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Src homology 2 (SH2) domains are protein modules (of ~100 amino acids) found
in many proteins involved in tyrosine kinase signalling cascades. Their function
is to bind tyrosine-phosphorylated sequences in specific protein targets.
Binding of an SH2 domain to its cognate tyrosine-phosphorylated target links
receptor activation to downstream signalling, both to the nucleus to regulate
gene expression and throughout the cytoplasm of the cell. This review
recapitulates the roles that SH2 domains play in normal and diseased states,
describes the successes of SH2 domain research in deciphering their
mechanism of action, and provides an overview of the use of SH2 domains as
structural templates for the design of inhibitor drugs.

Signal transduction is a key event in the
response of the cell to changes in its extracellular
environment. The cell responds to extracellular
signals by transducing through its membrane
the molecular message that these signals
contain (Ref. 1). One well-documented signal

transduction pathway is that induced by platelet-
derived growth factor (PDGF). PDGF receptors
play important roles during embryogenesis,
particularly in the development of the kidneys,
blood vessels, lungs and the central nervous
system (Refs 2, 3, 4, 5). PDGF receptors also
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have a role in wound healing in adults (Ref. 6).
The PDGF receptor belongs to the family of
receptor tyrosine kinases. Each contains a large
extracellular region involved in growth factor
binding and an intracellular region that contains
a kinase domain responsible for propagation of
the signal (Refs 7, 8, 9). Ligand binding to the
PDGF receptor induces an increased catalytic
activity of its receptor kinase activity, leading to
the addition of phosphate groups on specific
tyrosine residues located in its intracellular
domain. Thus, the extracellular ‘signal’ that PDGF
constitutes is ‘translated’ to the other side of the
cell membrane by the specific phosphorylation of
tyrosine residues. What happens next is the
transmission of the phosphate signal from one
protein to another through a succession of
protein–protein interactions that ultimately leads
to a cellular response such as gene activation or
enzyme activation. Such a mechanism implies that
tyrosine residues that are phosphorylated upon
receptor activation are in some way recognised
and serve as docking sites for downstream signal
transduction molecules. Such a recognition
process is made possible by small protein modules
that are contained within signal transduction
molecules and bind to phosphorylated tyrosine
residues in a sequence-specific manner. These
domains are called Src homology 2 (SH2) domains
(Ref. 10).

The initial discovery of the SH2 domain
identified it as a ~100 amino acid block that was
conserved in several cytoplasmic tyrosine kinases,
including Src, and that, when mutated, appeared
to be involved either in regulating kinase activity
or in promoting interactions of kinases with other
components of the cell (Ref. 11). Subsequent
breakthroughs identified SH2 domains as binding
specifically to tyrosine-phophorylated sites

(reviewed in Ref. 12). Since this pioneering work,
SH2 domains have been identified in numerous
proteins of various origins and with various
activities, which include protein tyrosine kinases,
transcription factors and molecular adaptors
(Fig. 1). SH2-domain-containing proteins are
involved in pathways regulating numerous
essential cellular processes, such as cytoskeletal
rearrangement, homeostasis, immune responses
and development. Although mutations in SH2
domains are rarely the cause of pathological
conditions (see section ‘SH2 domains: clinical
implications’), the involvement of these domains
in such a variety of pathways makes them ideal
candidates as drug targets (see section ‘SH2
domains: clinical applications’). Indeed, disease
states often result from alterations in signal
transduction proteins; thus, the hope that SH2-
domain-binding inhibitors could be designed to
inhibit a faulty signal transduction pathway has in
the past 15 years justified substantial investments
by the pharmaceutical industry (Refs 13, 14).

SH2 domains: clinical implications
SH2 domain mutation and disease
To date, only three SH2 domains have been
directly implicated in human diseases. Mutations
in the SH2 domain of SAP [SLAM (signalling
lymphocyte activation molecule)-associated
protein; also known as SH2D1A or DSHP] cause
X-linked lymphoproliferative disease (XLP)
(Refs 15, 16, 17). This disorder is characterised
by an extreme sensitivity to Epstein–Barr virus,
with infection resulting in uncontrolled B-cell
proliferation. The average age of onset in affected
young boys is 2.5 years, with 75% mortality by
age 10 and 100% mortality by age 40. SAP
functions in immune cell signalling, with its
expression restricted primarily to T cells. It

Figure 1. Examples of Src homology 2 (SH2)-domain-containing proteins and their modular primary
structure. (Legend; see next page for figure.) The biological functions of the proteins are indicated on the left,
and the names of the proteins are given on the right. The various homology domains that are found in these
proteins are represented by different shapes and colours, and are labelled accordingly. Abbreviations: C2,
protein kinase C conserved region 2 calcium-dependent phospholipid binding; Dapp1, dual adaptor for
phosphotyrosine and 3-phosphoinositide; DNA BD, DNA-binding domain; EF, EF-hand; FCH, Fes/CIP4
homology domain; Grap, Grb2-related adaptor protein; 4H, four-helix bundle; Nck, noncatalytic region of tyrosine
kinase; PLC, phospholipase C; PH, pleckstrin homology domain; PTB, phosphotyrosine-binding domain; PTPc
DSPs, protein tyrosine phosphatase; SAM, sterile alpha motif domain; SAP, SLAM (signalling lymphocyte
activation molecule)-associated protein; Slp-76, SH2-domain-containing leukocyte protein of 76 kDa; TA,
transcriptional activation domain; Tyr kinase, tyrosine kinase domain; Tyr phosphatase, tyrosine phosphatase
domain; Uba, ubiquitin association domain. Cbl, Crk, Fps, Ras, Src are products of homologues of viral
oncogenes, and their abbreviations are derived from the viral oncogene names. For other abbreviations see
Table 1. Figure drawn according to Ref. 117.
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Figure 1. Examples of Src homology 2 (SH2)-domain-containing proteins and their modular primary
structure. (See previous page for legend.)
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interacts with the protein SLAM, a 70 kDa
glycoprotein expressed on many lymphocyte
cell surfaces. SLAM is a self-ligand type of
receptor that operates in bidirectional signalling
between B and T cells, perhaps functioning in the
switching of helper T-cell phenotype. Thus,
mutations in the SAP SH2 domain appear to
impair the normal signalling between B and T cells
following viral infection, and result in the
uncontrolled proliferation of B cells.

