by residues Pro281—
Phe286 and the last six amino acids of the CRIB-PR, which run parallel to switch | of
Cdc42. Of these, the last five amino acids of the CRIB-PR appear somewhat more flexible;
they display higher temperature factors and are less well defined in the electron density map.

Cellular and biochemical analysis of IRSp53 activation

A remarkable feature of the structure of the CRIB-PR bound to Cdc42g12y is that it shows
that a PR sequence, featuring a canonical SH3 domain-binding site, can specifically interact
with a Rho family GTPase, providing a mechanism for competitive activation. To further
test this unexpected observation, we designed IRSp53 truncations and mutations with
different predicted effects on Cdc42 binding and autoinhibition and characterized their
cellular and in vitro activities. In cells, we quantified the number and length of filopodia in
B16F1 mouse melanoma cells expressing mCherry-Cdc42g12y and IRSp53-GFP constructs.
We defined filopodia as actin-filled, nontapered protrusions that emerged more than 1 pm
from the cell periphery and had a width of 0.2-0.5 um.

Individually, IRSp53 or Cdc42 did not increase the number or length of filopodia relative to
those in control cells coexpressing GFP and RFP empty vectors (Supplementary Fig. 3a).
Thus, cells expressing mCherry-Cdc42g12y and GFP showed Cdc42g1,y uniformly
enriched along the plasma membrane and diffusely distributed in the cytoplasm (Fig. 4a and
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Supplementary Fig. 3b), but the number and length of filopodia were mostly unchanged
(Fig. 4i,j). Cells expressing FL-GFP and RFP showed IRSp53 localized in patches along the
plasma membrane and in the cytoplasm (Fig. 4b and Supplementary Fig. 3c), but the number
and length of filopodia did not change (Fig. 4i,j).

In contrast, there was a dramatic increase in the number and length of filopodia in cells
coexpressing FL-GFP and mCherry-Cdc42g12v (Fig. 4c¢,i,j). Moreover, in these cells
IRSp53 became uniformly distributed along the plasma membrane (Supplementary Fig. 3d).
Therefore, we classified construct FL as fully ‘regulated’, because its filopodia-inducing
activity and proper plasma-membrane localization depended on coexpression with
Cdc42¢1oy. Interestingly, as filopodia became longer, they frequently showed unusual
characteristics: they became segmented, as indicated by periodic nodes of enhanced IRSp53
and Cdc42¢1oy colocalization, and occasionally they also formed branches at the sites of
these nodes (Fig. 4c). We refer to these structures as filopodia-like protrusions.

By comparison, we classified constructs BAR and BAR-CRIB-PR as ‘unregulated’,
because they produced a large increase in the number of filopodia or filopodia-like
protrusions independently of coexpression with Cdc42512y (Fig. 4d,e,i,j). Of these
protrusions, 20-35% were not filled with actin (Fig. 4k) or were only partially filled. This
result is consistent with the inability of constructs BAR and BAR-CRIB-PR to recruit
downstream actin assembly effectors that bind to the SH3 domain. Curiously, however,
filopodia length with these two constructs increased as a function of Cdc42g12y
coexpression (Fig. 4j). Because only one of these constructs can bind Cdc42g12v (BAR-
CRIB-PR), this result suggests that once filopodia are initiated Cdc42g12y controls their
length through mechanisms independent of its interaction with IRSp53.

Construct BAR-SH3 displayed an intermediate phenotype between FL and BAR, and
therefore we classified it as “partially regulated’. This construct increased the number and
length of filopodia or filopodia-like protrusions (Fig. 4f,i,j), and the majority of these
protrusions were actin filled (Fig. 4k), consistent with the ability of BAR-SH3 to recruit
actin assembly factors through the SH3 domain. However, filopodia induction was only
partially dependent on Cdc42g12y coexpression (Fig. 4i), suggesting that construct BAR-
SH3 is not fully inhibited. This is consistent with our finding that sequences C terminal to
the SH3 domain participate in autoinhibition (Fig. 1g).

