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Abstract. Src-family kinases are modular signaling
proteins involved in a diverse array of cellular
processes. All members of the Src family share the
same domain organization, with modular SH3, SH2
and kinase domains followed by a C-terminal negative
regulatory tail. X-ray crystallographic analyses of

several Src family members have revealed critical
roles for the SH3 and SH2 domains in the down-
regulation of the kinase domain. This review focuses
on biological, biophysical, and computational studies
that reveal conformationally distinct active states
within this unique kinase family.

Keywords. Src-family kinases, SH3 domain, SH2 domain, hydrogen exchange mass spectrometry, Gaussian
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Introduction

The Src family of cytoplasmic non-receptor protein-
tyrosine kinases was first discovered in the context of
the transforming retroviral oncogene v-src, which is
responsible for the potent sarcoma-inducing activity
of the Rous sarcoma virus [1, 2]. The identification of
viral Src and the realization that it was captured from
the host cell genome led to the discovery of the cellular
proto-oncogene c-src, which serves as the prototype
for this multi-kinase family. The Src family kinase
complement of the human genome includes 11
members [3], 8 of which have been well-characterized

in mammalian cells: Fyn, Lyn, Hck, c-Yes, Blk, Fgr,
and Lck, in addition to c-Src itself. Most cell types
express multiple Src family kinases (SFKs). While
some family members are ubiquitously expressed (e.g.
c-Src, Yes, and Fyn), others show more restricted
patterns of expression (e.g., Hck and Fgr in myeloid
leukocytes and Lck in T-lymphocytes) [4]. SFKs
transduce signals for cell growth, differentiation, and
survival, influence cellular adhesion, migration and
invasion, and also regulate synaptic transmission [5].
SFK activation has been linked to many cell-surface
signaling inputs, including growth factor, cytokine,
and immune cell receptors, G-protein-coupled recep-
tors, as well as integrins and other cell adhesion
molecules [6, 7]. Thus SFKs represent critical points
for the integration and transmission of diverse signals* Corresponding author.
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in a broad array of cellular contexts. Loss of SFK
regulation has been linked to a variety of diseases,
including several types of cancer [8], neurodegener-
ative diseases [9], epilepsy [10], as well as HIV/AIDS
[11]. A more complete understanding of SFK struc-
ture and dynamics in specific signaling contexts may
lead to selective inhibitors with therapeutic utility. In
this review, we focus on recent advances in the
structural biology and dynamic behavior of SFKs.

Overview of Src family kinase structure

All SFKs exhibit the same N- to C-terminal arrange-
ment of structural domains (Fig. 1A). The extreme N-
terminal region of all SFKs contains a signal sequence
for myristoylation, with some Src-family members
additionally palmitoylated. While lipid modification
promotes membrane localization and is often essen-
tial for biological activity [12], kinase regulation can
be maintained in vitro in the absence of this lipid
modification. The N-terminal myristoylation signal
sequence is followed by a unique domain, which is the
only non-conserved region within the kinase family.
SFK unique domains are typically 50 – 80 residues in
length and are also dispensable for regulation of
kinase activity in vitro. Note that unique domains are
not found in existing structures of SFKs. The unique
domain is followed by modular SH3 and SH2 domains,
a regulatory linker, the catalytic or kinase domain
(SH1 domain), and a C-terminal negative regulatory
tail. In general, SH3 domains are an average of 60
residues in length and bind to target sequences rich in
proline and other hydrophobic amino acids. These
sequences generally form a polyproline type II (PPII)
helix which associates with the hydrophobic surface of
the SH3 domain [13, 14]. In the context of SFKs, the
SH3 domain contributes to substrate recruitment [15,
16] and is critical for the regulation of kinase activity
[17 – 20]. The SH2 domain also functions in protein-
protein interaction(s) by virtue of affinity for phos-
photyrosine-containing peptide sequences [14, 21].
The canonical high-affinity peptide motif for inter-
action with SFK SH2 domains is pTyr-Glu-Glu-Ile
(pYEEI) and has been likened to a two-pronged plug
(the peptide) engaging a two-holed socket (the SH2).
The phosphorylated tyrosine occupies the first hole
while the isoleucine residue fills the second, somewhat
shallower hole [21, 22]. Phosphorylation of tyrosine
residues in SH2 target sequences is critical as un-
phosphorylated peptides do not bind to SH2 domains
(reviewed in [14]). In SFKs, phosphorylation of a
highly conserved tyrosine residue in the tail region
(Tyr-527 in c-Src, see Fig. 1) induces intramolecular
interaction with the SH2 domain, helping to lock the

kinase in an inactive conformation. (Note: all residue
numbering in this review is based on the crystal
structure of human c-Src; PDB 2SRC [23].) The SH2
domains of SFKs are therefore essential for negative
regulation of kinase activity.

