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Abstract HSI is a protein involved in erythroid prolifer-
ation and apoptotic cell death, containing several structurally
significant motifs including a C-terminal SH3 domain.
HPK1 is a member of the Ste20-related kinase family, which
contains four proline-rich sequences and is constitutively
associated with HS1 in hematopoietic cells. Recombinant
fusion protein GST-SH3ys; was expressed to assess the
binding properties of 16 peptides derived from the HPK1
proline-rich regions. The binding affinities were determined
by non-immobilized ligand interaction assay by circular
dichroism. Our results revealed that the classical PxxPxK
class II binding motif is not sufficient to induce the interac-
tion with the GST-SH3ys; domain, an event dependent on
the presence of additional basic residue(s) located at the
C-terminus of the PxxPxK motif: Lys_s in P2 peptide and
Lys_g in P4c peptide. Lys replacement by Arg residues
decreases the ligand binding affinity. The finding that both
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SH3ys; domain and full-length HS1 protein bind to P2
peptide with similar affinity demonstrates that the whole
protein sequence does not affect the interaction properties of
the domain. In silico models of SH3 s, as a complex with P2
or P4c highlight the domain residues that interact with the
recognition determinants of the peptide ligand and that
cooperate in the complex stabilization.
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Introduction

Protein—protein interactions represent an essential mecha-
nism in cellular signaling, which is responsible for the
transmission of information inside cells. A family of pro-
tein—protein interaction modules is represented by the Src
homology 3 (SH3) domain, a non-catalytic protein module
of around 60 amino acids, originally discovered in the
protein tyrosine kinase product of the v-Src oncogene
(Cohen et al. 1995; Mayer 2001). SH3 domains have no
fixed topological position within proteins and are fre-
quently found in combination with other protein—protein
interaction modules (Kaneko et al. 2008). SH3 domains
have now been identified in more than 350 different pro-
teins in organisms ranging from yeasts to humans. Whereas
the yeast harbors 28 SH3 domains, the human genome
encodes approximately 300 of such domains (Karkkainen
et al. 2006), which show a completely conserved structure.

The majority of SH3 domains recognize proline-rich
peptides that adopt a left-handed poly-proline type II (PPII)
helix containing two XP dipeptides, separated by a scaf-
folding residue (often a proline), forming the XPxXP core
element, generally flanked by a basic residue (Marchiani

@ Springer


http://dx.doi.org/10.1007/s00726-011-0831-4

1362

G. Siligardi et al.

et al. 2010, and references therein). The detailed require-
ments of ligand/SH3-domain interactions have been
examined by numerous approaches. One remarkable dis-
covery that arose from these studies is that the conserved
basic residue can be either N-terminal or C-terminal to the
PxxP-motif, permitting classification of Pro-rich ligands
into two related, yet distinct, groups named classes I and I,
respectively. Structural analysis of SH3 domains in com-
plex with either class I or class II ligands show that these
two types of ligands bind to SH3 domains in opposite
orientations at the same binding site (Feng et al. 1994). The
fact that ligands can bind either N-to-C or C-to-N orien-
tations is a consequence of the twofold rotational pseudo-
symmetry possessed by the left-handed PPII helix.

Although most SH3 domains recognize ligands con-
taining the PxxP core organized in class I and/or II orien-
tations, a number of SH3 domains bind to peptide sequences
that lack this motif or require additional residues outside it
to interact with high affinity to SH3, which are so-called
“atypical motifs” (Marchiani et al. 2010; Li 2005).

The hematopoietic lineage cell-specific protein 1 (HS1)
is mostly expressed in hematopoietic cells and contains
several structurally significant motifs including Pro-rich
sequences and a C-terminal SH3 domain (Brunati et al.
1999). Following the hematopoietic cell antigen receptor
engagement, HS1 undergoes a Tyr-phosphorylation
sequentially catalyzed by Syk and Lyn tyrosine kinases
(Brunati et al. 2005; Yamanashi et al. 1997; Hao et al.
2004; Hata et al. 1994; Takemoto et al. 1996). HS1 Tyr-
phosphorylation has been reported to play a role in B cell
antigen receptor-mediated proliferative and apoptotic
responses (Yamanashi et al. 1997; Hao et al. 2004; Hata
et al. 1994; Takemoto et al. 1996; Fukuda et al. 1995). In
chronic lymphocytic leukemia, HS1 is differently expres-
sed; while patients with an aggressive behavior are char-
acterized by the prominent expression of phosphorylated
HS1, those with an indolent course express mainly non-
phosphorylated HS1 (Scielzo et al. 2005). Nagata et al.
(1999) found that, in haematopoietic cells, HS1 is consti-
tutively associated with haematopoietic progenitor kinase-
1 (HPK1) through its SH3 domain (Kiefer et al. 1996; Hu
et al. 1996).

