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Intracellular signaling pathways that involve protein
tyrosine kinases (PTKs) are critical for the control of
most cellular processes. Dysfunctions in PTKs, or in
the signaling pathways that they regulate, result in a
variety of diseases such as cancer, diabetes, immune
deficiency, and many others. SH2 (Src homology re-
gion 2) and PTB (phosphotyrosine-binding) domains
are small protein modules that mediate protein-
protein interactions involved in many signal trans-
duction pathways. Both domains were initially identi-
fied as modules that recognize phosphorylated ty-
rosines in receptor tyrosine kinases and other sig-
naling proteins. Subsequent studies have shown
that, while binding of SH2 domains to their target
proteins is strictly regulated by tyrosine phosphoryl-
ation, most PTB domains actually bind to their (non-
phosphorylated) targets constitutively. The functions
of SH2 and PTB domains include targeting of their
host proteins to different cellular compartments, as-
sembly of key components of signaling pathways in
response to extracellular signals, and the control of
autoinhibition, activation and dimerization of their
host proteins. The information flow from the cell sur-
face to different cellular compartments to regulate
the cell cycle, cell shape and movement, cell prolifer-
ation, differentiation, and cell survival are all con-
trolled in part by SH2 and PTB domains that can rec-
ognize phosphotyrosine or particular amino acid se-
quence motifs in a wide variety of target molecules.

Introduction
Many proteins involved in intracellular signaling contain multi-
ple small modules (of 50 to 200 amino acids) that direct their
constitutive and/or signal-regulated association with other pro-
teins, with membranes, and with other cellular components. It is
believed that understanding the individual function of each
class of domain found in these proteins, preferably across the
whole genome, may ultimately permit the construction of cellu-
lar wiring diagrams (1, 2). Of the different signaling domains in
tyrosine kinase signaling, arguably the most important are those
that recognize phosphotyrosine itself: the Src homology 2
(SH2) and phosphotyrosine-binding (PTB) domains. Further-
more, the discovery of the central role played by SH2 domains
in tyrosine kinase signaling marked the beginning of our view

of intracellular signaling molecules as multidomain proteins
with an array of interaction modules that define their function.
In this review, we briefly discuss how SH2 and PTB domains
were identified, consider the structural basis for their recogni-
tion of different phosphotyrosine-containing (and other) bind-
ing sites, and survey the different roles these domains play in
the functions of their host molecules.

SH2 Domains
SH2 domains were first defined as conserved sequences of
about 100 amino acids (3) that play a role in regulating the tyro-
sine kinase activity of v-Fps and members of the Src family of
oncogenic tyrosine kinases. SH2 domains have central roles in
mediating intracellular signaling by receptor tyrosine kinases
(RTKs) and cytoplasmic protein tyrosine kinases (PTKs). Sig-
naling proteins such as phospholipase C-γ (PLC-γ) and Ras-
GTPase (guanosine trisphosphatase)-activating protein (Ras-
GAP), which become tyrosine phosphorylated in response to
stimulation of cells with epidermal growth factor (EGF) or
platelet-derived growth factor (PDGF), also form a complex
with the tyrosine-phosphorylated EGF-receptor (EGFR) or
PDGF-receptor (PDGFR) upon growth factor stimulation (4-9).
Because both PLC-γ and Ras-GAP contain SH2 domains, these
domains were implicated as being responsible for the formation
of complexes between these proteins and the tyrosine-phospho-
rylated EGF or PDGF receptors (10-12). This idea was further
reinforced by experiments demonstrating that Crk, a retroviral
oncogenic protein composed entirely of SH2 and SH3 (Src ho-
mology 3) domains, binds to various phosphotyrosine-contain-
ing proteins in lysates prepared from v-Crk-transformed cells
(13, 14). Taken together, these studies argued that tyrosine-
phosphorylated regions in RTKs and other proteins could func-
tion as specific binding sites for the SH2 domains of cellular
signaling proteins. Indeed, direct binding experiments using iso-
lated SH2 domains confirmed the notion that SH2 domains
bind to specific phosphotyrosine (p-Tyr)-containing sequences
in RTKs (15-17). Moreover, a variety of SH2 domain-contain-
ing signaling proteins were discovered in screens of bacterial
expression libraries in which the tyrosine-phosphorylated tail of
EGFR was used as a specific probe (18). This approach enabled
the cloning of new SH2 domain-containing proteins, including
the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K)
(18); the adaptor protein Grb2 (19) and its Drosophila homolog
Drk (20); the signaling proteins Grb7, Grb10, and Grb14; and
previously known SH2 domain-containing proteins such as the
tyrosine kinase Fyn, PLC-γ, Ras-GAP, and Crk (21).

The phosphotyrosine-containing binding sites for SH2 do-
mains were mapped in several RTKs, and SH2 domain binding
to tyrosine-phosphorylated RTKs was shown to be blocked
specifically by short p-Tyr-containing peptides [reviewed in
(22-24)]. These studies demonstrated that SH2 domains bind p-
Tyr only within the context of particular peptide sequences C-
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terminal to the p-Tyr moiety [reviewed in (1, 22, 23)]. For ex-
ample, the SH2 domain of Grb2 binds to a pYXN [pY, phos-
photyrosine; N, asparagine; X represents any amino acid (25)]
sequence motif that is found in the tyrosine-phosphorylated tail
of EGFR, in the oncogenic protein tyrosine kinase Bcr-Abl, in
the adaptor protein Shc, in the docking protein FRS2, and in the
protein tyrosine phosphatase Shp2, among many other signaling
proteins. On the other hand, the two SH2 domains from p85
(the regulatory subunit of PI3K) bind specifically to pYMXM
(M, methionine) sequence motifs that are found in the kinase
insert region of the PDGF receptor; in the docking proteins (in-
sulin receptor substrates) IRS1 and IRS2, as well as Gab1 and
Gab2; and in various other signaling proteins that recruit and
activate PI3K. Although the first binding motifs for SH2 do-
mains were identif ied by direct mapping of tyrosine
phosphorylation sites and by site-directed mutagenesis [re-
viewed in (1, 22, 23)], the majority of the peptide-binding mo-
tifs for individual SH2 domains were identified by in vitro
screening of combinatorial phosphopeptide-containing libraries
(24). Many SH2 domains bind to tyrosine autophosphorylation
sites located in noncatalytic regions of RTK cytoplasmic do-
mains, or to tyrosine phosphorylation sites in docking proteins
(membrane-linked proteins that assemble various signaling pro-

teins after tyrosine phosphorylation). When phosphorylated,
these sites provide a platform for the recruitment and activation
of multiple signaling pathways through SH2 domain-mediated
interactions. Each activated RTK and tyrosine-phosphorylated
docking protein recruits a distinct complement of signaling
molecules from a common preexisting pool of membrane-at-
tached and cytoplasmic proteins. The specificity of SH2 domain
interactions defines which proteins are recruited by a given
RTK or docking protein. Thus, SH2 domains function as an im-
portant element for control of RTK signaling specificity (26-
28).

The three-dimensional structures of several SH2 domains
bound to cognate p-Tyr-containing peptide ligands revealed the
common protein fold of the SH2 module and the molecular ba-
sis for ligand-binding specificity [reviewed in (1, 22, 23)]. The
SH2 domain fold is composed of two α helices that surround a
conserved antiparallel β sheet containing three or four β strands
(Fig. 1). The bound p-Tyr moiety lies in a conserved positively
charged binding pocket on the SH2 domain surface, and it
forms hydrogen bonds with several residues, including an in-
variant arginine in strand βB of the central β sheet. The surface
of the SH2 domain that surrounds the p-Tyr-binding pocket
contains variable residues that interact with sequences immedi-
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Fig. 1. Different modes of peptide recognition by SH2 and PTB domains. Ribbons representations are shown on the left for the Src
SH2 domain [PDB code 1SPS (116)] and on the right for IRS-1 [PDB code 1IRS (95)]. Superimposed in each case are multiple differ-
ent ligands, to show how they bind with respect to the SH2 or PTB domain fold. For SH2 domains, eight different SH2/phosphopep-
tide complex structures were overlaid in the program “O” by using the region from the beginning of strand βA to the end of αA as the
point of reference. Peptide coordinates from each of the overlaid structures were superimposed on a representation of the Src SH2
domain. For PTB domains, the six available PTB domain/peptide complex structures were overlaid in O by using as the reference the
region extending from the beginning of β7 to the middle of α-C. Peptide coordinates were superimposed on a representation of the
IRS-1 PTB domain. The SH2 domain structures used were Src (116), Lck [PDB code 1LCJ (117)], C-terminal p85 SH2 domain [PDB
code 1H9O (118)], C-terminal PLC-γ1 SH2 domain [PDB code 2PLD (119)], Fyn [PDB code 1AOT (120)], Grb2 [PDB code 1TZE
(121)], SAP [PDB code 1D4W [102)], N-terminal SH2 domain from Syp [PDB code 1AYA (122)]. The PTB domain structures used
were IRS-1 [PDB code 1IRS (95)], Shc [PDB code 1SHC (83)], X11 [PDB code 1X11 (90)], Numb [PDB code 1DDM (91)], talin [PDB
code 1MIZ (110)], and radixin [PDB code 1J19 (111)].
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ately C-terminal to the p-Tyr moiety (which bind in an extended
conformation) and play a critical role in determining the bind-
ing specificity of SH2 domains for different phosphotyrosine-
containing peptide ligands (1, 22, 23). For example, the Src
SH2 domain binds preferentially to peptides with the sequence
pYEEI (E, glutamic acid; I, isoleucine), largely because of a hy-
drophobic pocket on the Src SH2 domain surface
into which the isoleucine side chain can project (1,
22, 23). By contrast, the surface of the C-terminal
PLC-γ SH2 domain contains a groove that accom-
modates several hydrophobic residues that follow
p-Tyr in its preferred peptide ligand. It should be
noted that even the preferred p-Tyr-containing pep-
tides bind to isolated SH2 domains with only mod-
est affinities. The dissociation constants range
from about 0.2 to 5 µM for a preferred SH2/p-Tyr
peptide interaction, compared with a Kd greater
than ~20 µM for binding of the same SH2 domain
to a random peptide sequence containing p-Tyr
(24, 29, 30). 

Crystallographic studies of Cbl, a scaffold pro-
tein with an E3 ubiquitin ligase activity that is re-
cruited by RTKs and promotes their ubiquitination
and degradation [reviewed in (31)], showed that
not all SH2 domains are immediately apparent
from sequence analysis. Meng et al. (32) deter-
mined the structure of the conserved N-terminus
of Cbl, bound to a phosphopeptide representing its
binding site in the tyrosine kinase ZAP-70. Sur-
prisingly, the phosphopeptide was found to bind in
a canonical manner to an SH2 domain in Cbl that
had gone undetected. Although the Cbl SH2 do-
main differs in several ways from other SH2 do-
mains (lacking one small characteristic β sheet, for
example), its phosphotyrosine-binding site is very
well preserved. This finding hints that there may
be additional so-far-unidentified SH2-like mod-
ules in other signaling molecules that could pro-
vide new clues to understanding RTK signaling
specificity.