Figure 1. Structural organization of Src-family kinases. (A) The
overall domain organization includes an N-terminal unique
domain, with sites for myristoylation and in some cases palmitoy-
lation; the SH3 domain (red); the SH3-SH2 connector (grey); the
SH2 domain (blue); the SH2-kinase linker (orange); and the C-
terminal kinase domain. The kinase domain consists of a smaller N-
terminal lobe (pink) and a larger C-terminal lobe (light blue). The
activation loop tyrosine is located in the large lobe at position 416.
The kinase domain is followed by the C-terminal tail (cyan) with a
conserved tyrosine residue (Tyr-527) that is phosphorylated by
separate regulatory kinases. (B) X-ray crystal structure of Hck-
YEEI, in the downregulated conformation. The color scheme from
(A) is mapped onto the structure. Highlighted within the kinase
domain are the aC helix (blue) and the activation loop (green).
Also shown is the side chain of the activation loop tyrosine (Tyr-
416), as well as the pyrazolo-pyrimidine inhibitor PP1 (magenta)
which maps the ATP-binding site. Model based on PDB file 1QCF
[27]. (C) For comparison, the kinase domain of Lck in the
autophosphorylated, active conformation is shown. Color scheme
is the same as for (B) (PDB 3LCK [29]). (D) X-ray crystal structure
of active c-Src revealing persistence of SH3:linker interaction.
Domains and other structural features are colored as per Hck-
YEEI in parts A and B (PDB 1Y57 [30]). Note that all numbering
in this figure and throughout the text is based on the crystal
structure of human c-Src (PDB 2SRC [23]).
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At first, the SH2-tail interaction was believed to be the
major intramolecular interaction that held SFKs in the
downregulated state. It was later discovered in the
high-resolution X-ray crystal structures of the inactive
forms of c-Src and Hck [23 – 27] that the downregu-
lated conformation is stabilized by an additional
intramolecular interaction of the SH3 domain with a
PPII helix formed by the linker connecting the SH2
and kinase domains. Figure 1 shows a molecular model
of the SFK Hck in its tail-phosphorylated, down-
regulated conformation. Note that the SH3 and SH2
domains work together to downregulate kinase activ-
ity by engaging their intramolecular ligands (SH3
binds to the linker and SH2 binds to the tail) and
pushing on the �back side� of the kinase domain (the
entrance to the active site for substrates and ATP is on
the opposing face of the kinase domain, at the far right
of the Hck structure shown in Fig. 1B). These inter-
actions cause an alpha helix (the aC helix) in the N-
lobe of the kinase domain to swing outward into a
conformation incompatible with catalytic activity
[28]. In this �turned-out� conformation, the activation
loop of the kinase domain can adopt a partially helical
conformation and the autophosphorylation site (Tyr-
416) points inward. By contrast, crystal structures of
the active conformation of the kinase domain of an
SFK (Lck; Fig. 1C [29]) as well as a full-length SFK (c-
Src; Fig. 1D [30]) show that the aC helix is re-oriented
inward, with the activation loop adopting a different
conformation that is more compatible with ATP and
peptide substrate binding. This active conformation
becomes stabilized upon autophosphorylation of Tyr-
416.
The conserved tail tyrosine residues of SFKs are
phosphorylated by a distinct regulatory kinase known
as Csk (for C-terminal Src kinase) [31] as well as a
closely related kinase known as Chk [32]. Tail
phosphorylation by these regulatory kinases forces
SFKs into the downregulated conformation via
SH2:tail interaction as described above. Gene-knock-
out experiments strongly suggest that Csk is the
master regulator of all Src family members [33, 34].
Without Csk, embryonic lethality is observed with a
concomitant elevation in overall SFK activity. More
recent work has shown that mouse embryonic stem
cells express seven members of the Src kinase family,
and that pharmacological inhibition of all SFK activity
interferes with differentiation of ES cells to embry-
onic structures known as embryoid bodies in vitro
[35]. Together with the Csk knockout results, these
data suggest that strict temporal and spatial control of
SFK activity is critical to early development.
The importance of intramolecular interactions for
stabilization of the downregulated state of SFKs has
been demonstrated for several Src-family members

using site-directed mutagenesis of key regulatory sites.
Figure 2 illustrates this point using the myeloid Src-
family member, Hck, and a rodent fibroblast trans-
formation assay. Overexpression of wild-type Hck in
fibroblasts does not produce a biological effect,
because kinase activity is effectively downregulated
by endogenous Csk. Thus, fibroblasts overexpressing
wild-type Hck grow as a contact-inhibited monolayer
in the same manner as a negative control culture
expressing a kinase-dead Hck mutant. However,
replacement of the tail tyrosine residue with phenyl-
alanine prevents phosphorylation by Csk, releasing
the negative regulatory tail from the SH2 domain and
permitting upregulation of kinase activity [36]. Con-
stitutive activation of Hck in this manner causes loss of
contact inhibition and the formation of many trans-
formed foci that are visible as dark spots in Figure 2A.
Alanine replacement of the two proline residues
essential for the PPII helical conformation of the
SH2-kinase linker also disrupts downregulation, caus-
ing kinase activation and a transformed phenotype
[36]. In this case, the modified linker is unable to
interact with the SH3 domain. Similarly, mutation of a
conserved tryptophan residue that is essential for SH3
domain function has also been shown to induce
fibroblast transformation, most likely by preventing
SH3:linker engagement [37]. Interestingly, this mu-
tant shows lower focus-forming activity compared to
the tail mutant, presumably because the disabled SH3
domain cannot recruit substrates essential for fibro-
blast transformation such as Stat3 [37].