HPK1 kinase is a member of a family of mammalian
Ste20-related serine/threonine protein kinases, the expres-
sion of which is restricted to haematopoietic organs and
cells in adults (Kiefer et al. 1996; Hu et al. 1996). It has
been demonstrated that HPK1 initiates a kinase cascade
involving several intermediates leading to SAPK activation
(Kiefer et al. 1996; Hu et al. 1996; Wang et al. 1997). In
contrast, less is known about the signaling events upstream
of HPK1 activation. Several groups have shown that SH2/
SH3 domain-containing adaptor proteins, including Crk,
Crkl and Grb2, are implicated in the interaction occurring
between HPK1 and the activated receptors (Liu et al.
2000).

HPK1 contains a cluster of four proline-rich sequences
called P1, P2, P3 and P4 (Table 1). P1, P2 and P4 peptides
show the canonical class II binding motif; while P1 con-
tains an arginine residue at the —3 position, P2 and P4 are
characterized by the presence of a lysine residue at this
position.

In this study, several peptide analogs derived from the
four proline-rich regions of HPK1 were synthesized and
tested for their ability to interact with the SH3 domain of
HS1 (SH3ys;) by non-immobilized ligand interaction assay
by CD spectroscopy (NILIA-CD). Our results demon-
strated that the class II motif present in the peptides is not
sufficient to promote the interaction with the SH3yg;
domain. The presence of an additive lysine, located two or
five residues after the basal PxxPxK sequence, is required
for the high-affinity binding of the peptide ligand to the
domain, allowing the identification of two new “atypical”
SH3 binding motifs, PxxPxKxKx and PxxPxKxxxxK,
respectively.

Experimental procedures
Peptide synthesis
Fmoc-protected amino acids and preloaded Wang or

2-chlorotrityl resins were purchased from Calbiochem—
Novabiochem (Lidufelfingen, Switzerland). HBTU, HOBt,

Table 1 Proline-rich sequences contained in HPK1 protein and their values of binding affinity to GST-SH3ys; domain

Name HPK1 Sequence K4 (UM)
residues
6 5 4 3 2 1 0 -1 -2 -3 —4 -5 —6 =7 -8
P1 308-319 P E L P P A I P R R I R 125 £ 1.2
P2 394-403 P P P L P P K P K F 14+£02
P3 432-443 P P P N S P R P G P P P nbd
P4 468-477 K P P L L P P K K E >130.0

nbd no binding detectable
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Table 2 Proline-rich derivatives of P2 peptide and their values of binding affinity to GST-SH3ys; domain
Name Sequence Kq (WM)

3 2 1 0 -1 -2 -3 —4 -5 —6
P2 P P P L P P K P K F 1.4 +02
P2a P P P L P P K P K 122 +£ 1.0
P2b P P P L P P K P nbd
P2c P P P L P P K nbd
p2d P p L P P K P K F 200 £ 1.5
P2e P L P P K P K F 250+ 1.8
P2f P P P L P P K P R F 10.0 £ 0.9
P2g P P P L P P R P K F 148 £ 14
P2h P P P L P P R P R F 11.1 £ 09
P2i F K p K P P L P P P nbd

nbd no binding detectable

DIEA and NMP were obtained from Applied Biosystems-
Perkin Elmer (Foster City, CA). Peptides were assembled
by manual solid-phase synthesis and the Fmoc/HBTU
chemistry in 0.15-mM scale. P2a, P2b, P2¢ and P2i pep-
tides (Table 2) were synthesized using 2-CI-Trt resins to
preclude undesired side reactions (Steinauer and White
1995). Coupling yields were monitored on aliquots of
peptide resin either by Kaiser test for the amino groups or
by evaluation of Fmoc displacement (Wellings and Ath-
erton 1997). Peptides were side chain deprotected and
removed from the resin by TFA treatment in the presence
of 2.5% TIS, 2.0% anisole and 0.5% water, and then pre-
cipitated by addition of diethyl ether.

