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Abstract Src homology 3 (SH3) domains are involved in
the regulation of important cellular pathways, such as cell
proliferation, migration and cytoskeletal modifications. Rec-
ognition of polyproline and a number of noncanonical
sequences by SH3 domains has been extensively studied
by crystallography, nuclear magnetic resonance and other
methods. High-affinity peptides that bind SH3 domains are
used in drug development as candidates for anticancer treat-
ment. This review summarizes the latest achievements in
deciphering structural determinants of SH3 function.
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Abbreviations

Ack-1  Activated CDC42-associated kinase

Csk Carboxyl-terminal Src kinase

Fyn FGR and yes-related novel kinase

Hck Hematopoetic cell kinase

IB1 Islet brain 1

PEP Proline-enriched phosphatase

PEST Proline/glutamic acid/serine/threonine-rich domain
PTK  Protein tyrosine kinase

SH3 Src homology 3
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Introduction

Many proteins, such as protein tyrosine kinases (PTKs)
of the Src-family, myosin, cortactin, amphiphysin and
spectrin, carry small modules named Src homology 3
(SH3) domains comprising approximately 60 amino
acids. SH3 domains are present in all eukaryotes
(Gmeiner and Horita 2001; Kaneko et al. 2008) and
viruses, and SH3-like domains are found in prokaryotes
(Whisstock and Lesk 1999) as, for example, part of
Photosystem 1 (Falzone et al. 1994) or as Thermotoga
maritima histidine kinase CheY (Bilwes et al. 1999).

As one of six domains of Src-family PTKs, the SH3
domain carries out significant roles in substrate recog-
nition, membrane localization and regulation of the ki-
nase activity (Gmeiner and Horita 2001; Sriram et al.
2011). SH3 domains bind proline-rich sequences, partic-
ularly those carrying the PxxP motif that have the left-
handed polyproline 2 (PPII) conformation (Mayer 2001;
Musacchio 2002). Two classes of peptide ligands have
been identified: class I binds with the consensus se-
quence RXLPPXP, and class II binds with the consen-
sus sequence XPPLPXR (Feng et al. 1994)—in opposite
orientations. In addition, some sequences have been
found to deviate from canonical binding. The specificity
of the peptide-binding pocket of SH3 in SH3—peptide
complexes has been studied by crystallography and nu-
clear magnetic resonance (NMR) to identify atomic
groups critical for interaction. This review summarizes
the achievements made in elucidating the structure and
function of SH3 domains with an emphasis on the role
of the SH3 domain in the deregulation of signaling
pathways.
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Structure

The structure of the SH3 domain in isolated state and
surrounded by protein, ligand conformation and specificity
of the peptide-binding pocket of SH3 have been extensively
studied by crystallography and NMR. The structure of SH3
domain comprises five to eight (3-strands arranged into two

Fig. 1 Structure of the Src ( a)
homology 3 (SH3) domain. a
Topology of secondary
structure elements, b tertiary
fold, ¢ hematopoetic cell kinase
(Hck) (Protein Database code:
1qcf): kinase domain (dark
gray) with tandem SH2 and
SH3 domains (light gray)
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antiparallel 3-sheets or in a [3-barrel (for review, see Kaneko
et al. 2008). Loops, denoted as RT, Src, and distal loops,
respectively, play important roles in the recognition of bind-
ing partners (Fig. 1).

Secondary structure packing subdivides protein 3-sheet
arrangements into two major categories. The distribution of
angles between the strands of the two 3-sheets shows peaks
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around —30 ° or approximately 90 ° (Chothia and Janin
1981). The first group of proteins includes concanavalin A,
plastocyanin, y-crystallin, superoxide dismutase, prealbumin
and immunoglobulin, and the second group comprises such
proteins as trypsin and staphylococcal nuclease. Two (3-sheets
of SH3 domains that are almost perpendicular to each other
belong to the second group. Although many SH3 domains are
soluble, some are difficult to isolate. For example, the Beml
SH3 domain is insoluble and forms a functional module only
together with its C-terminal CI region (Takaku et al. 2010).
The amino-terminal 3-strand can be aggregation-prone, and
the absence of the carboxyl terminus leads to fibril formation
(Neudecker et al. 2012).