Activation of SFKs by regulatory domain
displacement

As described in the preceding section, mutagenesis of
key residues involved in SH2:tail and SH3:linker
engagement disturbs the downregulatory influence of
these interactions on the kinase domain. These
observations suggest that interactions between the
SH2 and/or SH3 domains of SFKs with other proteins
may also lead to SFK activation in vivo. This idea was
first demonstrated by taking advantage of the SH3-
binding properties of Nef, an HIV-1 accessory factor
involved in AIDS progression [38 – 41]. Nef is a small
myristoylated protein that, like SFKs, is associated
with the plasma membrane [42 – 44]. Nef has no
known catalytic activity, and appears to function
through interactions with multiple cellular proteins
involved in signal transduction, including both Ser/Thr
and Src-family tyrosine kinases [42]. Nef binds to the
SH3 domain of Hck with one of the highest reported
affinities for an SH3-mediated interaction (Kd = 250
nM) [45, 46]. Mutagenesis has established that one
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determinant of Nef:SH3 interaction is the consensus
proline-rich motif PQVPxR in Nef [46]. X-ray crys-
tallography and NMR structural studies of Nef:SH3
complexes show that these residues form the critical
PPII helix that contacts the SH3 hydrophobic surface
[47, 48]. The Nef PxxP motif responsible for SH3
binding is highly conserved among primary HIV
isolates [49 –51], and is essential for the high-titer
replication of HIV in unstimulated peripheral blood

mononuclear cells in vitro [46] and a murine model of
AIDS [11]. Also essential for Nef SH3 binding are
conserved residues from the Nef aA and aB helices,
which form a hydrophobic pocket that accommodates
an Ile residue found in the RT loop of the Hck SH3
domain [45]. This RT loop Ile residue is unique to the
Hck and Lyn SH3 domains, providing a structural
basis for an important relationship between Nef and
Hck (and possibly Lyn) in HIV pathogenesis.
Consistent with the X-ray crystal structure of down-
regulated Hck and the SH3:linker mutagenesis ex-
periments outlined above, binding of Nef to full-
length Hck induces constitutive kinase activation.
This effect of Nef has been demonstrated in vitro [52,
53], in cell-based assays using fibroblasts [20, 54] and
yeast [53], and also in HIV-infected cells [55]. A
representative experiment is shown in Figure 3 using
fibroblast transformation as the model system (de-
scribed above). Here, expression of Nef or Hck alone
produces no effect on fibroblast morphology. How-
ever, co-expression of Nef with Hck leads to a very
strong transformed phenotype, similar to that ob-
served with the tail and linker mutants of Hck (Fig. 2).
Kinase assays show that Hck is strongly activated in
the presence of Nef in cells expressing both proteins,
consistent with the biological effect (Fig. 3B). In
addition, mutagenesis of the Nef PxxP motif or
replacement of Tyr-120 in the Nef hydrophobic pocket
with isoleucine abolishes Nef-induced kinase activa-
tion, demonstrating that SH3 engagement by Nef is
necessary to cause kinase activation in living cells [20,
56]. These data support a model in which Nef binding
causes displacement of SH3 from its downregulatory
position on the back side of the catalytic domain,
priming the kinase for activation [52] (Fig. 3C). Also
noteworthy is the observation that Nef is an oligo-
meric protein, and may juxtapose multiple Hck
molecules simultaneously to promote autophosphor-
ylation in trans [57].
HIV-1 Nef provides a powerful example of how
domain displacement can lead to SFK activation. A
growing number of examples of SH2- and SH3-based
SFK activation events have also been described for
both receptor systems upstream from SFKs as well as
downstream signaling partners and substrates. For
example, SFKs have been implicated in signal trans-
duction by both cytokines and growth factors, and in
some cases are required for cell-cycle progression in
response to factor treatment [7]. SFK activation by
growth factor receptor tyrosine kinases involves SH2
domain-dependent recruitment to specific mem-
brane-proximal phosphotyrosine residues on the ac-
tive, autophosphorylated receptor. SH2 domain bind-
ing may induce Src activation by displacing the
negative regulatory tail, leading to phosphorylation

Figure 2. Activation of the SFK Hck by mutation of the SH2-
kinase linker or negative regulatory tail tyrosine residue. (A)
Culture plates of Rat-2 fibroblasts expressing wild-type Hck,
kinase-dead Hck, a linker mutant, or a tail mutant were stained for
transformed foci, which appear as dark spots. (B) Hck was
immunoprecipitated from lysates of the cells in (A), and incubated
in vitro with [g-32P]ATP and the substrate protein p50, which is
derived from the natural SFK substrate Dok [90]. Proteins were
separated by SDS-PAGE and visualized by autoradiography. Note
that the phosphorylated p50 substrate is readily visible in reactions
from cells where Hck is activated by tail or linker mutations (pp50).
Aliquots of the immunoprecipitates were also probed with a Hck
antibody as a positive control (Hck). Figure adapted from Briggs et
al. [36]
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of the receptor in some cases [5, 6]. The mechanism of
Src family kinase activation by cytokine and antigen
receptors is less clear, but may also involve recruit-
ment to the activated, oligomeric form of the receptor.
Recruitment of two or more kinase molecules into
close proximity may allow for trans-phosphorylation,
which is important for kinase activation [58].
Binding of SFKs to substrates or other cellular
molecules via their SH3 domains is also sufficient to
induce kinase activation in some instances. Examples
include the focal adhesion protein p130 Cas [59, 60],
the progesterone receptor [61], and the Stat3 tran-
scription factor [37]. These studies suggest that SH3-
dependent recruitment of substrates to Src family
kinases may induce transient kinase activation, sub-
strate phosphorylation and release, followed by a
return of the kinase to its inactive state [62].