Crude peptides were purified by preparative reversed-
phase HPLC using a Shimadzu LC-8 (Shimazdu, Kyoto,
Japan) system with a Vydac 218TP1022, 10 u, 250 x
22 mm column (Grace Davison Discovery Sciences,
Deerfield, IL). The column was perfused at a flow rate of
12 mL min~" with a mobile phase containing solvent A
(0.05% TFA in water) and a linear gradient from 10 to 30%
of solvent B (0.05% TFA in acetonitrile/water, 9:1 by
volume) in 40 min. The fractions containing the desired
product were collected and lyophilized to constant weight
in the presence of 0.01 N HCI. Analytical HPLC analyses
were performed on a Shimadzu LC-10 instrument fitted
with a Jupiter C18, 10 p, 250 x 4.6 mm column (Phe-
nomenex, Torrance, CA) using the described solvent sys-
tem (solvents A and B), with a flow rate of 1 mL min ™"
and detection at 216 nm. All peptides showed less than 1%
impurities. Molecular weights of compounds were deter-
mined by ESI-MS on a Mariner (PerSeptive Biosystem,
Foster City, CA) mass spectrometer instrument. The mass
was assigned, using a mixture of neurotensin, angiotensin
and bradykinin at a concentration of 1 pmol uL™', as
external standard. The amino acid compositions of the

peptide acid hydrolysates (6 M HCI, 22 h at 110°C in
sealed evacuated vials) were determined with a Carlo Erba
3A30 (Milan, Italy) amino acid analyzer.

Expression and purification of GST-SH3, free SH3
and full-length HS1

The oligonucleotides 5'- CGT GGG ATC CCC GGG ATC
TCA TCA GCT-3’ and 5'-GAC CCG GGA ATT CTC CAG
AAG CTT GAC-3’ were used to amplify by PCR the region
encoding the sequence 430486 containing the SH3 domain
(amino acids 434-482) from pTcrHis HS1 (Brunati et al.
1999). The introduced BamHI and EcoRI restriction sites
were exploited to directionally clone the insert in the
expression vector pGEX-5X-3 (Pharmacia Biosciences,).
GST and GST-SH3ys; fusion protein were expressed in
Escherichia coli BL21 and affinity purified by glutathione—
agarose column (Sigma) according to the manufacturer’s
instructions. GST-SH3yg; domain concentration was deter-
mined by absorption spectroscopy (¢ = 58,580 M~' cm™'
at 280 nm). The occurrence of GST-SH3g; dimerization in
solution was analyzed by FPLC gel filtration on a Superdex
G75 (Amersham Pharmacia Biotech). GST-SH3gq;
was eluted in 5 mM Tris—HCI, pH 7.0, buffer at a flow rate
of 0.4 mL min~'. Globular marker proteins (Sigma) were
used for molecular mass determination.

The SH3yg; domain was cleaved from GST-SH3gxg; on
glutathione—Sepharose beads using thrombin (0.1 U/1
mg of protein) at 20°C for 14 h, and the thrombin excess
was removed using benzamidine Sepharose 6B (Pharmacia
Biotech, Piscataway, NJ). The eluate was collected and
concentrated with an Amicon Ultra-10 (Millipore).
The SH3ys; domain concentration was determined by
absorption spectroscopy (¢ = 15,470 M~ cm™" at 280
nm).
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Full-length HS1 was prepared as described elsewhere
(Brunati et al. 1999).