Ligands bind the SH3 domain in the PPII conformation.
Polyproline helix is a major structural motif of collagen that
contains three residues per turn (Pauling and Corey 1951;
Shoulders and Raines 2009). Its unique feature is the pres-
ence of twofold rotational pseudo-symmetry that influences
the ability of ligands to bind the SH3 domain in two ori-
entations (Lim et al. 1994; Kaneko et al. 2008). Proline-rich
sequences are the most abundant sequences of the proteome
(Chandra et al. 2004) and in addition to SH3 are also
recognized by the WW, Enabled/vasodilator-stimulated pro-
tein homology EVHI1, GYF, profilin, ubiquitin E2 variant
UEV and CYP domains (Shawn 2005). Some ligands also
bind SH3 domains in the 3, helix conformation (Kaneko et
al. 2008) or involve both PPII and the 3, helix (Ghose et al.
2001). The packing properties of secondary structure
elements have a significant impact on protein assemblies
(Kurochkina 2010) and give rise to new questions
concerning the involvement of protein modules in the
regulation of cellular processes.

Function

SH3 domains carry out a variety of activities. The SH3
domain of Src-family PTKs, which regulate many cellular
functions, such as cell proliferation and differentiation, sur-
vival, migration and cytoskeletal modifications, is mainly
involved in substrate recognition and downregulation of the
kinase activity. Phosphorylation of the RT loop of SH3
domain in an adaptor protein can positively regulate kinase
activity (Sriram et al. 2011). In myosins, the SH3 domain
regulates stability and motility. Interaction of the N-terminal
proline-rich extension of the essential light chain with the
actin SH3 domain during the ATPase cycle modulates my-
osin II kinetics (Lowey et al. 2007). The binding of the
amphiphysin SH3 domain to the proline-rich region of
dynamin regulates the multimerization cycle of dynamin in
endocytosis, mainly its ring assembly. This process may be
similar to the mediation of actin polymerization by profilin
(Owen et al. 1998). The generation of multimeric complexes,

such as SLP-76, VAV, and Nckl association via the C-
terminal SH3 domain of Nckl and the N-terminal SH3
domain of VAV induced by T-cell activation, is critical for
actin polymerization (Barda-Saad et al. 2010). Transloca-
tion of the regulatory Phox complex to the catalytic core
of the NADPH oxidase leads to the assembly and activa-
tion of the holoenzyme and occurs through co-operative
interactions mediated by the SH3 and PX domains (Shawn
2005). Many adaptor molecules, such as the cas ligand,
with multiple SH3 domains (Yao et al. 2007) form a
scaffold for the assembly of proteins. SH3 domains of
pathogens are possibly associated with invasiveness and
survival (Whisstock and Lesk 1999; Lim et al. 2011).