Structures of downregulated kinases predict multiple
active conformations

Studies outlined in the previous section show that
disruption of either SH2:tail or SH3:linker interac-
tions, either by mutation, interaction with other
proteins, or tail dephosphorylation, is sufficient to
induce SFK activation. The presence of two negative

regulatory interactions within the same molecule
suggests a number of interesting possibilities with
respect to the overall structure of the active confor-
mation. One possibility is that displacement of either
interaction alone may be sufficient to induce kinase
activation, resulting in more than one active confor-
mation (modeled in Fig. 4). Alternatively, disruption
of one regulatory interaction may destabilize the
entire regulatory apparatus, leading to only one
active-state conformation. Evidence for the latter
hypothesis comes from molecular dynamics simula-
tions of Hck which show that the motions of the SH2
and SH3 domains are highly correlated in the re-
pressed state [63], suggesting that displacement of
either domain from its internal ligand may cause
disruption of the other interaction, producing a single
active conformation [64]. Resolution of this issue is
important, because it will clarify whether SFKs
behave as either simple on-off switches, where a single
active state is adopted regardless of the activating
input, or if different activating inputs produce unique
active states with distinct signaling properties. Recent
work suggests that at least in the case of Hck, the latter
possibility may be true. These studies are summarized
in the next section.

Figure 3. Activation of the SFK Hck by SH3:linker displacement. (A) Culture plates of Rat-2 fibroblasts expressing wild-type Hck, HIV-1
Nef (SF2 strain), or a combination of both (Hck+Nef) were stained for transformed foci (dark spots). Cells expressing only the drug
selection marker served as negative control. (B) Hck was immunoprecipitated from lysates of cell cultures in (A) and assayed for kinase
activity as described in the legend to Figure 2. Phosphorylated p50 is readily visible in reactions from cells where Hck is co-expressed with
Nef (pp50). Assays from cells expressing Nef alone look identical to the negative control lane (not shown). (C) Model of Nef-induced Hck
activation in vivo. Nef engages the Hck SH3 domain, displacing it from the SH2-kinase linker and leading to kinase activation. Evidence
described in the text suggests that activation by Nef does not require tail dephosphorylation or release from the SH2 domain. Figure
adapted from Briggs et al. [20, 36]
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Biological evidence for alternative active
conformations of the SFK Hck

Lerner and Smithgall investigated SH3-based activa-
tion of Hck, either by protein ligand binding (HIV-1
Nef) or by SH2-kinase linker mutagenesis [54]. This
study addressed whether the negative regulatory tail
remained phosphorylated and bound to the SH2
domain when Hck was activated through its SH3
domain. Using rodent fibroblast transformation as a
model system, the negative regulatory tyrosine resi-
due was found to remain phosphorylated when Hck
was activated either by Nef binding to the SH3 domain
or by linker mutagenesis. These data demonstrated
that active SFKs can be dually phosphorylated in cells,
both on the activation loop in the kinase domain as
well as on the negative regulatory tail. The presence of
phosphate on the tail tyrosine in the active kinase led

to the question of whether the tail remained SH2-
bound in the active state. This question was addressed
using a form of Hck with a modified tail with a much
higher affinity for the SH2 domain than in the wild-
type protein. The modified tail sequence is Tyr-Glu-
Glu-Ile (YEEI), which represents the core sequence
of high-affinity peptide ligands for SFK SH2 domains
[22]. Previous structural studies have established that
this form of Hck (Hck-YEEI) adopts the same
inactive conformation as Csk-phosphorylated wild-
type Hck, with the SH2 domain bound to the tail [27].
Surprisingly, Nef activated wild-type Hck and Hck-
YEEI equally well in terms of fibroblast transforma-
tion and in kinase assays [54, 65]. This result supports
the idea that release of the tail from the SH2 domain
may not be required when Hck is activated through its
SH3 domain, and supports the existence of a novel
Nef-induced active Hck conformation. In related

Figure 4. Hypothetical conformations of active SFKs based on activating inputs. The closed, inactive conformation is the crystal structure
of Hck-YEEI, as shown in Figure 1 (PDB 1QCF [27]). The model with SH3 displaced was produced by docking the SH2 domain of the Lck
SH3-SH2 crystal structure (PDB 1LCK [91]) onto the SH2 domain of Hck-YEEI. The model with SH2 displaced is the crystal structure of
dephosphorylated c-Src (PDB 1Y57 [30]; see also Figure 1). The fully open model, in which both SH2 and SH3 displaced from their internal
ligands, was produced by docking the SH2 domain of the Lck SH3-SH2 crystal structure onto the SH2 domain of the dephosphorylated c-
Src structure. The SH3 and SH2 domains are labeled and colored in black; the kinase domain in each model (grey) is positioned in the same
relative orientation.
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experiments, mutagenesis of the SH2-kinase linker
within Hck-YEEI also led to strong kinase activation,
further supporting the existence of a unique active
conformation in which the SH3 domain is displaced
from the linker while the tail remains SH2-bound
(modeled in Fig. 4, top right).
While the Hck-YEEI experiments described above
suggest that SH2:tail release is not required for SH3-
mediated Hck activation, more recent work has shown
that disruption of this interaction is essential for SFK
signaling in other situations. Using the analogous
�YEEI� form of Lck, Nika et al. demonstrated that
SH2:tail displacement is essential for Lck to transduce
signals from the T-cell antigen receptor [66]. Using the
T-cell line JCaM1, which does not express endogenous
Lck, they found that transfection of wild-type Lck but
not Lck-YEEI led to reconstitution of ZAP-70
activation and other Lck-dependent signaling events
downstream from the T-cell receptor. The status of
Lck SH3:linker engagement was not investigated in
this study. These experiments suggest that while the
normally weak SH2:tail interaction present in Lck is
sufficient for negative regulation, competitive dis-
placement by activating proteins or dephosphoryla-
tion is essential for effective T-cell receptor signaling.
Considered in light the results with Hck, this study also
suggests that different SFKs may respond to activating
events in unique ways and that extrapolation of the
effects observed with one SFK to other family
members may not be valid.
To address the complementary question of whether
SH2-directed activation of Hck requires disruption of
SH3:linker interaction, the wild-type Hck linker
sequence was modified to enhance its interaction
with the SH3 domain [67]. The natural sequence of the
Hck linker represents a sub-optimal SH3 ligand. In the
crystal structure of the downregulated conformation
of Hck, the key positions of the linker PPII helix that
face the SH3 domain are occupied with lysine residues
which do not optimally engage the SH3 binding
surface [27]. To enhance this interaction, these
residues were replaced with prolines. Surface plasmon
resonance experiments verified that this modified
high affinity linker (HAL) was essentially locked onto
the SH3 domain. To evaluate the impact of the HAL
substitution on the overall structure of Hck, energy
minimization was performed on a �virtual HAL
mutant� of the Hck crystal structure [67]. Of particular
concern was the possible impact of the modified linker
on the position of Trp-260 relative to the aC helix in
the small lobe of the kinase domain. Previous studies
have established that Trp-260, which is located at the
C-terminal end of the linker, provides an essential
stabilizing influence on the aC helix in the down-
regulated state [68]. Molecular modeling predicted

