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The Slit-Robo (sr) GTPase-activating protein (GAPs) are
important components in the intracellular pathway mediating
Slit-Robo signaling in axon guidance and cell migration. We
report the first crystal structure of the srGAP1 SH3 domain at
1.8-A resolution. The unusual side chain conformation of the
conserved Phe-13 in the P1 pocket renders the ligand binding
pocket shallow and narrow, which contributes toward the low
binding affinity. Moreover, the opposing electrostatic charge
and the hydrophobic properties of the P3 specificity pocket
are consistent with the observed binding characteristics of
the srGAP1 SH3 domain to its ligand. Surface plasmon reso-
nance experiments indicate that the srGAP1 SH3 domain
interacts with its natural ligand in a C to N orientation. The
srGAP1 SH3 domain can bind to both the CC2 and CC3
motifs in vitro. The N-terminal two acidic residues in the CC3
motif recognition site are necessary for srGAP1 SH3 domain
binding. A longer CC3 peptide (CC3-FL) binds with greater
affinity than its shorter counterpart, suggesting that the res-
idues surrounding the proline-rich core are important for
protein-peptide interactions. Our study reveals previously
unknown properties of the stGAP-Robo interaction. Our data
provide a structural basis for the srGAP-Robo interaction, con-
sistent with the role of the Robo intracellular domain in inter-
acting with other downstream signaling molecules and mediat-
ing versatile and dynamic responses to axon guidance and cell
migration cues.

In the developing central nervous system, the axon must nav-
igate through a complex terrain consisting of various cell types,
distinct neuronal processes and many extracellular matrix mol-
ecules. Within this complex terrain are guidance cues that
direct the growth cone, the motile tip of the axon, to its target.
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Actin assembly is a key process that controls the growth and
steering of the axon growth cones (1, 2). The Rho family of small
GTPases, which includes Rho, Rac, and Cdc42, has important
roles in regulating actin cytoskeletal dynamics, and has been
implicated in axon guidance and cell migration (3—7). Rho pro-
teins have low intrinsic GTPase activities that can be stimulated
by GTPase-activating proteins (GAPs)* and guanine nucleotide
exchange factors. Rho GAPs and Rho guanine nucleotide
exchange factors are themselves regulated by several extracel-
lular and intracellular signaling pathways (8 —10).

A role for Rho GTPase-activating proteins in repulsion medi-
ated by Roundabout (Robo) has been demonstrated in Slit sig-
naling in neuronal migration. Robo is a cell surface receptor
that is responsible for the repulsive effect of Slit. Wong and
colleagues (11) used a two-hybrid screen to identify a novel
family of GAPs that interact with the intracellular domain of rat
Robol. Three members of this family were identified and
named Slit-Robo (sr) GAP1, GAP2 and GAP3, corresponding
to KIAA1304, KIAA0456, and KIAA0411, respectively. The
srGAPs contain a RhoGAP domain, an SH3 domain, and a Fes/
CIP4 homology domain. The proline-rich conserved cytoplas-
mic motif 3 (CC3) motif in Robo binds directly to the SH3
domain of the srGAP subfamily of Rho GAPs (11). In cultured
mammalian cells, srGAP1 can bind to and decrease the level of
active Cdc42 and RhoA, but not Racl. Extracellular application
of Slit to primary neurons increases the intracellular binding of
Robo and srGAP1, and inhibits Cdc42 activity in a Robo- and
srGAP-dependent manner, which emphasizes the importance
of the CC3 motifs in Robo1l and the SH3 domain of srGAPs in
Slit-Robo signaling pathway (11).

The intracellular region of Drosophila Robo contains four
identifiable conserved motifs, designated CC0, CC1, CC2, and
CC3 (12, 13), which may interact with several downstream
effectors independently or simultaneously. The proline-rich
CC3 motif contains the conventional PXXP sequence generally
recognized by SH3 domains. However, the proline-rich
sequence of the CC3 motif, '*’*TYTDDLPPPPVPPPAIKSP'**?
(12), may be a mixture of class I and class II proline-rich pep-
tides (see below). It is therefore interesting to characterize the

3 The abbreviations used are: GAP, GTPase-activating proteins; sr, Slit-Robo;
CC3, conserved cytoplasmic motif 3; SH, Src homology; RT loop, arginine-
threonine loop.
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binding orientation and exact sites in the CC3 motif for the
srGAP1 SH3 domain.