A point mutation in the SH2 domain of the
Bruton tyrosine kinase (Btk) has been shown to
cause cases of X-linked agammaglobulinaemia
(XLA), which is the prototypical humoral
immunodeficiency first described by Bruton in
1952 (Ref. 18). It is characterised by a paucity of
circulating B cells and a drastic reduction in the
serum concentrations of immunoglobulins.
Studies analysing patterns of X chromosome
inactivation showed that the genetic defect was
intrinsic to the B-cell lineage, and mapping studies
localised the defect in the midportion of the long
arm of the X chromosome at Xq225. Subsequent
studies demonstrated that mutations in the gene
encoding the cytoplasmic tyrosine kinase Btk are
responsible for X-linked agammaglobulinaemia
(Ref. 18). Like other cytoplasmic tyrosine kinases,
Btk contains a unique N-terminal region, in
addition to SH3 and SH2 domains (SH3 domains
are homology domains that specifically bind to
polyproline sequences), and a C-terminal tyrosine
kinase domain. Saffran and co-workers (Ref. 18)
identified a mutation (at residue 361) in the SH2
domain of Btk that causes the disease and that
appears to destabilise the full-length protein or
interfere directly with SH2 domain function.

Finally, mutations in the N-terminal SH2
domain of the nonreceptor protein tyrosine
phosphatase 2 (SHP-2) (Fig. 1) cause  a relatively
common autosomal dominant disorder called
Noonan’s syndrome (Ref. 19). This disease is
characterised by dysmorphic facial features,
short stature and heart disease. Webbed neck,
chest deformity and mental retardation are also
frequently associated with this disease. Missense
mutations in PTPN11, the gene that encodes
SHP-2, cause Noonan’s syndrome and account for
more than 50% of the cases examined (Ref. 19).
SHP-2 contains two SH2 domains. All mutations
locate in the interacting portions of the N-terminal
SH2 domain, which is involved in downregulating
phosphatase activity. Thus, the disease state might
result from excessive phosphatase activity.

Potential drug targets
Although examples of direct implication of SH2
domains in diseases are few, their involvement in
pathways altered by disease-causing mutations
makes them attractive targets for pharmaceuticals.
Table 1 summarises diseases in which SH2
domains have potential as drug targets (Ref. 20),
ranging from cancer, allergy and AIDS (acquired
immune deficiency syndrome) to osteoporosis.
Several SH2 domains have been, and continue to
be, the subjects both of extensive drug design
effort in the pharmaceutical industry and of
academic research – for potential uses in cancer
[Grb2 adaptor, phosphoinositide 3-kinase (PI3K)],
autoimmune diseases (the ζ-chain-associated
protein kinase ZAP-70), allergy and asthma
(Syk kinase) and osteoporosis (Src kinase). The
cellular biology in which Src, Syk and Grb2 are
involved is discussed below. The effort expended
in designing efficacious Src and Grb2 SH2-
domain-binding inhibitors has been met with
some measure of success and will be described in
the section ‘SH2 domains: clinical applications’
below.

Src kinase
The Src kinase consists of four domains: a
short myristylation domain that anchors Src to
the membrane, an SH3 domain that binds
polyproline-rich sequences, an SH2 domain and
a kinase domain (Fig. 1) (Ref. 21). Src has been
shown to be involved in a variety of cellular
processes including bone resorption, tumour
growth and angiogenesis, and tumour metastasis
(Ref. 21). However, the major phenotype of a
Src-knockout mutant mouse is an excessive
accumulation of bone in marrow cavities during
bone development resulting from excessive bone
resorption (osteopetrosis) (Ref. 22). A more severe
form of osteopetrosis is observed in the double
Src–Hck-knockout mouse (Ref. 23), suggesting
that these Src-family kinases have partially
overlapping functions in osteoclasts. Osteoclasts
are the cells specialised in bone resorption, and
although osteoclasts derived from Src-deficient
mice are viable, they fail to form ruffled borders,
and thus are unable to secrete acid proteases
and bone-metabolising enzymes (Refs 24, 25).
Osteoblasts are the cells that produce bones, and
Src-deficient osteoblasts appear to have increased
activity (Ref. 26), thus possibly contributing to the
osteopetrotic phenotype observed in Src-deficient
mice. Partial rescue of the osteopetrosis phenotype
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in Src-deficient mice by transgenic expression of
the kinase-deficient K295M Src mutant suggests
that the role of Src in osteoclasts is mediated by
its SH2 or SH3 domains (Ref. 27). Thus, an SH2-
domain-binding inhibitor of the Src kinase could
potentially inhibit bone resorption and serve as a
treatment for osteoporosis, a condition that results
in the weakening of the bone structure (Ref. 28).

Syk kinase
The Syk kinase consists of two SH2 domains
in tandem, collectively named ‘tandem SH2
domain’, and a tyrosine kinase domain (Fig. 1)
(Ref. 29). Syk is a member of the Syk family of
cytosolic protein tyrosine kinases that also
includes the ZAP-70 kinase (Refs 30, 31). Syk is
expressed ubiquitously in haematopoietic cells
such as B cells, mast cells, polymorphonuclear

leukocytes, platelets, macrophages and immature
T cells. Syk is also present in nonhaematopoietic
cells such as epithelial cells, hepatocytes,
fibroblasts and neuronal cells. The absence of
either Syk-family kinase results in arrested T- and
B-cell development and functional defects for a
variety of immune receptors, including the T-cell
receptor, the B-cell receptor, and receptors for IgG
and IgE (Refs 32, 33, 34, 35, 36, 37, 38). In addition,
Syk-family kinases have been implicated in
activating natural killer (NK) cells (Refs 39, 40)
and signalling by nonimmune receptors such as
cytokine and thrombin receptors, integrins and
G-protein-coupled receptors (Refs 41, 42, 43, 44,
45, 46). The involvement of Syk in immune cell
biology suggests that SH2 domain inhibitors
targeting the tandem SH2 domain of this enzyme
could be used for the treatment of allergy.