Families of Signaling Molecules That Contain
SH2 Domains
SH2 domain-containing enzymes. Various en-
zymes contain one or two SH2 domains, in some
cases alongside SH3, PH (pleckstrin homology),
or other modules that direct interactions with addi-
tional proteins or with the cell membrane. A few
examples of SH2 domain-containing enzymes, in-
cluding protein tyrosine kinases, (for example,
Src, Btk, and ZAP-70), protein tyrosine phos-
phatases (for example, Shp1 and Shp2), PLC-γ,
and Ras-GAP are depicted in Fig. 2. Ligand-
induced RTK autophosphorylation provides a
switch for the recruitment and activation of SH2
domain-containing signaling proteins. For exam-
ple, binding of the PLC-γ SH2 domains to their
canonical sites in the autophosphorylated tails of
EGFR or the f ibroblast growth factor receptor
(FGFR) facilitates translocation of PLC-γ to the
plasma membrane, where its substrate 

PtdIns(4,5)P2 (phosphatidylinositol 4,5-bisphosphate) resides.
Membrane association of PLC-γ is also aided by binding of its
N-terminal PH domain to PtdIns(3,4,5)P3 (phosphatidylinositol-
3,4,5-trisphosphate) molecules that are simultaneously generat-
ed in response to growth factor stimulation of PI3Ks (33). After its
tyrosine phosphorylation, activated PLC-γ (34) hydrolyzes 
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Fig. 2. Families of SH2 domains containing proteins. Enzymes. Examples in-
clude protein tyrosine kinases (Src, Btk, ZAP), protein tyrosine phosphatases
(Shp1), phospholipase C-γ (PLC-γ), Ras-GAP (GAP) and Rho-GEF (Vav). Many
enzymes contain one or two SH2 domains alongside SH3 (Src homology 3),
PH (pleckstrin homology), C1 (phorbol ester binding region), C2 (Ca+2 and
phospholipid binding region), and CH (calponin homology) domains. Adaptors.
The adaptor proteins Grb2, Crk, and Nck are composed exclusively of SH2 and
SH3 domains. Scaffold proteins. The scaffold proteins Shc, SLP76, and Grb7,
contain SH2, PTB, PH, and Sam (Sterile alpha motif) domains. Signal regula-
tors. While members of the SOCS family of signal regulators contain an SH2
and SOCS (suppressor of cytokine signaling) domains, SAP is composed of al-
most exclusively an SH2 domain. Transcription factors. Members of the STAT
family of transcription factors contain in addition to an SH2 domain, a TA (tran-
scriptional activation) domain, and a DNA-B (DNA binding) domain.
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PtdIns(4,5)P2 to generate the second messengers diacylglycerol and
Ins(1,4,5)P3 (inositol 1,4,5-trisphosphate). FGF-induced PLC-γ acti-
vation and second messenger production are strictly dependent on
binding of PLC-γ SH2 domains to pY766 on the FGFR (35). Muta-
tion of this amino acid prevents fibroblast growth factor (FGF)-
induced association of PLC-γ with the receptor and its consequent
tyrosine phosphorylation. Moreover, FGF-induced PtdIns(4,5)P2
hydrolysis and intracellular Ca+2 release are impaired in cells ex-
pressing the FGFR Y766F point mutant (35).

SH2 domain-containing adaptor proteins. Another group of pro-
teins contain only SH2 and SH3 domains and have no intrinsic en-
zymatic activities. Members of this family of so-called adaptor pro-
teins (such as Grb2, Crk, and Nck) use their SH2 and SH3 domains
for assembling and regulating the activities of signaling protein
complexes in response to tyrosine kinases activated by extracellular
cues (1, 22, 23, 26). These adaptors utilize their SH2 domains for
binding to tyrosine-phosphorylated proteins, and their SH3 domains
for binding to proline-rich regions in downstream effector proteins.
Grb2, for example, is composed of a single SH2 domain flanked
only by two SH3 domains (19). The SH2 domain of Grb2 binds to
pYXN motifs in activated EGFR and other receptors, in oncogenic
tyrosine kinases such as Bcr-Abl, or in docking proteins such as
FRS2 and IRS1 (1, 22, 23, 26). The SH3 domains of Grb2 bind to a
proline-rich region in SOS, a guanine nucleotide-exchange factor
(GEF) for Ras. The SH3 domain-mediated Grb2-SOS complex is
recruited (through the Grb2 SH2 domain) to tyrosine-phosphorylat-
ed receptors or docking proteins. The result is that SOS is brought
close to its target Ras, which leads in turn to activation of the
Ras/MAP (mitogen-activated protein) kinase signaling cascade, an
evolutionarily conserved cellular signaling pathway for the control
of cell proliferation and differentiation in response to various extra-
cellular stimuli. The N-terminal SH3 domain of Grb2 is the primary
site of SOS interaction and binds to a proline-rich sequence in SOS
(26, 36-42). The C-terminal SH3 domain of Grb2 can simultane-
ously bind to a proline-rich region in the docking protein Gab1 (Fig.
3), which is thus also recruited to activated RTKs by Grb2. Gab1
becomes tyrosine phosphorylated (43-45), thus generating addition-
al binding sites (in Gab1) for the SH2 domains of the p85 regulato-
ry subunit of PI3K (pYMXM motif). The p85 protein is then re-
cruited to Gab1, leading to stimulation of PI3K and activation of the
antiapoptotic PI3K/Akt-dependent cell survival pathway. Grb2 thus
functions as a versatile adaptor protein that is capable of simultane-
ously recruiting several components that are essential for activation
of both the Ras/MAPK and the PI3K/Akt signaling pathways in re-
sponse to RTK stimulation at the cell membrane (44) (Fig. 3). 

SH2 domains in regulatory subunits of signaling proteins. A
third group of SH2 domain-containing proteins share some of the
functions of adaptor proteins, but also act as regulatory subunits or
allosteric regulators of a separate catalytic subunit. For example, the
p85 regulatory subunit of PI3K contains two SH2 domains and one
SH3 domain, in addition to a Rho GAP-like domain and a region
that is responsible for its binding to the p110 subunit that has cat-
alytic PI3K activity [reviewed in (46, 47)]. The p85 regulatory sub-
unit is constitutively associated with the p110 catalytic subunit.
Binding of the p85 SH2 domains to tyrosine-phosphorylated recep-
tors, or to tyrosine-phosphorylated membrane-linked docking pro-
teins like IRS1 or Gab1, drives the translocation of the p85/p110
PI3K complex to the cell membrane where its substrate 
PtdIns(4,5)P2 is located. Furthermore, p85 binding to tyrosine-phos-
phorylated proteins appears to relieve an autoinhibited configura-
tion of PI3K, thus stimulating its catalytic activity [reviewed in (46,

47)]. In addition to its function as a signal adaptor (recruiting PI3K
to the membrane) and an allosteric regulator of PI3K activity, p85
may also function as a scaffold protein through association of its
SH3 domain with proline-rich regions in other cellular proteins. 

SH2 domains in scaffold proteins. Another variation on this
theme is exemplified by SH2 domain-containing scaffold pro-
teins (proteins that regulate the assembly of signaling proteins),
such as Shc (48). Shc is tyrosine phosphorylated in response to
various extracellular stimuli. Tyrosine phosphorylation occurs
on two YXN sequence motifs, resulting in the recruitment of
Grb2 (49) together with the downstream effector molecules
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Fig. 3. An intracellular wiring diagram controlled by the action of
SH2, PTB, and other cell-signaling protein modules. In response
to activation of the EGFR at the cell membrane, the PTB domain
of the scaffold protein Shc (Fig. 2) binds to an NPXpY motif in ac-
tivated EGFR, resulting in tyrosine phosphorylation of Shc on at
least two canonical binding sites (pYXN), for the SH2 domain of
the adaptor protein Grb2 (Fig. 2). Grb2 is bound primarily via its
N-SH3 domain to a proline-rich region in the guanine nucleotide-
releasing factor SOS and via its C-SH3 domain to a proline-rich
region in the docking protein Gab1. Grb2-mediated membrane re-
cruitment of SOS results in activation of the Ras/MAP-kinase in-
tracellular signaling pathway. Grb2-mediated recruitment of Gab1
leads to tyrosine phosphorylation of the docking protein on multi-
ple sites, including the canonical binding site for the SH2 domains
of the p85 regulatory subunit of PI3K (pYMXM). Recruitment of
p85 results in stimulation of PI3K and activation of the antiapop-
totic Akt-dependent signaling pathway. Binding of the PH do-
mains of PDK and Akt to PtdIns(3,4,5)P3 leads to membrane
translocation, followed by stimulation of the protein kinase activi-
ties of PDK and Akt. In addition, PtdIns(3,4,5)P3 binds to the PH
domain of Gab1, which results in a positive-feedback mechanism
mediated by membrane translocation of the docking protein.
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constitutively bound to the Grb2 SH3 domains (i.e., SOS,
Gab1). Shc contains both an SH2 domain and a PTB domain
(50, 51), which enables it to interact with a variety of tyrosine-
phosphorylated receptors and signaling proteins (Fig. 3). Shc is
thought to function as a scaffold protein that integrates and am-
plifies signals generated at the cell surface by tyrosine phospho-
rylation induced by a variety of extracellular cues. 

SLP76 and its homolog BLAK are two members of a family
of scaffold proteins that play prominent roles, reminiscent of
that described for Shc, in the regulation of cellular signaling af-
ter engagement of the T cell receptor (TCR) and the B cell re-
ceptor, respectively (52). SLP76 contains an SH2 domain, a
proline-rich region, and tyrosine phosphorylation sites that
serve as binding sites for the SH2 domains of the guanine nu-
cleotide-exchange factor Vav, the adaptor protein Nck, and the
adhesion and degranulation-promoting adaptor protein (ADAP)
[reviewed in (52)]. It has been shown that Gads (a hematopoiet-
ic Grb2 homolog) binds through its SH3 domains to a proline-
rich region in SLP76. When the TCR is stimulated, the mem-
brane-linked docking protein LAT becomes tyrosine phospho-
rylated and recruits the SH2 domain of Gads. A ternary LAT-
Gads-SLP76 complex is thus assembled at the cell membrane
(52). Similarly, PLC-γ1 becomes associated with phosphorylat-
ed LAT through its SH2 domains and interacts via its SH3 do-
main with a proline-rich region in SLP76. The resulting LAT-
PLCγ1-SLP76 membrane-linked complex, which is nucleated
by tyrosine phosphorylation of LAT, is necessary for TCR-me-
diated activation of PLC-γ, intracellular Ca+2 release, and stimu-
lation of MAP kinase (52, 53). The scaffold protein SLP76 thus
plays a critical role in the assembly and regulation of multiple
signaling pathways critical for signaling in T cells. Indeed, T
cell development is impaired in mice deficient in either SLP76
or LAT, which underscores the importance of both scaffold and
docking proteins in this case (54-56). 

