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SUMMARY

Arpin is a newly discovered regulator of actin poly-
merization at the cell leading edge, which steers
cell migration by exerting a negative control on the
Arp2/3 complex. Arpin proteins have an acidic tail
homologous to the acidic motif of the VCA domain
of nucleation-promoting factors (NPFs). This tail is
predicted to compete with the VCA of NPFs for bind-
ing to the Arp2/3 complex, thereby mitigating activa-
tion and/or tethering of the complex to sites of actin
branching. Here, we investigated the structure of full-
length Arpin using synchrotron small-angle X-ray
scattering, and of its acidic tail in complex with an an-
kyrin repeats domain using X-ray crystallography.
The data were combined in a hybrid model in which
the acidic tail extends from the globular core as a
linear peptide and forms a primary epitope that is
readily accessible in unbound Arpin and suffices to
tether Arpin to interacting proteins with high affinity.

INTRODUCTION

Cell migration is powered by the polymerization of actin mesh-
works at the cell leading edge. This process is activated by a
regulatory cascade that involves the small GTPase Rac, the
nucleation-promoting factor (NPF) WAVE complex, and the
actin-branching complex Arp2/3, each promoting conforma-
tional changes into the next component that eventually result
in the creation of a new actin branch (reviewed in Padrick and
Rosen, 2010). Arpin was recently identified as a new player in
this network, which mitigates the dynamics of actin polymeriza-
tion through a Rac-Arpin-Arp2/3 inhibitory circuit that steers cell
migration (Dang et al., 2013). Notably, depletion of Arpin
increased the speed and directional persistence of migration in
mammalian cells and in the ameba Dictyostelium discoideum,
and its microinjection into fish keratocytes slowed migration

252 Structure 24, 252-260, February 2, 2016 ©2016 Elsevier Ltd All rights reserved

speed and induced cells to turn (Dang et al., 2013). Thus, Arpin
is a novel member in a growing repertoire of negative regulators
of Arp2/3 functions (reviewed in Krause and Gautreau, 2014).

Arpin is conserved in many animals, including mammals,
amphibia, reptiles, and fish, and is also found in gastropods,
sponges, and ameba, although an Arpin sequence has not
been detected so far in available bird or insect genomes (Fig-
ure S1A). It is a protein of about 25 kDa, characterized by the
presence of the C-terminal acidic motif, which bears a striking
resemblance to the acidic moiety of the VCA (verprolin-homol-
ogy, central, and acidic motif) domain of NPFs (Dang et al.,
2013) (Figure S1B). In WASP, WAVE, and other NPFs, the VCA
is a regulatory element that binds to and activates the Arp2/3
complex in response to various inputs and tethers the complex
to sites of actin branching (reviewed in Padrick and Rosen,
2010). The observation that full-length Arpin, but not a mutant
lacking the acidic motif, impairs the ability of a VCA domain to
pull down cellular Arp2/3 and inhibits actin polymerization pro-
moted in vitro by a VCA peptide and the Arp2/3 complex, sug-
gested that the acidic motif recognizes a VCA-binding site on
Arp2/3 (Dang et al., 2013).

VCA regions are tightly regulated in order to control the dy-
namics of actin assembly in time and space. In WASP (Kim
et al., 2000) and in the WAVE complex (Chen et al., 2010), the
VCA is masked by intramolecular interactions, which contribute
to maintaining the NPF in an inactive state. Upon activation of
NPFs by Rac GTPases and other factors, the VCA motif be-
comes available to bind to actin and to the Arp2/3 complex (re-
viewed in Padrick and Rosen, 2010). Currently, the number and
precise location of VCA-binding sites in the Arp2/3 complex
continue to be investigated (Boczkowska et al., 2008, 2014;
Gaucher et al., 2012; Padrick et al., 2011; Tiet al., 2011). A C-ter-
minal acidic motif has also been identified in PICK1, which acts
as a negative regulator of Arp2/3 (Rocca et al., 2008), although
whether it binds to Arp2/3 directly is currently being debated
(Madasu et al., 2015).

The presence of an acidic tail in Arpin raises the question of
the extent to which its structural, regulatory, and functional
properties mimic those of the acidic motif of the VCA regions.
Currently little is known about the structure of Arpin. Previous
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Figure 1. SAXS Analysis of Human and Fish Arpin

(A) SEC-SAXS scattering profiles of HsArpin (red), ZfArpin (blue) and
ZfArpinACt (green). The scattering profiles calculated from the P(r) functions
are superposed in black.