Specificity of binding

SH3 domains have been identified as protein modules that
recognize proline-rich sequences (Mayer et al. 1988;
Kaneko et al. 2008). The peptide sequence qPxqP, which
binds to the SH3 domain, can be represented as two qP
dipeptides linked by any residue x where q is a hydrophobic
residue (Kay et al. 2000). Proline-rich sequences binding
SH3 carry the PxxP motif which has the left-handed PPII
conformation (Musacchio 2002). Flanking residues have
been shown to enhance interactions (Feng et al. 1995).
Hydrophobic residues flanking PxxP residues contribute to
the binding of the Csk SH3 domain and proline-enriched
phosphatase (PEP) protein (Gregorieff et al. 1998; Ghose et
al. 2001). Two classes of peptide ligands have been identi-
fied (Fig. 2): class I peptide ligands bind with the consensus
sequence RXLPPXP, and class II ligands bind with the
consensus sequence XPPLPXR in the opposite orientation.
There is a preference for proline in positions Py and P3 of
class I ligands and in positions P_; and P, of class II ligands
(Lim et al. 1994; Dalgarno et al. 1998). The canonical
binding site of the SH3 domain involves the region between
the RT loop and the Src loop. The binding surface can be
subdivided into three or four pockets (Lim et al. 1994; Kay
et al. 2000; Yao et al. 2007), with each of two pockets
recognizing one P (or xP) dipeptide unit, and the third/forth
pocket binding positively charged flanking residues (Kay et
al. 2000; Shi et al. 2010). Recognition of PxxP mainly
occurs with the participation of conserved hydrophobic
residues, such as Y1629, W1656 and P1669 of myosin VII
(Wang et al. 2007) that correspond to Y90 (P5), W118 (P;),
and P133 of Src, respectively. Similarly, a comparison be-
tween spectrin and FGR- and yes-related novel kinase
(Fyn), members of the Src-family PTKs, shows that they
possess a conserved hydrophobic patch composed mainly of
aromatic residues, but differ in terms of amino acid se-
quence and conformation of the two important loops that
likely mediate binding specificity of a patch region (Noble
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Fig. 2 Specificity of the SH3 Class I Class II
binding pocket. Class I and
Class II peptides bind in P, P, P, P, P, P,, P,;Pdb P, P, P, P, P, P,,P,Pdb
opposite orientations. Position N » C code C <« N code
P_; involves the positively + x x P x x P + x P x x P X
charged residue (R/K/H) R A L P P L P 1xlp R P P V P P P Ilaze
responsible for orientation. R P P P P T P 2pir H V P Q P P P 2io0n
Noncanonical binding may k »p L P P T P lawj R P P V A P Q 170
involve flanking positive L ¢ A T Q P K 2ptk
residues from both sides. The .
. . . Noncanonical
recognition site of SH3 carries
mainly hydrophobic residues
and contains three to four L r x X Pox X P X h PoXx XL )
K P E K P P A% \ K K P H Y L 1jos8
pockets Ko P T P P P K P S H L K P KPPPKP 2rpn
SH3 peptide recognition site
RT-1loop B3 Ba
Ps Py P_s Py P,
cSrc Y90 Y92 D99 wllS P133 N135 Yl36 2p[k
Abpl E° Y’ b'e E' w*® I R 1jo8
MyoVII y1es? wWhese pee? 2i0n
S0Ss1 E'? Wt p*? N Y% laze

et al. 1993). In some proteins, the SH3 site involves the tip
of RT loop.

The mutation of each of the prolines of the PxxP se-
quence to alanine impairs binding (Kaneko et al. 2008),
while the mutation of proline to N-substituted glycine (sar-
cosine) or N-(S)-phenylethyl preserves or even improves
binding (Nguyen et al. 1998; Kaneko et al. 2008). The
cyclic side chain that is covalently bound to backbone
nitrogen, rigidity of backbone conformation and restrictions
on the torsion angles of the preceding residue, preference for
several prolines to adopt the characteristic polyproline con-
formation, which places prolines on the same face of the
helix all explain the importance of proline as a key residue
in SH3 recognition (Kay et al. 2000).