Next, we tested the effect of point mutations within the CRIB-PR domain, which were
suggested by the structure to disrupt Cdc42g12y binding (Fig. 3c) and thus to interfere with
Cdc42-dependent activation in cells. A BAR-SH3 double mutant targeting two highly
conserved residues in the N-terminal portion of the CRIB-PR, 1267A S268A, failed to bind
Cdc42¢19y by ITC (Supplementary Fig. 4), confirming the importance of canonical CRIB
residues for this interaction. Another double mutant, L277E F286E, targeting hydrophobic
interactions of two residues in the PR region, also failed to bind Cdc42g12v (Supplementary
Fig. 4). Moreover, the mutation F286E alone was sufficient to abrogate Cdc42g12y binding
to IRSp53 (Supplementary Fig. 4), demonstrating the importance of the PR region for
interaction with Cdc42g12y. Phe286 binds at the interface between switches | and II,
suggesting that the PR region also has a key role in sensing the nucleotide state of the
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GTPase. Coexpression of Cdc42¢1,y With FL mutants 1267A S268A (Fig. 4g) or L277E
F286E (Fig. 4h) resulted in a phenotype similar to that of FL expressed alone (Fig. 4b); i.e.,
filopodia number and length were unchanged as compared to control cells, with or without
Cdc42¢12v (Fig. 4i,j). These results suggest that these two mutants are trapped in a
constitutively inactive state. These results also confirm that filopodia initiation by full-length
IRSp53 requires interaction with Cdc42 as a prerequirement for filopodia elongation that
depends on Cdc42 but not on its interaction with IRSp53.

These results are consistent with previous cellular work16:18:31.52 that analyzed IRSp53
mutants, some of which were similar to those studied here (Fig. 4c—e,g). Some of these
mutants are reproduced here as a control for additional structure-inspired mutagenesis
addressing autoinhibition.

Cellular and biochemical analysis of IRSp53 autoinhibition

The data presented to this point address the mechanism of IRSp53 coactivation by Cdc42
and effectors such as Eps8. Next, we set out to test the mechanism of autoinhibition, which
appears to involve an interaction between the CRIB-PR and SH3 domains (Fig. 1e and
Supplementary Fig. 5a). To test this interaction, we designed CRIB-PR and SH3-domain
mutants and characterized their in vitro and cellular activities.

The only canonical SH3 domain-binding PxxP site in IRSp53 is found within the CRIB-PR
(278-PVPP-281). Interestingly, Pro278 and Pro281 are exposed in the structure and do not
interact with Cdc42 directly, potentially allowing for the competitive binding of the SH3
domain of IRSp53 itself or that of a downstream effector (Supplementary Fig. 5a). We
mutated these residues to aspartic acid to disrupt potential interactions with SH3 domains.
As suggested by the structure, the affinity of Cdc42g1,y for the BAR-SH3 double mutant
P278D P281D was reduced only two-fold compared to that of wild type (K4 of 10.7 versus
4.7 uM) (Fig. 5a). However, as predicted by the model of autoinhibition, the binding of
Cdc42¢12y produced only a minor conformational change in the FRET reporter (Fig. 5b),
suggesting that its conformation was already mostly open.

To further explore the conformation of this mutant, we titrated Eps8 into the BAR-SH3
FRET reporter mutant. This resulted in a biphasic conformational transition that fitted to a
cooperative binding curve with similar affinity to that of wild type (Figs. 2a and 5c). This
result shows that the SH3 domain of Eps8 does not interact with the CRIB-PR of IRSp53,
and the interaction probably involves the SH3 domain of IRSp53 and one of the PR
sequences of Eps8 (refs. 14,15,34). In contrast, binding of Cdc42g12y to the Eps8—IRSp53
complex produced only a minor change in FRET (Fig. 5¢). This finding reaffirms the notion
that the conformational changes produced by the binding of Cdc42g1,y to the CRIB-PR
and of Eps8 to the SH3 domain are different in nature and additive in magnitude (Fig. 2).

In cells, the FL mutant P278D P281D displayed a significant increase in the basal number of
filopodia (Fig. 5d). However, coexpression with Cdc4212y did not increase the number of
filopodia, suggesting that the two-fold-lower affinity of this mutant for Cdc42g1,y observed
invitro (Fig. 5a) is sufficient to abrogate Cdc42g12y-dependent regulation in cells. In
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contrast, filopodia length increased with Cdc42g1,y coexpression (Fig. 5d), and long
filopodia-like protrusions were often segmented and buckled as described above.