(B) P(n distance distribution functions of HsArpin (red), ZfArpin (blue), and
ZfArpinACt (green). Dmayx Values are indicated. It should be noted that smaller
Dax Values resulted in a significantly poorer fit of the calculated profiles when
compared with the experimental scattering profiles.

See also Figure S1, showing sequence alignments of Arpin proteins and
acidic peptides from different species and SDS-PAGE of Arpin samples used
in this study.

nuclear magnetic resonance analysis indicated that the 20
C-terminal residues in human Arpin have a high mobility in the
picosecond to millisecond timescale, suggesting that they are
exposed to the solvent and poorly structured (Dang et al.,
2013). So far, Arpin has also resisted crystallographic analysis,
likely because crystal growth is impaired by the flexibility of
its C terminus. Small-angle X-ray scattering (SAXS) provides a
powerful approach to analyze the conformation of partially un-
structured proteins (reviewed in Bernado and Svergun, 2012;
Rambo and Tainer, 2013; Receveur-Brechot and Durand,
2012). Here, we used a combination of SAXS to study the struc-
ture of unbound and protein-bound Arpin constructs from
human and fish in solution, and X-ray crystallography to observe
the conformation of its C-terminal acidic tail at high resolution.
These data reveal that Arpin is comprised of an elongated glob-
ular core from which the C-terminal tail extends as a linear
peptide, thus forming a primary epitope that is readily available
to tether Arpin to interacting proteins.

RESULTS

SAXS Analysis of Human and Fish Arpin Proteins

The function of Arpin proteins in cell motility was previously
investigated in human, fish, and ameba cells (Dang et al.,
2013). None of these Arpin proteins produced crystals, which
could be due to the flexibility of their acidic tails. Alternatively,
we turned to SAXS analysis, which provides data on the shape
of globular and flexible regions of proteins in solution. To in-
crease the significance of our analysis, we conducted studies
on both human Arpin (HsArpin) and zebrafish Arpin (ZfArpin),
which have 59% sequence identity and similar acidic tails
(""EIREQGDGAEDEEWDD??® in HsArpin, 2'"TKSAAQGEGADD
DEWDD?2® in ZfArpin, see also Figures S1A and S1B). HsArpin,
ZfArpin, and a ZfArpin mutant lacking the 16 C-terminal resi-

dues (ZfArpinACt hereafter) were expressed as recombinant
proteins and purified to homogeneity (Figure S1C). Fusion
tags used to facilitate purification were removed before struc-
tural analysis in order to eliminate any contribution to the scat-
tering intensities. The SAXS profiles of HsArpin, ZfArpin, and
ZfArpinACt were recorded on SWING beamline at synchrotron
SOLEIL (Figure 1A) and analyzed with the FOXTROT (synchro-
tron SOLEIL) and ATSAS (Petoukhov et al., 2012) software
suites (Table 1). Samples were separated based on their size
and shape by online size-exclusion chromatography (SEC).
The SEC elution profiles of all samples were symmetrical and
devoid of shoulders and trailing tails, and the radius of gyration
(Ry) values calculated for each image were stable throughout
the elution peak (Figure S2), which is a strong indication that
the samples were monodisperse. The scattering profiles of
HsArpin and ZfArpin superpose very well, confirming that their
structures are very similar. The Ry of HsArpin and ZfArpin esti-
mated by Guinier analysis are 26.8 and 26.9 ,&, respectively.
These values are considerably larger than those expected for
a globular protein of 25 kDa, as exemplified by chymotrypsin-
ogen, a 25 kDa globular protein the Ry of which is 18 A (Perkins
et al., 1993). Accordingly, the distance distribution functions
P(r) indicate that HsArpin and ZfArpin have maximum diameter
values (Dynax) of 132 and 138 A, respectively (Figure 1B). Trun-
cation of the C terminus from ZfArpin reduced its Ry value by
4 A and its Dy value by 25 A (Figure 1B). A similar SAXS anal-
ysis could not be carried out with HsArpin truncated at its
C-terminal tail, because this construct was more prone to
aggregation. These data indicate that the C terminus of Arpin
proteins greatly contributes to their unusually large Ry and
Dmax values. However, the Ry and Dpax values of ZfArpinACt
remain larger than what would be expected for a mostly spher-
ical protein, indicating that the shape of the globular core of
Arpin proteins is non-spherical in solution.