Noncanonical binding is observed in 53BP2, in which
ankyrin repeats and the SH3 domain form a module that
binds to p53 (Gorina and Pavletich 1996), immune cell
adaptor SKAPS5S interacting with the RKxxYxxY motif
(Kang et al. 2011), EPS8 recognizing PxxDY (Mongiovi
et al. 1999; Kesti et al. 2007), GADS RxxK (Harkiolaki et
al. 2003), CIN85/CMS SH3 (Moncalian et al. 2006) and
BPIX SH3 (Janz et al. 2007) interacting with PXXXPR.
More sequences have been identified, including cortactin
SH3 binding RxxPxxxP found in the cytoplasmic region
of the calcium activated potassium (BK) channel (Tian et
al. 2006) and FUS1 binding Arg—Ser-rich sequences (Tong
et al. 2002). Two new sequences have been found for
Saccharomyces cerevisiae actin binding protein involved
in the organization of actin cytoskeleton Abplp-SH3, +PX
(P/V/L)XXPX + and PXXPXRPXW(L/I). SH3 mediates the
Abplp association with Ser/Thr kinases Prklp and Arklp
that plays a central role in their localization to actin cortical
patches (Fazi et al. 2002).
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Additional factors may influence SH3—peptide interac-
tions. All SH3 residues of the Islet brain 1 (IB1) protein
involved in dimerization are also those that usually interact
with PPII ligands (Kristensen et al. 2006). In contrast,
Dictyostelium discoideum myosin VII interacts with its
own adjacent proline-rich (PxxP) region at the site distant
from the conserved PxxP binding site (Wang et al. 2007).

Recognition of non-PxxP peptide ligands (Kami et al.
2002) occurs in several modes. The binding site of Grb2
SH3 partially overlaps the PxxP site, but not the p67phox
and Pex13 sites (Kami et al. 2002). C-terminal Src kinase
(Csk) interacts with the proline/glutamic acid/serine/threo-
nine-rich domain (PEST) domain of PEP via its SH3 do-
main. The PxxP canonical binding site of SH3 domains in
the PPII conformation is a part of the PEST domain. In
addition, the hydrophobic sequence C-terminal to the Pro-
rich site is required, and the region of the PEP peptide bound
to the Csk—SH3 in the PPII conformation is followed by a 3,
helix that is critical for the association (Ghose et al. 2001).

Adaptor protein Bem1 provides an example of where the
binding site of the proline-rich region extends to the C-
terminus and, in addition to the SH3 domain, utilizes the
CI region (Takaku et al. 2010). Interestingly, the tyrosine
kinase, spectrin and myosin SH3 show similar structures
and mode of peptide binding, with the formation of several
hydrogen bonds and the interactions exhibiting a mainly
hydrophobic character (Fig. 1). Myosin 3 SH3 in complex
with Abo-peptide BP1 (type I) and Abl kinase in complex
with the same peptide provide examples of just such a
similarity (Musi et al. 2006).

The binding of SH3 domains is highly specific. There-
fore, proline-rich sequences confer target specificity to reg-
ulate protein—protein interactions.
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Tyrosine kinase SH3

Src-family PTKs regulate many cellular functions, such as
cell proliferation and differentiation, survival, migration and
cytoskeletal modifications. They are also highly active in
epithelial cancers. Nine members of the Src-family PTKs
are Frk, Src, Fyn, Yes (most human tissues), Blk, Fgr,
hematopoetic cell kinase (Hck), Lck, and Lyn (hematopoi-
etic cells, Lck and Lyn also in neurons) (Manning et al.
2002). Four domains of Src family PTKs include the N-
terminal membrane-targeting SH4, SH3 and SH2 protein—
protein interactions modules, the SH1 catalytic domain and
the C-terminal regulatory tail with a phosphotyrosine. The
important role of the SH3 domain in these proteins has been
demonstrated in mutational studies in which mutations in
SH3 domains—as well as deletions of the entire SH3 do-
main of Abl or Src—resulted in activation of the transform-
ing potential of the kinases (Jackson and Baltimore 1989;
Kato et al. 1986; Seidel-Dugan et al. 1992; Noble et al.
1993). Several of these SH3 and SH2 interactions were
found to be modulated by tyrosine phosphorylation. Phos-
phorylated C-terminal tyrosine of the kinase binds to its own
SH2 domain, and this event results in an inactive state of the
kinase. Activation occurs upon dephosphorylation of the
tyrosine or conformational change induced by the binding
of another protein. Carboxyl-terminal Src kinase, Csk,
which contains the kinase, SH2 and SH3 domains, phos-
phorylates a regulatory tyrosine and serves as a negative
regulator of Src-family PTKs. SH2 kinase and SH2-SH3
linkers interact with the N-lobe and stabilize the active
conformation of the kinase, whereas in the inactive mole-
cule this interaction is absent due to rotation of the SH2
domain (Ogawa et al. 2002). Phosphorylation of Y251 in
the RT loop of the SH3C domain of Abl kinase results in
transactivation of the Abl kinase (Sriram et al. 2011).
Phosphotyrosine-mediated signaling involves numerous tar-
gets that can be identified by such methods as global phos-
phoproteomic based on quantitative mass spectrometry
(Guha et al. 2008). Such unbiased approaches have the
potential to identify sites of phosphorylation and quantify
the degree of phosphorylation at specific sites of the inter-
action interface of protein modules, such as the SH3 and
SH2 domains.