Table 1. Diseases in which Src homology 2 (SH2) domains have potential as
pharmaceutical targetsa

Disease SH2 domain-containing target

AIDS Lck, Hck

Allergy and asthma Syk, Lyn

Anaemia SHP-1

Autoimmune disease ZAP-70

Breast cancer Grb2, Grb7, Src

Cancer p85, Shc, Grb2, GAP

CML and ALL Grb2, Crkl

Erythroleukaemia Shc

Inflammatory disease STATs

Pre-B-cell leukaemia Btk

Myelodysplastic syndrome Tec

Osteoporosis Src

a For further information, see Ref. 20.

Abbreviations: AIDS, acquired immune deficiency syndrome; ALL, acute lymphoblastic leukaemia; Btk,
Bruton tyrosine kinase; CML, chronic myeloid leukaemia; Crkl, Crk-like protein; GAP, GTPase-activating
protein; Grb, growth-receptor-binding protein; Hck, haematopoietic cell kinase; Lck, lymphocyte-specific
protein tyrosine kinase; p85, p85 subunit of the phosphoinositide 3-kinase; Shc, Src homologous and
collagen protein; SHP-1, SH2-domain-containing protein tyrosine phosphatase 1; STAT, signal transducer
and activator of transcription; Syk, spleen tyrosine kinase; Tec, tyrosine-protein kinase Tec; ZAP-70,
zeta-chain associated protein kinase. Crk, Lyn and Src are products of homologues of viral oncogenes, and
their abbreviations are derived from the viral oncogene names.

https://doi.org/10.1017/S1462399404007331 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399404007331


Accession information: DOI: 10.1017/S1462399404007331; Vol. 6; Issue 3; 30 January 2004
 ©2004 Cambridge University Press

http://www.expertreviews.org/

S
H

2 
d

o
m

ai
n

s:
 r

o
le

, s
tr

u
ct

u
re

 a
n

d
im

p
lic

at
io

n
s 

fo
r 

m
o

le
cu

la
r 

m
ed

ic
in

e

6

expert reviews
in molecular medicine

Grb2 adaptor
Grb2 is a small adaptor protein that consists
of  one SH2 domain flanked by two SH3
domains (Ref. 47) (Fig. 1). The function of Grb2
was elucidated in a series of outstanding
publications where it was reported that Grb2
serves to link receptor tyrosine kinases to Ras
signalling (Refs 47, 48, 49, 50, 51). The SH2 domain
of Grb2 binds to specific phosphorylated tyrosine
residues on activated receptors, whereas its SH3
domains bind to the guanine-nucleotide-exchange
factor specific to the low-molecular-weight GTP-
binding protein Ras, thereby activating Ras and
the downstream Ras-dependent mitogen-
activated protein (MAP) kinases. As Ras is known
to play a key role in the regulation of cellular
growth and differentiation (Ref. 1), one means to
control Ras is through indirect inhibition of Grb2.

Structure and ligand binding
Because of their importance in some of the most
essential biological processes in humans, SH2
domains have been the subjects of extensive
investigations aimed at understanding the
structure–function relationship and/or at
designing SH2-domain-binding inhibitors.

The structures of a large number of SH2
domains have been determined (reviewed in
Ref. 52). These studies have revealed a common
fold consisting of a central β-sheet flanked by
two α -helices (Fig. 2a). A remarkable feature
of the structure, which was revealed by the
determination of the first structure of a binary
complex of the Src SH2 domain bound to a
tyrosine-phosphorylated peptide, is the definition
of two regions, each with a distinct functional role.

The region between the first α -helix and the
β-sheet is the site of phosphotyrosine recognition,
whereas the region between the β-sheet and the
C-terminal helix forms the so-called ‘specificity-
determining region’ as it forms the interacting
surface for the residues C-terminal to the
phosphotyrosine (Fig. 2a) (Ref. 53).

Phosphotyrosine binding
In vivo and in vitro studies have shown that
phosphorylation of tyrosine residues of the
ligand is a requirement for SH2-domain binding
(reviewed in Ref. 54). However, exactly how
stringent the requirement for phosphate is has
only recently been rigorously evaluated (Ref. 55).
This study showed that more than a half of the
binding free energy of the interaction of the SH2
domain of the Src kinase with its cognate tysosine-
phosphorylated peptide target (sequence
pYEEI where pY indicates phosphotyrosine) is
contributed by phosphorylation. Other studies
have shown that no other residue in the tyrosine-
phosphorylated ligand is nearly as important
(Ref. 56). Thus, as suspected and now rigorously
determined, the phosphate group is by far the
most essential structural requirement for binding.
One exception is binding of the SH2 domain of
SAP, which appears to be much less dependent
on phosphorylation (see below).

The region that binds phosphotyrosine forms
a deep positively charged pocket – the so-called
‘phosphotyrosine (pY or pTyr or 0-pTyr)-binding
pocket’ (Ref. 53). A vast array of interactions
is  observed between the pocket and the
phosphotyrosine. They include: (1) a salt bridge
between the phosphate and an arginine residue,