Ab Initio Modeling of Arpin Protein Structures

The high-intensity SAXS data from the SEC peaks were aver-
aged to generate ab initio models of HsArpin, ZfArpin, and
ZfArpinACt. For each construct, 20 models were generated
with DAMMIF, where the protein volume is filled with beads
(Franke and Svergun, 2009), and with GASBOR, in which
dummy residues are arranged as a polypeptide chain (Svergun
et al., 2001). All models have a very good fit to the experi-
mental SAXS data as measured by %2 values, and very good
internal consistency as measured by normalized spatial
discrepancy (NSD) values (Figures 2 and S3, Table 1). HsArpin
and ZfArpin models consistently define a tadpole shape very
similar for both proteins, in which individual models feature
an elongated compact core (the head of the tadpole) and a
linear extension (the tail fin) (Figures 2A and 2B). The models
of HsArpin and ZfArpin generated by GASBOR also feature a
non-spherical globular core with a linear extension (Figures
S3A and S3B). As shown in Figures 2C and S3C, ZfArpinACt
retains an elongated shape similar to that of the globular
core of HsArpin and ZfArpin, but with a significantly smaller
linear extension, compatible with the interpretation that the
extension seen in the models of the full-length proteins corre-
sponds to their C terminus tail. To visually estimate the depar-
ture of each of these proteins from globularity, we used the
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Table 1. Statistics on SAXS Data Collection, Analysis, and Modeling

Data Collection Parameters

Instrument
Beam geometry

o

SWING beamline, equipped with a PCCD170170 Aviex Detector
Pinhole

Wavelength (A) 1.033
grange A1) 0.01-0.600
Exposure time (s) 1.5 per frame
Temperature (K) 295
ARD HsArpin ZfArpin ZfArpinACt ARD/HsArpin

Structural Parameters

From Guinier fit 1©0) cm™") 0.043+2 x 1074 0.050 +5 x 107* 0.041+7 x 107* 0.067 +4 x 10~* 0.072+5 x 107*
Rg (A) 17.70 + 0.01 26.80 + 0.07 26.89 + 0.14 22.80 + 0.04 33.00 = 0.06

From P(1) 1©0) cm™") 0.044 +1 x 107* 0.050 +1 x 107* 0.041+1 x 107* 0.067 +1 x 107* 0.072+1 x 107*
Rg (A) 18.22 + 0.01 27.83 + 0.08 27.94 + 0.10 23.60 + 0.06 33.49 + 0.04
Dimax (A) 58 132 138 113 126

Molecular Mass Determination

Partial specific volume (cm®g~") 0.733 0.727 0.721 0.728 0.730

Contrast (10'° cm™2) 2.941 3.045 3.129 3.022 2.999

Molecular mass (kDa) from /(0) 17.1 <27.4° <30.8°% <25.5% 38.4

Molecular mass (kDa) from 17.6 249 25.5 23.8 42.4

sequence

Modeling

DAMMIF %2 0.94 0.86 1.03 0.67 0.52
NSD 0.54 + 0.02 0.55 + 0.02 0.53 + 0.02 0.54 + 0.02 0.63 + 0.03

GASBOR %2 - 1.4 1.19 1.19 -
NSD - 1.21 +0.04 1.21 +0.03 1.06 + 0.03 -

BUNCH %2 = = = = 1.13
NSD - - - - 1.26 + 0.04

MONSA %2 - - - - 0.98/0.77/1.21
NSD = = = = 0.52 + 0.01

See also Figure S2, showing the /(0) and Ry analysis of chromatography-coupled SAXS frames.

@Due to high concentration at the elution peak, the HPLC-UV detector was saturated and the concentrations of the sample were consequently under-
estimated. In that case, the molecular mass is overestimated; however, it remains close to the predicted molecular weight. We show in Figure S2 that
Ry is constant across the peak, indicating that the sample is homogeneous and is devoid of aggregates.

dimensionless Kratky Plot (DLKP). The DLKP of a purely glob-
ular protein displays a maximum of about 1.1 at an abscissa
of about 1.75, whereas both the maximum value and the ab-
scissa increase as the protein is more elongated or partially
unfolded (Durand et al., 2010; Receveur-Brechot and Durand,
2012). All Arpin constructs display a bell-shaped DLKP curve,
indicating without ambiguity that they contain a folded domain
(Figure 2D). However, the ZfArpinACt curve is closer to the
theoretical curve of a globular protein than those of HsArpin
and ZfArpin, which are shifted toward higher qRy values.
This analysis further substantiates the model in which the
elongated or unfolded part is significantly shorter in ZfArpinAC
than in full-length Arpin proteins, and thus corresponds to the
C-terminal tail.