SH2 domains in intramolecular autoinhibitory interactions.
In addition to their role in assembling activated complexes of
signaling proteins, SH2 domains control the enzymatic activity
of certain proteins that contain them by mediating autoinhibito-
ry intramolecular interactions. For example, the cytoplasmic
protein tyrosine kinase Src is maintained in an inactive autoin-
hibited configuration by intramolecular interactions mediated
by its SH2 and SH3 domains [reviewed in (57)]. The Src SH2
domain is bound to p-Tyr527 in the C-terminal tail of the same
molecule. In addition, the Src SH3 domain binds intramolecu-
larly to a PXXP motif in the linker region between the SH2 do-
main and the kinase domain (58, 59). These intramolecular in-
teractions lock the tyrosine kinase domain of Src into an inac-
tive configuration. This autoinhibition of Src can be relieved by
several mechanisms that break the intramolecular SH2 do-
main/p-Tyr527 or the SH3 domain/PXXP motif interactions. For
example, binding of other phosphotyrosine-containing se-
quences to the Src SH2 domain can compete with the in-
tramolecular autoinhibitory interaction. Alternatively, dephos-
phorylation of p-Tyr527 by tyrosine phosphatases or oncogenic
mutation of the Tyr527 autoinhibitory phosphorylation site pre-
vents the intramolecular interaction and activates the kinase.
The active extended configuration of Src can also be promoted
by the binding of proline-rich sequences to its SH3 domain. 

A distinctly different example in which intramolecular SH2
domain interactions maintain an enzyme in an autoinhibited
configuration is seen for the N-terminal SH2 domain (N-SH2)

of the cytoplasmic protein tyrosine phosphatase (PTPase), Shp2
(60). A loop from the N-SH2 domain binds intramolecularly to
the catalytic cleft of Shp2 and prevents access of substrates to
the PTPase domain (60). In this case, binding of specific phos-
photyrosine-containing sequences to the N-SH2 domain dis-
rupts its interaction with the phosphatase domain and thus re-
lieves the autoinhibited configuration, which results in enhance-
ment of PTPase activity. Once in the open or active configura-
tion, the two tandem SH2 domains of Shp2 mediate complex
formation with tyrosine-phosphorylated receptors (PDGFR) or
docking proteins (FRS2, Gab1).

SH2 domains in transcription factor dimerization. STATs
(signal transducers and activators of transcription) represent a
family of latent transcription factors that become tyrosine phos-
phorylated at the cell membrane in response to various cy-
tokines or growth factors [reviewed in (61)]. All STAT proteins
contain an SH2 domain, a tyrosine phosphorylation site, and
DNA binding and transcriptional activation domains. Stimula-
tion of cytokine receptors at the cell membrane leads to recep-
tor dimerization and activation of members of JAK (Janus ki-
nase) family of tyrosine kinases, which results in tyrosine phos-
phorylation of STATs. Dimerization of phosphorylated STATs
is mediated by their SH2 domains, through mutual intermolecu-
lar interactions that involve a single tyrosine-phosphorylation
site on each STAT molecule. Dimerization triggers STAT
translocation into the nucleus, where it participates in the regu-
lation of gene expression (61).

SH2 domain-containing proteins that function as competitive
signal attenuators. The eight known members of the SOCS (sup-
pressor of cytokine signaling) family are small proteins composed
of an SH2 and a SOCS homology domain [reviewed in (62)]. Mem-
bers of the SOCS family participate in a negative-feedback loop for
the control of intracellular signaling pathways activated by cy-
tokines. SOCS negatively regulates cytokine signaling by binding to
and inhibiting the tyrosine kinase activity of JAK family tyrosine ki-
nases. SOCS proteins are also proposed to exert negative effects by
competing with STATs for binding to cytokine receptors. Further-
more, SOCS proteins use the BC box in the SOCS homology do-
main for recruitment of a multiprotein complex with E3 ubiquitin
ligase activity, resulting in ubiquitination and degradation of JAKs
by the proteasome (62). 

SOCS family members also attenuate the intracellular signaling
pathways activated by RTKs [reviewed in (63)]. Attenuation of the
intracellular signal generated in response to insulin or insulin-like
growth factor 1 (IGF1) stimulation is mediated in part by SOCS-de-
pendent ubiquitination and degradation of IRS1 and IRS2, docking
proteins that function as important mediators of signaling by insulin
or IGF1 receptors. This finding is consistent with the enhanced in-
sulin responsiveness observed in SOCS1-deficient mice, and the
sustained insulin-induced tyrosine phosphorylation of IRS1 detect-
ed in fibroblasts isolated from SOCS1−/− embryos. SOCS family
members represent a class of proteins that attenuate the signals gen-
erated at the cell membrane in response to cytokines, growth fac-
tors, and hormones (63, 64). 

Another example of a negative regulator of RTK signaling that
contains an SH2 domain is the scaffold protein Cbl [reviewed in
(31, 64, 65)]. Cbl is recruited to RTKs through phosphotyrosine
binding by its once-cryptic SH2 domain. Cbl appears to play multi-
ple roles in RTK signaling (66). Some of its adaptor or scaffold
functions potentiate RTK signaling. However, Cbl also appears to
have E3 ubiquitin ligase activity, and Cbl recruitment to RTKs can
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lead to their ubiquitination and targeting for degradation by the pro-
teasome and/or in lysosomes (after sorting into the lumen of multi-
vesicular bodies). It should be noted, however, that the effect of Cbl
on ubiquitination and degradation of EGFR can only be detected in
cells that ectopically overexpress Cbl. Moreover, EGFR internaliza-
tion and degradation are not detectably altered in fibroblasts isolated
from Cbl-deficient embryos (66).

Proteins with tandem SH2 domains. Proteins such as the tyro-
sine kinases ZAP-70 and Syk, as well as the protein tyrosine phos-
phatases Shp1 and Shp2, contain two tandem SH2 domains fol-
lowed by either a tyrosine kinase or a tyrosine phosphatase domain.
In response to engagement of the TCR and stimulation of tyrosine
phosphorylation, ZAP-70 binds via its tandem SH2 domains to two
phosphotyrosine motifs in the cytoplasmic domains of
the ε and ξ chains of the TCR complex, designated
TAMs (tyrosine-based activation motifs), which contain
two phosphotyrosines with a defined spacing. A protein
containing the tandem SH2 domains of ZAP-70 binds
to the pair of phosphorylated tyrosines in a TAM motif
500 to 1000 times as tightly as an individual SH2 do-
main binds to either single p-Tyr-containing peptide [re-
viewed in (23)]. The enhanced binding affinity of the
tandem SH2 domains results from an “avidity-effect”
(increased binding affinity of a bivalent “ligand” to a
bivalent “receptor”) that arises when two covalently
linked SH2 domains bind simultaneously to the two
phosphotyrosines (also covalently linked) in the biva-
lent TAM motif (67-72). This is illustrated in Fig. 4,
which shows the structure of the tandem Syk SH2 do-
mains bound to a dually phosphorylated peptide corre-
sponding to its TAM-binding site in CD3ε (72).

Interestingly, the proteins for which it has been
most straightforward to “map” the phosphotyrosine-
binding sites responsible for SH2 domain-mediated
interactions (using site-directed mutagenesis or pep-
tide inhibition experiments) are those that contain tan-
dem or multiple SH2 domains. These include the p85
subunit of PI3K, PLC-γ1, ZAP-70, Syk, Shp1, and
Shp2. It may well be that these examples, for which
phosphotyrosine-mediated binding can have a very
high affinity because of the avidity effect mentioned
above, are the only cases in which SH2 domains are
entirely responsible for recruitment to activated RTKs
or docking proteins. The structural complementarity
of the two phosphotyrosines in the target and the two
SH2 domains in the recruited protein also allows for a
greater degree of specificity in such interactions (71,
72). The combination of higher specificity and higher
affinity may explain why these interactions are more
effectively abolished by a single Y to F mutation than
examples in which a single SH2 domain is involved.
In those cases that do not involve tandem SH2 do-
mains, greater promiscuity in phosphotyrosine bind-
ing (or decreased reliance on phosphotyrosine bind-
ing) may result in reduced sensitivity to the mutation
of an individual tyrosine-phosphorylation site.

PTB Domains
The first phosphotyrosine binding (PTB) domain was identified
in the scaffold protein Shc. Shc was found among numerous
SH2 domain-containing clones when bacterial expression li-

braries were screened with a tyrosine-phosphorylated form of
the EGFR intracellular domain. Although it seems reasonable to
expect that Shc should have been identified in this screen, be-
cause it has an SH2 domain at its C-terminus, N-terminal frag-
ments of Shc (which lack the SH2 domain) were shown also to
bind efficiently to the tyrosine-phosphorylated EGF receptor
(50, 51). Similar observations were made in biochemical studies
of Shc binding to tyrosine-phosphorylated proteins and in yeast
two-hybrid studies of Shc binding to the phosphorylated insulin
receptor intracellular domain (72-74). Refinement of these ob-
servations led to the identification of a domain of about 200
amino acids (the PTB domain) from the Shc N-terminus that
binds to tyrosine-phosphorylated proteins.

Shc binds to an unusual phosphotyrosine-containing se-
quence in activated RTKs and other proteins, with the consen-
sus NPXpY (75-77). This motif differs from that recognized by
SH2 domains, in that the specificity-defining residues occur to
the N-terminal side, rather than to the C-terminal side, of the

R E V I E W

Fig. 4. Binding of tandem Syk SH2 domains to a dually phosphorylated TAM.
The tandem SH2 domains from Syk are shown in ribbons representation, with
N-SH2 and C-SH2 marked. The CD3ε TAM peptide runs from top (N-termi-
nus) to bottom (C-terminus), with both phosphotyrosines projecting into equiv-
alent basic pockets close to the C-terminal end of βB in each case (see also
Fig. 1). This figure illustrates how the spacing between the two phosphoty-
rosines in the TAM will be critical for simultaneous engagement of both phos-
photyrosines with the two SH2 domains in a tandem pair. Another Syk target,
FcγRII, has more residues separating the two phosphotyrosines in its TAM.
Flexibility in the relationship between the SH2 domains shown in this structure
is believed to allow recognition by the tandem Syk SH2 domains of a subset
of TAM ligands (71). PDB code 1A81 (71) was used to generate this figure.
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phosphotyrosine. After identification of the Shc PTB domain, a
number of studies showed that this domain specifically recog-
nizes the NPXpY sequence in both proteins and peptides (78-
80). Together with the finding that the SH2 domain is dispens-
able for Shc binding to phosphoproteins, this indicated that the
PTB domain plays a primary role in recruiting Shc to its tyro-
sine-phosphorylated targets. These studies also demonstrated
that the PTB domain resembles the SH2 domain in binding
phosphorylated tyrosine, but recognizes quite different features
of the p-Tyr sequence and structural contexts.