Found in a wide variety of intracellular proteins in living cells,
the SH3 domain is a ubiquitous protein interaction module that
contributes to many aspects of complex signaling networks
(14). The SH3 peptide recognition surface includes a hydropho-
bic cleft that is flanked on one side by variable loops (RT and
n-Src loops) that contribute to the recognition specificity and
determine ligand register and orientation (14, 15). The SH3
domain recognizes a proline-rich sequence of its ligand protein
with a PXXP motif, which is further classified into +X¢@PX¢P
(class I) and PX@PX+ (class II) (where ¢ and + are usually a
hydrophobic residue and an arginine residue, respectively)
(16-19). Each motif adopts a left-handed type II polyproline
(PPII) helix (20), known as a collagen chain conformation, and
fits the ligand-binding site on the SH3 surface. An SH3 domain
may interact with several ligand proteins in vivo, due not only to
the low ligand recognition specificity of the domain but also to
the weak interactions, with K, (dissociation constant) values of
1-102 wM in most cases (14, 16, 21). This results in the forma-
tion of a complicated network consisting of many SH3-contain-
ing proteins and their interaction partners (or ligand proteins).

To better understand the molecular basis of the polyproline-
SH3 interactions within the Robo-srGAP complex, we report
the first three-dimensional structure of the srGAP1 SH3 mod-
ule at 1.8-A resolution. This structure reveals the relevant pro-
tein-protein interaction surface and provides a rationale for the
weak binding properties exhibited by srGAPs. We have also
investigated the recognition site in the intracellular domain of
Robo recognized by the srGAP1 SH3 domain using BIAcore
experiments.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The DNA fragments
encoding the srGAP SH3 domains (stGAP1 SH3, srGAP2 SH3,
and stGAP3 SH3) from Ala-9 to Val-60 were amplified by PCR
using the full-length srGAP sequences (KIAA1304, KIAA0456,
and KIAA0411) as templates. The PCR fragments were cloned
into pGEX 6p-1 (GE Healthcare). The glutathione S-trans-
ferase-SH3 proteins were overexpressed in the Escherichia
coli BL21(DE3) strain, then purified by glutathione S-trans-
ferase-glutathione affinity chromatography, cleaved with
PreScission Protease. The recombinant srGAPs SH3 do-
mains were stored in 10 mm Tris, pH 8.0, 100 mm NaCl and
concentrated to 15 mg/ml.

Crystallization—Crystals were grown by the hanging-drop
vapor diffusion technique by mixing equal 1-ul volumes of pro-
tein and reservoir solutions. The best diffracting crystals of
srGAP1 SH3 domain were obtained at 18 °C from a protein
solution at 15 mg/ml in 10 mMm Tris, pH 8.0, 100 mm NaCl, and
a reservoir solution containing 1.5 M lithium sulfate, pH 7.5.
Cubic-shaped crystals grew within 1 week. Crystals were
soaked in 100% paraffin oil (Hampton Research) as a cryopro-
tectant prior to x-ray diffraction experiments.

Data Collection, Structure Determination, and Refinement—
Initial crystals of the srGAP1 SH3 domain were diffracted to
2.5-A in-house under cryo-conditions with a Rigaku MM-007
rotating CuK, anode x-ray source and a Mar345 detector. The
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TABLE 1
Crystallographic data collection and refinement statistics

Data collection

Space group P23 123
Unit cell

a(A) 70.3 69.8

b(A) 70.3 69.8

¢ (A) 70.3 69.8

By (%) «=90,=90,y=90 a=90,8=090,y=090
Resolution (A) 50-1.8 (1.87-1.81) 50-2.5 (2.59-2.5)
Completeness (%) 93 (99.8) 99.1 (96.6)
Reflections
No. of measured 67116 10695

reflections
No. of unique 11938 2063
reflections

Redundancy 3.3(3.3) 5.2 (4.0)
Ronerge” (%) 13.1 (30.4) 4.9 (33.2)
o) 11.6 (5.3) 30.6 (3.2)
Refinement statistics

Resolution (A) 1.8
R-factor” (%)

Working set 20.8

Test set 25.7
Root mean square deviation

Bonds (A) 0.117

Angles (°) 1.603
Ramachandran plot‘ (100%)

Most favored 97.9

Allowed 2.1

Generously allowed 0

Disallowed 0

“Runerge = 225, — I)|/2,2 (1), where (I, is the mean of the observations I;;, of

reflection.

P Ryork = 2 (IFobsl = Featc)/2|Fopsli Ree is the R-factor for a subset (10%) of reflec-
tions that was selected prior refinement calculations and not included in the
refinement.

¢ Ramachandran plots were generated using program PROCHECK (44).

space group is body-centered cubic (123) and different kinds of
crystal packing were observed in one drop. Later, data from
another primitive cubic crystal (space group P23) diffracting to
1.8 A were collected in-house. Data were reduced and scaled by
the program HKL2000 (22). Data collection statistics are sum-
marized in Table 1.