SAXS Analysis of an Arpin-Ankyrin Repeats Complex

Previous work using different cellular models has shown that
the acidic tail of Arpin proteins is a major component of their
ability to interfere with Arp2/3 functions, which led to the hy-

pothesis that it competes directly with the VCA of the WAVE
complex for binding to the Arp2/3 complex (Dang et al,
2013). The above SAXS analysis of unbound Arpin proteins
suggests that the C-terminal tail forms an elongated peptide
which makes few interactions with the rest of the protein,
raising the possibility that Arpin qualifies as a member of an
important class of proteins that form protein-protein interac-
tions via linear peptide epitopes (reviewed in Perkins et al.,
2010). To investigate the binding properties of the C-terminal
tail, we took advantage of the fact that HsArpin interacts with
an ankyrin repeats domain (ARD) from Tankyrase 2 (I.D. and
A.G., unpublished data), a multidomain poly(ADP-ribose)poly-
merase that recruits specific linear motifs in its substrates via
its N-terminal ankyrin repeats (Guettler et al., 2011). This inter-
action was used here solely for structural analysis purposes,
and its functional analysis will be reported elsewhere. SEC-
SAXS data of an ARD construct from which the 6xHis-GST
tag had been removed was recorded, which had an excellent
fit to the theoretical scattering curve calculated from the
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Figure 2. Ab Initio Modeling of Human, Fish, and Truncated Arpin
(A-C) Models of HsArpin (A), ZfArpin (B), and ZfArpinACt (C) were generated
from high-intensity SAXS data using DAMMIF. For each Arpin construct, 20
independent models were generated and superimposed with DAMAVER. The
largest dimension of the models (132, 131, and 108 A, respectively) are in
agreement with the D,,« values estimated from the P(r) functions. The volume
occupied by the superposed models and the model with best X2 are shown in
mesh and beads, respectively. All models are shown at the same scale. The
largest dimension is shown by a ruler.

(D) DLKPs of HsArpin (red), ZfArpin (blue), ZfArpinACt (green), and theoretical
curve for a purely globular protein (black). All proteins have a bell-shaped curve
characteristic of the presence of a globular domain, but have a peak abscissa
and height higher than those of a purely globular domain indicating the presence
of an elongated and/unfolded element.

See also Figure S3, showing ab initio modeling of Arpin proteins using
GASBOR.

crystallographic structure of the unbound ARD (Guettler et al.,
2011) (Figures S4A and S4B). The HsArpin-ARD complex was
purified by SEC (Figure S4C) and characterized by synchrotron
SEC-SAXS (Figures 3A, 3B, and S2, Table 1). The distance dis-
tribution function P(r) of the complex has a small shoulder in its
right-hand side, which indicates that the two proteins may
arrange as separated domains in the complex. The P(r) also
lacks trailing high values, which contrasts with the P(r) functions
of unbound Arpin proteins. The experimental SAXS curves of
unbound HsArpin, unbound ARD, and the HsArpin-ARD com-
plex were combined with the program MONSA (Svergun,
1999) to generate ab initio models of the HsArpin-ARD com-
plex. A model with an excellent fit to the experimental data
could be generated with this approach (Figures 3C and 3D).
The resulting envelope has an elongated globular core that

A Log) B rin
10-1 1 1.0
HsArpin-ARD
102
0.5 4
10° | 126 A
10+ . 0.0 : . lr(,&)
A q(A?)
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Figure 3. SAXS Analysis of Arpin-ARD Complex

(A) Experimental SEC-SAXS scattering profile of the HsArpin-ARD complex.
The scattering profile calculated from the P(r) functions is superposed in black.
(B) P(r) distance distribution function.

(C) A representative ab initio envelope of the HsArpin-ARD complex generated
by MONSA from the high-intensity SAXS data of unbound HsArpin, unbound
ARD, and the HsArpin-ARD complex. HsArpin is shown in red, the ARD in
yellow.

(D) Fit of the experimental scattering intensities of the ARD (yellow), HsArpin
(red), and the HsArpin-ARD complex (orange) using the calculated scattering
intensities of the MONSA model with the lowest %2. The model accounts well
for the experimental SAXS data of both the unbound proteins and the complex.
See also Figure S4, showing the SAXS analysis of the unbound ARD and the
SEC profile of the HsArpin-ARD complex.

lacks the linear extension seen in unbound Arpin structures,
which indicates that the C terminus tail is no longer exposed
and suggests that it is directly involved in tethering Arpin to
the ARD. However, the precise position of the C terminus tail
and the contribution of the globular core of Arpin to the binding
interface cannot be resolved in this envelope.