Around the same time that the Shc PTB domain was discovered,
a domain with similar properties (but with little sequence similarity)
was recognized in the insulin receptor substrates IRS-1 and IRS-2
(74, 81). It was already well appreciated that an NPXpY motif in
the insulin receptor (including phosphorylated Y960) is critical for
coupling the activated receptor to the IRS-1 docking protein
(82). The apparent (but limited) sequence relationship to Shc-
PTB of the IRS-1 region responsible for this binding, together
with biochemical and yeast two-hybrid demonstrations of phos-
photyrosine recognition (74, 81), suggested that IRS-1 has a
PTB domain resembling that seen in Shc. Subsequent structural
studies (summarized below) showed that there is indeed a re-
markable structural resemblance between the Shc and IRS-1
PTB domains (83, 84), reminiscent of the close similarity be-
tween the Cbl SH2 domain and others to which it shows little
sequence similarity (85).

PTB domains, related to that of Shc (86), exist in several other
proteins such as Disabled (a tyrosine-phosphorylated adaptor pro-
tein in Drosophila) and Numb. The SMART database (87) now in-
cludes two PTB domain designations (88). One is the group of Shc-
like PTB domains (about 25 to 30 domains in humans), which in-
cludes those from Shc, Disabled, and Numb (and their close rela-
tives), as well as Jip1 (a scaffolding protein for the Jun N-terminal
kinase); X11 (a protein involved in intracellular trafficking); FE65
(amyloid precursor protein-binding protein); tensin; Eps8 (EGFR
pathway substrate 8); RGS12 (a regulator of G-protein signaling); a
GTPase-activating protein for Rab6; and ICAP-1 (integrin cytoplas-
mic domain-associated protein-1). The second group is that of IRS-
1-like PTB domains (approximately 10 of them in humans), which
includes those from IRS-1, IRS-2, the p62Dok docking protein, and
FRS2 (fibroblast growth factor receptor substrate-2).

PTB domain structure. Nuclear magnetic resonance (NMR)
and/or crystal structures have been described for six different
PTB domains bound to cognate peptides: four from the Shc
PTB domain family (83, 89-91) and two from the IRS-1 PTB
domain family (84, 92). Regardless of whether they are Shc-like
or resemble that from IRS-1, all of the PTB domains share the
same β-sandwich structure (Fig. 1), termed the pleckstrin ho-
mology (PH) domain “superfold” (93), which is seen in PH 
domains (some of which bind phosphoinositides), as well as
Enabled/VASP homology-1 (EVH-1) domains, Ran-binding do-
mains, and in other proteins [reviewed in (94)]. In the core of
this fold, two nearly orthogonal β sheets (of four- and three-
strands, respectively) form a β-sandwich that is capped off at
one closed corner by a characteristic C-terminal α helix. The
first two PTB domain structures, those of the Shc and IRS-1
PTB domains in complex with cognate phosphopeptides,
showed that the bound NPXpY-containing peptide (from a TrkA
sequence that binds Shc and from the insulin or interleukin 4
(IL-4) receptor that binds IRS-1 (83, 92, 95) has the type-1 β-
turn structure that was expected (79, 96). The region of the pep-

tide N-terminal to the phosphotyrosine (the residues preceding
proline in the NPXpY motif) adopts an extended conformation
and forms hydrogen bonds with strand β5 of the PH-fold core
(Fig. 1). The peptide effectively adds a fourth strand to the
three-stranded antiparallel sheet (β5 through β7) of the core 
β sandwich, filling a “cleft” between strand β5 and the C-termi-
nal α helix. This mode of binding has been termed antiparallel
β-sheet augmentation (97). The asparagine of the NPXpY motif
appears to form critical side-chain hydrogen bonds both within
the peptide and between the peptide and the PTB domain. The
NPX motif positions the subsequent phosphotyrosine so that it
can make hydrogen bonds to basic side chains on the surface of
the PTB domain. The side chains involved in p-Tyr binding are
not conserved in the sequences of the Shc and IRS-1 PTB do-
mains, although they occur in approximately similar places in
the three-dimensional structures of the two domains (98). Thus,
the mode of phosphate group recognition appears to be signifi-
cantly less well conserved between different PTB domains than
between different SH2 domains (which all share the “FLVR”
sequence). Instead, it can be argued that the general mode of
peptide recognition is similar in the Shc and IRS-1 PTB do-
mains, but that its phosphorylation-dependence arises from
quite different sets of interactions. 

Binding of most PTB domains is independent of phosphotyro-
sine. Consistent with the idea that the mode of peptide binding is
better conserved between PTB domains than are modes of phos-
phate group ligation, it now appears that phosphotyrosine binding is
actually a property of only a minority of so-called PTB domains
(98, 99). Structural and biochemical studies of the PTB domains
from X11 (90), Numb (91), FRS2 (84), and Disabled-1 (89) have all
shown that nonphosphorylated peptides can bind to these domains
with high affinity in a mode that closely resembles peptide binding
to the IRS-1 and Shc PTB domains (Fig. 1). In each case, much of
the peptide lies between strand β5 and the C-terminal α helix, and
extends (or augments) the β5-β7 antiparallel sheet of the PH β-
sandwich core.

Intriguingly, the PTB domains from FRS2 (100) and Numb
(91) both bind with relatively high affinity to quite distinct
phosphorylated and nonphosphorylated target sequences. The
FRS2 PTB domain binds strongly to the same (NPXpY) site in
nerve growth factor (NGF)-receptor (pTyr490) that is bound by
Shc, and this interaction is phosphorylation-dependent. Howev-
er, FRS2 PTB also recognizes a very different site in the jux-
tamembrane region of FGFR, which has a sequence 
[AVHKLAKSIPLRRQVTVS (101)] that contains no tyrosines.
An NMR structure of the complex between this FGFR peptide
and the FRS2 PTB domain shows that binding occurs again
through β augmentation. However, additional distinct interac-
tions are made, with the peptide “wrapping” around the β sand-
wich (84). These interactions presumably play a role in enhanc-
ing binding affinity and take the place of hydrogen bonds to p-
Tyr that occur with the Shc and IRS-1 PTB domains. Along
very similar lines, the Numb PTB domain binds strongly to a
nonphosphorylated GFSNMSFEDP sequence from the Numb-
associated kinase (Nak). The β-augmentation mode of binding
is seen once again, but the interaction surface appears to extend
beyond the central NMSF sequence (91), which presumably
adds to the interaction strength, just as p-Tyr interactions do in
the case of Shc and IRS-1.

The X11 PTB domain provides perhaps the best illustration
of how an alternative feature of a peptide ligand can “replace”
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phosphotyrosine in promoting peptide-PTB interactions (90).
The X11 PTB domain binds to a region from the cytoplasmic
tail of the amyloid β-protein precursor protein (βAPP), recog-
nizing a sequence that includes the motif NPTY. Studies of pep-
tide-binding affinities demonstrated that phosphorylation of the
tyrosine in this motif has little or no effect on binding. A crystal
structure of a nonphosphorylated NPTY-containing peptide
bound to X11 PTB showed that is bound through β-sheet aug-
mentation. However, a region of the bound peptide that is C-ter-
minal to the NPTY motif (and contains residues important for
binding) forms a portion of 310 helix that contacts a unique hy-
drophobic surface on the X11 PTB domain. This portion of 310
helix may have a role in peptide binding to the X11 PTB do-
main that is analogous to the role of p-Tyr in peptide binding to
the Shc PTB domain.

PTB domains versus SH2 domains. Structural studies of
PTB domains have revealed a picture of ligand recognition that
is much more diverse than that obtained for SH2 domains. The
binding of SH2 domains to phosphopeptides is determined pri-
marily by the presence of phosphotyrosine and only secondarily
by the surrounding amino acid sequence. Indeed, SH2 domains
bind significantly to free phosphotyrosine and phenylphos-
phate. By contrast, PTB domains appear primarily to recognize
the propensity of their ligand to form a β-strand antiparallel to
β5 in the cleft between strand β5 and the C-terminal α helix of
the PH/PTB core β-sandwich. PTB domains recognize other
features, such as the presence of a phosphorylated tyrosine, as a
second priority. Thus, phosphotyrosine is only relevant for a
subset of PTB domains, whereas it is central to the function of
all (or nearly all) SH2 domains. This distinction is illustrated in
Fig. 1, where eight different phosphopeptides bound to their
SH2 domain targets are seen to be most similar in the position
of the phosphotyrosine when complexes are overlaid. By con-
trast, six different PTB domain ligands are found to be most
similar in the strand that lies between β5 and α-C when com-
plexes are overlaid. The C-terminal part of PTB binding pep-
tides, including the region that contains p-Tyr (where relevant),
is much more diverse in conformation.

This general division of the characteristics of SH2 and PTB
domains does become blurred slightly by the example of the
SH2 domain of SAP [SLAM (signaling lymphocyte activation
molecule)-associated protein], a protein that is altered in X-
linked lymphoproliferative syndrome (XLP). The SAP SH2 do-
main, which constitutes the entire protein, is highly unusual in
being able to bind tyrosine-containing peptides that have not
been phosphorylated. Structural studies (102, 103) have shown
that this SH2 domain is unusual in making significant interac-
tions with sequences N-terminal to the tyrosine in its binding
site, in addition to the C-terminal interactions seen in all other
SH2/peptide interactions. Tyrosine phosphorylation of the SAP
binding site does increase its affinity for the SH2 domain (103),
but only by a factor of about 5. Whereas most SH2 domains are
completely reliant on phosphate interactions for binding to their
ligands, the SAP SH2 domain can substitute interactions with
N-terminal parts of the peptide. In this sense, the SAP SH2 do-
main appears to be much more PTB domain-like than any other
SH2 domain that has been extensively studied to date.

PTB domains compared with other domains with PH domain
folds. The fact that PTB domains contain the same fold as PH
domains, some of which bind and recognize phosphoinositides
(94), prompted the suggestion that PTB domains may also share

this property (83). The Shc and IRS-1 PTB domains are both
electrostatically polarized, like PH domains, and have both been
reported to bind phosphoinositides (albeit weakly), likely
through their positively charged surface (83, 104, 105). It is
possible that a combination of protein binding and phospholipid
interactions is involved in membrane recruitment of PTB do-
mains, although some studies indicate that these two ligands
compete for overlapping binding sites.

A recent crystal structure of the Disabled-1 (Dab1) PTB domain
has provided the first view of a phosphoinositide headgroup bound
to a PTB domain (89). The Dab1 PTB domain binds to internaliza-
tion signals in the cytoplasmic tails of low density lipoprotein
(LDL) receptors, but also interacts with PtdIns(4,5)P2 (106). Dab1
PTB binds NPXY motifs in the cytoplasmic tails of its targets, and
the affinity of this binding is reduced if the tyrosine is phosphorylat-
ed (106). Crystals of a Dab1 PTB complex with a peptide were
soaked with the PtdIns(4,5)P2 headgroup, which was then found to
bind in a basic “patch” highly reminiscent of the location of the in-
ositol phosphate ligand bound to PH domains (94). In Dab1 PTB
(by contrast with reports for Shc PTB), peptide binding and phos-
phoinositide binding can occur simultaneously and so could cooper-
ate in driving the Dab1 PTB domain to the plasma membrane (89).
A similar cooperation between weak phosphoinositide binding and
weak peptide-protein binding has also been suggested for PH do-
mains (94), and good evidence for such a collaboration of multiple
types of ligand has been provided in the case of the β-adrenergic re-
ceptor kinase (βARK) PH domain (107). It might therefore be ar-
gued that the Dab1 PTB domain represents one of the most PH do-
main-like PTB domains. Similarly, the βARK PH domain could
represent one of the most PTB domain-like PH domains.