The structure of the srGAP1 SH3 domain was solved by
molecular replacement using the program CNS (23) with the
a-spectrin SH3 domain D48G mutant (Protein Data Bank code
1BK?2) (24) as a search model. The phase problem was solved
using the 2.5-A diffraction data in space group 123, and refine-
ment of the srGAP1 SH3 domain model was performed using
CNS with the 1.8-A diffraction data in space group P23. The
asymmetric unit contains two srGAP1 SH3 domains witha V,,
of 2.1 A Da™'. The srGAP1 SH3 domain structure was refined
by iterative cycles of manual corrections with O (25) and energy
minimization or simulated annealing followed by B-factor
refinement using CNS. The final 1.8-A resolution structure of
the srGAP1 SH3 domain, consisting of residues 6 —60, has an
R, .1 0£20.8% and Ry, of 25.7%. Refinement statistics are sum-
marized in Table 1. Atomic coordinates have been deposited
into the Protein Data Bank with accession number 2GNC.

Peptide Synthesis and Surface Plasmon Resonance
(BIAcore)—All peptides used for BIAcore experiments were
synthesized by Beijing Scilight Biotechnology except the
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A

FIGURE 1. Crystal structure and ligand binding surface of the srGAP1 SH3 domain. A, ribbon representa-
tion of the monomer structure of the srGAP1 SH3 domain. B, the transparent ligand binding pockets P1, P2, P3,
and P4 are mapped onto the solvent accessible surface. The residues involved in ligand recognition are labeled.
This figure was drawn using PyMOL, Molscript, Bobscript, and Raster 3D (41).

CC3-113 and CC3-1I14 peptides, which were synthesized by
GL Biochem (Shanghai) Ltd. A C-terminal GGK extension was
added to several peptides for coupling to the CM5 chip via the
lysine side chain amino group, but ultimately this scheme was
substituted by SH3 domain binding to the chip for our experi-
ments. The peptides were in freeze-dried powder and were dis-
solved in sterile water and stored at —80 °C.

Surface plasmon resonance experiments were carried out
on a Pharmacia Biosensor BIAcore 3000 instrument accord-
ing to the manufacturer’s instructions. Three srGAP SH3
domains (srGAP1 SH3, srGAP2 SH3, and srGAP3 SH3) were
covalently coupled to different flow cells of the CM5 chip,
respectively, binding to the dextran matrix of a CM5 sensor-
chip (Pharmacia Bio-sensor). Immobilizations were per-
formed in 10 mm sodium acetate buffer, pH 5.0. A reference
surface was generated simultaneously under the same con-
ditions but without protein injection and used as a blank to
correct for instrumental and buffer effects. The amount of
protein bound to the sensor chip was monitored by the
change in refractive index. Binding experiments were per-
formed at 25 °C in HBS running buffer (20 mm Hepes, pH 7.4,
1 mwm dithiothreitol, 150 mm NaCl, 0.005% (v/v) Tween 20)
with a flow-rate of 60 wl/min. After each binding experi-
ment, the sensor chip was regenerated by a 90-s pulse of 90
wul of HBS buffer at a flow rate of 60 pl/min, a treatment that
did not produce significant changes in baseline and response
after each run. Thus, estimation of kinetic parameters was
realized by repetitive injections of a series of peptides at
variable concentrations at 60 ul/min flow rate to the immo-
bilized srGAP SH3 domains. Response curves were prepared
by extracting the signal generated using the control flow cell.
Analysis of experimental data and kinetic parameters were
performed with BIAevalution software version 4.1 (Pharma-
cia Bio-sensor).

RESULTS

Crystal Structure of the srGAP1 SH3 Domain at 1.8-A
Resolution—We have solved the crystal structure of the
srGAP1 SH3 domain, encompassing the region from residues
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Ala-377 to Val-428 of the full-length
stGAP1 protein, at 1.8-A resolution.
For convenience, residues are sub-
sequently renumbered from Ala-9
to Val-60 throughout the article.
The general topology of the srGAP1
SH3 domain is similar to that of
other SH3 domains, consisting of
five B-strands arranged as two
orthogonal B-sheets and forming a
compact anti-parallel B-barrel (16,
17). As shown in Fig. 14, one of the
sheets is formed by B-strands f3a, e,
and the first half of Bb, whereas the
other is formed by B-strands B¢, 8d,
and the second half of Bb. A kink in
B-strand b allows it to participate in
both B-sheets.

Strands Ba and Bb are connected
by a long hairpin loop (RT loop), which flips onto the top of the
B-barrel and is approximately orthogonal to the central axis of
the barrel with a left-handed twist. The conformation is stabi-
lized by hydrophobic interactions involving residues Tyr-15,
Leu-23, Phe-25, and the upper part of the B-barrel hydrophobic
core. The loop is further stabilized by extensive intra-loop
hydrogen bonds, as well as those between the loop and rest of
the SH3 domain. The majority of residues in the RT loop are
extremely well defined in the electron density map, including
hydrophilic residues such as Asp-14 and Glu-22.