To address the role of the SH3 domain in autoinhibition, we introduced the mutation P428L
in the SH3 domain (Supplementary Fig. 5a). This amino acid is strictly conserved in the
SH3 fold and has been mutated in cellular studies to abolish effector binding to IRSp53
(refs. 16,18). The P428L mutant behaved similarly to the P278D P281D double mutant,
producing a high basal number of filopodia-like protrusions independently of Cdc42g12y
coexpression. Filopodia length was only marginally increased with Cdc42g12v
coexpression, and ~20% of these filopodia were not actin filled (Supplementary Fig. 5b).
These results suggest that the P428L mutation disrupts autoinhibitory interactions and
recruitment of downstream effectors in cells. In vitro, however, this mutant could not be
analyzed, owing to instability and protein degradation.

To more directly test the role of the SH3 domain in autoinhibition, we swapped the SH3
domain of IRSp53 for that of Eps8 that was established here not to bind to the CRIB-PR
(compare Figs. 2 and 5c¢). Although the two SH3 domains share low sequence identity
(15%), their crystal structures have been determined, allowing for a precise definition of
domain boundaries for swapping (Fig. 6a). By ITC, Cdc42s12y bound to the domain-
swapped mutant (SH3-SWAP) with higher affinity than to FL (K4 of 3.8 versus 16.1 uM)
but with similar affinity as to the isolated CRIB-PR (Fig. 1d), suggesting that this mutation
breaks autoinhibitory interactions. Consistent with this result, the binding of Cdc42g1oy to a
FL FRET reporter carrying this mutation did not produce a conformational change,
suggesting that its conformation was already open. In cells, this mutant displayed a
phenotype similar to mutants P278D P281D and P428L, in that it produced a high basal
number of filopodia (Fig. 6d). Cdc42g12y coexpression led to an increase in the length and
number of filopodia, ~10% of which were not actin filled. The increase in the number of
filopodia was unexpected and may result from the specific activity of the Eps8 SH3 domain.

DISCUSSION

By linking signaling pathways to membrane and actin-cytoskeleton dynamics, I-BAR
domain—containing proteins have critical roles in numerous cellular functions involving
membrane remodeling3-5. Previous studies have addressed the molecular mechanism by
which the BAR domain can sense and/or induce membrane curvature223, Much less is
known about the mechanisms by which BAR domain—containing proteins are regulated.
These proteins are characterized by their modular architecture comprising domains
specialized in the recruitment of cytoskeletal effectors that enhance or modulate their
membrane-deforming activities. Thus, several BAR-domain proteins interact with small
GTPases and contain SH3 domains through which they recruit proline-rich effectors in a
regulated manner2. In this work, we have presented evidence, both in vitro and in cells, that
the unique GTPase-binding domain of IRSp53, which we have named CRIB-PR, serves a
dual role: autoinhibition and Cdc42-dependent membrane recruitment and activation.
Similarly, we have shown that the SH3 domain also serves a dual role: autoinhibition and
effector recruitment.
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Nucleotide and GTPase specificity of the CRIB-PR domain

The interaction of the CRIB-PR with Cdc42 differs substantially from that of canonical
CRIB moatifs; the CRIB-PR binds with weaker affinity and interacts with a different surface
on the GTPase than do canonical CRIB motifs#1:49.50.54 Only residues 267-I1SDP-270 of the
CRIB-PR, shared with canonical CRIB motifs, overlap with existing structures. Despite
these differences, two basic principles of GTPase-effector binding are preserved:
nucleotide-state sensing and exquisite GTPase specificity. Indeed, the C-terminal PR portion
of the CRIB-PR interacts with the switch I-switch Il region of Cdc42 that undergoes a
nucleotide-dependent conformational change (Supplementary Fig. 6a). This conformational
change explains the inability of GDP-Cdc42 to bind to the CRIB-PR. It thus emerges that
the PR portion of the CRIB-PR, involved in autoinhibitory interactions with the SH3
domain, is also responsible for GTPase nucleotide-state sensing.