Other modules that exhibit the PH domain fold also share PTB
domain-like characteristics despite an absence of obvious sequence
similarity. The FERM domain (for four point one, ezrin, radixin,
moesin) contains a PH or PTB-like subdomain as one of its three
modules (the F3 subdomain) (108). The FERM domain of talin
binds to the short cytoplasmic tails of integrin β subunits, thus link-
ing integrins to the cytoskeleton. The PH- or PTB-like subdomain
appears to be able to bind to, and activate, integrins (109), which
contain an NPXY motif in their cytoplasmic tails. A crystallograph-
ic study (110) showed that a sequence derived from the integrin-β3
tail interacts with the PH- or PTB-like subdomain of the talin
FERM domain in a manner highly reminiscent of peptide binding to
the X11 PTB domain. A similar mode of binding was observed in a
crystal structure of the radixin FERM domain bound to a peptide
with a sequence from the ICAM-2 cytoplasmic tail (111). This pep-
tide, which contained the motif RXXTYXXVXXA, binds in the β-
sheet augmentation mode seen for all ligand binding to all bona fide
PTB domains, although it differs significantly in conformation at
the end of the augmenting strand (where the NPXY motif is present
in other PTB domain ligands and a VLAA sequence is present in
this case). The PH- or PTB-like subdomain in these FERM domains
thus closely resembles PTB domains in the way in which peptide
ligands are recognized. Binding of FERM domains to these ligands
may be regulated by phosphoinositides. Phosphoinositide binding to
the FERM domain has been proposed to reverse an autoinhibitory
head-to-tail interaction in the FERM protein that masks the PTB-
like peptide binding site observed crystallographically in the F3
subdomain (110, 111). This mode of allosteric regulation of FERM
domains could represent an alternative (to phosphorylation) for con-
trol of interactions mediated by their PTB-like subdomains.

Functions of PTB domains in RTK signaling. Just as they are
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more diverse in sequence than SH2 domains, PTB domains will
also be more diverse in function. For the PTB domains of Shc,
IRS-1, and FRS2, phosphotyrosine-dependent interaction with a
sequence in the juxtamembrane region of an activated RTK pro-
vides a clear and strong parallel with the functions discussed
earlier for SH2 domains. Such phosphotyrosine-dependent re-
cruitment to an activated receptor allows Shc to become tyro-
sine phosphorylated, and thus to recruit (through SH2 domain-
mediated interactions) Grb2, SOS, and Gab1 into a signaling
complex, as discussed above (see Fig. 3). The PTB domain-con-
taining docking proteins (IRS1, IRS2, and FRS2) all contain a
membrane-association domain at their N-terminus (a PH do-
main in IRS proteins, a myristoylation site in FRS2), which may
be followed by a PTB domain. The PTB domain specifies the
interaction of the docking protein with activated receptor at the
membrane (insulin receptor or IL-4R for the IRS proteins;
NGFR or FGFR for FRS2). The large C-terminal region of the
docking protein then becomes multiply phosphorylated, and
serves as a “platform” for the recruitment of multiple down-
stream signaling molecules. PTB domain-containing docking
proteins can be viewed as providing a “surrogate receptor-tail”
for the insulin, FGF, IL-4, and other receptors. It is also possible
that PTB domains play a unique role in signaling by being able
to couple to several different receptors that may be activated in
different ways. The multiple different modes of ligand binding
to the FRS2 PTB domain (both p-Tyr dependent and indepen-
dent) provides a mechanistic illustration of this possibility. It is
intriguing to note that PTB domain-containing docking proteins
can augment receptor signaling under some conditions, as out-
lined for IRS proteins and FRS2, yet play a role in signal atten-
uation under other conditions. Indeed p-Tyr-dependent (PTB
domain-mediated) recruitment of the docking protein p56Dok2

(but not p62Dok1) reduces EGF-stimulated MAP kinase activa-
tion (112). The PTB domains of Dok2 and Shc, proteins that
appear to have opposing effects on MAP kinase activation,
compete for the same p-Tyr-containing binding site on the EGF
receptor. This may provide a mechanism for limiting MAP ki-
nase activation in cells under certain states of stimulation. Stud-
ies of FRS2 have also identified a unique pathway for negative
feedback of receptor signaling (113). FRS2 is phosphorylated
by MAP kinase in a manner that appears to reduce its tyrosine
phosphorylation, and thus limits the extent of signaling through
receptors that utilize this docking protein.

Interactions mediated by the PTB domain of RGS12 (regula-
tor of G protein signaling-12) may also have a key role in con-
trolling inhibition of the N-type calcium channel that occurs
when the GABAB receptor is activated in sensory neurons
(114). The N-type calcium channel was found to become tyro-
sine phosphorylated by a Src-like kinase after stimulation of
neurons with GABA. RGS12 then associates with the channel
in a PTB- and p-Tyr-dependent manner, with significant effects
on the rate of desensitization of the channel.

Given the focus of this review on signaling pathways that in-
volve tyrosine phosphorylation, we will only consider very briefly
the functions of PTB domain interactions that are not known to be
regulated by this modification. The reader is directed to recent re-
views (88, 98, 99) for discussion of what is understood concerning
other interactions, beyond what was outlined above. However, one
set of phosphotyrosine-independent PTB domain interactions that
are important in cellular signaling are those involving the cytoplas-
mic domains of β integrins (115). The PTB domains from Numb (a

negative regulator of Notch signaling), Dab1, Dab2, EPS8 (a regu-
lator of Rac signaling), Tensin, Talin, and the docking protein
Dok1, all bind to NPXY or NPXY-like motifs (nonphosphorylat-
ed) in the cytoplasmic tails of β integrins, and do so with de-
tectably different (but significantly overlapping) specificities
(115). Given that phosphorylation has been shown either to pro-
mote or to inhibit NPXY peptide binding to PTB domains (de-
pending on the particular PTB domain), it was proposed that
phosphorylation of β-integrin cytoplasmic tails could function as a
“switch” to control which PTB domain-containing proteins bind
to which integrins in the cell under different conditions of stimula-
tion (115). Thus, although these PTB domain interactions are not
“phosphotyrosine-dependent” in the normal sense, there are hints
that these PTB domain (and FERM domain) interactions may
nonetheless be regulated by tyrosine phosphorylation. Determina-
tion of whether this intriguing hypothesis is correct awaits further
experimentation.

Multidomain Cooperation 
Most proteins with SH2 or PTB domains also contain one or
several additional protein modules that direct either protein-pro-
tein, or protein-phospholipid interactions. This multi-domain
organization of signaling proteins is likely to influence their
binding and interactions with proteins of the cell membrane and
elsewhere. Membrane recruitment will be facilitated by the si-
multaneous binding of multiple, different domains to their dis-
tinct targets at the cell membrane (Fig. 5). Ras-GAP, for exam-
ple, contains two SH2 domains that bind to activated RTKs, as
well as a PH domain and C2 domain, both of which interact
with the membrane surface. Similarly, the tyrosine kinase Btk
contains PH, SH3, and SH2 domains in its N-terminus. Simul-
taneous binding of the PH domain to PtdIns(3,4,5)P3 and the
SH2 domain to p-Tyr sites in membrane receptors should result
in stronger binding of Btk to the cell membrane. Similar con-
siderations also apply for membrane association of the multido-
main signaling proteins Shc, SLP76, Vav, PLC-γ, and PI3K;
scaffold proteins and enzymes whose targets are located at the
cell membrane. Thus, the cooperation of multiple binding
events at the cell membrane, involving multiple domains, will
increase the efficiency of enzymatic reactions that take place at
the interface of the cell membrane with the cytoplasm (Fig. 5).

R E V I E W
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Fig. 5. Multidomain cooperation. Efficient targeting of Ras-GAP to
the cell membrane is mediated by interactions between its two
SH2 domains, PH domain, C2 domain, and perhaps also SH3 do-
main with tyrosine-phosphorylated receptors and other mem-
brane components. The cooperation of multiple binding events at
the cell membrane will position the GAP domain of Ras-GAP in
proximity to Ras, which results in stimulation of GTPase activity.

 on June 6, 2015
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

http://stke.sciencemag.org/


www.stke.org/cgi/content/full/sigtrans;2003/191/re12 Page 10

References
1. T. Pawson, G. D. Gish, P. Nash, SH2 domains, interaction modules and

cellular wiring. Trends Cell Biol. 11, 504-511 (2001).
2. J. W. Yu, M. A. Lemmon, Genome-wide analysis of signaling domain

function. Curr. Opin. Chem. Biol. 7, 103-109 (2003).
3. I. Sadowski, J. C. Stone, T. Pawson, A noncatalytic domain conserved

among cytoplasmic protein-tyrosine kinases modifies the kinase func-
tion and transforming activity of Fujinami sarcoma virus P130gag-fps.
Mol. Cell. Biol. 6, 4396-4408 (1986).

4. J. Meisenhelder, P. G. Suh, S. G. Rhee, T. Hunter, Phospholipase C-γ is
a substrate for the PDGF and EGF receptor protein-tyrosine kinases in
vivo and in vitro. Cell 57, 1109-121 (1989).

5. B. Margolis, S. G. Rhee, S. Felder, M. Mervic, R. Lyall, A. Levitzki, A.
Ullrich, A. Zilberstein, J. Schlessinger, EGF induces tyrosine phospho-
rylation of phospholipase C-II: A potential mechanism for EGF receptor
signaling. Cell 57, 1101-1107 (1989).

6. C. J. Molloy, D. P. Bottaro, T. P. Fleming, M. S. Marshall, J. B. Gibbs, S.
A. Aaronson, PDGF induction of tyrosine phosphorylation of GTPase
activating protein. Nature 342, 711-714 (1989).

7. A. Kazlauskas, C. Ellis, T. Pawson, J. A. Cooper, Binding of GAP to ac-
tivated PDGF receptors. Science 247, 1578-1581 (1990).

8. C. Ellis, M. Moran, F. McCormick, T. Pawson, Phosphorylation of GAP
and GAP-associated proteins by transforming and mitogenic tyrosine
kinases. Nature 343, 377-381 (1990).

9. B. Margolis, F. Bellot, A. M. Honegger, A. Ullrich, J. Schlessinger, A. Zil-
berstein, Tyrosine kinase activity is essential for the association of
phospholipase C-γ with the epidermal growth factor receptor. Mol. Cell.
Biol. 10, 435-441 (1990).

10. D. Anderson, C. A. Koch, L. Grey, C. Ellis, M. F. Moran, T. Pawson,
Binding of SH2 domains of phospholipase C-γ1, GAP, and Src to acti-
vated growth factor receptors. Science 250, 979-982 (1990).

11. B. Margolis, N. Li, A. Koch, M. Mohammadi, D. R. Hurwitz, A. Zilber-
stein, A. Ullrich, T. Pawson, J. Schlessinger, The tyrosine phosphorylat-
ed carboxyterminus of the EGF receptor is a binding site for GAP and
PLC-γ. EMBO J. 9, 4375-4380 (1990).