Circular dichroism and GST-SH3 titration

All measurements were obtained at room temperature
using nitrogen-flushed Jasco J-600 and J-720 spectropo-
larimeters (Tokyo, Japan) with either a 0.5 or a 1.0 cm
(near-UV) and a 0.02 cm (far-UV) quartz cells, respec-
tively. Each titration was performed in aqueous buffer
(6 mM Tris-HCI, pH 7.0, 1 mM dithiothreitol) at room
temperature by addition of small aliquots of peptide stock
solution in the same buffer as described in Siligardi et al.
(2002b). The contribution of the peptide alone, evaluated
by control CD titrations, was subtracted from the CD
spectra of the domain in complex with each peptide
containing the aromatic Phe residue (P2 peptide and its
derivatives). Peptide concentration was determined by
weight using a Mettler Toledo microbalance (Columbus,
OH) model AT21 Comparator (sensitivity = 1 pg). Pro-
tein concentration was determined by absorption spec-
troscopy (GST-SH3yg; = 43.0 uM; SH3yg, = 74.2 uM;
HS1 = 50.3 uM). The dissociation constants Ky of the
different complexes were determined by analyzing the CD
data at a single wavelength by a nonlinear least-squares
computer fitting to the equation based on 1:1 binding
stoichiometry:

reached a minimum. The images were drawn by using the
program PYMOL (W. L. DeLano, http://www.pymol.org).

Results

The interaction occurring between the synthetic Pro-rich
peptides derived from HPK1 and GST-SH3ys; fusion
protein was analyzed using the near-UV NILIA-CD tech-
nique. The region of the SH3 domain involved in the
interaction with the proline-rich core of the peptide ligands
is a surface patch formed by the side chains of a few well-
conserved Trp and Tyr residues. Consequently, aromatic
residues are excellent in situ molecular probes of protein—
peptide interaction, and CD associated with the aromatic
residues can be successfully used to screen ligand binding,
both qualitatively and quantitatively. The binding of the
peptides to GST-SH3yg; domain can be clearly determined
by the spectral changes of the two strong features at
approximately 290 and 295 nm. These changes are indic-
ative of a reduction in the mobility and/or of local envi-
ronmental changes of the Trp residues strictly related to the
binding process (Fig. 1a, b). The values of the apparent
dissociation constant Ky can be determined by the non-
linear regression analysis of the AA values of the CD
spectra at 295 nm with increasing SH3/peptide molar ratios
(Fig. 2 and Tables 1, 2, 3).

(Asl—Aso)((1+Ka><P+Ka><L)—\/((1+Ka><P+Ka><L)2—4><K§><P><L))

2K,

+(A80 XP)

where Aey and Aeg are the differential molar extinction
coefficients (Mfl cmfl) either of protein alone or bound to
ligand, respectively. L and P represent the total concen-
tration (M) of peptide and protein, respectively, and K, is
the association constant (M~') for the peptide—protein
interaction (Siligardi and Hussain 1998).

In silico studies

The design of the peptides P2 and P4c and their binding to
SH3ys; were based on the crystal structure of the human
cortactin SH3 domain in complex with a peptide ligand
(PDB code: 2D1X). The energy minimization of the SH3—
peptide complexes were performed with the program Dis-
coveryStudio (Accelrys Software, Inc.) until the energy
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Table 1 shows that P2 peptide interacts with GST-
SH3ys; fusion protein with a very favorable Ky value
(1.4 £ 0.2 uM), while P1 binds with an affinity about
ninefold lower (Kq = 12.5 £ 1.2 pM) than that of P2. As
expected, P3 peptide, which does not include a basic res-
idue at the —3 position, is unable to interact with GST-
SH3ygs, fusion protein in agreement with the data reported
by Anafi et al. (1997) and for this reason used as scrambled
peptide to evaluate the presence of non-specific peptide
effects on the environment of the Trp and Tyr residues of
the SH3yg; domain. Surprisingly P4, which contains the
canonical class II binding motif, is a poor peptide ligand
(Kqg = > 130 uM).