Figure 2. Structural and thermodynamic characterisation of the Src homology 2 (SH2) domain of Src
kinase. (Legend; see next page for figure.) (a) Structure of the SH2 domain bound to its physiological tyrosine-
phosphorylated target on the platelet-derived growth factor (PDGF) receptor (motif pYIpYV). The SH2 domain
is in stereoribbon representation with α-helices in blue and β-strands in red. The peptide ligand is shown in
stick representation with carbon, oxygen, phosphorus and nitrogen atoms coloured in grey, red, pink and blue,
respectively. Notations of secondary structures are according to Refs 60 and 61. (b) Energetic contribution of
each of the residues in the pY-binding pocket. Each residue indicated in the diagram has been mutated to a
single-site Ala residue and the difference in binding free energy of the resulting mutants compared with wild-
type (∆∆Go) is shown by ranges colour coded as indicated in the scale to the left. Binding was assessed
against the pYEEI motif. As can be seen, ArgβB5 is the single most important residue in the phosphotyrosine-
binding pocket. Image reproduced from Ref. 55, with permission from Elsevier (Copyright © 1999, Elsevier
Science). (c) Contribution of phosphate and charges to the binding free energy. The pYEEI motif peptide is in
ball-and-stick representation with sticks in white and balls in semitransparent white. On the left, the red colouring
of the oxygen atoms illustrates the presence of a charge on these atoms; on the right, the phosphate group
atoms are in red. The most important contributor to binding free energy in the ligand is the phosphate, which
contributes 5.6 kcal/mol out of the 9.2 kcal/mol binding free energy of the entire pYEEI ligand (Ref. 55). Out of
the 5.6 kcal/mol contributed by the phosphate, nearly a half is contributed by a single charge (Ref. 55).
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Figure 2. Structural and thermodynamic characterisation of the Src homology 2 (SH2) domain of Src
kinase. (See previous page for legend.)
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ArgβB5; (2) an amino–aromatic interaction
between the guanidinium group of another
arginine, ArgαA2, and the aromatic ring of the
phosphotyrosine; and (3) numerous hydrogen
bonds contributed by residues in the BC loop
between the βB and βC strands (see notation for
secondary structures in Fig. 2a). Remarkably, of
the myriad of interactions that the SH2 domain
makes with the phosphate, only one contributes
significant binding free energy: that of ArgβB5
with the phosphate (Fig. 2b, c) (Ref. 55). Thus,
the binding interface in this region of the structure
is a classical hot-spot interface where only one
interaction appears to be critical (Ref. 57).

Peptide-binding specificity of single SH2
domains
The first evidence that SH2-domain-containing
proteins are recruited specifically to certain
tyrosine-phosphorylated sites on activated
receptors emerged in early work on such proteins
(reviewed in Ref. 54). Subsequent studies defined
the residues C-terminal to the phosphotyrosine
as being specifically involved in providing
discrimination between phosphorylation sites
(Refs 58, 59). These studies defined binding motifs
specific to classes of SH2 domains. For example,
the SH2 domains of Src-family members have a
binding preference for the motif pYEEI (i.e.
glutamic acid residues at the +1 and +2 position
C-terminal to the phosphotyrosine, followed by
isoleucine at the +3 position). The N-terminal SH2
domain of the p85 subunit of PI3K has a distinct
binding motif, pYXXM (where X can be any amino
acid); thus, the +3 position defines the selective
recruitment of these SH2 domains. The SH2
domain of Grb2 distinguishes itself by requiring
an asparagine residue at the +2 position, whereas

the +1 and +3 positions appear to play minor roles
(Ref. 59).

Role of residues C-terminal to pTyr
The structural characterisation of selective
peptide binding was first approached by the
crystallisation of SH2 domains of Src-family
members with the pYEEI motif (Refs 60, 61). A
central feature of the contact interface for the
+1Glu, +2Glu and +3Ile residues is a deep
hydrophobic pocket formed by residues of the
central β-sheet, the C-terminal helix αB, and the
EF and BG loops (Fig. 3a). The +3Ile of the pYEEI
motif fits snugly into this pocket. The N- and C-
terminal SH2 domains of the p85 subunit of the
PI3K are also characterised by a well-defined
+3-binding pocket where the +3Met of the pYXXM
cognate motif inserts (Refs 62, 63). However,
such a feature is not universal. The structure of
the C-terminal SH2 domain of phospholipase
Cγ (C-PLCγ) in a complex with a tyrosine-
phosphorylated peptide shows a peptide-binding
interface that is extended to the residue +5
positions C-terminal to the phosphotyrosine
(Ref. 64). A similar extended binding interface is
seen in the N-terminal SH2 domain of the SHP-2
phosphatase (Fig. 3a) (Ref. 65). It might have been
expected that the interactions between residues
throughout this extended interface would be
critical for high-affinity binding. However,
binding experiments using a series of truncated
peptides have indicated that only the residue
immediately C-terminal to the phosphotyrosine
is required to maintain the majority of binding
energy of the C-PLCγ SH2-domain binding
interaction (Ref. 66).

The fact that many interactions observed in the
crystal or nuclear magnetic resonance (NMR)