12. M. F. Moran, C. A. Koch, D. Anderson, C. Ellis, L. England, G. S. Mar-
tin, T. Pawson, Src homology region 2 domains direct protein-protein in-
teractions in signal transduction. Proc. Natl. Acad. Sci. U.S.A. 87, 8622-
8626 (1990).

13. M. Matsuda, B. J. Mayer, Y. Fukui, H. Hanafusa, Binding of transform-
ing protein, P47gag-crk, to a broad range of phosphotyrosine-contain-
ing proteins. Science 248, 1537-1539 (1990).

14. M. Matsuda, B. J. Mayer, H. Hanafusa, Identification of domains of the
v-crk oncogene product sufficient for association with phosphotyrosine-
containing proteins. Mol. Cell. Biol. 11, 1607-1613 (1991).

15. S. Felder, M. Zhou, P. Hu, J. Urena, A. Ullrich, M. Chaudhuri, M. White,
S. E. Shoelson, J. Schlessinger, SH2 domains exhibit high-affinity bind-
ing to tyrosine-phosphorylated peptides yet also exhibit rapid dissocia-
tion and exchange. Mol. Cell. Biol. 13, 1449-1455 (1993).

16. G. Payne, S. E. Shoelson, G. D. Gish, T. Pawson, C. T. Walsh, Kinetics
of p56lck and p60src Src homology 2 domain binding to tyrosine-phos-
phorylated peptides determined by a competition assay or surface plas-
mon resonance. Proc. Natl. Acad. Sci. U.S.A. 90, 4902-4906 (1993).

17. G. Panayotou, G. Gish, P. End, O. Truong, I. Gout, R. Dhand, M. J. Fry,
I. Hiles, T. Pawson, M. D. Waterfield, Interactions between SH2 do-
mains and tyrosine-phosphorylated platelet-derived growth factor β-re-
ceptor sequences: Analysis of kinetic parameters by a novel biosensor-
based approach. Mol. Cell. Biol. 13, 3567-3576 (1993).

18. E. Y. Skolnik, B. Margolis, M. Mohammadi, E. Lowenstein, R. Fischer,
A. Drepps, A. Ullrich, J. Schlessinger, Cloning of PI3 kinase-associated
p85 utilizing a novel method for expression/cloning of target proteins for
receptor tyrosine kinases. Cell 65, 83-90 (1991).

19. E. J. Lowenstein, R. J. Daly, A. G. Batzer, W. Li, B. Margolis, R. Lam-
mers, A. Ullrich, E. Y. Skolnik, D. Bar-Sagi, J. Schlessinger, The SH2
and SH3 domain-containing protein GRB2 links receptor tyrosine kinas-
es to Ras signaling. Cell 70, 431-442 (1992).

20. J. P. Olivier, T. Raabe, M. Henkemeyer, B. Dickson, G. Mbamalu, B.
Margolis, J. Schlessinger, E. Hafen, T. Pawson, A Drosophila SH2-SH3
adaptor protein implicated in coupling the sevenless tyrosine kinase to
an activator of Ras guanine nucleotide exchange, Sos. Cell 73, 179-
191 (1993).

21. B. Margolis, O. Silvennoinen, F. Comoglio, C. Roonprapunt, E. Skolnik,
A. Ullrich, J. Schlessinger, High-efficiency expression/cloning of epider-
mal growth factor-receptor-binding proteins with Src homology 2 do-
mains. Proc. Natl. Acad. Sci. U.S.A. 89, 8894-8898 (1992).

22. J. Kuriyan, D. Cowburn, Modular peptide recognition domains in eu-
karyotic signaling. Annu. Rev. Biophys. Biomol. Struct. 26, 259-288
(1997).

23. S. E. Shoelson, SH2 and PTB domain interactions in tyrosine kinase
signal transduction. Curr. Opin. Chem. Biol. 1, 227-234 (1997).

24. Z. Songyang, S. E. Shoelson, M. Chaudhuri, G. Gish, T. Pawson, W. G.
Haser, F. King, T. Roberts, S. Ratnofsky, R. J. Lechleider, B. G. Neel, R.
B. Birge, J. E. Fajardo, M. M. Chou, H. Hanafusa, B. Schauffhausen, L.
Cantley, SH2 domains recognize specific phosphopeptide sequences.
Cell 72, 767-778 (1993).

25. Single-letter abbreviations for the amino acid residues are as follows: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; X,
any amino acid; and Y, Tyr.

26. J. Schlessinger, A. Ullrich, Growth factor signaling by receptor tyrosine
kinases. Neuron 3, 383-391 (1992).

27. J. Schlessinger, Cell signaling by receptor tyrosine kinases. Cell 103,
211-225 (2000).

28. T. Hunter, Signaling—2000 and beyond. Cell 100, 113-127 (2000). 
29. E. Piccione, R. D. Case, S. M. Domchek, P. Hu, M. Chaudhuri, J. M.

Backer, J. Schlessinger, S. E. Shoelson, Phosphatidylinositol 3-kinase
p85 SH2 domain specificity defined by direct phosphopeptide/SH2 do-
main binding. Biochemistry 32, 3197-3202 (1993).

30. J. E. Ladbury, M. A. Lemmon, M. Zhou, J. Green, M. C. Botfield, J. Sch-
lessinger, Measurement of the binding of tyrosyl phosphopeptides to
SH2 domains: A reappraisal. Proc. Natl. Acad. Sci. U.S.A. 92, 3199-
3203 (1995).

31. A. Sanjay, W. C. Horne, R. Baron, The Cbl family: Ubiquitin ligases reg-
ulating signaling by tyrosine kinases. Science’s STKE 110, PE40
(2001).

32. W. Meng, S. Sawasdikosol, S. J. Burakoff, M. J. Eck, Structure of the
amino-terminal domain of Cbl complexed to its binding site on ZAP-70
kinase. Nature 398, 84-90 (1999).

33. M. Falasca, S. K. Logan, V. P. Lehto, G. Baccante, M. A. Lemmon, J.
Schlessinger, Activation of phospholipase C γ by PI 3-kinase-induced
PH domain-mediated membrane targeting. EMBO J. 17, 414-422
(1998).

34. H. K. Kim, J. W. Kim, A. Zilberstein, B. Margolis, J. G. Kim, J. Sch-
lessinger, S. G. Rhee, PDGF stimulation of inositol phospholipid hydrol-
ysis requires PLC-γ1 phosphorylation on tyrosine residues 783 and
1254. Cell 65, 435-441 (1991).

35. M. Mohammadi, C. A. Dionne, W. Li, N. Li, T. Spivak, A. M. Honegger,
M. Jaye, J. Schlessinger, Point mutation in FGF receptor eliminates
phosphatidylinositol hydrolysis without affecting mitogenesis. Nature
358, 681-684 (1992).

36. N. Li, A. Batzer, R. Daly, V. Yajnik, E. Skolnik, P. Chardin, D. Bar-Sagi,
B. Margolis, J. Schlessinger, Guanine-nucleotide-releasing factor
hSos1 binds to Grb2 and links receptor tyrosine kinases to Ras sig-
nalling. Nature 363, 85-88 (1993).

37. M. Rozakis-Adcock, R. Fernley, J. Wade, T. Pawson, D. Bowtell, The
SH2 and SH3 domains of mammalian Grb2 couple the EGF receptor to
the Ras activator mSos1. Nature 363, 83-85 (1993).

38. N. W. Gale, S. Kaplan, E. J. Lowenstein, J. Schlessinger, D. Bar-Sagi,
Grb2 mediates the EGF-dependent activation of guanine nucleotide ex-
change on Ras. Nature 363, 88-92 (1993).

39. P. Chardin, J. H. Camonis, N. W. Gale, L. van Aelst, J. Schlessinger, M.
H. Wigler, D. Bar-Sagi, Human Sos1: A guanine nucleotide exchange
factor for Ras that binds to GRB2. Science 260, 1338-1343 (1993).

40. L. Buday, J. Downward, Epidermal growth factor regulates p21ras
through the formation of a complex of receptor, Grb2 adapter protein,
and Sos nucleotide exchange factor. Cell 73, 611-620 (1993).

41. S. E. Egan, B. W. Giddings, M. W. Brooks, L. Buday, A. M. Sizeland, R.
A. Weinberg, Association of Sos Ras exchange protein with Grb2 is im-
plicated in tyrosine kinase signal transduction and transformation. Na-
ture 363, 45-51 (1993).

42. J. Schlessinger, D. Bar-Sagi, Activation of Ras and other signaling
pathways by receptor tyrosine kinases. Cold Spring Harbor Symp.
Quant. Biol. 59, 173-179 (1994).

43. S. H. Ong, Y. R. Hadari, N. Gotoh, G. R. Guy, J. Schlessinger, I. Lax,
Stimulation of phosphatidylinositol 3-kinase by fibroblast growth factor
receptors is mediated by coordinated recruitment of multiple docking
proteins. Proc. Natl. Acad. Sci. U.S.A. 98, 6074-6079 (2001).

44. Y. R. Hadari, N. Gotoh, H. Kouhara, I. Lax, J. Schlessinger, Critical role
for the docking-protein FRS2 alpha in FGF receptor-mediated signal
transduction pathways. Proc. Natl. Acad. Sci. U.S.A. 98, 8578-8583
(2001).

45. S. H. Ong, S. Dilworth, I. Hauck-Schmalenberger, T. Pawson, F. Kiefer,
ShcA and Grb2 mediate polyoma middle T antigen-induced endothelial
transformation and Gab1 tyrosine phosphorylation. EMBO J. 20, 6327-
6336 (2001).

46. D. A. Fruman, R. E. Meyers, L. C. Cantley, Phosphoinositide kinases.
Annu. Rev. Biochem. 67, 481-507 (1998).

47. B. Vanhaesebroeck, S. J. Leevers, K. Ahmadi, J. Timms, R. Katso, P.
C. Driscoll, R. Woscholski, P. J. Parker, M. D. Waterfield, Synthesis and
function of 3-phosphorylated inositol lipids. Annu. Rev. Biochem. 70,

R E V I E W

 on June 6, 2015
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

http://stke.sciencemag.org/


www.stke.org/cgi/content/full/sigtrans;2003/191/re12 Page 11

535-602 (2001).
48. G. Pelicci, L. Lanfrancone, F. Grignani, J. McGlade, F. Cavallo, G.

Forni, I. Nicoletti, F. Grignani, T. Pawson, P. G. Pelicci, A novel trans-
forming protein (SHC) with an SH2 domain is implicated in mitogenic
signal transduction. Cell 70, 93-104 (1992).

49. M. Rozakis-Adcock, J. McGlade, G. Mbamalu, G. Pelicci, R. Daly, W.
Li, A. Batzer, S. Thomas, J. Brugge, P. G. Pelicci, J. Schlessinger, T.
Pawson, Association of the Shc and Grb2/Sem5 SH2-containing pro-
teins is implicated in activation of the Ras pathway by tyrosine kinases.
Nature 360, 689-692 (1992).