There are two classic 3-bulges found in the b strand, which
endows this long strand with greater flexibility than in other
SH3 domain structures (Fig. 2). The defining features of the
B-bulge in the SH3 domain are hydrogen bonds between the
amide nitrogens of both Tyr-34 and His-35 and the carbonyl
group of Lys-43 (26). This is a highly conserved 3-bulge in the
middle of the second B-strand of the SH3 domain that appears
to provide a necessary kink in this strand, thus enabling it to
hydrogen bond to both sheets comprising the fold. The other
B-bulge is adjacent to the n-Src loop, in which the amide nitro-
gens of Ala-37 and Ser-38 both hydrogen bond to the carbonyl
of the Trp-41, and the NH of Trp-41 is bonded to the carbonyl
of Ser-38. The right-handed helical angles generally observed at
the Tyr-34 and Ala-37 amino acids are characteristic of posi-
tion 1 in the classical B-bulge.

Interestingly, there are five B-turns in the overall srGAP1
SH3 domain structure, which includes almost all types of
B-bend (27) (Fig. 1A). All of them are located in the loop regions
of the srGAP1 SH3 domain. Four residues on the tip of the RT
loop (Ser-19, Ala-20, Arg-21, and Glu-22) form a type I B-turn.
Atthe end of the RT loop, four residues (Lys-26, Lys-27, Gly-28,
and Ala-29) form a type II B-turn N-terminal to strand 8b. The
whole n-Src loop (Ser-38, Glu-39, Asp-40, and Trp-41) is just a
classic type I B-turn. The distal loop (His-46 to Ile-49) linking
strands Bc and Bd is a classic type II B-turn. Finally, in the
center of the ligand recognition groove, the four residues (Pro-
54, His-55, GIn-56, and Tyr-57) separating strands 3d and Be
are in a 3, -helical conformation.
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FIGURE 2. Stereo view of the two classic 3-bulges found in the Bb strand, which endows this long strand
with greater flexibility than in other SH3 domain structures. Hydrogen bonds are denoted by dashed lines.

There are two molecules in one asymmetric unit of the
crystal structure. The two chains of the srGAP1 SH3 domain
structure can be superimposed with an overall root mean
square deviation of 0.58 A for all C,, atoms. The structures of
the two srGAP1 SH3 domains are essentially identical,
including side chain orientations, with a few notable excep-
tions (Fig. 3). The largest deviation is at position 13. In mol-
ecule B, Phe-13 stacks against Tyr-57 on the same side of the
binding groove. This stacking of Phe-13 against the con-
served Tyr-57 on the same side of the aromatic ligand bind-
ing groove is the same general conformation observed in
almost all other SH3 structures to date. However, in mole-
cule A, the conformation of the phenyl group of Phe-13 is
directed away from Tyr-57 and is located on the opposite
side of the binding groove where it lies close to Phe-8 of a
symmetry-related molecule A. This suggests that even con-
served residues in the SH3-fold involved in ligand binding
have plasticity and can adapt to different conditions.
Another possibility may be that the conformational change
of Phe-13 in molecule A is a result of crystal packing.

The Ligand Binding Region of the srGAPI SH3 Domain—In the
crystal structure of the srGAP1 SH3 domain, the ligand binding
area is a hydrophobic patch on the surface surrounded by several
charged residues. As shown in Fig. 1B, the side chains of highly
conserved residues such as Phe-13, Tyr-15, Glu-22, Trp-41, Pro-
54, Tyr-57, Leu-52, and Ala-37 generate three general clefts
labeled pocket 1 (P1), pocket 2 (P2), and pocket 3 (P3) and an
additional fourth pocket labeled pocket 4 (P4) (Fig. 1B). P1 is com-
posed of two hydrophobic residues with Phe-13 on one side and
Tyr-57 on the other. This pocket is the most anomalous one in the
SH3 ligand binding groove with a very shallow bottom and almost
no surrounding side face. P2 is constructed with Pro-54 on the
bottom and Tyr-54, Tyr-15, Trp-41, Gln-56, and Asp-40 back-
bones at the sides. It can be further divided into two subsites, one
formed by residues Tyr-15, Trp-41, Pro-54, and Tyr-57 and the
other formed by the side chains of Asp-40, Trp-41, and GIn-56.
Among the three general clefts, P2 is the largest and deepest.