Hybrid Model of the Arpin-ARD Complex from Combined
X-Ray Crystallography and SAXS

Hybrid structural models that incorporate partial atomic
structures can be reconstituted by combining SAXS and
crystallographic data. We solved the crystal structure of the
C-terminal peptide from HsArpin (residues 211-222, HsArpin®t
hereafter) in complex with the ARD at 1.8-A resolution (Fig-
ure 4A, crystallographic statistics are given in Table 2). The Ar-
pin peptide adopts an extended conformation in the complex
and forms extensive interactions with the second and third an-
kyrin repeats of the ARD (Figure 4B). This conformation is
similar to that of peptides previously crystallized in complex
with this ARD (Guettler et al., 2011), with root-mean-square de-
viation (RMSD) values in the 2-A range (Figure 4C and Table
S1), the functional significance of which is currently being
investigated and will be described elsewhere. Notably, the
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Figure 4. Hybrid Crystallography and SAXS
Model of the HsArpin®-ARD Complex

(A) Fo — F. electron density contoured at 3o of the
HsArpin®-ARD complex, from which the HsArpin®t
peptide has been omitted. The refined crystallo-
graphic structure of the peptide is superposed.
The ARD is in yellow.

(B) Crystallographic structure of the HsArpin©'-
ARD complex. The ARD is shown in surface rep-
resentation, with each ankyrin repeat in a different
color. HsArpin® is shown in red.

(C) Superposition of the HsArpin® peptide (in red)
to peptides from ARD-substrate peptide com-
plexes (Guettler et al., 2011). Note that the invariant
arginine has a highly conserved position. PDB
entry codes of the ARD-peptide complexes shown
are: TERF, PDB: 3TWS; MCL1, PDB: 3TWU;
NUMA1, PDB: 3TWV; LNPEP, PDB: 3TWW;
FNBP1, PDB: 3TWX.

(D) Close-up view of Arg?'® in the HsArpin®-ARD
complex. Hydrogen bonds are indicated with
dotted lines.

(E) Hybrid model generated by BUNCH using the
crystallographic structure of the HsArpin®-ARD
complex and the SAXS data of the HsArpin-ARD
complex. The fit between the experimental SAXS
data and the theoretical data calculated from the
model are shown.

See also Table S1, which gives the RMSD values
between Arpin and other ARD-bound peptides.

peptide are 0.65 + 0.05 and 0.32 =+
0.02 pM, respectively, with thermody-
namic parameters that are dominated

. q(A'l) by the enthalpic contribution AH in

conserved arginine found in all peptides (Arg?'® in Arpin) forms

the same set of hydrogen bonds and non-polar interactions
with the ARD as seen in all other peptides (Figure 4D). Next,
we combined the crystallographic coordinates of the HsAr-
pin®-ARD complex and the SAXS data of the HsArpin-ARD
complex using BUNCH (Petoukhov and Svergun, 2005). The re-
sulting hybrid model of the HsArpin-ARD complex is composed
of the SAXS envelope corresponding to ArpinACt and the
atomic coordinates of the HsArpin®-ARD complex (Figure 4E).
The model depicts an arrangement in which the acidic tail of
Arpin is sequestered by the ARD, and the globular core of Arpin
interacts with the ARD via an interface of restricted area. This
analysis suggests that the C-terminal tail of Arpin is a major
component of the tethering of Arpin to binding proteins.

The C-Terminal Tail of Arpin Is a Primary Binding
Epitope

To analyze quantitatively the hypothesis that the acidic tail of
Arpin is a primary epitope, we determined the binding affinities
of HsArpin and of the HsArpin®' peptide for the ARD by
isothermal titration calorimetry (ITC) (Figures 5A and 5B, Table
3). The dissociation constants of HsArpin and the HsArpin®

both cases, indicating that the acidic
tail provides most of the binding energy
with little or no contribution from the
globular core. To further confirm that
the interaction of the peptide in the crystal is relevant to the
interaction of full-length Arpin, we mutated Arg®'3, a residue
that establishes a network of interactions with the ARD and
is conserved in other peptides that bind to this ARD (Figures
4C and 4D). The Arg213Ala mutation reduced the dissociation
constant of HsArpin by 10-fold, and that of HsArpin®t by more
than 20-fold. Interestingly, ZfArpin lacks an equivalent arginine
in its C terminus, and accordingly no interaction with the ARD
was detected by ITC (Figure S5A). Mutation of Ala®'® to Arg in
ZfArpin resulted in partial recovery of association with the ARD
(Figure S5B). We conclude from these experiments that the
C-terminal acidic tail of Arpin is a primary binding epitope
that binds tightly on its own to the ARD, and that the globular
core of Arpin does not contribute significantly to this
interaction.