The three-dimensional (3D) structure of the SH3 domains
from tyrosine kinases Lyn (Bauer et al. 2005), Lck
(Yamaguchi and Hendrickson 1996; Nasertorabi et al.
2006), Hek (Horita et al. 1998), Src (Xu et al. 1997; Witucki
et al. 2002; Cowan-Jacob et al. 2005), Fyn (Lee et al. 1996,
Csk (Ghose et al. 2001; Ogawa et al. 2002) and Abl (Nam et
al. 1996) have been determined.

Many non-receptor protein tyrosine kinases, such as Src,
Janus and ZAP70, use SH2 and/or SH3 modules to regulate
their activity via mediation of protein—protein interactions.

The activity of Src, PI3 and Itk kinases, for example, is
regulated by intramolecular interactions between their SH3
domain and internal proline-rich sequences (Koch et al.
1991; Kapeller et al. 1994; Wang et al. 2007).

Activated CDC42-associated kinase (Ackl) is a non-
receptor protein tyrosine kinase activated via tyrosine phos-
phorylation upon cell stimulation with epidermal growth
factor (EGF) or platelet-derived growth factor (PDGF) in
response to the activation of integrins by cell adhesion on
fibronectin. This kinase contains a membrane-targeting do-
main and a CDC42 binding (CRIB) domain necessary for its
autophosphorylation, a catalytic kinase domain, an autoin-
hibitory SH3 domain, a Ralt homology region and a proline-
rich region. The site of Ackl tyrosine phosphorylation inter-
acts with the SH2 domain of the adaptor protein Nck. Ackl
binds CDC42 (Galisteo et al. 2006), a member of the Rho
family of Ras-related GTP-binding proteins that also include
Rho and Rac. These proteins function as molecular switches
between GDP-bound (inactive) and GTP-bound (active)
states involved in the regulation of actin cytoskeleton
(Rudolph et al. 1999). CDC42 induces autophosphorylation
of the activation loop and membrane targeting of mixed
lineage kinase 3, a kinase that is autoinhibited by its SH3
domain, and a proline-rich region located between its leu-
cine zipper and CRIB domains (Du et al. 2005). RhoU, an
atypical member of the CDC42 family, contains proline-rich
N-terminal and C-terminal extensions. Co-localization of
RhoU with EGFR upon EGF stimulation requires both
extensions and GRB2. Mutations within proline-rich
sequences impair the association of RhoU with EGFR.
Growth factor receptor signaling is regulated by the RhoU
interaction with SH3 adaptor proteins (Zhang et al. 2011).

Many scaffold and adaptor proteins also utilize SH3
domains to enhance or inhibit activity of their kinase part-
ners. S. cerevisiae Beml, a scaffold protein essential for the
establishment of cell polarity, binds to CDC42 via a module
comprising its second SH3 domain and C-terminal flanking
region CI. By binding both the Ste20 proline-rich region
(via SH3) and CDC42 (via CI), Beml facilitates CDC42
binding to Ste20 CRIB and kinase activation. The Beml
SH3 domain is insoluble, and the CI region alone does not
interact with CDC42; only together they make a functional
binding module (Takaku et al. 2010).