Rho family GTPases are highly conserved, with Cdc42 and Rac sharing 72% sequence
identity. It was therefore surprising that Rac1 did not bind to the CRIB-PR, particularly
given that IRSp53 was initially identified as a downstream effector of Rac!®. Some CRIB
motifs, including those of PAK protein kinases, appear to bind both Cdc42 and Rac®?,
whereas the CRIB motifs of ACK and WASP bind only Cdc42 (refs. 41,49). Therefore, the
question arises as to how is specificity achieved. To address this question, we calculated the
conservation scores of each residue among the three Rac (Racl, Rac2 and Rac3) and two
Cdc42 (Cdc42-1 and Cdc42-2) variants expressed in humans, by using the program
Consurf5®, A surface representation of the Cdc42 structure, colored according to residue
conservation scores, highlights an area of high sequence variation that coincides with the
site where the structure of the CRIB-PR diverges from those of canonical CRIB motifs (Fig.
3d and Supplementary Fig. 6b). It thus appears that the sequence and structural divergence
between the CRIB-PR and canonical CRIB matifs coincides with a site of sequence
variation between Cdc42 and Rac. This suggests that the CRIB-PR is specifically adapted
for binding to Cdc42.

Model of IRSp53 inhibition and combinatorial activation

Coincident activation is a common theme among cytoskeletal proteins, whereby various
inputs work synergistically for efficient activation and localization. For instance, N-WASP
adopts a compact autoinhibited conformation in the resting state, with full activation
requiring the concurrent binding of Cdc42, negatively charged membranes, and SH3-
containing binding partners#142, Similarly, some formins are maintained in an inactive state
through intramolecular interaction of the C-terminal DAD and N-terminal DID domains.
Activation and membrane localization is attained through multiple inputs, including binding
of GTPases to a site near the DID#344:56 and concurrent interaction with the plasma
membrane through the N-terminal basic tail>’:58, Another example is the WAVE complex,
which is activated at the membrane by phosphorylation and simultaneous interactions with
Rac and acidic phospholipids#°46.

We propose that, analogous to these examples, the activation and localization of IRSp53 is a
combinatorial process involving dimerization, GTPase binding, effector binding, membrane
binding, and cooperative clustering at the membrane (Fig. 7). IRSp53 is an antiparallel
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dimer, such that most of its interactions are enhanced by duplication. This includes
autoinhibitory interactions that, as shown here, involve the CRIB-PR and SH3 domain
(Figs. 1e, 5 and 6) as well as sequences C terminal to the SH3 domain (Figs. 1g and 4c,f).
We also established that autoinhibitory interactions are weak (Fig. 1e), but are likely to be
enhanced by the proximity of the interacting domains within a single polypeptide®?.
Moreover, autoinhibitory interactions must be reversible, so their weak affinity probably has
a functional role. In the inhibited state, IRSp53 is not uniformly localized to the plasma
membrane (Fig. 4b), suggesting that autoinhibitory interactions weaken membrane binding
and/or IRSp53 clustering at the membrane®®. Autoinhibition also occludes the SH3 domain,
which is necessary for effector binding.

Membrane localization is enhanced by coexpression with Cdc42g12v (Fig. 4c), which is
itself tethered to the membrane. Activation at the plasma membrane appears to occur as a
two-step process culminating with the formation of a hexameric 2:2:2 complex between
Cdc42, IRSp53 and downstream effectors such as Eps8. We have shown here that the
binding site of Cdc42, comprising the entire CRIB-PR, overlaps with the binding site of the
SH3 domain on the PR region, revealing the structural bases for competitive activation by
Cdc42. However, as in other autoinhibitory interactions*344, the overlap is not complete,
because the PxxP motif is partially exposed in the structure (Supplementary Fig. 5a).

Cdc42 binding to the CRIB-PR and effector binding to the SH3 domain both produce
conformational changes on IRSp53 that are similar in magnitude but different in nature,
which when combined produce a more open and presumably fully activated state (Figs. 2
and 7). This may explain how coexpression of IRSp53 with either Cdc42 or some
downstream effectors enhances IRSp53 localization at the plasma membrane13:16.18.19,
Finally, BAR-BAR interactions may allow IRSp53 to form a coat at the membrane,
necessary for membrane deformation®59. In summary, we have shown that through a highly
specialized modular structure, IRSp53 constitutes a node for integration of signaling and
functional inputs at the interface between the plasma membrane and the actin cytoskeleton.