0.2

DISCUSSION

We analyzed the structure and interactions of Arpin by combined
SAXS, X-ray crystallography, and ITC as a step toward under-
standing its negative regulation of Arp2/3 functions. We showed
that Arpin has a globular core with an ellipsoid shape from which
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Table 2. Crystallographic Statistics of the Arpin Peptide-ARD
Structure

PDB: 4768
Data Collection
X-Ray source PROXIMA-2A
Space group P2,2,2,4

Cell dimensions

°

a, b, c (A) 29.54, 43.80, 107.64
a, B,y () 90, 90, 90
Temperature (K) 100

Wavelength (Z\) 0.9791

Resolution (A)

No. of unique reflections

40.57-1.86 (1.97-1.86)
12,297 (1893)

Redundancy 7.8 (7.9)
Completeness (%) 99.5 (97.0)
(I/s(l)) 17.8 (5.0)
CCq/2 (%) 99.9 (92.9)
Rmeas (%) 9.8 (57.2)
Refinement

Resolution range (A) 40.57-1.86
No. of reflections 12,294
Rwork/Riree 16.98/21.66
RMSD

Bond length (&) 0.006
Bond angles (°) 1.041
Ramachadran plot

Favored (%) 100
Allowed (%) 0

Number of outliers 0

the acidic tail extends as an elongated peptide, and that this tail
is a linear primary epitope that suffices to tether Arpin to interact-
ing proteins. The robustness of our structural analysis was
ensured by control quality of protein samples, internal valida-
tions of ab initio models, cross-validations between human
and zebrafish Arpin models, mutagenesis, and thermodynamic
analysis of interaction parameters. The acidic tail of Arpin was
previously shown to be a critical element in Arp2/3 signaling.
However, studies of other proteins that function in the Arp2/3
pathway showed that the presence of an acidic peptide in their
C termini does not necessarily imply that these peptides bind
to the Arp2/3 complex as a primary epitope, as shown by
SAXS analysis for the PICK1 protein (Madasu et al., 2015). Our
analysis of the structure and interactions of Arpin reveals that
its acidic tail has structural and energetic features that enable
it to tether Arpin to interacting proteins with high affinity. These
characteristics support a resemblance of the acidic tail of Arpin
to the acidic tail of the VCA regions of NPFs for binding to the
Arp2/3 complex. In addition, the full accessibility of the acidic
tail in unbound Arpin indicates that Arpin is constitutively active,
hence its regulation, if any, must occur by mechanisms other
than an inhibitory conformational change.

Currently, the atomic details of the structure and interactions
of the acidic tail of VCAs remain incompletely understood. In

the absence of activating factors, the VCA of N-WASP folds as
a compact structure in which the binding sites for activating ele-
ments are masked by intramolecular interactions, while the
acidic tail is disordered and most likely exposed (Kim et al.,
2000). Likewise, the VCA of WAVE1 in the WAVE complex is
autoinhibited when folded as an irregular, loosely packed struc-
ture that forms intramolecular interactions and contacts with
other subunits in the complex, but in which the acidic tail is
disordered (Chen et al., 2010). Thus, it is conceivable that the
acidic tail of autoinhibited NPFs remains to some extent acces-
sible, similar to the acidic tail of Arpin. How exactly the acidic tail
of NPFs interacts with and activates the Arp2/3 complex is also
being debated. A body of evidence indicates that the Arp2/3
complex has two binding sites for the acidic region, each with
different actin-branching activities and binding energies (Bocz-
kowska et al., 2014; Padrick et al., 2011; Ti et al., 2011). SAXS
analysis of an actin- and VCA-bound Arp2/3 complex provided
data for a model in which the acidic tail of the VCA binds as
an extended structure at the interface between the Arp3 and
ARPC1 subunits (Boczkowska et al., 2008). Consistent with
this structural study, two distinct yet synergetic binding sites
for acidic regions were identified on Arp3 and ArpC1, the Arp3
site appearing to have the greatest impact for activation (Padrick
et al., 2011). Direct interaction of the C-terminal tripeptide of a
VCA region with the Arp3 subunit was observed by X-ray crys-
tallography, while the rest of the acidic tail was not ordered in
this complex (Ti et al., 2011). The latter study suggested an
intriguing scenario in which the high-affinity acidic tail-binding
site of the Arp2/3 complex would contribute negatively to actin
branch formation, while the low-affinity site located on the
Arp3 subunit would have a positive contribution. A related sce-
nario proposed that activating elements, including the VCA and
the Cdc42 GTPase, form a regulatory module in order to hold the
Arp2/3 complex in an inactive conformation awaiting other acti-
vation inputs (Prehoda et al., 2000). The VCAs of N-WASP and
WAVE were recently shown by ITC to bind to the low- and high-
affinity binding sites of the Arp2/3 complex, with dissociation
constants in the 20-40 and 0.2-1 uM range, respectively (Bocz-
kowska et al., 2014). Interestingly, the affinity of Arpin for the
ARD is similar to that of the high-affinity VCA-binding site, and
at least one order of magnitude greater than that of the low-affin-
ity binding site. In light of this still fragmentary knowledge, our
identification of the acidic tail of Arpin as an exposed primary
epitope with the potential to bind to partners with affinities in
the low micromolar range suggests that Arpin could compete
for either of the VCA-binding sites and that the acidic tails of Arpin
and WAVE may be available to bind simultaneously to the Arp2/3
complex. Ultimately, this may bring about an exquisite balance
between linked positive and negative interactions regulating
actin branch formation. Progress in understanding this complex
crosstalk between epitopes of similar structures will require
more information on the nature, conformation, and affinity of
the Arpin-binding site(s) within the Arp2/3 complex.