Control experiments performed with recombinant GST
protein and increasing P2 concentration demonstrated that
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Fig. 1 Near-UV CD titration of GST-SH3yg; domain with HPK1
proline-rich peptides. The analysis was performed in Tris—HCI buffer
solution, pH 7.5, at room temperature. a The CD changes in the near-
UV region (245-360 nm) on addition of increasing amounts of P2
peptide to the GST-SH3ys; domain (43.0 uM), due to the perturba-
tion of the local tertiary structure of the SH3 Tyr (about 270 nm) and
Trp (about 295 nm) aromatic side chain residues induced by the
peptide interaction. b The details of CD changes observed in the near-
UV region (280-340 nm) on the addition of increasing amounts of
P1, P2, P3 or P4 peptide to GST-SH3ys; domain. The AA values
were measured as a function of the increasing SH3/peptide molar
ratios

GST does not interact with the Pro-rich peptide (Fig. 1S,
supplementary material). Moreover, the occurrence in
solution of a potential GST-SH3 dimerization was ruled
out by FPLC gel filtration analysis.

Cleaved SH3yg; domain and the recombinant full-
length HS1 protein were also titrated with P2 peptide and
the obtained CD data were analyzed as previously detailed.
CD studies revealed that free SH3yg; domain and the full-
length HS1 protein interact with P2 peptide with a similar
affinity binding (K4 values: 6.1 £ 1.0 and 5.9 + 1.0 puM,
respectively), which is in the same range but slightly lower

their binding affinity to the GST-SH3yg; fusion protein.

Surprisingly, the results obtained demonstrated that the
typical class II PxxPxK motif is not sufficient to promote
the peptide—SH3ys; interaction and that the whole P2
sequence is required for a high-affinity binding (Table 2).
In particular, the shortening of the P2 sequence
(PPPLPPKPKF) from the C-terminus showed that the Phe-
removed P2a analog displays an SH3 affinity of about one
order of magnitude lower (Ky = 12.2 & 1.0 pM) than that
by P2. The further deletion of the Lys_s residue (P2b
peptide) abrogates the interaction with SH3yzg; domain,
indicating the crucial role played by the Lys residue at the
—5 position (Table 2). Consistently, the peptide P2c,
which lacks also the Pro_, residue and shows a class II
consensus motif, does not bind to GST-SH3yg; (Table 2).
On the other hand, the deletion of the N-terminal Pro; and
Pro, residues of the P2 sequence does not abrogate, but
highly reduces the GST-SH3ys; binding affinity of P2d
(Kg =20 £ 1.5 uM) and P2e (Kyq = 25 £+ 1.8 uM) pep-
tides, respectively (Table 2). This might be consistent with
the disruption and perturbation of the required PPII helical
conformation that, together with the cationic residues in the
C-terminal region, contributes to promote the interaction
with the SH3yg; domain.
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Table 3 Proline-rich derivatives of P4 peptide and their values of binding affinity to GST-SH3ys; domain

Name Sequence
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Fig. 3 Near-UV CD titration
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peptide. CD analysis was
performed in Tris—HCI buffer
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observed in the near-UV region
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The retro peptide P2i (FKPKPPLPPP), which includes
the canonical KxxPxxP class I motif, also does not bind to
GST-SH3ys;.

An interesting property of the P2 sequence is the pres-
ence of a lysine instead of the more common arginine as a
basic residue at the —3 position. The substitution of either
one or both arginine for lysine residues leads to a reduction
in the affinity of P2 analogs (P2f, P2g and P2h peptides)
for the GST-SH3ys; domain (see Table 2). In particular,
replacing both lysine residues, the cationic region of P2h
becomes very similar to that of P1, which shares similar
affinity for GST-SH3ys; (Kg = 11.1 £ 0.9 and 12.5 +
1.2 uM, respectively).

With the aim of improving the binding affinity of P4
peptide for the SH3ys; domain, we synthesized a series of
peptides containing an increased numbers of residues at the

@ Springer
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C-terminus (Table 3). Indeed, in a recent paper Rubini
et al. (2010) reported that the elongation of the P4 peptide
with three additional C-terminal residues is sufficient to
increase its affinity toward the murine cortactin SH3
domain, consistent with previous results reported by
Lewitzky et al. (2004). In P4b and P4c peptides, the native
methionine residue was replaced by the isosteric Nle to
avoid its oxidation during the CD assays and thus a
decrease of bioactivity (Borin et al. 1987; Hruby et al.
1980). The peptide analogs elongated with either one (Lys,
P4a) or two (Lys-Nle, P4b) residues do not exhibit an
affinity toward GST-SH3yg; domain higher than that of
P4. On the other hand, the elongation of the P4b sequence
by a further Lys residue (P4c) increases the ligand binding
by almost two orders of magnitude (Table 3), reaching the
same K, value of the P2 peptide (1.4 &= 0.2 uM).
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Discussion

Different mechanisms are necessary to regulate the func-
tions of the over 800 SH3 domains found in the mamma-
lian genomes (Karkkainen et al. 2006). Besides the binding
specificity for proline-rich sequences, the SH3 domain may
achieve interaction specificity using additional residues
located outside the class I or class II binding motifs.