ONLINE METHODS

Protein expression and purification

Human IRSp53 constructs and mutants (Fig. 1a and Supplementary Table 1) were expressed
in E. coli BL21(DE3) cells with the intein IMPACT expression system (New England
BioLabs). Cells were grown in TB medium supplemented with 100 mg/ml ampicillin at 37
°C to an OD of 4. Protein expression was induced with 1 mM IPTG at 18 °C for 6 h. Cells
were homogenized in 20 mM HEPES, pH 7.5, 500 mM NaCl, 5 mM EDTA, 4 mM
benzamidine hydrochloride and 1 mM PMSF, lysed with a microfluidizer (Microfluidics),
and centrifuged at 20,0009 for 30 min. Proteins were purified first through a chitin affinity
column. The affinity tag was removed on the column by self-cleavage of the intein, induced
by incubation with 50 mM DTT overnight at room temperature. Proteins were eluted in 20
mM MES, pH 6.0, 300 mM NaCl, 4 mM benzamidine hydrochloride, 5% glycerol and 50
mM DTT. Proteins were 50% diluted in 20 mM MES, pH 6.0, and additionally purified
through a HiTrap SP FF cation exchange column (GE Healthcare). A final purification step
was performed on a Superdex 200 gel-filtration column (GE Healthcare) in 40 mM HEPES,
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pH 7.0, 300 mM NaCl, 1 mM MgCl,, 4 mM benzamidine hydrochloride, 5% glycerol and 1
mM DTT. Proteins were concentrated to ~4 mg/mL with an Amicon stirred cell (Millipore).

Human Cdc42 residues 1-178 and Rac1A residues 1-178 (Supplementary Table 1) bearing
the constitutively active mutation G12V were expressed and purified as described above, in
50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 5 mM MgCl,, 4 mM benzamidine hydrochloride
and 1 mM PMSF. Self-cleavage of the intein was induced by incubation with 50 mM DTT
for 48 h at room temperature. Proteins were additionally purified on a Superdex 200 gel-
filtration column in 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10 mM MgCl,, 4 mM
benzamidine hydrochloride, 0.1 mM GDP and 5 mM DTT. Proteins were concentrated to
~50 mg/mL, and aliquots were flash frozen in liquid nitrogen.

The CRIB-PR domain (IRSp53 residues 260-291) was synthesized with N-terminal
acetylation and C-terminal amide (P. Leavis, Tufts University). The lyophilized peptide was
dissolved in 20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM MgCl, and 1 mM DTT, to a
concentration of ~5 mM.

Human Eps8 (Supplementary Table 1) was expressed and purified as described®.

Nucleotide exchange

Purified GTPases contained GDP bound, as we confirmed by HPLC analysis as described?8.
To obtain the GTP-bound state, GTPases at ~10 mg/mL were incubated with 4 U of calf
intestinal alkaline phosphatase (New England BioLabs) in 10 pM ZnCl,, 200 mM NH4SO4
and a ten-fold molar excess of 5’-guanylyl imidodiphosphate (GMP-PNP, Sigma) for 5 h at
25 °C. To ensure that the exchange of the nucleotide was complete, we monitored the
reaction by HPLC*8. GMP-PNP GTPases were dialyzed against 20 mM HEPES, pH 7.0,
150 mM NaCl, 1 mM MgCl,, 4 mM benzamidine hydrochloride, 5% glycerol and 1 mM
DTT.

Fluorescence resonance energy transfer

Two fluorescence reporters were made on the background of constructs BAR-SH3 and FL
(Supplementary Fig. 1b). In both reporters, pairs of cysteine resides were labeled with the
donor probe fluorescein maleimide and the acceptor probe rhodamine maleimide
(Invitrogen). IRSp53 contains four endogenous cysteine residues, which are all located
within the BAR domain. However, by peptide fingerprinting, we found that under saturating
conditions (20:1 molar excess of probe to protein) only one of these cysteines (Cys230)
reacted with fluorescein maleimide (Supplementary Fig. 1c). A second reactive cysteine was
introduced by mutagenesis at the end of constructs FL (S519C) and BAR-SH3 (S452C). To
ensure that most of the donor probes were coupled to acceptors, we first under-labeled the
two IRSp53 constructs at 5 UM with the donor probe, by incubation with a 0.9 molar ratio of
fluorescein maleimide for 30 min at 4 °C. Then, a five-fold molar excess of the acceptor
probe was added for 1 h. Unreacted excess probes were removed by gel filtration with a
PD10 desalting column (GE Healthcare). The extent of the labeling reaction was determined
by measurement of the protein concentration by the Bradford assay (Bio-Rad) and
comparison of the result to the dye concentration determined from the peak absorbance of
the bound fluorophores, with extinction coefficients €49, nm) = 83,000 cm™1 M~ for
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fluorescein-5-maleimide and &(s42 nm) = 91,000 cm~1 M~1 for tetramethyl-rhodamine-5-
maleimide. The dye/protein ratio was determined to be 2:1 for the two reporters.