EXPERIMENTAL PROCEDURES
Cloning, Protein Production, and Purification

Full-length human Arpin (HsArpin), full-length Danio rerio (zebrafish) Arpin
(ZfArpin), truncated zebrafish Arpin (residues 1-210; ZfArpinACt), and the
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ARC4 ankyrin repeat domain of human Tankyrase?2 (residues 489-649) were
subcloned into the pETG30A vector (a kind gift from Arie Geerlof, EMBL),
resulting in proteins fused with an N-terminal 6xHis-GST tag followed by
a tobacco etch virus (TEV) protease cleavage site. The ZfArpin®2'3R and
HsArpin™2'3A mutants were made using a two-step PCR procedure to intro-
duce mutations followed by recombination cloning in the pETG-30A vector.
All clones were verified by sequencing (GATC Biotech).

All proteins were produced in Rosetta(DE3)pLysS Escherichia coli strains.
Expression was induced by 0.5 mM isopropyl B-D-1-thiogalactopyranoside
at 37°C and carried on overnight at 20°C. Cells were harvested by centrifuga-
tion and resuspended in lysis buffer containing a protease inhibitor cocktail.
The buffer for Arpin constructs was 50 mM Tris (pH 8), 100 mM NacCl, 2.5 mM
MgCl,, 5 mM imidazole, 2 mM BME; for the ARD, 50 mM Tris (pH 7.5),
500 mM NacCl, 5 mM imidazole, 2 mM BME. Cells were sonicated, centrifuged
at 20,000 x g for 35 min, and the supernatant was filtered using a 0.22 um
filter. All proteins were first purified through an Ni-NTA affinity column (GE
Healthcare, AKTA) using 10 and 25 mM imidazole for washing and elution,
followed by desalting. The 6xHis-GST tag was removed by cleavage with re-
combinant 6xHis-tagged TEV protease (1:25 w/w ratio) at 4°C overnight, and
separated from untagged proteins by a second Ni-NTA passage. Purification
was polished by SEC. The purity of all proteins was >90% as assessed by
SDS-PAGE (Figure S1C). Typical yield for purified Arpin constructs was
20 mg/I culture. All proteins were concentrated to 15-20 mg/m, flash frozen
in liquid N, and stored at —80°C.

Chromatography-Coupled SAXS

SAXS experiments were conducted on the SWING beamline at the SOLEIL
synchrotron (A = 1.033 A). The Aviex charge-coupled device detector was
positioned to collect useful data in the g range 0.01-0.430 A (g = 4msing

essentially as described in Biou et al. (2010).

Frames were collected continuously with a dura-
tion of 1.5 s and a dead time of 0.5 s between frames. All proteins eluted
as a single peak. Frames corresponding to the high-intensity fractions of
the peak and having constant Ry (within noise) were averaged. A large
number of frames collected before the void volume were averaged and
subtracted from the signal of the protein to account for buffer scattering.
Data reduction to absolute units, frame averaging, and subtraction were
done using the FOXTROT program (synchrotron SOLEIL). All subsequent
data processing was carried out with the ATSAS suite (Petoukhov et al.,
2012). The forward scattering /(0) and the radius of gyration Ry were derived
by the Guinier approximation /(g) = /(0) exp(—q®Ry>?) for gR4 < 1.3 using
PRIMUS. The pair-distance distribution functions, P(r), and the maximal
dimension of the macromolecule, D,.x were calculated with GNOM. SAXS
data collection is summarized in Table 1. Data for the ARD, HsArpin, ZfArpin,
ZfArpinACt, and the HsArpin-ARD complex have been deposited into the
SASBDB database (http://www.sasbdb.org/) with entry codes SASBDB:
SASBT2, SASBU2, SASBV2, SASBW?2, and SASBX2, respectively.