Myosin SH3

Many myosins contain SH3 domain and for some function
is not known (Foth et al. 2005). The tail regions of myosins
L, IV, VII, XII, and XV each contain a putative SH3 domain
that may be involved in protein—protein interactions (Wang
et al. 2007).

The crystallographic structure of the SH3 domains of
several myosins has been determined, including that of
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myosin 6 (Ménétrey et al. 2008), myosin S1 (Himmel et al.
2002), myosin II (Bauer et al. 2000), muscle myosin
(Rayment et al. 1993), smooth muscle myosin (Dominguez
et al. 1998; Wendt et al. 2001), myosin S1 (Yang et al.
2007), myosin 3, myosin 5, myosin VII (Wang et al.
2007), myosin 1E (Protein Database code 2xmf), myosin
IB and myosin VIla (Wu et al. 2011).

The motor domain of D. discoideum myosin IE, in
contrast to that of smooth muscle myosin and myosin II,
lacks the N-terminal SH3-like domain, possibly leading to
the increase in the angle of the lever arm by 30 ° and to a
larger power stroke. Removal of the SH3 domain affects
the interaction with the nucleotide and actin, leading to the
reduction of in vitro motility and the loss of actin-activated
ATPase activity (Fujita-Becker et al. 20006).

Three domains of myosin VIIa coiled coil, FERM,
and SH3 contribute to dimerization of its heavy chain
(Kiehart et al. 2004). Some of the mutations that in-
volve the SH3 domain of myosin VII are associated
with hearing defects in humans (Wu et al. 2011). Struc-
tural studies of S. cerevisiae myosin 3 and homologous
myosin 5 SH3 domains have been performed since
mutations in human orthologs of these proteins lead to
Wiskott—Aldrich syndrome, which is linked to deficien-
cies in actin polymerization (Musi et al. 20006).

Regulation

The SH2 and SH3 domains are involved in the downregu-
lation or upregulation of the activity of c-Src family PTKs
(Gmeiner and Horita 2001; Sriram et al. 2011). The mech-
anism of regulation of several kinases, including Lck, Hck
and c-Src, has been studied by crystallography and NMR
(Gaul et al. 2000), and the results suggest that along with
phosphorylation of the activation loop, kinases may be
regulated by binding or dissociation of their regulatory
domains (Ghose et al. 2001; Huse and Kuriyan 2002). The
relative movement of the kinase N-lobe and C-lobe results
in open (active) and closed (inactive) conformations with
the respective changes in the position of two «-helices,
namely the C-helix (N-lobe) and G-helix (C-lobe). In active
conformation, the N — and C-lobes of the kinase domain
allow the y-phosphate of ATP to be aligned with the sub-
strate acceptor group. In Hck, o-helix C interacts with the
divalent metal ions bound to ATP. The active conformation
of the kinase is acquired via phosphorylation of Tyr416
(Gmeiner and Horita 2001).

The SH3 and SH2 domains are often present in tandem
as, for example, in Fyn (Arold et al. 2001), Abl (Jones et al.
2000), Grb2 (Maignan et al. 1995), Lck (Nasertorabi et al.
2006), p21ras GTPase activating protein (GAP) (Trahey et
al. 1988), phospholipase Cy (Stahl et al. 1988), subunit of
phosphatidyl inositol 3’ kinase (Otsu et al. 1991) and Sem5
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(Clark et al. 1992). In the absence of the kinase domain the
linker region possibly does not adopt a PPII conformation
since it does not bind SH3 (Alvarado et al. 2010).

EGF receptor (EGFR) signaling regulates cell motil-
ity, differentiation, proliferation and survival. Ligand-
induced asymmetric dimerization of EGFR activates
the EGFR tyrosine kinase and trans-phosphorylation that
turns on specific kinase signaling cascades. An adaptor
protein, P130CAS, mediates integrin—EGFR interactions.
The SH3 domain of P130CAS interacts with proline-
rich regions of dynamin, leading to inhibition of dyna-
min phosphorylation and EGFR internalization, the ma-
jor pathway by which EGFR is downregulated (Kang et
al. 2011).