P3is formed by the long alkyl side chain of Glu-22 and the indole
ring of Trp-41 at one side, the long alkyl side chain of Arg-21 on the
other side, the side chain of Ser-19 at the top, and Leu-52 on the
bottom. Generally, the P3 pocket is large, contributing to the
ligand binding affinity and specificity among the SH3 domain fam-
ily. In the srGAP1 SH3 domain, there is an unusual basic arginine
residue on the side wall of P3 adjacent to the conserved negative
residue Glu-22 (Fig. 1B). Arg-21 is in the i+2 position of the
classic I B-turn on the tip of the RT loop, and the dihedral angle
makes its side chain point of the pocket with its long alkyl side
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chain constituting one side wall of
the P3 pocket. Moreover, the con-
served acidic residue Glu-22 is
fixed by two strong hydrogen
bonds to Thr-19 and Tyr-15, with
its long alkyl side chain constitut-
ing the other side wall of the P3
pocket. Thus, the so-called speci-
ficity pocket P3 is particularly
unsuitable for binding to the
charged residues in the ligand. On
the contrary, it is inclined to be a hydrophobic pocket
together with the adjacent hydrophobic pocket P4, accom-
modating the aromatic residues of the binding ligand (Fig. 5).

The three clefts (P1, P2, and P3) are arranged linearly from
left to right and are approximately parallel to the direction of the
hairpin loop. The fourth hydrophobic pocket termed P4 is aligned
vertical to the preceding groove containing the P1, P2, and P3
pockets. It is made up of three hydrophobic residues with Trp-41
on one side, Leu-52 on the other, and Ala-37 on the distal side.

Comparison with Other SH3 Domains Reveals the Unique
Binding Scaffold of the srGAPI1 SH3 Domain—We compared
the srGAP1 SH3 domain with the crystal structures of three
other SH3 domains: the a-spectrin SH3 domain D48G mutant
(PDB code 1BK?2) (24), the c-Crk N-terminal SH3 domain (PDB
code: 1CKA) (28), and the Abl tyrosine kinase SH3 domain
(PDB code 1ABO) (29). The root mean square deviations
between the C_ atoms of these structures and the srtGAP1 SH3
domain are 0.98, 1.3, and 2.1 A, respectively. Superposition of
these structures reveals the unique binding surface presented
by the srGAP1 SH3 domain. In the conventional PXXP binding
site, most of the conformations of the conserved hydrophobic
residues in these structures resemble each other except for
Phe-13 and Tyr-57 in the P1 pocket (Fig. 3). The phenyl ring of
Phe-13 (Tyr-70 in 1ABO) in the srGAP1 SH3 domain is
directed sidewards and upwards from the bottom of the P1
pocket relative to the other SH3 domain. The aromatic side
chain of Tyr-57 in the srGAP1 SH3 domain is deflected to one side
from the center of the P1 pocket compared with the other SH3
domain. These differences make the P1 pocket of the srGAP1 SH3
domain shallower and smaller than the general groove surround-
ing the first “XP” dipeptide in other SH3 domains (19).

Spectrin involves in a multiprotein scaffold attached to
diverse cellular membranes and functions in actin dynamics
and focal adhesions, partially through the central region host-
ing an SH3 domain (30, 31). As shown by the sequence align-
ment in Fig. 4, the a-spectrin SH3 domain D48G mutant was
among those with the highest sequence similarity to the
srGAP1 SH3 domain, and was therefore used as a search model
for the molecular replacement solution of the structure. In gen-
eral, there is a conserved class I B-turn in the tip of the RT loop,
which includes a cluster of polar residues forming the specificity
pocket P3. It is interesting to note that the srGAP SH3 domain has
oppositely charged residues in the i+2 and i+ 3 positions similar to
the a-spectrin SH3 domain. These two residues have almost the
same conformations in the two structures (Fig. 3).

In the structure of the Crk-N SH3 complex with a high affin-
ity peptide from C3G, a lysine in the C3G peptide is tightly
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coordinated by three acidic residues in the class I B-turn in the tip
of the RT loop of the Crk-N SH3 domain (Fig. 5). The conforma-
tions of these three acidic residues are similar to those of the
srtGAP1 SH3 domain (Fig. 3). However, in the srGAP1 SH3
domain, basic residue Arg-21 replaces Glu-149, whereas Ser-19
replaces Asp-147 of the Crk-N SH3 domain. The opposing elec-
trostatic residues lining the P3 specificity pocket make it unsuit-
able for tight binding to ligand as in the other high affinity binding
SH3 domains. This may offer an explanation for the differences in
their ligand binding specificities and affinities as discussed later.
The SH3 domain of the Abl kinase was selected for compar-
ison as it binds to the same proline-rich CC3 motif of Robo as
the srGAP1 SH3 domain (32, 33). In the complex of the Abl SH3
domain complex with synthetic peptide 3BP1, the four residues
in the tip of the RT loop form a type II B-turn in the P3 speci-
ficity pocket. Asp-77 (Ala-20 in srGAP1 SH3) points toward the
center of the pocket to form a hydrogen bond with Met-4 of its
binding peptide, compensating for the function of the con-
served acidic residue in the bottom of P3 (29) (Figs. 3 and 5). In
the srGAP1 SH3 domain, the classical type I B-turn directs the
Arg-21 residue (Asn-78 in Abl SH3) into the pocket and posi-
tions it adjacent to the conserved Asp-22 in the side face of the
grooves. So, we speculate that the srGAP1 SH3 domain will not

A molecule B molecule

Ser{9  Ala20

employ the conserved polar residue (Asp-22) in one side of the
specificity pocket to form a hydrogen bond with the binding
peptides, which is similar to the Abl SH3 recognition mode.