Ab Initio Modeling

All software used for ab initio modeling was from the ATSAS suite (Petoukhov
et al., 2012). To model the structures of the unbound proteins, 20 independent
models were generated with either DAMMIF (Franke and Svergun, 2009) in
slow mode or GASBOR (Svergun et al., 2001), compared and aligned with
SUPCOMB, and averaged with DAMAVER (Petoukhov et al., 2012) to deter-
mine common structural features and representative shapes. The theoretical
scattering curve of the unbound ARD was calculated based on its known crys-
tallographic structure (Guettler et al., 2011) and compared with the experi-
mental SAXS curve using the program CRYSOL (Petoukhov et al., 2012). To
model the envelope of the HsArpin-ARD complex, 20 independent models
were generated by fitting together the scattering curves of HsArpin, the

Table 3. Analysis of the Affinity of Arpin Proteins for the ARD Analyzed by ITC

n Kg (uM) AH (kcal/mol) —TAS (kcal/mol) AG (kcal/mol)
HsArpin 1 0.65 + 0.05 —16.8 £ 0.1 8.6 —8.2
HsArpin®t 0.8 0.32 + 0.02 —235+0.2 15.2 -8.3
HsArpin213A 0.8 28+5 —6.75+1.35 0.65 —6.1
HsArpinCtR213A 0.9 11.8+1.4 -9+0.8 2.4 —6.6
ZfArpin Not measurable
ZfArpinA218R 1.2 228+25 -3.1+05 -3.1 —6.2
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ARD, and the ARD-HsArpin complex with MONSA (Svergun, 1999), which
uses simulated annealing to model a complex comprised of two components
(here, the ARD and HsArpin) from an ensemble of beads inside a defined
search volume. To generate the hybrid HsArpin-ARD model, the scattering
data of the HsArpin-ARD complex were restrained by the crystal structure of
the HsArpin®-ARD complex using the program BUNCH (Petoukhov and Sver-
gun, 2005). The residue count was adjusted by adding residues lacking
electronic density in the ARD (two residues in the N terminus) and in the Arpin
peptide (five residues in the C terminus) with MODELLER using the automodel
class (Webb and Sali, 2014). The unknown region (ArpinACter) was repre-
sented by an appropriate number of beads. Ab initio modeling statistics are
summarized in Table 1.

Crystallization and Crystallographic Analysis

The ARD-HsArpin® complex was prepared in the presence of a 1.6 M excess
peptide at a final protein concentration of 20 mg/ml. Initial sitting drop
screens yielded small crystals that diffracted at low resolution on PROXIMA1
beamline (synchrotron SOLEIL), which were subsequently optimized with
the hanging-drop vapor diffusion method in 2.2 M ammonium sulfate and
7% (v/v) isopropanol at 18°C. Crystals were harvested, supplemented with
30% PEG 400 for cryoprotection, and flash frozen in liquid nitrogen. Diffrac-
tion data were collected at 100 K on the PROXIMA2 microfocus beamline
(synchrotron SOLEIL) and processed with XDS (Kabsch, 2010) using the
XDSME scripts (Pierre Legrand, PROXIMA1 beamline, SOLEIL). Crystals
belong to space group P2:242; and diffracted at a resolution of at least
1.86 A. The structure was solved by molecular replacement with PHENIX
(Adams et al., 2010) using the crystal structure of unbound ARD (Guettler
et al.,, 2011), PDB: 3TWQ as a model. Refinement was carried out with
PHENIX and graphical building with COOT (Emsley et al., 2010). Quality of
the model was assessed using MolProbity. Data collection and structure
refinement statistics are given in Table 2. Coordinates have been deposited
with the PDB (PDB: 4Z68).

Characterization of Arpin-ARD Interactions

The complexes between Arpin constructs and the ARD were prepared by in-
cubation in a 1:2.3 molar ratio at 4°C overnight and purified by SEC
(Figure S4C). Peptides corresponding to residues 211-222 from HsArpin
(EIREQGDGAEDE) and the corresponding EIAEQGDGAEDE mutant peptide
were ordered from GL Biochem. Dissociation constants were measured by
ITC using an ITC200 device (Malvern, Microcal). Samples were dialyzed
against 50 mM HEPES (pH 7.5), 110 mM NaCl, and 1 mM TCEP 4°C. In all ex-
periments, the ARD was in the syringe at 500 uM and Arpin samples were in the
cell at 50 uM. All measures were done at least in duplicate. The data were fitted
using a single-site binding model.
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