that the lysine-to-proline substitutions in the Hck-
HAL mutant would be well-tolerated, as the overall
Hck structure in general and the position of Trp-260 in
relation to the aC helix in particular were virtually
unchanged. This prediction was borne out in subse-
quent biological experiments, as Hck-HAL showed no
evidence of kinase activity when expressed in rodent
fibroblasts, indicating that the modified linker did not
disrupt downregulation. The HAL substitution was
then combined with a mutation of the negative
regulatory tail tyrosine residue. Previous work has
shown that substitution of the tail tyrosine causes
strong upregulation of Hck kinase activity, producing
a very strong transforming signal in fibroblasts [36]
(see Fig. 2). Expression of the Hck-HAL-tail mutant
also resulted in very strong fibroblast transformation
that correlated with a high level of constitutive kinase
activity. This result suggests that the SH2-based
activation of Hck resulting from mutation of the
negative regulatory tail does not necessarily require
disruption of SH3:linker interaction.
Experiments with Hck-HAL in fibroblasts described
above support the possibility that SH3:linker inter-
action need not be disrupted for activation of the
kinase domain to occur following SH2:tail release.
However, this observation does not necessarily imply
that SH3:linker interaction persists when wild-type
Hck or other SFKs are activated through SH2- or tail-
based mechanisms. To test for the persistence of
SH3:linker interaction in wild-type Hck, Saccharo-
myces cerevisiae (baker�s yeast) was used as a model
system. This small eukaryote does not express ortho-
logs of SFKs or Csk, the negative regulatory kinase
that phosphorylates SFKs on the key tail tyrosine
residue (Fig. 1). Expression of Hck alone, which is
unregulated in yeast since there is no Csk, leads to
suppression of yeast growth. This effect positively
correlates with Hck kinase activity [67] as observed
previously with c-Src [17]. Co-expression with Csk,
however, leads to Hck inhibition and reversal of
growth suppression [53, 67]. Interestingly, when Hck
is co-expressed with HIV-1 Nef in the absence of Csk,
both kinase activity and growth suppression are
further increased in comparison to yeast cultures
expressing Hck alone. (Recall that Nef represents a
high-affinity ligand for the Hck SH3 domain.) This
observation suggests that wild-type Hck may retain
some degree of SH3:linker interaction even though
the negative regulatory tail is not bound to the SH2
domain and the kinase is active. Recently, a crystal
structure of c-Src was reported that supports this idea
as well. This structure was determined using an
unphosphorylated form of c-Src in which the kinase
domain aC helix and activation loop adopt confor-
mations similar to those found in active kinase
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domains [30]. Because the structure is not tyrosine-
phosphorylated, the tail is released from the SH2
domain, similar to what happens with Hck in yeast.
Relevant to this discussion is the observation that the
SH3 domain remains bound to the linker [30], despite
the active conformation of the kinase domain (Fig. 1D
and Fig. 4, lower left). Interestingly, the SH3-SH2-
linker assembly is rotated by about 1308 relative to its
position in the downregulated conformation of c-Src,
with the linker retaining a very similar conformation
to that observed in the inactive state. Whether this
structure represents a fully active conformation or an
intermediate in a pathway to full activation will
require further investigation.
Biological studies described above provide evidence
that multiple active conformations of Hck and possi-
bly other SFKs may exist. What, then, is the signifi-
cance of such conformational variants to physiological
signaling? One possibility is that the type of activating
input (e.g., SH2- vs. SH3-directed) may determine the
type of downstream signaling that can occur. For
example, SH3-based activation such as that produced
by HIV-1 Nef binding may not make the SH2 domain
accessible for substrate recruitment. Conversely, acti-
vation of SFKs through mechanisms disturbing
SH2:tail interaction may be independent of SH3-
mediated signaling. Data presented in Figure 5
provide preliminary evidence for different patterns
of substrate selection that depend upon the Hck
activation mechanism. In this experiment, Rat-2
fibroblasts were transformed with either a constitu-
tively active Hck mutant in which the negative
regulatory tail tyrosine was replaced with phenyl-
alanine (Hck-YF; SH2-based activation) or by co-
expression of wild-type Hck with HIV-1 Nef (SH3-
based activation). Aliquots of soluble protein from
each transformed cell population were then separated
by two-dimensional SDS-PAGE, and analyzed by
immunoblotting with anti-phosphotyrosine antibod-
ies. As shown in Figure 5, multiple unique pTyr-
containing proteins were observed in each case,
supporting the idea that substrate selection by Hck
is indeed influenced by the activation mechanism.
Future studies will investigate this phenomenon under
physiologically relevant signaling conditions.