The free energy of binding between proteins includes an
electrostatic and a hydrophobic component. Displaying the
electrostatic potential and hydrophobicity on the surface of a
protein can provide information concerning the nature of its
interactions with other proteins. In Fig. 5, the electrostatic and
hydrophobic surface properties of the srGAP1 SH3 domain are
compared with those of the Abl and Crk-N SH3 domains. The
most striking aspects of the srGAP1 SH3 domain are the nar-
row and shallow P1 pocket recognizing the sequence -PXXP-,
together with the opposing electrostatic potential and hydro-
phobic characteristics of the P3 specificity pocket.

Specificity of the Recognition Site on the Robol Intracellular
Domain—The SH3 domains of srGAP proteins interact with
Robo predominantly through the proline-rich CC3 motif in the
cytoplasmic domain of the receptor. Activation of Robo leads to
the srGAP-dependent down-regulation of the small GTPase
Cdc42 (7, 11). The srGAP family has three members, called
srtGAP1, srGAP2, and srGAP3, which have different expression
profiles and may have distinct functions in diverse tissues (11). The
consensus sequence of the full-length CC3 motif, **”*TYTDDLP-
PPPVPPPAIKSP'**? (12), could be
interpreted either as an extended
class II peptide, containing an extra
negatively charged residue at the
amino side, or an extended class I
peptide, containing an extra posi-
tively charged residue at the C termi-
nus. Therefore, we expressed the
three srGAP SH3 domains and syn-
thesized a series of peptides corre-
sponding to the conserved CC3. The
peptides were analyzed using surface
plasmon resonance (BIAcore) to gain
abetter understanding of the specific-
ity and strength of the interactions be-
tween the srGAPs and the precise rec-

1ABO 1CKA

FIGURE 3. Stereo view showing a comparison of the srGAP1 SH3 domain with other SH3 domain struc-
tures. The residues forming the ligand binding pockets are shown in ball-and-stick representations. Molecule
A of the srGAP1 SH3 domain is colored blue and molecule B is colored spring green, the a-spectrin SH3 domain
(PDB code 1BK2) (24) is colored gold, the Crk-N SH3 domain (PDB code 1CKA) (28) is colored brown, and the Abl
tyrosine kinase SH3 domain (PDB code 1ABO) (29) is colored magenta. Residues are labeled corresponding to

ognition sequence in the Robol CC3
motif. The names and the sequences
of the synthesized peptides are sum-

their positions in the srGAP1 SH3 domain. marized in Table 2. Binding analyses

distal loop Bd 3 helix Pe
TT =——p() () Que—p-

n-srcloop Be

50
SH3 .Eip.
1BK2 .G‘;RQ.
1CKA E..[GKR.
1LCK TT.GQE.
1ARO N..Eo..
1J08 KD.|GSK.
1GRI .lgot.
1W6X AT .
1ycs DKE . .
1WDX DSNGDVIE[EI

FIGURE 4. Sequence alignment and structural fold of the srGAP1 SH3 domain with other SH3 domains. Ba-Be represent 3-strands; T represents a 3-turn.
The four specific loops, including a 3, helix, are labeled. Identical residues are highlighted in red and the most conserved residues are highlighted in yellow. The
green box indicates the conserved B-turn in the tip of RT loop, which constitutes half of the Pocket 3. Sequences were aligned using CLUSTALW (42) and the
figure was produced by ESPript (43).
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FIGURE 5. Surface representations of the SH3 domains from Crk-N complexed with C3G peptide, Abl
complex with 3BP1, and srGAP1. The views on the left depict surface accessible hydrophobic regions colored
in yellow. On the right are representations of electrostatic potential showing the peptide binding surface of the
SH3 domains with the n-Src loops pointing toward the top, in which the positive electrostatic potential is
colored in blue, negative electrostatic potential is colored in red, and hydrophobic surface is colored white.
Peptides are in ball-and-stick representation. Coordinates for the SH3 domains of Crk-N and Abl were obtained
from the Protein Data Bank. In the surface of the SH3 domain of srGAP1, the red circles indicate the four pockets
in the ligand binding groove. The figure was produced by CCP4mg and PyMOL.

results indicate that the SH3 domains of different srGAP interact
with Robo peptides with slightly different affinities.