Figure 3. Peptide-binding specificity of Src homology 2 (SH2) domains. (Legend; see next page for
figure.) (a, left) Surface diagram of the Src SH2 domain generated using the programme GRASP (Ref. 116).
The surface is colour-coded according to electrostatic potential, with blue and red indicating positive and
negative potentials, respectively. The peptide pYIpYV ligand is shown in ball and stick representation.
The +3-binding pocket is identified by the yellow circle. (a, right) Surface diagram of the N-terminal SH2
domain of the SHP-2 phosphatase. Representation of the SH2 domain and its ligand is as in the left panel.
Here, specificity-determining residues form an open groove located by the yellow oval. (b) Respective contribution
of the various constituents of the pYEEI motif to the binding free energy of the pYEEI peptide. Side chains for
each of the four residues of the motif are colour-coded differently and labelled accordingly. The ∆∆Go between
mutant (to Ala) and wild-type peptides are indicated under each label. The contribution of pY was assessed
using phosphotyrosine alone. (c) Energetic contribution of each of the residues in the specificity-determining
region. Each residue indicated in the diagram has been mutated to single-site Ala residue and the difference in
binding free energy of the resulting mutants compared with wild type (∆∆Go) is indicated by ranges colour-
coded as indicated in the scale to the right. TyrβD5 and LysβD3 are the main contributors to the binding free
energy. The origin of the effect of the LysβD3Ala mutation has been studied in detail elsewhere (Ref. 68).
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Figure 3. Peptide-binding specificity of Src homology 2 (SH2) domains. (See previous page for legend.)
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structures appear to be of little importance is
emphasised by a study aimed at assessing the
importance of the +1, +2 and +3 positions of the
pYEEI motif (Ref. 56). Conservative substitutions
in this motif induce only very minor (threefold or
less) decreases in affinity compared with the wild-
type pYEEI peptide. The effect of alanine
substitutions is generally small; the pYAEI, pYEAI
and pYEEA peptides bound only twofold, sixfold
and tenfold, respectively, weaker than the pYEEI
peptide (Fig. 3b). A mutational investigation of
the Src SH2 domain itself has probed the
importance of the residues in the SH2 domain
responsible for coordinating the EEI motif (the so-
called specificity-determining residues) and
determined that the majority of these residues
make only small energetic contributions to
binding (Fig. 3c) (Ref. 67). In this region, only
mutation of TyrβD5, the residue that forms a
platform for the peptide backbone and contributes
part of the hydrophobic +3-binding pocket as well
as interaction with the Cβ of the +1Glu, induced a
greater than tenfold loss in affinity upon mutation.
Also, mutation of LysβD3, the residue that
coordinates the +1Glu of the peptide, caused a
sevenfold reduction in affinity. Interestingly,
subsequent studies showed that the effect of the
LysβD3 mutation to Ala is actually caused by the
indirect effect of two aspartate residues that are
not part of the interface (Ref. 68). Thus, LysβD3
appears to have nothing to do with peptide
binding but rather acts to neutralise the negative
charges emanating from other regions of the
structure.

Thus, based on studies of the pYEEI motif
binding by the Src SH2 domain, single SH2
domains appear to be unable to discriminate
radically between tyrosine-phosphorylated
ligands. However, the pYEEI motif is not a
physiological substrate for the Src SH2 domain.
Instead, one established binding site for Src
recruitment is that located on the PDGF receptor
(Refs 21, 69, 70, 71). The site has been mapped
to two tyrosines, Tyr579 and Tyr581, in the
juxtamembrane region of PDGF receptor β, and
to Tyr572 and Tyr574 of the α receptor isoform
(Refs 72, 73). Although phosphorylation of the
second tyrosine is not essential for binding of the
Src SH2 domain, it has been shown that tyrosine
phosphorylation at the +2 position considerably
enhances the free energy window for specific
interaction (Ref. 74). In fact, the predominant
contributors to binding free energy are no longer

the 0-pTyr and the +3 position but the 0-pTyr and
the +2pTyr. Thus, in the physiologically relevant
interaction, the two residues anchoring the ligand
to the peptide-binding interface are the 0-pTyr and
the +2 position (Ref. 74). How +2pTyr recognition
occurs remains a puzzle: the crystal structure of
the Src SH2 domain bound to its binding site
on the PDGF receptor and further mutation
studies showed that: (1) an arginine nearby
ideally positioned to form a salt bridge with the
phosphate group plays no role; and (2) most of
the interactions between +2pTyr and the SH2
domain are mediated by water molecules
(Refs 74, 75, 76).

The Grb2 SH2 domain has a strong
requirement for a residue (Asn) at the position
+2 C-terminal to the 0-pTyr (Ref. 59). A
thermodynamic and mutational analysis of Grb2
SH2 domain binding has underscored the
importance of this +2Asn for high-affinity binding
to the tyrosine-phosphorylated peptide (Ref. 77).
The +2Asn requirement is caused by a Trp residue
at position EF1 of the SH2 domain of Grb2 that
not only fills a potential +3-binding pocket but
also redirects the peptide ligand at the +2 position
(Fig. 4b) (Ref. 78). Mutation of the corresponding
residue in the Src SH2 domain to Trp dramatically
changes the binding properties of this SH2
domain and makes it remarkably similar to the
Grb2 SH2 domain (Ref. 79).

Role of residues N-terminal to pTyr
For the most part, the specificity of SH2 domain
binding is determined by the residues of the target
C-terminal to the 0-pTyr. However, for some SH2
domains, the residues N-terminal to the pTyr can
be important. For example, it has been determined
that the N-terminal SH2 domain of the SHP-2
phosphatase has a requirement for a hydrophobic
residue (Val, Ile or Leu) at the position −2 (2d
position N-terminal to 0-pTyr) (Refs 80, 81). This
unusual requirement has been traced to the
presence of a Gly at the αA2 position of the SH2
domain, a position that an Arg occupies in 80% of
known SH2 domains (Ref. 82).

Another example of −2 position requirement
is that of the SH2 domain of SAP; however, in this
case, such a requirement appears to be the basis
for a phosphorylation-independent interaction.
The SAP SH2 domain is unusual in that it can
bind targets in a phosphate-independent manner
(Refs 17, 83). The structures of SAP in its
unliganded form, as well as bound to both
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Figure 4. Structure of the SAP and Grb2 Src homology 2 (SH2) domains. (a) Structure of the SH2 domain
of SAP [SLAM (signalling lymphocyte activation molecule)-associated protein] bound to its cognate SLAM
peptide. The SH2 domain is in ribbon representation with α-helices in blue and β-strands in red. The peptide
ligand (motif TIpYAQVQK) is shown in stick representation with carbon, oxygen, phosphorus and nitrogen
atoms colour-coded in grey, red, pink and blue, respectively. The yellow circle draws attention to the −1
and −2 interactions that appear to be responsible for the ability of the SAP SH2 domain to bind the
unphosphorylated SLAM motif. (b) Structure of the SH2 domain of Grb2 (growth-receptor-binding protein)
bound to its cognate pYxNx motif. The SH2 domain and peptide ligand (motif pYxNx) are shown as in (a).
TrpEF1 confers the +2 binding specificity and is indicated.

tyrosine-phosphorylated and -unphosphorylated
peptides, have shown that the residues in the
peptide N-terminal to 0-pTyr make specific
contacts with SAP (Fig. 4a) (Ref. 84). These
interactions may explain the requirement of the
SAP SH2 domain for residues N-terminal to the
pTyr.