Biophysical studies of SFK dynamics

Biological evidence described in the preceding section
strongly suggests that displacement of the SH3 and/or
SH2 domains from their regulatory intramolecular
interactions is an important mechanism by which SFK
kinase activity is regulated in vivo. However, until
recently, biophysical evidence in support of this

hypothesis was lacking. Furthermore, while biological
assays and X-ray crystallography support the persis-
tence of SH3:linker and SH2:tail interaction in active
forms of Src-family kinases, biophysical evidence
supporting the presence of these interactions in
solution at physiological kinase concentrations is
difficult to produce. It has not been possible to obtain
crystallographic or NMR structural data of active
forms of full-length SFKs (except as noted above for c-

Figure 5. Mechanism of Hck activation affects substrate selection
patterns in vivo. Rat-2 fibroblasts were transformed with either (A)
a constitutively active Hck tail mutant (Hck-YF; SH2-based
activation) or (B) co-expression of wild-type Hck with HIV-1 Nef
(Hck+Nef; SH3-based activation). Aliquots of cellular protein
extracts were separated by 2D electrophoresis, transferred to
PVDF membranes and visualized with anti-phosphotyrosine anti-
bodies. Positions of molecular mass standards are shown on the left
in kDa, while the relative position of the pH gradient is shown at
the top. Examples of strong signals unique to each sample are
circled. Similar analysis of control fibroblasts revealed very few
signals, none of which overlapped with the unique phosphoproteins
that are circled (not shown). These data provide strong evidence
that SH2- vs. SH3-based activation mechanisms affect substrate
recruitment by Hck, at least in this model system.
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Src), because the active forms generally behave poorly
in solution. This may be related to the propensity of
the active kinase proteins to aggregate under the high
protein concentrations required for in vitro analyses
with these biophysical methods.
One solution to this problem involves an alternative
biophysical approach, hydrogen exchange mass spec-
trometry (HXMS), which has provided new insight
regarding changes in SFK conformation as a function
of activation. Details of HXMS will not be reviewed
here, and the following review is recommended for
readers less familiar with this technique [69]. In brief,
when proteins are incubated in solutions prepared in
deuterium oxide, labile backbone amide positions will
exchange hydrogen for deuterium. The rate of hydro-
gen:deuterium exchange varies as a function of both
protein dynamics and protein conformation. To detect
deuterium incorporation, high-resolution electro-
spray mass spectrometry is used. Because deuterium
has a mass of 2.014 and hydrogen has a mass of 1.008,
deuteration causes the mass of a protein to increase.
The location of the deuteration events can be deter-
mined to a resolution of 5 – 10 amino acids by digesting
the deuterium-labeled protein with a protease after
the labeling reaction. HXMS has distinct advantages,
particularly for analysis of SFKs, including the ability
to work with very small amounts of dilute protein
solution and the ability to localize dynamic changes
that occur in response to both intramolecular and
intermolecular interactions.
Conformational analyses of SFKs with HXMS have
been successfully approached in a �divide-and-con-
quer� fashion, in which individual recombinant do-
mains were subjected to HXMS first, followed by
larger, multi-domain structures and ultimately the
near-full-length kinase itself. This strategy provided
baseline data for each domain separately, thus allow-
ing assessment of HXMS changes in the presence of
additional domains. Initial HXMS studies performed
on the Hck SH3 domain yielded a surprising discovery
[70]. The Hck SH3 domain was unexpectedly ob-
served to exhibit intrinsic flexibility, manifested as
partial unfolding on a slow time scale (minutes)
ideally suited to analysis by HXMS techniques. The
kinetics of the unfolding event change when the
domain is bound to a ligand (Fig. 6), providing an ideal
assay to probe the binding status of the domain both in
trans with other proteins and peptides and in cis with
covalently attached sequences of Hck. While the
physiological relevance of this unfolding event re-
mains unknown, its conservation across a diverse
group of SH3 domains suggests an important regu-
latory function [71].
Subsequent studies showed that changes to HXMS in
the SH2 domain as a result of peptide binding could