In the case of the HS1 protein, previous studies have
demonstrated that its interaction with HPK1 kinase is
mediated by the SH3 domain of HS1 and the proline-rich
region of the kinase (Nagata et al. 1999; Siligardi et al.
2002a). Here, the binding properties of 16 peptides derived
from the HPK1 Pro-rich sequences were investigated using
near-UV CD spectroscopy. The reported Ky values could
be assessed by different methods of analysis; however, it is
noteworthy that the affinity constants obtained in similar
studies by CD and ITC approaches were comparable
(Salvatella et al. 2000; Rubini et al. 2010). Among the
peptides examined, the GST-SH3yg; fusion protein dis-
plays the highest affinity toward P2 (K4 = 1.4 = 0.2 uM)
and P4c (K4 = 1.4 £ 0.2 uM) peptides, which reproduce
the regions 394-403 and 468—480 of HPKI, respectively
(Tables 1 and 3). A peculiar feature of these peptides,
which contain a class II binding motif, is the presence of a
lysine instead of the more common arginine at the —3
position, and of an additive Lys residue outside this motif
at either —5 or —8 position, respectively (Tables 1 and 3).

As CD analysis demonstrated that recombinant GST
protein does not interact with P2 peptide, the outcome that
cleaved SH3yg; shows a P2 binding affinity of about
fourfold lower than that displayed with GST-SH3ys; sug-
gesting that the GST fusion induces a “stabilization” of the
domain structure. The finding that cleaved SH3ys; and
full-length HS1 protein display similar Ky values
(6.1 £ 1.0 and 5.9 + 1.0 pM, respectively) demonstrates
that the whole protein sequence does not affect the affinity
of the peptide interaction and that the SH3 domain contains
all the binding recognition determinants.

The replacement in the P2 peptide of Lys at the —3
position by an arginine residue (peptide P2g) leads to a
tenfold reduction in the affinity for GST-SH3ys;, sug-
gesting the presence of Lys-specific binding site(s) in the
domain, as confirmed by further binding studies performed
with the P2f and P2h peptides (Table 2). The occurrence of
Lys-specific interactions with the SH3 domain, a rare
property that confers further selectivity to the peptide
binding, was first observed in the Crk N-terminal SH3
domain. The crystal structure of the complex between
SH3¢, and a ligand peptide revealed that in the RT loop of
the domain, three out of four acidic residues were involved
in an interaction with a specific Lys residue. The substi-
tution of Arg for Lys disrupted some of these specific

interactions as confirmed by crystal data, which showed
that the side chain of the Arg residue interacted with only
two of the four acidic residues of the RT loop (Knudsen
et al. 1995).

The crucial role of the charged residues located outside
the classical class II binding motif was highlighted by the
affinity values obtained with both P2b and P2c¢ peptides,
which lack the Lys residue at the —5 position. The deletion
of this residue abrogates the binding capability of these
peptides (Table 2). On the contrary, the deletion of the
N-terminal Pro—Pro dipeptide (peptide P2e), which
removes the PxxP binding motif, unexpectedly does not
abrogate the peptide ligand binding.

The influence of positive charges outside the classical
class II binding motif was also confirmed by the affinity
data obtained with the P4 derivatives (Table 3). The
introduction of an additional Lys_g residue (peptide P4c)
strongly decreases the Ky value of the interaction with
GST-SH3ys;, which reaches a binding affinity similar to
that of the P2 peptide.