Implications
The findings described above indicate that
interactions between the 0-pTyr in the target and
its binding pocket in the SH2 domain are those
most crucial for the molecular recognition of

SH2 domains; the interactions between other
residues of the target and the specificity-
determining residues of the SH2 domain appear
to be secondary in importance. Furthermore, the
level of specificity exhibited by SH2 domains,
particularly those of the Src family, is modest.
These results have profound implications for the
mechanism by which SH2 domains specifically
bind their targets within cells. In particular, they
suggest that initial models of SH2 domain
recognition, where single SH2 domains are able
to recognise selectively their particular binding
sites as a result of only a distinct set of interactions

Structure of the SAP and Grb2 Src homology 2 (SH2) domains

a

b
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between the SH2 domain and the target, might
be overly simplistic.

If the interactions involving the specificity-
determining residues are weak, how can SH2
domains be targeted to specific phosphotyrosine-
containing sites within activated receptors? For
single-SH2-domain-containing proteins, specific
recruitment might be facilitated by other domains.
For example, N-myristoylation of the Src kinase
– and hence its association with the cell membrane
– might facilitate the interaction of the Src SH2
domain with the most membrane-proximal
phosphotyrosine of the PDGF receptor β. Another
possibility stems from the fact that many SH2-
domain-containing proteins do not contain just a
single SH2 domain, but rather SH2 domains
located in tandem (e.g. ZAP-70, Syk, PI3K and
PLCγ). For these proteins, the concerted binding
of multiple domains probably enhances overall
specificity. This would be achieved in tandem
SH2-domain binding for two reasons. First, the
binding of two SH2 domains could be positively
coupled, which would result in an increase in
binding specificity. Second, improper targeting to
tyrosine-phosphorylated sites might be reduced
by the topological constraints imposed by the
strict spacing between phosphotyrosines. Hence,
although SH2 domains appear to have evolved
only low levels of specificity, specific targeting of
SH2-domain-containing proteins to signalling
complexes could be achieved through cooperative
interactions between these domains and other
partners in the signalling complex.

Peptide-binding specificity of tandem
SH2 domains
Syk-family kinases contain two SH2 domains
positioned in tandem (Ref. 29). Syk-family kinases
are recruited to cell-surface receptors through the
interaction of their tandem SH2 domains with
tyrosine-phosphorylated sequence motifs termed
immunoreceptor tyrosine-based activation motifs
(ITAMs) (Ref. 85). ITAMs typically have the
consensus sequence YXX(L/I)-X6/8-YXX(L/I) [i.e.
two repeats of the sequence tyrosine, followed by
two amino acids, followed by a hydrophobic
residue (L or I) – with the two repeats separated
by 6–8 amino acids] (Ref. 86). Remarkably, the
tandem SH2 domain of Syk appears to be able to
recognise a variety of doubly phosphorylated
ITAMs (dpITAMS) that vary considerably not
only in sequence but also in the length of the
spacer region between the two phosphotyrosines

(Refs 41, 87, 88). For example, the γ chain of the
FcεRI receptor, an Fc receptor for IgE, contains an
ITAM with a spacer region of 10 residues, whereas
the spacer region of the ITAM on the single chain
Fc receptor class IIA, an Fc receptor to IgG, is 15
residues in length (Ref. 89). Their sequences
are also considerably different. Yet, doubly
phosphorylated peptides derived from these
dpITAMs bind equally well and with high affinity
(2–4 nM) to the tandem SH2 domain of the Syk
kinase (Ref. 88).

The mechanism by which the tandem SH2
domain of Syk can accommodate such structural
variability in the ITAM was hinted at when the
crystal structure of a complex of the Syk
tandem SH2 domain bound to a dpITAM peptide
derived from the CD3-ε chain of the T-cell receptor
(Kd = 20 nM) was determined (Fig. 5a) (Ref. 90).
The crystals contained six complexes in the
asymmetric unit. Structural alignment of the six
complexes revealed substantial flexibility in the
relative orientation of the two SH2 domains. This
feature, coupled with the fact that the interface
between the SH2 domains is relatively small,
suggested that, in the unbound state, there might
even be larger fluctuations in the relative
orientations of the two SH2 domains: the Syk
tandem SH2 domain might fluctuate between an
‘open’ state where the two SH2 domains are far
apart from each other and a ‘closed’ state where
they are closer to one another. This hypothesis was
supported by the results of a multifaceted
biophysical study of dpITAM binding to the Syk
tandem SH2 domain in solution (Ref. 91). In
this study, an unusual nonlinear temperature
dependence of the binding enthalpy [i.e a
temperature-dependent heat capacity change
(∆Cp

o)] was observed that was interpreted as the
thermodynamic signature of a pre-existing
conformational equilibrium (between a closed
and an open form) in the unbound state (Fig. 5b).
These results provided a model for the ability
of the Syk tandem SH2 domain to recognise
dpITAMs with spacer regions of variable length:
the two SH2 domains sample a continuum of
relative orientations between an open and closed
state, thus allowing the tandem SH2 domain to
adapt and adjust to the various lengths of the
interphosphotyrosine region. Although this
model was consistent with the complexity of the
binding data, direct confirmation was lacking.