SH3 domains are regulated by association with other
proteins, phosphorylation, dimerization, and cis—trans isom-
erization (Sarkar et al. 2011). The link between the structural
motif and regulation by phosphorylation highlights four
motifs: WW2, SH2, SH3, and PDZ (Akiva et al. 2012).
Regulation by the association of SH3 domains also occurs
via the formation of homodimers (IB1 protein; Kristensen et
al. 2006) or heterodimers (VAV N-terminal and GRB2 C-
terminal SH3 domains complex; Nishida et al. 2001). In IB1
protein, the dimer interface and PxxP binding occupy the
same site even though the IB1 protein does not contain the
PxxP motif; therefore, ligands compete with IB1 protein. All
of the SH3 residues of IB1 involved in dimerization are also
those that usually interact with PPII ligands (Kristensen et
al. 20006).

Vav, a guanine exchange factor for the Rho/Rac family in
hematopoietic cells, binds via its SH3 domain to the Grb2
SH3 domain. The RT loop of Vav contains a tetraproline
sequence in PPII conformation that can bind to the Vav
recognition site for proline-rich peptides and therefore
blocks access of ligands (Nishida et al. 2001).

Phosphorylation of the SH3 domain and adjacent regions
correlates with the transient activation and hyperphosphor-
ylation of PTKs (Park et al. 1996; Broome and Hunter
1997). Enzymes (c-Src, Btk, Abl) and adaptor proteins
(Crk, Nck) carrying SH3/SH2 domains exhibit similarities
in their mode of interaction (Broome and Hunter 1997).
Overexpression of the CT10 regulator of kinase (CRKII),
which has been found in several human cancers, is associ-
ated with an aggressive phenotype of oral squamous cell
carcinoma. CRKII regulates cell migration, morphogenesis,
invasion, phagocytosis and survival (Yamada et al. 2011).
Two isoforms, Crkl (SH2-SH3) and CrkIl (SH2—-SH3—
SH3), differ in their transforming activity, which is high
for Crkl and low for CrkII. Abl phosphorylates Y**!' of
CrklII in the linker region between two SH3 domains, there-
by creating a binding site for the SH2 domain. Phosphory-
lated CrkII shows no activity, possibly due to the
detachment of CrkII from the SH3- and SH2- binding
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proteins (Kobashigawa et al. 2007). Conformational change
induced by phosphotyrosine recognition promotes binding
of the SH3 domain of Abl tyrosine kinase to the DE
loop of the SH2 domain (Donaldson et al. 2002). The
proposed role of the C-terminal SH3 domain of CrklI is
negative regulation of Crkll activity (Muralidharan et al.
2006). The C-terminal SH3 of Crk is phosphorylated in
its RT loop at Y251 by Abl kinase; it binds to Abl SH2
and promotes Abl kinase transactivation (Sriram et al.
2011). The conserved sequence P***NAY in the RT loop
combined with some mutations might play a role in the
activation of Abl kinase (Reichman et al. 2005). Since
CrkII also carries the SH2 domain which recruits down-
stream targets and the Abl family of kinases, a delayed
feedback loop is formed (Antoku and Mayer 2009). Abl
interactor proteins Abil and Abi2 regulate c-Abl kinase
activity by interacting with the C-terminal PxxP sequen-
ces and c-Abl SH3/SH2 domains. Phosphorylation of
the Y213 of Abil by c-Abl kinase is followed by the
binding of Abil to the Abl SH2 domain and subsequent
inhibition of c-Abl kinase activity (Xiong et al. 2008).
Abi2 binds to c-Abl via dual proline-rich sequence/SH3
domain interaction and contacts between phosphorylated
tyrosine of Abi2 and c-Abl SH2 (Dai and Pendergast
1995; Shi et al. 2010). Phosphorylation of the SH3
domain of Abi-1 mediates Abl-Abil interaction and
contributes to altered cell adhesion (Sato et al. 2011).