also be monitored [72]. HXMS analysis of a combined
construct of the Hck SH3 and SH2 domains, called
SH32, showed that the two domains only influence
each others� conformation at the interface, and that
the interaction between them is minor [73]. Further-
more, ligand binding to one of the domains had little
influence on hydrogen exhange at the adjacent
domain, suggesting that little interdomain cross-talk
exists at least in the isolated SH32 construct [74].
NMR methods have also been applied to the study of
SH3-SH2 interdomain communication as a function
of ligand binding. In these experiments, chemical shift
changes were monitored in the domain not involved in
the direct binding of the peptide ligand. NMR studies
of Fyn, c-Src, and Lck SH32 proteins revealed that
peptide ligand binding to the SH2 domain resulted in
either small (c-Src, Fyn) [75 – 77] or undetectable
(Lck) [78] chemical shift changes in the SH3 domain,
again suggesting that SH2 ligation is not structurally
communicated to the SH3 domain. Together, the
HXMS and NMR results are consistent with the idea
that SFK SH3 and SH2 domains have independent
folding and binding activity which is not grossly
influenced by being next to one another in sequence.
However, SH3-SH2 coupling is very important when
considered in the context of the larger downregulated
conformation of SFKs. Here the amino acid sequence
connecting the SH3 and SH2 domains plays a key role
in conferring sufficient rigidity on the SH3-SH2
apparatus so as to ensure proper assembly of the
downregulated state. Indeed, molecular dynamics
simulations of the downregulated conformation
show strong dynamic coupling between SH3 and
SH2, leading to the concept of a �snap-lock� mecha-
nism that ensures effective inhibition of the kinase
domain [63]. Mutations within the SH3-SH2 connec-
tor have been shown to induce upregulation of kinase
activity, supporting the importance of SH3-SH2
coupling in attaining the downregulated conformation
[63].
HXMS also revealed that a peptide based on the
natural SH2-kinase linker sequence of Hck did not
bind to the SH3 domain, while a peptide derived
from the conserved PPII helix of the Nef protein, as
well as the full-length Nef protein itself, bound
strongly to the SH3 domain (see Fig. 6) [74]. This
observation suggested that the local concentration of
the linker peptide was not high enough for efficient
SH3 interaction and that covalently tethering of the
linker sequence to the SH32 protein, as it is in full-
length Hck, would confer tight SH3 binding. How-
ever, attachment of the linker also was not sufficient
to induce SH3 domain binding in the context of the
SH32L construct. These results indicated that the
linker sequence itself cannot adopt a conformation
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competent for SH3 binding (i.e. , a PPII helix). This
conclusion was validated by creating a form of
SH32L containing the high-affinity linker (HAL)
sequence described in the preceding section. As
shown in the biological experiments and in Biacore
analysis [67] , the HAL form of the linker bound
strongly to the SH3 domain. In HXMS experiments,
the binding of HAL to the SH3 domain was so tight
that all SH3 domain unfolding was abolished (Fig. 6)
[74]. A similar effect was also observed when a
natural SH3 ligand derived from p120 Ras GAP was
covalently attached to the C-terminus of the Hck
SH3 domain [79] (SH3-Pro construct in Fig. 6). NMR
analysis also revealed tight intramolecular binding in
this construct [79].
To test the idea that the intramolecular interactions
between the kinase domain and the rest of the
regulatory machinery (SH3-SH2-linker) are impor-
tant, HXMS was measured in the near-full-length Hck
protein (lacking only the N-terminal unique domain),
an experiment that is not possible with NMR. The
YEEI-tailed version of Hck [27] was selected for these

experiments because the majority of the molecules
must be in one conformation in order to obtain
meaningful results. HXMS analysis of the full-length
Hck-YEEI protein showed that the C-terminal tail
was indeed bound to the SH2 domain. The HXMS
signature for peptides in the SH2 domain was similar
to that seen when the isolated SH2 was bound to a
high-affinity phosphopeptide bearing the phospho-
YEEI sequence [72]. Remarkably, the SH3 domain
was also bound tightly to its internal ligand, the SH2-
kinase linker. Recall that in the absence of the kinase
domain (SH32L construct), there was no binding of
the SH3 domain to the linker. In HXMS data from the
whole protein, however, the SH3 unfolding rate was
the same as it was for the SH32HAL construct [74],
indicating that SH3 bound tightly to the wild-type
linker in the context of the near-full-length Hck
protein (Fig. 6). These data strongly suggest that the
kinase domain is essential for structuring the linker
sequence as a PPII helix competent for SH3 binding.
Such a phenomenon has been seen before for proteins
bearing PPII helices [76, 80, 81].

Figure 6. Determination of SH3
interactions in Hck using HXMS.
Partial unfolding of the Hck SH3
domain was assayed with HXMS
by measuring the appearance of
EX1 kinetics in mass spectra of
the intact deuterated Hck SH3
and peptic peptides derived from
it [70, 71, 73, 74]. The unfolding
rate in SH3 alone (far left) was
compared to the unfolding rate in
the presence of various peptide
ligands and in the larger proteins
shown. Observed differences in
SH3 unfolding were used to cal-
culate a slowdown factor [74]
that describes the relative
strength of binding to SH3: a
small slowdown factor (close to
1) means weak or no binding,
while a large slowdown factor
means tight binding. The con-
structs involved in each experi-
ment are shown in cartoon form.
In cases of interaction with Nef
and the Nef-derived peptide, the
percentage of SH3-bound mole-
cules is indicated by the super-
scripts a and b. Further details on
the proteins used to create this
figure can be found in Hochrein
et al. [74] and in the text.
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Biological data summarized above support the idea
that the SH2 domain may remain bound to the C-
terminal tail, despite activation of the kinase following
SH3 domain displacement by Nef. HXMS analysis of
the Nef:Hck-YEEI complex revealed that SH2:tail
interaction indeed remained in place, as the exchange
of SH2 peptides was identical in the presence or
absence of Nef. On the other hand, a slight perturba-
tion in the hydrogen exchange rate was observed in
the SH3 domain in the presence of Nef. We interpret
this as a change to the dynamics of the SH3 domain as
a result of being bound to Nef rather than being bound
to the linker. In addition, other regions of Hck,
especially those in the linker and the small lobe of the
kinase domain near the Nef contact site, displayed
altered hydrogen exchange rates as a result of Nef
binding that are consistent with kinase activation
[Wales, Smithgall and Engen, unpublished results].
HXMS analyses of Lck provided similar conclusions
about the general regulatory behavior of SFKs. These
experiments also employed a YEEI-tailed version of
Lck, which served to lock the protein in a single
downregulated conformation prior to HXMS analysis.
Binding of a peptide to the Lck SH3 domain could also
be detected with HXMS methods [82]. In this case, the
peptide in question was Herpesvirus samairi Tip, an
intrinsically unstructured protein that has high affinity
for Lck [83] and is a potent activator of Lck kinase
activity as well [84]. HXMS analyses of the full-length
Lck protein in the presence and absence of Tip showed
that the binding status of the SH3 and SH2 domains
can be monitored in the context of the entire kinase
structure. Specifically, the SH3 domain is easily
displaced by the Tip protein whereas the SH2 domain
remains bounds to the Lck tail [Weis, Smithgall and
Engen, unpublished results].
In summary, the biophysical characterization of SFKs
with HXMS and NMR has validated a number of
hypotheses from the biological data summarized in
the preceding sections. The combination of HXMS
with biological approaches in model systems allows
access to details about SFK regulation, in particular
the intramolecular interactions, which are difficult to
obtain by other strategies. One new hypothesis that
has also come out of HXMS analysis of SFKs (both
Hck and Lck) is that kinase activation does not require
drastic conformational changes. Rather, in the case of
viral activators such as Nef and Tip, the kinase domain
may be held in the active state (which is only modestly
different in terms of conformation) for a much longer
period of time (or indefinitely) than normal cellular
activating events. The higher relative affinity of viral
activators compared to the affinity of internal regu-
latory elements, such as the SH2-kinase linker, plays a
significant role in this phenomenon.