This model can be tested by restricting the
conformational ensemble accessible to the tandem
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Figure 5. Syk tandem Src homology 2 (SH2) domain structure and thermodynamics of binding. (a) Structural
flexibility in the relative orientation of the two SH2 domains in the tandem SH2 domain of Syk (spleen tyrosine
kinase). The extreme orientations of the SH2 domains in the tandem SH2 domain bound to the CD3ε doubly
phosphorylated immunoreceptor tyrosine-based activation motif (dpITAM) are shown in yellow and red. One
intermediate is shown in blue. The orientations correspond to rigid body motion around the linker region between
the two SH2 domains. In the unbound state, motions of even larger amplitude are expected. (b) Temperature
dependence of the binding enthalpy of the Syk tandem SH2 domain-CD3ε dpITAM interaction. The heat of
binding is monitored as a function of temperature. The curvature obtained with the wild-type protein (blue
lozenges) is the thermodynamic signature of a conformational equilibrium, which is interpreted as taking place
between a closed form where the SH2 domains are close to one another and an open form where the SH2
domains are apart. The additional heat observed at higher temperature is the result of not only binding but also
of the conformational transition from open to closed (see Ref. 91 for details). When the SH2 domains are
locked into a closed conformation by a disulphide bond, then a linear dependence of the enthalpy on temperature
is observed (red circles) (Ref. 92). Panel (b) reproduced, with permission, from Ref. 92 (Copyright © 2003,
National Academy of Sciences, U.S.A.).

SH2 domain in the unbound state. This was
achieved by introducing a disulphide bridge at
the interface between the two SH2 domains
(Ref. 92). Remarkably, this double cysteine
(2Cys) mutant displays all the binding properties
that are expected from a Syk tandem SH2
domain locked into a closed conformation (i.e. the
two SH2 domains locked close to one another
and unable to open up): (1) the 2Cys mutant
shows a temperature-independent heat capacity
change (∆Cp

o), which reflects a single species
population as opposed to the previously observed
temperature-dependent ∆Cp

o reflecting a
multiconformer equilibrium (Fig. 5b); and (2)
the affinity of this 2Cys mutant for a dpITAM
sequence with a short spacer region is less affected
than that for a dpITAM with a longer spacer

region. Structural flexibility appears also to play
a role in ZAP-70 tandem SH2 domain binding
(Refs 93, 94, 95, 96).

It is at present not clear whether tandem
SH2 domains demonstrate higher levels of
sequence specificity. Grucza and colleagues have
demonstrated that Syk tandem SH2 domain
binding to the noncognate CD3-ε dpITAM peptide
is only 20-fold weaker than binding to the
biologically relevant (and similarly spaced)
dpITAM derived from the γ chain of the FcεRI
receptor (Ref. 88). Also, mutations at the +1, +2 or
+3 positions C-terminal to both the N- and C-
terminal phosphotyrosines do not dramatically
affect binding to the Syk tandem SH2 domain
(G. Waksman and R.A. Grucza, unpublished).
Similarly, modest differences in affinity were
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observed when binding of the Syk and ZAP-70
tandem SH2 domains to various dpITAM-based
peptides was tested (Ref. 97). However, when
doubly phosphorylated and similarly spaced
peptides derived from the PDGF receptor were
tested, binding was found to be three to four
orders of magnitude weaker (Ref. 97). Therefore,
it would appear from this example that SH2
domains in tandem might exhibit higher levels of
sequence specificity than single SH2 domains.

Depending on the degree of receptor
activation, ITAM sequences within the cell can
be unphosphorylated, singly phosphorylated
(mpITAM), or doubly phosphorylated. Hence, an
additional issue regarding the specificity of
tandem SH2 domain binding is the preferential
binding of doubly phosphorylated, as opposed
to singly or unphosphorylated, ITAM sequences.
It has been experimentally observed that the
Syk tandem SH2 domain displays dramatic
differences in affinity between mpITAMs and
dpITAMs (Ref. 88). For instance, the Syk tandem
SH2 domain binds to the FcεRI ITAM with an
affinity of about 2 nM, whereas affinities are about
1 mM and 10 mM for the corresponding ITAM
with the N-terminal or C-terminal phosphate
removed, respectively; loss of one phosphate of
the ITAM causes about a 1000-fold loss in affinity
(Ref. 88). This difference is similar to that observed
for the binding of the Src SH2 domain to a
phosphorylated versus dephosphorylated peptide
(Ref. 55). Hence, tandem SH2 domains are highly
specific for doubly phosphorylated sequences.

SH2 domains: clinical applications
As discussed above, the central role of SH2
domains in many tyrosine kinase signalling
pathways makes them at least potentially
attractive targets of pharmaceuticals (Refs 13, 14),
and hence there have been significant efforts
aimed at discovering SH2-domain-binding
inhibitors. This section briefly discusses Src and
Grb2 SH2-domain-binding inhibitors; further
discussion of this field can be found in recent
reviews (Refs 28, 98, 99, 100, 101, 102).

Src SH2-domain-binding inhibitors
The Src SH2 domain has a cysteine residue
(CysβC3) located within its phosphotyrosine-
binding cavity that is unique to Src; other SH2
domains have a serine, threonine, valine or
alanine at this position. Cysteine residues such
as CysβC3 are potentially good targets for

pharmaceuticals because of their nucleophilic
character: these residues can in certain cases be
induced to form covalent bonds with aldehyde
groups on pharmaceutical targets, as has been
shown for cysteine proteases (Ref. 103). In
particular, CysβC3 might be particularly reactive
owing to the fact that the positively charged
environment of the phosphotyrosine-binding
cavity lowers its pKa (Ref. 104). It has indeed been
shown using X-ray crystallography and titration
microcalorimetry that CysβC3 can form a covalent
bond with aldehyde groups on pharmaceutical-
like compounds, implying that it might be
possible to target the Src SH2 domain selectively
with specific compounds in vivo (Refs 105, 106).
This possibility has been further advanced by
studies that have examined the effect of a CysβC3-
targeting compound in living cells. As indicated
above, mice lacking the src gene demonstrate
osteopetrosis (thickened bones), indicating that
Src plays a role in bone formation and suggesting
that Src might be a useful target for treatment of
osteoporosis. A compound that targets CysβC3 of
the Src SH2 domain has been shown to bind
preferentially to the Src SH2 domain in vitro
(Ref. 107). This compound inhibits interactions
between the Src SH2 domain and phosphopeptide
within cells and also diminishes the resorptive
activity of rabbit osteoclasts (Ref. 107).