To summarize, the importance of SH3 in cell biology
is demonstrated by its key role as a mediator of signal
regulation. Such vital processes as migration and inva-
siveness (Yamada et al. 2011), actin reorganization in-
duced by extracellular signals (Antoku and Mayer
2009), shaping spines (Sheng and Kim 2000; Ehlers
2002), among others take a central role when new treat-
ments rely on an understanding of cellular control
mechanisms.

Significance and potential for drug design

As one of six domains of the Src-family of PTKs, the SH3
domain plays a role in substrate recognition, membrane
localization, and regulation of the kinase activity (Gmeiner
and Horita 2001; Sriram et al. 2011). In addition to its role
as an adaptor in signal transduction, SH3 is involved in the
regulation of enzymatic activity via conformational changes
and the recruitment of substrates in cellular compartments,
very often acting together with SH2 domain (Vidal et al.
2001).

Malfunction of the SH3 domain has a significant impact
on such important processes as pS3-mediated apoptosis and
DNA repair (Jiang et al. 2001), adhesion-dependent regula-
tion by tyrosine phosphorylation (Moore and Winder 2010),
stimulation of mesenchymal stem cell migration, which is

important for hypoxic solid tumor development (Proulx-
Bonneau et al. 2011), osteoblast maturation and consequent-
ly bone formation (Levaot et al. 2011), the assembly of
amyloid fibrils and determination of their morphology
(Morel et al. 2010), processes associated with a number of
neurodegenerative diseases, such as Alzeimer’s (Morel et al
2010), tyrosine phosphatase signaling that affects SH3 bind-
ing in patients with rheumatoid arthritis (Bilwes et al. 1999),
bacteria adhering to host cells (Queval et al. 2011) and
contraction-induced injuries (Banks et al. 2010). Muta-
tions in the SH3 domain of unconventional myosin VIla
have recently been shown to cause deafness in humans,
with one mutation, A1628S, located directly in its SH3
domain (Wu et al. 2011). The participation of modular
protein domains in the regulation of signaling cascades
of G protein-coupled receptors and receptor tyrosine
kinases facilitates cross-talk between receptor families
(Janz et al. 2007). The acquisition of new SH3 domains
leads to a new function (Jefferson et al. 2007).

The concept of exploiting protein—protein interaction for
drug design has been contemplated by scientists for decades.
SH3 and SH2 domains have been studied as the targets of
anti-proliferative agents. As the domains of adaptor proteins
and such enzymes as kinases, phosphatases and lipases, they
serve as recognition modules that are important for cell
signaling. Since these domains can also be found in onco-
proteins and proteins overexpressed in deregulated signaling
pathways of tumors, they are important candidates for the
design of antitumor drugs that potentially could be targeted
to disrupt the interaction of SH3 and SH2 modules. Sequen-
ces designed for SH2/SH3 recognition may be used for
inhibiting proliferative signaling activated by tyrosine
kinases (Vidal et al. 2001). Such an approach has been
undertaken in the design of anti-proliferative drugs against
chronic myelogenous and acute lymphoblastic leukemias
(BCR/Abl) and breast and ovarian cancer (Her-2/Neu)
(Smithgall 1995). The inhibitors designed for SH2 domains
appear to be more specific compared to those of SH3
domains. The attempt to compensate for this shortcoming
of low specificity of SH3 domains was made for GRB2
by designing a dimeric peptide recognizing a dimeric
SH3 domain. Other candidates for anticancer treatment
based on high-affinity peptides that bind the SH3 do-
main include the Crk adaptor (Feller and Lewitzky
2006) and the Grb2 and Crk SH2/SH3 (Kardinal et al.
1999; Kadaveru et al. 2009). Further elucidation of the
structure and function of SH3 domains interacting with
their partners and the development of new peptide-based
drug design approaches will facilitate the exploration of
these important protein modular interaction domains as
drug targets.
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