Steady-state fluorescence emission spectra were obtained at 20 °C by titration of IRSp53-
binding ligands (GTPases, SH3 domain or Eps8) into both FRET reporters at 0.5 pM.
Experiments were performed in 20 mM HEPES, pH 7.5, 150 mM NaCl, 4 mM benzamidine
hydrochloride 1 mM MgCl, and 0.1 mM TCEP, with a Varian Cary Eclipse fluorescence
spectrophotometer (Agilent). Excitation was set at 496 nm (5-nm slit width), and the
emission spectra were recorded at 520 nm (5-nm slit width). Titration curves were fit with
IGOR (WaveMetrics) to either (as indicated) a noncooperative binding function F([ligand])
= Fmax * [ligand] x (Kq + [ligand])™! or a cooperative binding function F([ligand]) = Fpax X
[ligand]H x (K4 + [ligand]H)~1, where H is the Hill coefficient. Best fits were selected on
the basis of residual analysis.

Isothermal titration calorimetry

Binding reactions were performed at 20 °C with a VVP-ITC calorimeter (MicroCal). Proteins
were dialyzed side by side against 20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MqgCl,, 4
mM benzamidine hydrochloride and 0.1 mM TCEP. Each titration consisted of 30 10-uL
injections of 400 uM GTPases or 1.3 mM SH3 domain into a 1.475-mL reaction cell
containing 8-15 uM IRSp53 constructs or 50 uM CRIB-PR. The duration of each injection
was 20 s, with an interval of 4-5 min between injections. The heat of binding was corrected
for the small exothermic heat of injection resulting from the titration of GTPases or the SH3
domain into buffer. ITC data from three independent experiments were analyzed with
MicroCal’s custom scripts in Origin 7.0 (OriginLab). Best fits were selected on the basis of
residual analysis. Integrated heats from all the binding reactions fit well to a single-site
binding model.

Crystallography

GMP-PNP-Cdc42g12y Was concentrated to 11 mg/mL in 20 mM HEPES, pH 7.5, 50 mM
NaCl, 1 mM MgCl,, and 1 mM DTT, and incubated with a 1.5-fold molar excess of the
CRIB-PR domain. Crystallization was performed at 18 °C, with the hanging-drop vapor-
diffusion method. A typical 2-uL drop consisted of a 1:1 (v/v) mixture of protein solution
and a well solution containing 18-20% PEG 4000, 200 mM MgCly, and 4 mM betaine
hydrochloride. Crystals appeared after 1 d and were flash frozen in a solution containing
20% PEG 400 added to the well solution. Data sets were collected at beamline 17-1D at the
Advanced Photon Source (APS, Argonne). Data indexation and scaling were done with
HKL-2000 (refs. 60,61). The structure was determined by molecular replacement, with a
search model of the structure of the complex of Cdc42 with Par6 (PDB 1NF3 (ref. 50)). Par6
was removed before molecular replacement. Refinement and model building were carried
out with PHENIX®2 and Coot83, respectively. Data collection and refinement statistic are
listed in Table 1. Representations of the structure and Supplementary Video 1 were prepared
with PyMOL (http://www.pymol.org/).
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B16F1 mouse melanoma cells were cultured as described®2. IRSp53-GFP constructs were
cotransfected with N-terminally fused RFP or mCherry human full length Cdc42¢1,y with
Lipofectamine LTX and Plus reagents (Invitrogen). On day 2 after transfection, the cells
were fixed with 4% paraformaldehyde in PBS, permeabilized with 1% Triton X-100 in PBS
for 5 min, and stained with Alexa Fluor-680 phalloidin for 30 min. Cells were mounted on a
slide with ProLong Gold Antifade Reagent (Invitrogen). Light microscopy was performed
with an Eclipse TE2000-U inverted microscope (Nikon) equipped with a Planapo 100 x 1.3
NA objective and a Cascade 512B CCD camera (Photometrics) controlled by the
Metamorph imaging software (Molecular Devices). All the cells were imaged with the same
exposure time. Filopodia were quantified manually with ImageJ54.