The HS1 SH3 domain is highly similar (about 86%) to
cortactin SH3 domain (Kitamura et al. 1989). Consistently,
we have recently demonstrated that the murine cortactin
SH3 domain displays peptide binding properties similar to
those of the HS1 domain. In particular, also SH3,, cox
prefers a lysine instead of the more common arginine as
interacting basic residue and recognizes with high affinity
Pro-rich sequences containing additional basic residues
located at either the N- or the C-terminal of the PxxPxK
basal motif (Rubini et al. 2010).

Considering the high similarity between the SH3
domains of HS1 and cortactin, in silico models of SH3yg;
in complex with either P2 or P4c peptide ligands (Fig. 4a,
b, respectively) were constructed using the crystal structure
of human cortactin SH3 domain bound to AMAPI proline-
rich peptide (Hashimoto et al. 2006). Figure 4a shows that
the PPII helical conformation of the class II binding motif
(PxxPxK) provides a “semi-rigid” template, enabling
hydrogen bonding between the accessible peptide amide
carbonyl groups and the SH3 Tyr54 phenolic hydroxy
group and the Trp38 indolic amino group. Other interac-
tions involve the long cationic side chain of Lys_; and the
anionic side chain residues of the SH3 domain, Glul5,
Aspl8 and Glul9. In addition, Lys_s side chain forms a
salt bridge with the side chain of the SH3 domain Asp35
that is required to assist and maintain the binding.

Figure 4b shows that interactions very similar to those
described for P2 occur between the SH3y; domain and P4c
peptide backbone. Moreover, the model highlights addi-
tional contacts occurring between the side chain of P4c Lys
residues and the side chains of the SH3yg; Glu and Asp
residues. In particular, contacts are present between the
N-terminal Lys, residue of P4¢ and Asp11 of the domain, as
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Fig. 4 In silico modeling of SH3—peptide complexes. The interac-
tions occurring between the SH3yg; domain (carfoon) and either P2
(a) or P4c (b) peptide ligand (green backbone) are shown. The peptide
design and its binding to SH3ys; were performed as described in the
section “Experimental procedures”. In (a) the interactions occurring
between the residues of the ligand PxxPxK binding motif and the
amino acids belonging to the SH3 domain are: Pro,—Tyr54, Pro_,—
Trp38 and Lys_3—Glul5/Asp18/Glul9; another essential interaction is
present between the side chain of Lys_s of P2 peptide and the side
chain of Asp35 of SH3ygs; domain. In (b) the interactions involving the
residues of the ligand PxxPxK binding motif and the amino acids
belonging to the SH3 domain are: Pro,~Tyr54, Pro_;—Trp38 and
Lys_3—Glul5; other essential interactions are between the side chains
of P4c cationic residues and SH3 domain anionic residues, Lyss—
Aspll, Lys_g—Aspl8/Glul9 and Lys_g—Asp35 (color figure online)

well as between the Lys_3 and Glul5, Lys_g and both
Aspl18 and Glul9, and between the side chain of Lys_g and
Asp35. This last interaction supports the CD binding data,
which indicate the positive contribution of the C-terminus
Lys residue in the binding of P2 and P4c¢ peptides.

@ Springer

To understand the mechanism of the peptide binding
recruitment peculiar to the SH3yg; domain, we analyzed
some available structures of other SH3 domains complexed
with extended PxxP-containing ligands (Fig. 5). According
to the recent work of Kim et al. (2008), it is possible to
define two distinct regions of the SH3 structure, referred as
Surface I and Surface II, which are in contact with the
peptide ligands. Surface I has been extensively described
and comprises a fairly narrow region that is well suited for
binding a Pro-rich sequence in PPII helical conformation
(Li 2005; Zarrinpar et al. 2003). On the other hand, Surface
I, referred to as the “specificity pocket” in some studies
(Li 2005; Zarrinpar et al. 2003), is much broader and
contains residues less conserved (Larson and Davidson
2000). Some residues in this surface, which are located in
the loops RT or N-Src and in the strands ¢ and d interact
with the —3 position and other amino acids flanking the
core consensus motif of the peptide ligand.