Peptides derived from the full-length Robol CC3 motif (CC3-
FL) bound to the immobilized srGAP1-SH3 surface with an equi-
librium dissociation constant (K,) of 4.8 um, which is the highest
affinity for SH3-peptide interactions (Fig. 6, A and B, and Table 2).
We could not detect any significant sensorgram response for clus-
ter of the hydrophobic residues in the center of the CC3 motif
(CC3-10) binding to the SH3 domains of srGAPs, indicating that
those charged residues flanking the central hydrophobic cluster
are critical for the interaction of srGAP SH3 to the Robo CC3
motif (Fig. 6C). Adding two aspartic acids to the N terminus of the
hydrophobic cluster (CC3-113) had a profound effect on the ability
of the peptides to interact with the srGAP SH3 domains, indicating

SEPTEMBER 22, 2006 +VOLUME 281+NUMBER 38
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that those two acidic residues are crit-
ical for the interaction, and that
ligands recognized by the srGAP SH3
domain might be class I peptides (Fig.
6D). Adding the basic residues to the
C terminus of the hydrophobic clus-
ter (CC3-1114), however, resulted in
no detectable binding to the srGAP1
SH3 domains, suggesting that srGAP
SH3 domains may not recognize class
II sequences in the CC3 motif (Fig.
6D). In contrast, the peptide CC3,
which included flanking residues at
both ends of the hydrophobic cluster,
resulted in weak binding similar to
CC3-113. As a result, these data
together with the CC3-FL experiment
indicate that srGAP SH3 domains may
recognize CC3 motifs of the class I pep-
tide type, requiring the hydrophobic
cluster and the two N-terminal two
acidic residues for weak binding affinity.
The full-length CC3 motif binding
sequence of srGAP1 has the highest
affinity for Robo1-CC3.

There are two proline-rich
sequences in the intracellular region
of Robol. The CC2 motif is a proline-
rich sequence ('**DLLPPPPAHP-
PPHSN'**®) containing the consen-
sus binding site (LPPPP) for the
EVH1 domain of the Drosophila
Enabled protein (12, 32). However, it
also matches the general consensus
binding site (PXXP) of the general
SH3 domain. Interestingly, we found
that peptides derived from the Robol
CC2 motif (CC2) can bind to the
immobilized srGAP SH3 domains,
with affinities comparable with the 15
amino acid CC3 peptides. This affin-
ity is much lower than that for the
CC3-FL peptide (Fig. 1, Cand D). We
also examined CC3-FL peptide bind-
ing to the immobilized BPIX-SH3 domain (34, 35) and found no
detectable binding response (data not shown), thus revealing the
specificity of the Robol CC3 motif for srGAP SH3 domains.

srGAP
SH3 domain

DISCUSSION

Now that a large number of extracellular guidance molecules
and their receptors have been identified, the focus has turned to
examining the intracellular signaling mechanisms that trans-
duce the signals at the cell surface into changes in growth cone
dynamics and cell motility (6, 7, 36). One of the emerging
themes from recent studies is the major importance of the cyto-
plasmic domains of guidance receptors in signaling and the
diverse mechanisms utilized by the cytoplasmic domains to
regulate axon guidance. The srGAP1 SH3 domain directly
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TABLE 2

Dissociation constants of various peptides derived from the intracellular domains of Robo1 binding to the SH3 domains of srGAPs, from

BlAcore experiments

Residues underlined represent the additional linker. Ac at the NH,-terminal of the peptides indicates the addition of an acetyl group and the -NH, shows the imido
C-terminal. 1SH3, 2SH3, and 3SH3 correspond to the srGAP1 SH3, srGAP2 SH3, and srGAP3 SH3 domains, respectively.