50. W. M. Kavanaugh, L. T. Williams, An alternative to SH2 domains for
binding tyrosine-phosphorylated proteins. Science 266, 1862-1865
(1994).

51. P. Blaikie, D. Immanuel, J. Wu, N. Li, V. Yajnik, B. Margolis, (1994). A
region in Shc distinct from the SH2 domain can bind tyrosine-phospho-
rylated growth factor receptors. J. Biol. Chem. 269, 32031-32034.

52. M. S. Jordan, A. L. Singer, G. A. Koretzky, Adaptors as central media-
tors of signal transduction in immune cells. Nat. Immunol. 4, 110-116
(2003).

53. D. Yablonski, M. R. Kuhne, T. Kadlecek, A. Weiss, Uncoupling of nonre-
ceptor tyrosine kinases from PLC-γ1 in an SLP-76-deficient T cell. Sci-
ence 281, 413-416 (1998).

54. J. L. Clements, B. Yang, S. E. Ross-Barta, S. L. Eliason, R. F. Hrstka,
R. A. Williamson, G. A. Koretzky, Requirement for the leukocyte-specific
adapter protein SLP-76 for normal T cell development. Science 281,
416-419 (1998).

55. V. Pivniouk, E. Tsitsikov, P. Swinton, G. Rathbun, F. W. Alt, R. S. Geha,
Impaired viability and profound block in thymocyte development in mice
lacking the adaptor protein SLP-76. Cell 94, 229-238 (1998).

56. W. Zhang, C. L. Sommers, D. N. Burshtyn, C. C. Stebbins, J. B. DeJar-
nette, R. P. Trible, A. Grinberg, H. C. Tsay, H. M. Jacobs, C. M. Kessler,
E. O. Long, P. E. Love, L. E. Samelson, Essential role of LAT in T cell
development. Immunity 10, 323-332 (1999).

57. S. R. Hubbard, M. Mohammadi, J. Schlessinger, Autoregulatory mech-
anisms in protein-tyrosine kinases. J. Biol. Chem. 273, 11987-11990
(1998).

58. W. Xu, S. C. Harrison, M. J. Eck, Three-dimensional structure of the ty-
rosine kinase c-Src. Nature 385, 595-602 (1997).

59. F. Sicheri, I. Moarefi, J. Kuriyan, Crystal structure of the Src family tyro-
sine kinase Hck. Nature 385, 602-609 (1997).

60. P. Hof, S. Pluskey, S. Dhe-Paganon, M. J. Eck, S. E. Shoelson, Crystal
structure of the tyrosine phosphatase SHP-2. Cell 92, 441-450 (1998).

61. D. E. Levy, J. E. Darnell Jr., Stats: Transcriptional control and biological
impact. Nat. Rev. Mol. Cell Biol. 3, 651-662 (2002).

62. D. L. Krebs, D. J. Hilton, SOCS proteins: Negative regulators of cy-
tokine signaling. Stem Cells 19, 378-387 (2001).

63. D. L. Krebs, D. J. Hilton, A new role for SOCS in insulin action. Sup-
pressor of cytokine signaling. Sci. STKE 169, pe6 (2003).

64. H. Waterman, Y. Yarden Molecular mechanisms underlying endocytosis
and sorting of ErbB receptor tyrosine kinases. FEBS. Letts. 490, 142-
152 (2001).

65. I. Dikic, S. Giordano Negative receptor signaling. Curr. Opin. Cell Biol.
15, 128-135 (2003).

66. C. B. F. Thien, W. Y. Langdon, Cbl: Many adaptations to regulate pro-
tein tyrosine kinases. Nat. Rev. Mol. Cell Biol. 2, 294-307 (2001).

67. L. Shiue, M. J. Zoller, J. S. Brugge, Syk is activated by phosphotyro-
sine-containing peptides representing the tyrosine-based activation mo-
tifs of the high affinity receptor for IgE. J. Biol. Chem. 270, 10498-502
(1995).

68. C. L. Carpenter, K. R. Auger, M. Chanudhuri, M. Yoakim, B.
Schaffhausen, S. Shoelson, L. C. Cantley, Phosphoinositide 3-kinase is
activated by phosphopeptides that bind to the SH2 domains of the 85-
kDa subunit. J. Biol. Chem. 268, 9478-9483 (1993).

69. M. H. Hatada, X. Lu, E. R. Laird, J. Green, J. P. Morgenstern, M. Lou,
C. S. Marr, T. B. Phillips, M. K. Ram, K. Theriault, M. J. Zoller, L. J.
Karas, Molecular basis for interaction of the protein tyrosine kinase
ZAP-70 with the T-cell receptor. Nature 377, 32-38 (1995).

70. E. A. Ottinger, M. C. Botfield, S. E. Shoelson, Tandem SH2 domains
confer high specificity in tyrosine kinase signaling. J. Biol. Chem. 273,
729-735 (1998).

71. M. J. Eck, S. Pluskey, T. Trub, S. C. Harrison, S. E. Shoelson, Spatial
constraints on the recognition of phosphoproteins by the tandem SH2
domains of the phosphatase SH-PTP2. Nature 379, 277-280 (1996).

72. K. Futterer, J. Wong, R. A. Grucza, A. C. Chan, G. Waksman, Structural ba-
sis for Syk tyrosine kinase ubiquity in signal transduction pathways revealed
by the crystal structure of its regulatory SH2 domains bound to a dually
phosphorylated ITAM peptide. J. Mol. Biol. 281, 523-537 (1998).

73. P. van der Geer, S. Wiley, V. K. Lai, J. P. Olivier, G. D. Gish, R.
Stephens, D. Kaplan, S. E. Shoelson, T. Pawson, A conserved amino-
terminal Shc domain binds to phosphotyrosine motifs in activated re-

ceptors and phosphopeptides. Curr. Biol. 5, 404-412 (1995).
74. T. A. Gustafson, W. He, A. Craparo, C. D. Schaub, T. J. O’Neill, Phos-

photyrosine-dependent interaction of SHC and insulin receptor sub-
strate 1 with the NPEY motif of the insulin receptor via a novel non-SH2
domain. Mol. Cell. Biol. 15, 2500-2508 (1995).

75. K. S. Campbell, E. Ogris, B. Burke, W. Su, K. R. Auger, B. J. Druker, B.
S. Schaffhausen, T. M. Roberts, D. C. Pallas, Polyoma middle tumor
antigen interacts with SHC protein via the NPTY (Asn-Pro-Thr-Tyr) mo-
tif in middle tumor antigen. Proc. Natl. Acad. Sci. U.S.A. 91, 6344-6348
(1994).

76. S. M. Dilworth, C. E. Brewster, M. D. Jones, L. Lanfrancone, G. Pelicci,
P. G. Pelicci, Transformation by polyoma virus middle T-antigen in-
volves the binding and tyrosine phosphorylation of Shc. Nature 367, 87-
90 (1994).

77. A. Obermeier, R. A. Bradshaw, K. Seedorf, A. Choidas, J. Schlessinger,
A. Ullrich Neuronal differentiation signals are controlled by nerve growth
factor receptor/Trk binding sites for SHC and PLC γ. EMBO J. 13, 1585-
1590 (1994).

78. W. M. Kavanaugh, C. W. Turck, L. T. Williams, PTB domain binding to
signaling proteins through a sequence motif containing phosphotyro-
sine. Science 268, 1177-1179 (1995).

79. T. Trub, W. E. Choi, G. Wolf, E. Ottinger, Y. Chen, M. Weiss, S. E.
Shoelson, Specificity of the PTB domain of Shc for β turn-forming pen-
tapeptide motifs amino-terminal to phosphotyrosine. J. Biol. Chem. 270,
18205-18208 (1995).

80. M. M. Zhou, B. Huang, E. T. Olejniczak, R. P. Meadows, S. B. Shuker,
M. Miyazaki, T. Trub, S. E. Shoelson, S. W. Fesik, Structural basis for
IL-4 receptor phosphopeptide recognition by the IRS-1 PTB domain.
Nat. Struct. Biol. 3, 388-393 (1996). 

81. X. J. Sun, L. M. Wang, Y. Zhang, L. Yenush, M. G. Myers Jr., E.
Glasheen, W. S. Lane, J. H. Pierce, M. F. White, Role of IRS-2 in in-
sulin and cytokine signalling. Nature 377, 173-177 (1995).

82. M. F. White, J. N. Livingston, J. M. Backer, V. Lauris, T. J. Dull, A. Ull-
rich, C. R. Kahn, Mutation of the insulin receptor at tyrosine 960 inhibits
signal transmission but does not affect its tyrosine kinase activity. Cell
54, 641-649 (1988).

83. M. M. Zhou, K. S. Ravichandran, E. F. Olejniczak, A. M. Petros, R. P.
Meadows, M. Sattler, J. E. Harlan, W. S. Wade, S. J. Burakoff, S. W.
Fesik, Structure and ligand recognition of the phosphotyrosine binding
domain of Shc. Nature 378, 584-592 (1995).

84. C. Dhalluin, K. Yan, O. Plotnikova, K. W. Lee, L. Zeng, M. Kuti, S. Mu-
jtaba, M. P. Goldfarb, M. M. Zhou, Structural basis of SNT PTB domain
interactions with distinct neurotrophic receptors. Mol. Cell 6, 921-929
(2000).

85. W. Meng, S. Sawasdikosol, S. J. Burakoff, M. J. Eck, Structure of the
amino-terminal domain of Cbl complexed to its binding site on ZAP-70
kinase. Nature 398, 84-90 (1999).

86. P. Bork, B. Margolis, A phosphotyrosine interaction domain. Cell 80,
693-694 (1995).

87. J. Schultz, F. Milpetz, P. Bork, C. P. Ponting, SMART, a simple modular
architecture research tool: Identification of signaling domains. Proc.
Natl. Acad. Sci. U.S.A. 95, 5857-5864 (1998).

88. B. Margolis, The function of PTB domain proteins. Kidney Int. 56, 1230-
1237 (1999). 

89. P. C. Stolt, H. Jeon, H. K. Song, J. Herz, M. J. Eck, S. C. Blacklow,
Crystal structures of a disabled-1 PTB domain-apoER2 complex alone
and with bound PI-4,5P2 reveal the basis for peptide selectivity and the
site of phosphoinositide binding. Structure, in press.

90. Z. Zhang, C. H. Lee, V. Mandiyan, J. P. Borg, B. Margolis, J. Sch-
lessinger, J. Kuriyan, Sequence-specific recognition of the internaliza-
tion motif of the Alzheimer’s amyloid precursor protein by the X11 PTB
domain. EMBO J. 16, 6141-6150 (1997).

91. C. Zwahlen, S. C. Li, L. E. Kay, T. Pawson, J. D. Forman-Kay, Multiple
modes of peptide recognition by the PTB domain of the cell fate deter-
minant Numb. EMBO J. 19, 1505-1515 (2000).

92. M. J. Eck, S. Dhe-Paganon, T. Trub, R. T. Nolte, S. E. Shoelson, Struc-
ture of the IRS-1 PTB domain bound to the juxtamembrane region of
the insulin receptor. Cell 85, 695-705 (1996).