The importance of the SH3ys; Surface II in mediating
the domain binding to its ligand is strongly supported by
the behavior of P2e peptide, which, in spite of the lack of
the PxxP binding motif, interacts with the SH3yg; domain
suggesting a minor role of Surface 1 in the peptide
recruitment. This hypothesis is also supported by our pre-
vious work on P2 analogs in which proline residues located
at different i, i + 3 positions were separately replaced by
4-fluoroproline residues (Ruzza et al. 2006). The induction
of a stable PPII helical conformation in the peptide ligand
is not correlated with an increased affinity toward the
SH3ys; domain, suggesting that a rigid PPII scaffold is not
suited for the ligand binding surface (Ruzza et al. 2006),
more likely due to a decrease in the peptide flexibility,
which is necessary for an optimal interaction with the
Surface II of the SH3y5; domain. Therefore, the ability of
the domain Surfaces I and II to cooperate in the binding to
the peptide PxxP-motif and flanking residues, respectively,
is an SH3ys, requirement for a high binding affinity to its
peptide ligands.

Conclusions

Summarizing, the results of the present study suggest that
the SH3yxs; domain recognizes extended proline-rich
motifs characterized by an extra Lys residue outside the
minimal PxxPxK class II motif. The binding sequence of
P2 (xPxxPxKxKx) and P4c¢ (xPxxPxKxxxxK) are two
more examples of the growing family of extended and non-
canonical SH3 domain binding motifs.

An increasing body of evidence highlights the impor-
tance of SH3-mediated protein interactions in critical
signaling processes that result in cancers and other patho-
logical conditions. Therefore, several attempts have been
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A 33 RT loop );;::: d;::;.‘l BI e

Srec GGVTITFVALYDYESRTETDLSFEKGERLOIVNNTE-GDWWLAHSLSTGOTGYIPSHNYVAFPSDS
Crk ——-EYVRALFDFNGNDEEDLPFKKGDILRIRDK-PEEQWWNAEDS-EGKRGMIPVPYVEKYRP
Fyn TGVTLFVALYDYEARTEDDLSFHEGEKFQILNSSE-GDWWEARSLTTGETGYIPSNYVAPVDS
Lyn EQGDIVVALYPYDGIHPDDLSFEKGEKMEVLEEH--GEWWKAKSLLTEKEGFIPSNYVAKLNT
Csk PSGTECIAKYNFHGTAEQDLPFCKGDVLT IVAVTKD PNWYRAKN-KVGREGIIPANYVQKREG

Gads (C) GRVREWARALYDFEALEDDELGFHSGEVVEVLDSSN-PSWWTGRL--HNKLGLFPANYVAP

Cort -—ITAIALYDYQAAGDDEISFDPDDIITNIEM-IDDGWWRGVCK--GRYGLFPANYVELRQ-
HS1 ALGISAVALYDYQGEGSDELSFDPDDVITDIEM-VDEGWWRGRCH--GHFGLFPANYVKLLE
B
HS1/HPK1 P2 PPPLPPKPKF
/HPK1 Pdc KPFPLLPPKKEKIK
Cort/HPK1l P2 PPPLPPKPKF
/Shank2 S1 KPFVPPFKFEK IKP
Gads (C) /SLP-76 (10EB) PAPSIDRSTKPPL
/SLP-76 (1H3H) APSIDRSTKPA
/HPK1 (1UTI) GOQPPLVPPRKEKMRGK
crk/c3G (1CKa) PPPALPPKK
class II binding motif PxxPxK

Fig. 5 Sequence alignment of the SH3 domains described to interact
with extended peptide sequences and their related peptide ligands.
a The SH3 sequence alignment was constructed in ClustalW
(http://www.uniprot.org). The specific interactions occurring between
the SH3 binding pockets and their related ligands are highlighted as
determined by the available PDB domain/peptide structures. The amino
acids of Surface I, which contact the peptide PxxP region, are colored
red, while the residues of Surface II, which contact Lys_j3 and its

performed, aimed at generating drugs that can interfere
with the SH3-mediated processes. However, the promis-
cuity and restrictions characterizing the SH3/ligand inter-
actions are challenges for rational drugs design. In this
respect, the finding that SH3yg; domain specifically inter-
acts with proteins containing new Pro-rich binding motifs
might facilitate the design of specific inhibitors to be
analyzed in experimental models, where HS1-signaling has
been demonstrated to be involved in malignancy.
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