Quantifications were based on at least three independent experiments. FRET data are
presented as mean + s.d. Filopodia quantification is shown as mean + s.e.m. Two-tailed
unpaired P values were calculated with Student’s t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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550 600
Wavelength (nm)

GTPase or SH3 (uM)

Autoinhibition and activation of IRSp53 by Cdc42. (a) Domain organization of IRSp53 and
constructs used in this study (WWB, WW domain-binding site; PDZB, PDZ domain-
binding site). (b) Comparison of IRSp53’s CRIB-PR to canonical CRIB motifs (top) and
targets of the SH3 domain of IRSp53 (bottom). Highlighted in orange are residues
conserved in the CRIB motifs of human PAK1 (UniProt Q13153), PAK4 (UniProt 096013),
PAKS6 (UniProt QINQUS5), N-WASP (UniProt 000401), ACK1 (UniProt Q07912) and
PARG6B (UniProt Q9BYG5). Highlighted in cyan are proline residues conserved in SH3-
binding targets: human Eps8 (UniProt Q12929), E. coli EspFU species (UniProt Q8X482
and C6UY13) and human atrophin-1 (UniProt P54259). (c,d) ITC experiments in which 200
(c) or 400 (d) uM GTPases (color coded) were titrated into a cell containing 8 uM FL or 15
UM CRIB-PR, respectively. The stoichiometry, N, and dissociation constant, Ky, are shown
for each titration. (€) ITC experiments in which 1.3 mM SH3 domain was titrated into a cell
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containing 50 uM FL or CRIB-PR. (f) Steady-state fluorescence of 0.5 uM FL FRET
reporter (Supplementary Fig. 1b) as a function of GMP-PNP-Cdc4212y concentration (0 to
50 uM). a.u., arbitrary units. (g) Normalized decrease in donor fluorescence for 0.5 uM FL
FRET reporter (solid squares) or 0.5 pM BAR-SH3 FRET reporter (open squares) as a
function of increasing concentrations of GMP-PNP-Cdc42g12y (red), GDP-Cdc42g12v
(blue), GMP-PNP-Rac1 (purple) and SH3 domain (green). (h) Comparison of the total
change in FRET for the titrations shown in g. The differences in FRET calculated at zero
and saturating ligand concentrations are shown normalized and scaled relative to the total
change in FRET for GMP-PNP-Cdc42¢1,y. Data are presented as mean £s.d. (n=3
titrations).
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Figure 2.
Formation of a heterohexameric complex between Cdc42, IRSp53 and Eps8. (a) Titration of

11 uM Eps8 into 0.5 pM BAR-SH3 FRET reporter (left), followed by titration of 200 pM
GMP-PNP-Cdc42g12v (right). The total change in FRET for the first titration was
normalized to one and used as a reference for scaling of the second titration. The normalized
decrease in FRET for each titration was fitted to a cooperative binding equation (black
lines). (b) Titration of 200 uM GMP-PNP-Cdc421,y into 0.5 uyM BAR-SH3 FRET
reporter (left), followed by titration with 11 uM Eps8 (right) (normalized and fitted as in a).
Data from repeated titrations are presented as mean + s.d. (n = 3 titrations).
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Figure 3.
Structure of the CRIB-PR bound to Cdc42. (a) Ribbon representation of the crystal structure

of the CRIB-PR (orange and cyan) bound to GMP-PNP-Cdc4212y (gray). Switch |
(residues 30-38), switch Il (residues 57-72) and the P loop (residues 9-16) are colored
yellow, purple and green, respectively. (b) Close-up view of the 2F,—F electron density
map contoured at 1o around the CRIB-PR. (c) Interactions of the side chains of the CRIB-
PR on the electrostatic surface of Cdc42g12y (blue, red and white indicate positive, negative
and neutral electrostatic potential, respectively). Pairs of CRIB-PR residues mutated in this
study are labeled, corresponding to mutants 1267A S268A (orange), L277E F286E (cyan)
and P278D P281D (yellow). (d) Comparison of the structures of the CRIB-PR and the
canonical CRIB motifs of PAK1, PAK4, PAK6 and PAR6 (PDB 2QME, 20V2, 20DB and
INFS3 (ref. 50), respectively).
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Figure 4.
Effect of IRSp53 mutations on filopodia formation in B16F1 melanoma cells as a function