Dissociation constant

Peptide Amino acid sequence of peptides Number of residues Molecular mass
1SH2 2SH2 3SH3
Da ky M
CC3FL Ac-TYTDDLPPPPVPPPAIKSPGGK-NH, 22 amino acids 2284.2 4.8 4.9 5.6
CC3 DDLPPPPVPPPAIKS 15 amino acids 1539.7 876 925 107
CC3-113 Ac-DDLPPPPVPPGGK-CONH, 13 amino acids 1285.4 160 137 149
CC3-1114 Ac-PPPVPPPAIKSGGK-CONH, 14 amino acids 1341.6 ND* ND ND
CC3-10 PPPPVPPPAI 10 amino acids 981.2 ND ND ND
cC2 DLLPPPPAHPPPHSN 15 amino acids 1585.7 682 667 902
“ND, no binding response detected.
RU — 3.125uM
450 - —6.25uM
1 # —12.5uM
400 4 [—= — — 25uM RU
] —— 50uM 500 -
M0 ] ~——— 100uM
300 — —— 200uM
) 1 —— 300uM 400
E 201 - ——— 400uM
o 20 ( —— 300uM £ 3004
2 ] —— 500uM g
T 450 r~ = 600uM 3
1 —— 600uM = 200
100
50 ] 100 4
{17 P
-50 " . " . . . \ 0 T T T T T T 1 M
0 o 20 20 60 P ioi 120 § 0 1.0E4  20E4  30E4  40E4 5064 GOE4  70E-4
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RU RU
c 300 ~ D 500
250
400 4
—— 18H3-CC3
200 —— 1SH3-CC2
—— 1SH3-CC310 300 ——CC3-FL
: : —CC3-113
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a5 1504 a ——CC3-l14
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-20 a 20 40 60 80 100 120 S -20 ] 20 40 &0 80 100 120
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FIGURE 6. BlAcore analysis of the binding specificity of the srGAP1 SH3 domain to the intracellular domain of Robo1. A, represents the sensorgram
response profile with different concentrations of the CC3-FL peptide binding to the immobilized srGAP1 SH3 domain. B, shows the steady curve of CC3-FL
peptide binding to the srGAP1 SH3 domain. Cand D, show a comparison of the binding affinity of the synthesized peptides at the same concentration of 600

M binding to the srGAP1 SH3 domain in vitro.

interacts with the intracellular domain of Robo and mediates
the repulsive response of Slit, a well studied guidance cue.

The high resolution structure of the srGAP1 SH3 domain is the
first x-ray crystal structure of the intracellular signaling module in
the Slit-Robo-srGAP pathway. The elaborate structure of the
srGAP1 SH3 domain provides a structural basis for the srGAP-
Robo interaction, an important step in mediating the repulsive Slit
signal in axon guidance and neuronal migration. The P1 pocket is
relatively shallow and narrow. This unusual feature in the SH3
binding groove provides an explanation for the lack of binding to

28436 JOURNAL OF BIOLOGICAL CHEMISTRY

the hydrophobic core sequence in the CC3 motif and for the weak
binding affinity to the CC3-113 and CC3 peptides (Fig. 6, Cand D).
The opposing electrostatic charge and the hydrophobic properties
of the P3 specificity pocket are consistent with our BIAcore results
showing the relatively low affinity and weak binding of the srGAP1
SH3 domain (Fig. 6). This characteristic endows the srGAP1 SH3
domain with the ability to adapt to variable conditions and to mod-
ulate the corresponding downstream pathways. It is conceivable
that several polar residues in the solvent-exposed surface of
stGAP1 SH3 domain may contribute to the potential binding site
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for the flanking residues of the CC3 motif hydrophobic core. For
example, Lys-26, Lys-27, and Lys-12 comprise a cluster of basic
residues in the C-terminal of the binding slot. There is a cluster of
acidic residues in the n-Src loop adjacent to the P4 pocket. The
interaction between the flanking residues of the CC3 motif hydro-
phobic core and the SH3 domain may enhance the binding of the
Robo intracellular domain to srGAP1. These binding properties
and structural features provide a structural mechanism allowing
Robo cytoplasmic repeats to interact with other downstream sig-
naling molecules.

There are several potential binding sites in the Robo intracellu-
lar domain, including CCO0, CC1, CC2 and CC3, that can directly
transduce the extracellular axon guidance cues. There are also
many effectors downstream of the intracellular domain of Robo
such as Abl (32), Ena (32), srGAP, Vilse (37), and Dock (38). CC2
matches the consensus binding site for the EVH1 domain of the
Drosophila Enabled protein and CC3 is a poly-proline stretch (32,
39). Abl functions to antagonize Robo signaling, likely through a
mechanism involving direct phosphorylation of the Robo receptor
on the CCO and CC1 motifs, but Abl may also bind via its SH3
domain to the CC3 motif in Robo (32, 33). Dock can directly bind
to the cytoplasmic domain of Robo, but is dependent on the SH3
domains of Dock and the CC2 and CC3 motifs in Robo (38). Fur-
thermore, Vilse/CrGAP, a new discovered Rho GTPase, was also
reported to bind the intracellular CC2 Robo domain through its
WW domain and may play an analogous role to srGAP in locally
down-regulating actin polymerization (37, 40). Thus, there is a
complex network involving Robo and its downstream effectors. In
different neuronal cells and under different cellular conditions, Slit
binding may stimulate the intracellular conformational changes of
Robo, resulting in the exposure of different binding sites to the
matrix. As a consequence, Robo would bind to different effectors
or combinations of effectors, eventually resulting in different
responses in axon guidance and cell motility. These different
downstream effectors may interact with the intracellular domains
of Robo in different fashions, resulting in a dynamic spatial and
temporal regulation in GTPase effectors. This complex network
may be vital for adapting to different cellular conditions and for
coordinating precise responses in axon pathfinding and cell
movement.
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