More recently, second-generation compounds
have been designed that appear to have been
inspired by the crystal structure of a citrate-bound
Src SH2 domain complex (Ref. 108). In this
structure, citrate appears to make hydrogen
bonding interactions with residues that had
not previously been exploited for design of
phosphotyrosine mimics (Ref. 108). Incorporation
of diphosphonomethyl-phenylalanine into
the design of inhibitory peptides targeting the
Src SH2 domain led to the discovery of another
potent active molecule exhibiting bone-targeting
properties and antiresorptive activity in a cell-
based assay utilising osteoclasts and bone
(Ref. 109).

Grb2 SH2-domain-binding inhibitors
The SH2 domain of Grb2 is perhaps the most
selective SH2 domain in terms of target
recognition: there is a strict requirement for Asn
two residues C-terminal to the phosphotyrosine
(Refs 59, 77). Furthermore, only in the Grb2 SH2
domain structure does the peptide bind in a
β-turn conformation to accommodate interactions
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between the +2Asn and the protein (Ref. 78). These
findings might partially explain why non-
tyrosine-phosphorylated peptidomimetics have
been successfully designed and reported for the
Grb2 SH2 domain, but not for any other SH2
domain (Ref. 110). These nonphosphorylated
peptide inhibitors are very desirable given that
the negatively charged phosphate group of
phosphopeptides is a detriment to the cell
permeability of pharmaceutical compounds. For
instance, a cyclic, 11-residue nonphosphorylated
peptide that contains the crucial Asn has been
shown to bind specifically and with micromolar
affinity to the Grb2 SH2 domain (Ref. 110).
Other, noncyclic inhibitors of the Grb2 SH2
domain have also been found. Studies with
these compounds have demonstrated how Grb2
couples activation of the Ras signalling pathway
to cellular transformation (Ref. 111). Furthermore,
Grb2 inhibitors have also demonstrated that this
protein plays a role in the motility of tumour cells
(Ref. 112). These results have highlighted how
inhibition of the Grb2 SH2 domain could be an
effective anticancer treatment.

Conclusions
Studies of SH2 domains have revealed their
mode of action. Clearly, the most important
binding property of SH2 domains is their
selectivity for the phosphorylation state of their
targets. Other recognition processes appear to
play only minor roles. Receptor activation
induces phosphorylation of numerous tyrosine
residues and induces the recruitment of several
SH2-domain-containing proteins; therefore, one
would have expected some degree of specificity
to be essential to prevent signal transduction
pathways to cross. However, based on binding
data, a back-of-the-envelope calculation of the
degree of occupancy of any particular tyrosine-
phosphorylated site by the Src SH2 domain shows
that all sites would be at least partially occupied
by this SH2 domain regardless of the sequence
surrounding the site. Thus, a certain level of
crosstalk between signal transduction pathways
appears to be happening. Such crosstalks were in
fact revealed in a study that used gene-array
technology to monitor genes induced by
phosphorylation of any particular tyrosine of the
PDGF receptor upon activation by PDGFβ (Refs
113, 114). Using global expression monitoring, the
relationship was investigated between signalling
pathways activated by receptor tyrosine kinases

and the transcriptional induction of immediate
early genes (IEGs); 66 fibroblast IEGs induced by
PDGFβ receptor signalling were identified.
Mutant receptors lacking binding sites for
activation of the PLCγ, PI3K, SHP-2 and Ras-GAP
pathways still retain partial ability to induce 64
of these IEGs. Removal of the Grb2-binding site
further broadly reduced induction. These results
suggest that the diverse pathways exert broadly
overlapping effects on IEG induction.

The fact that SH2 domains are involved in
multiple cellular processes, some of which might
be altered in diseases, has made them obvious
targets for pharmaceuticals. Unfortunately, the
investment that the pharmaceutical industry has
made in the past 10–15 years towards finding
suitable SH2-domain-binding inhibitors has not
met with the anticipated success. Part of the
problem is that the effort was not guided by a deep
understanding of the relative importance of the
various constituents of the phosphorylated sites
that SH2 domains target. Although it had been
realised early in the SH2 domain research that
phosphorylation was an important determinant
of binding affinity, the extent of the predominance
of the phosphotyrosine in binding versus any
other residues in the SH2 domain recognition
sites was revealed only recently. It then became
apparent that: (1) specificity in the targeting of
the drug would be difficult to achieve as a
phosphotyrosine derivative would need to be
present, thus running the risk of targeting the
drug to SH2-domain-containing proteins that
play no role in the diseased state targeted for
therapy; and (2) the large electrostatic field
emanating from such an essential drug
component would present an obstacle for the
entire molecule to penetrate the hydrophobic
environment of the cell membrane, and thus
delivery to the cell might be prevented (Ref. 115).
Whether a drug targeting an SH2 domain will
appear on the market is still uncertain. However,
the search for an efficacious and viable SH2-
domain-binding inhibitor is actively continuing.
Added specificity might be obtained by targeting
sites that combine the recruitment of more than
one SH2 domain, such as the tandem SH2
domain of the ZAP-70 and Syk kinases. A binding
inhibitor targeting at the same time the two
phosphotyrosine-binding pockets of the tandem
SH2 domain with no other sequence specificity
requirement would probably bind predominantly
dpITAM recognition domains, thereby possibly
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providing efficacious treatments of some immune
diseases. In this regard, the details emerging on
the binding properties of tandem SH2 domains
will greatly facilitate the development of a
successful strategy for designing binding
inhibitors specific for the targeted immune-
receptor-dependent pathways.
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Features associated with this article

Figures
Figure 1. Examples of Src homology 2 (SH2)-domain-containing proteins and their modular primary

structure.
Figure 2. Structural and thermodynamic characterisation of the Src homology 2 (SH2) domain of Src kinase.
Figure 3. Peptide-binding specificity of Src homology 2 (SH2) domains.
Figure 4. Structure of the SAP and Grb2 Src homology 2 (SH2) domains.
Figure 5. Syk tandem Src homology 2 (SH2) domain structure and thermodynamics of binding.

Table
Table 1. Diseases in which Src homology 2 (SH2) domains have potential as pharmaceutical targets.
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