of Cdc42 coexpression. (a,b) Control cells coexpressing GFP and mCherry-Cdc42g12y (a)
or FL-GFP and RFP (b) (scale bars, 10 um). Zoomed-in regions (white box) are shown
separately for Cdc42¢12vy, IRSp53 and actin. (c—h) Coexpression of mCherry-Cdc42¢1ov
with the indicated IRSp53 constructs: FL (c), BAR (d), BAR-CRIB-PR (e), BAR-SH3 (f),
1267A S268A (g) and L277E F286E (h). The main phenotype characterizing each construct
is shown on the left. (i) Quantification of the average number of filopodia and filopodia-like
protrusions per cell for each IRSp53 mutant coexpressed with either RFP (gray bars) or
mCherry-Cdc42¢12y (red bars). The data are presented as mean + s.e.m. The total number
of cells quantified is indicated inside each bar. (j) Filopodia length distribution presented as
box-and-whisker plots, in which boxes represent the middle half of the data and are divided
by the median value, whiskers encompass the data from the 5th to the 95th percentile, and a
dot represents the mean value of all the data. (k) Percentage of filopodia that were filled
(blue), partially filled (green) or not filled (orange) with actin.
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Figure 5.
Autoinhibitory interactions involve the CRIB-PR domain. (a) ITC titration of 400 pM

GMP-PNP-Cdc42g1oy into 15 pM BAR-SH3 (red) or mutant P278D P281D (black). This
double mutant targets the PxxP site in the PR region of the CRIB-PR (Supplementary Fig.
5a). (b) Titration of 200 pM GMP-PNP-Cdc42g12y into 0.5 uM BAR-SH3 FRET reporter
(red) or BAR-SH3 FRET reporter mutant P278D P281D (black). Data are presented as
mean + s.d. (n = 3 titrations). (c) Titration of 11 uM Eps8 into 0.5 yM BAR-SH3 FRET
reporter mutant P278D P281D (left), followed by titration of 200 uM GMP-PNP-
Cdc42¢1oy (right). Titrations were normalized and fitted as described in Figure 2. (d)
Images of cells coexpressing FL mutant P278D P281D with RFP or with mCherry-
Cdc42¢1ov (left) and quantification (right) of the number of filopodia per cell, filopodia
length and the percentage of filopodia filled with actin (as described in Fig. 4). The data for
filopodia per cell are presented as mean + s.e.m. The total number of cells quantified is
indicated inside each bar. *P < 0.005 by two-tailed unpaired Student’s t test.
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Figure 6.
Autoinhibitory interactions involve the SH3 domain. (a) Top, superimposition of crystal

structures resulting from swapping the SH3 domain of IRSp53 with that of Eps8. Bottom,
structure-based sequence alignment showing the sequences that were swapped, which share
only 15% identity. (b) ITC titration of 200 uyM GMP-PNP-Cdc42g1,y into 8 uM FL (red) or
FL mutant SH3-SWAP (black). (c) Titration of 400 pM GMP-PNP-Cdc42g12y into 0.5 pM
FL FRET reporter (red) or FL FRET reporter mutant SH3-SWAP (black). Data are
presented as mean + s.d. (n = 3 titrations). (d) Left, cells coexpressing FL mutant SH3-
SWAP with RFP or with mCherry-Cdc42g12y. Right, quantification of the number of
filopodia per cell, filopodia length and the percentage of filopodia filled with actin (as
described in Fig. 4). The data for filopodia per cell are presented as mean + s.e.m. The total
number of cells quantified is indicated inside each bar. *P < 0.005 by two-tailed unpaired
Student’s t test.
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Figure 7.

Combinatorial activation model of IRSp53.
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Table 1

Data collection and refinement statistics

GMP-PNP-Cdc42-CRIB-PR
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Data collection
Space group
Cell dimensions
a b c(A)
Resolution (A)

Rmerge
I/al
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork / Riree
No. atoms
Protein
Ligand
Water
B factors
Protein
Ligand
Water
r.m.s. deviations
Bond lengths (A)
Bond angles (°)

P4,2,2

67.23, 67.23, 79.75

1.90-50.00 (1.90-1.97)@
3.3 (52.6)
20.9 (3.3)
100.0 (100.0)
18.4 (17.8)

1.90-34.30 (1.90-2.04)
14,959 (2,747)
14.81 (16.13) / 19.87 (22.10)

1,693
69
151

26.67
33.16
35.27

0.015
1.689
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aValues in parentheses are for highest-resolution shell. The structure is based on a single crystal.