93. N. Blomberg, E. Baraldi, M. Nilges, M. Saraste, The PH superfold: A
structural scaffold for multiple functions. Trends Biochem. Sci. 24, 441-
445 (1999).

94. M. A. Lemmon, K. M. Ferguson, Signal-dependent membrane targeting
by pleckstrin homology (PH) domains. Biochem. J. 350, 1-18 (2000). 

95. M. M. Zhou, B. Huang, E. T. Olejniczak, R. P. Meadows, S. B. Shuker,
M. Miyazaki, T. Trub, S. E. Shoelson, S. W. Fesik, Structural basis for
IL-4 receptor phosphopeptide recognition by the IRS-1 PTB domain.
Nat. Struct. Biol. 3, 388-393 (1996).

96. A. Bansal, L. M. Gierasch, The NPXY internalization signal of the LDL re-
ceptor adopts a reverse-turn conformation. Cell 67, 1195-1201 (1991).

97. S. C. Harrison, Peptide-surface association: The case of PDZ and PTB

R E V I E W

 on June 6, 2015
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

http://stke.sciencemag.org/


www.stke.org/cgi/content/full/sigtrans;2003/191/re12 Page 12

domains. Cell 86, 341-343 (1996).
98. K. S. Yan, M. Kuti, M. M. Zhou, PTB or not PTB—that is the question.

FEBS Letts. 513, 67-70 (2002).
99. B. Margolis, The PTB domain: The name doesn’t say it all. Trends En-

docrinol. Metab. 10, 262-267 (1999).
100. S. H. Ong, G. R. Guy, Y. R. Hadari, S. Laks, N. Gotoh, J. Schlessinger,

I. Lax, FRS2 proteins recruit intracellular signaling pathways by binding
to diverse targets on fibroblast growth factor and nerve growth factor
receptors. Mol. Cell. Biol. 20, 979-989 (2000).

101. H. Xu, K. W. Lee, M. P. Goldfarb, Novel recognition motif on fibroblast
growth factor receptor mediates direct association and activation of
SNT adaptor proteins. J. Biol. Chem. 273, 17987-17990 (1998).

102. F. Poy, M. B. Yaffe, J. Sayos, K. Saxena, M. Morra, J. Sumegi, L. C.
Cantley, C. Terhost, M. J. Eck, Crystal structures of the XLP protein
SAP reveal a class of SH2 domains with extended, phosphotyrosine-
independent sequence recognition. Mol. Cell 4, 555-561 (1999).

103. S. C. Li, G. Gish, D. Yang, A. J. Coffey, J. D. Forman-Kay, I. Ernberg, L.
E. Kay, T. Pawson, Novel mode of ligand binding by the SH2 domain of
the human XPL disease gene product SAP/SH2D1A. Curr. Biol. 9,
1355-1362 (1999).

104. K. S. Ravichandran, M. M. Zhou, J. C. Pratt, J. E. Harlan, S. F. Walk, S.
W. Fesik, S. J. Burakoff, Evidence for a requirement for both phospho-
lipid and phosphotyrosine binding via the Shc phosphotyrosine-binding
domain in vivo. Mol. Cell. Biol. 17, 5540-5549 (1997).

105. H. Takeuchi, M. Matsuda, T. Yamamoto, T. Kanematsu, U. Kikkawa, H.
Yagisawa, Y. Watanabe, M. Hirata, PTB domain of insulin receptor sub-
strate-1 binds inositol compounds. Biochem. J. 334, 211-218 (1998).

106. B. W. Howell, L. M. Lanier, R. Frank, F. B. Gertler, J. A. Cooper, The
disabled 1 phosphotyrosine-binding domain binds to the internalization
signals of transmembrane glycoproteins and to phospholipids. Mol.
Cell. Biol. 19, 5179-5188 (1999).

107. J. A. Pitcher, K. Touhara, E. S. Payne, R. J. Lefkowitz, Pleckstrin ho-
mology domain-mediated membrane association and activation of the
β-adrenergic receptor kinase requires coordinate interaction with Gβγ
subunits and lipid. J. Biol. Chem. 270, 11707-11710 (1995).

108. M. A. Pearson, D. Reczek, A. Bretscher, P. A. Karplus, Structure of the
ERM protein moesin reveals the FERM domain fold masked by an ex-
tended actin binding tail domain. Cell 101, 259-270 (2000).

109. D. A. Calderwood, B. Yan, J. M. de Pereda, B. G. Alvarez, Y. Fujioka, R. C.
Liddington, M. H. Ginsberg, The phosphotyrosine binding-like domain of tal-
in activates integrins. J. Biol. Chem. 277, 21749-21758 (2002).

110. B. Garcia-Alvarez, J. M. de Pereda, D. A. Calderwood, T. S. Ulmer, D.
Critchley, I. D. Campbell, M. H. Ginsberg, R. C. Liddington, Structural
determinants of integrin recognition by talin. Mol. Cell 11, 49-58 (2003).

111. K. Hamada, T. Shimizu, S. Yonemura, S. Tsukita, S. Tsukita, T. Hakoshi-
ma, Structural basis of adhesion-molecule recognition by ERM proteins
revealed by the crystal structure of the radixin-ICAM-2 complex. EMBO

J. 22, 502-514 (2003).
112. N. Jones, D. J. Dumont, Recruitment of Dok-R to the EGF receptor

through its PTB domain is required for attenuation of Erk MAP kinase
activation. Curr. Biol. 9, 1057-1060 (1999).

113. I. Lax, A. Wong, B. Lamothe, A. Lee, A. Frost, J. Hawes, J. 
Schlessinger, The docking protein FRS2α controls a MAP kinase-medi-
ated negative feedback mechanism for signaling by FGF receptors.
Mol. Cell 10, 709-719 (2002).

114. M. L. Shiff, D. P. Siderovski, J. D. Jordan, G. Brothers, B. Snow, L. De
Vries, D. F. Ortiz, M. Diversé-Pierluissi, Tyrosine-kinase-dependent re-
cruitment of RGS12 to the N-type calcium channel. Nature 408, 723-
727 (2000).

115. D. A. Calderwood, Y. Fujioka, J. M. de Pereda, B. Garcia-Alvarez, T.
Nakamoto, B. Margolis, C. J. McGlade, R. C. Liddington, M. H. Gins-
berg, Integrin β cytoplasmic domain interactions with phosphotyrosine-
binding domains: A structural prototype for diversity in integrin signal-
ing. Proc. Natl. Acad. Sci. U.S.A. 100, 2272-2277 (2003).

116. G. Waksman, S. E. Shoelson, N. Pant, D. Cowburn, J. Kuriyan, Binding of a
high affinity phosphotyrosyl peptide to the Src SH2 domain: Crystal struc-
tures of the complexed and peptide-free forms. Cell 72, 779-790 (1993).

117. M. J. Eck, S. E. Shoelson, S. C. Harrison, Recognition of a high-affinity
phosphotyrosyl peptide by the Src homology-2 domain of p56lck. 
Nature 362, 87-91 (1993).

118. R. A. Pauptit, C. A. Dennis, D. J. Derbyshire, A. L. Breeze, S. A. West-
on, S. Rowsell, G. N. Murshudov, NMR trial models: Experiences with
the colicin immunity protein Im7 and the p85α C-terminal SH2-peptide
complex. Acta. Crystallogr. D. 57, 1397-1404 (2001).

119. S. M. Pascal, A. U. Singer, G. Gish, T. Yamazaki, S. E. Shoelson, T.
Pawson, L. E. Kay, J. D. Forman-Kay, Nuclear magnetic resonance
structure of an SH2 domain of phospholipase C-γ 1 complexed with a
high affinity binding peptide. Cell 77, 461-472 (1994).

120. T. D. Mulhern, G. L. Shaw, C. J. Morton, A. J. Day, I. D. Campbell, The
SH2 domain from the tyrosine kinase Fyn in complex with a phosphoty-
rosyl peptide reveals insights into domain stability and binding specifici-
ty. Structure 5, 1313-1323 (1997).

121. J. Rahuel, B. Gay, D. Erdmann, A. Strauss, C. Garcia-Echeverria, P.
Furet, G. Caravatti, H. Fretz, J. Schoepfer, M. G. Grutter, Structural ba-
sis for specificity of Grb2-SH2 revealed by a novel ligand binding mode.
Nat. Struct. Biol. 3, 586-589 (1996).

122. C.-H. Lee, D. Kominos, S. Jacques, B. Margolis, J. Schlessinger, S. E.
Shoelson, J. Kuriyan, Crystal structures of peptide complexes of the
amino-terminal SH2 domain of the Syp tyrosine phosphatase. Structure
2, 423-438.

Citation: J. Schlessinger, M. A. Lemmon, SH2 and PTB domains in tyro-
sine kinase signaling. Sci. STKE 2003, re12 (2003).

R E V I E W

 on June 6, 2015
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

http://stke.sciencemag.org/


 (191), re12. [doi: 10.1126/stke.2003.191.re12]2003Science Signaling 
Joseph Schlessinger and Mark A. Lemmon (July 15, 2003) 
SH2 and PTB Domains in Tyrosine Kinase Signaling

This information is current as of June 6, 2015. 
The following resources related to this article are available online at http://stke.sciencemag.org. 

Article Tools

http://stke.sciencemag.org/content/2003/191/re12
tools: 
Visit the online version of this article to access the personalization and article

Related Content

http://stke.sciencemag.org/content
http://stke.sciencemag.org/content
http://stke.sciencemag.org/content/sigtrans/3/120/ra34.full.html
http://stke.sciencemag.org/content/sigtrans/2/60/pc5.full.html
http://stke.sciencemag.org/content
http://stke.sciencemag.org/content/sigtrans/4/202/ra83.full.html

's sites:ScienceThe editors suggest related resources on 

References
http://stke.sciencemag.org/content/2003/191/re12#BIBL
This article cites 120 articles, 43 of which you can access for free at: 

Glossary
http://stke.sciencemag.org/cgi/glossarylookup
Look up definitions for abbreviations and terms found in this article: 

Permissions
http://www.sciencemag.org/about/permissions.dtl
Obtain information about reproducing this article: 

Copyright 2015 by the American Association for the Advancement of Science; all rights reserved. 
Association for the Advancement of Science, 1200 New York Avenue, NW, Washington, DC 20005. 

 (ISSN 1937-9145) is published weekly, except the last December, by the AmericanScience Signaling

 on June 6, 2015
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

http://http://stke.sciencemag.org/content/2003/191/re12
http://stke.sciencemag.org/content/sigtrans/4/202/ra83.full.html
http://stke.sciencemag.org/content
http://stke.sciencemag.org/content/sigtrans/2/60/pc5.full.html
http://stke.sciencemag.org/content/sigtrans/3/120/ra34.full.html
http://stke.sciencemag.org/content
http://stke.sciencemag.org/content
http://stke.sciencemag.org/content/2003/191/re12#BIBL
http://stke.sciencemag.org/cgi/glossarylookup
http://www.sciencemag.org/about/permissions.dtl
http://stke.sciencemag.org/