Computational studies of Hck SH2 and SH3 dymanics
The biological and HXMS data presented above
support the conclusion that activation of Hck through
its SH3 domain, either by binding of a high-affinity
protein ligand (Nef) to the SH3 domain or by
mutation of its intramolecular target sequence (the
SH2-kinase linker), does not affect the association of
the negative regulatory tail with the SH2 domain. To
test this idea computationally, the global conforma-
tional dynamics of Hck with and without the SH3:link-
er interaction were examined using the Gaussian
Network Model (GNM) [85 – 87]. Two Hck crystal
structures were used as the starting point for these
experiments. The first is the original wild-type kinase
structure (PDB 1AD5 [25]), while the second is the
structure bearing the high-affinity SH2 binding se-
quence in its C-terminal tail as described above (Hck-
YEEI, Fig. 1; PDB 1QCF [27]).
Figure 7 compares Hck flexibility in the presence and
absence of SH3:linker interactions. Panel A displays
the mean square fluctuations of individual Hck
residues as driven by the most cooperative (lowest
frequency) mode of molecular motion. These motions
are estimated to be at least two orders of magnitude
slower than those in the nanosecond regime, operating
on a local scale (at the level of individual residues).
The fluctuation profiles of Hck in the absence and
presence of the SH3:linker have been rescaled based
on their lowest frequency modes (lowest eigenvalues)
in order to avoid improper mobilities of Hck in the
absence of SH3:linker interactions.
Strikingly, the relative mobilities of the SH3 and SH2
domains change in opposite directions following
removal of the SH3:linker interaction from the
calculation. In the computations based on the crystal
structure that include the linker interaction, the SH2
domain exhibits higher amplitude fluctuations than
the SH3 domain and the rest of the molecule, with the
exception of the negative regulatory tail. In contrast,
in the absence of the SH3-linker interaction, the
mobility of the SH3 domain is significantly enhanced,
with a coordinated decrease in the motions of the SH2
domain and tail region. Figure 7B shows ribbon
diagrams corresponding to the wild-type and linker-
destabilized Hck structures, which are color-coded
according to decreasing flexibility as determined in
panel A (i.e., the spectrum of colors red-magenta-
blue-cyan-green show the order of decreasing flexi-
bility). This representation clearly illustrates that, on
the slowest timescale, removal of the SH3:linker
interaction does not result in a coordinated increase in
SH2 mobility and subsequent tail release, but instead
may stabilize this interaction. Close examination of
the ribbon diagrams for the unmodified wild-type
structure reveals that the motion of the SH3 domain is
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stabilized by its interaction with the linker in the wild-
type structure; as expected, removal of this interaction
substantially enhances SH3 mobility. In contrast to
SH3, the central b-sheet of the SH2 domain as well as
its solvent-exposed a-helix are highly flexible in the
unmodified structure. The C-terminal tail exhibits

comparable high-amplitude motions that are closely
coupled to those of SH2. Motions of both the SH2
domain and C-terminal tail are reduced in the linker-
destabilized structure and their dynamic coupling
persists. Results of these simulations support our
experimental observations that enhanced SH2:tail

Figure 7. Fluctuation behavior of the wild-type Hck structure and a destabilized form lacking the intramolecular SH3:linker interaction
(designated �no linker interaction�). (A) Motions of Hck residues were determined by the Gaussian Network Model of protein dynamics.
The ordinate represents the distribution of mean-square (ms) fluctuations (<DRi ffi DRi>) in the position vectors (Ri) of the individual
residues as a function of the residue index, i(82� I� 531; c-Src numbering). Motions for the wild-type Hck crystal structure are shown in
red, while those resulting from a hypothetical structure lacking SH3:linker interaction are shown in blue. A scale diagram of Hck is shown
at the top for reference. (B) Motions illustrated in (A) are mapped onto ribbon diagrams of the wild-type Hck crystal structure. The colors
used, in order of decreasing flexibility, are red, magenta, blue, cyan, and green. The wild-type Hck structure is shown on the left, while the
structure without linker interactions is shown on the right. The positions of the linker (L), SH2, and SH3 domains are indicated for the wild-
type Hck structure. (C, D) Correlation maps for residue fluctuations obtained for wild-type Hck (C) and the modified form lacking
interactions between the SH3 domain and the SH2-kinase linker; the position of linker residue interactions that were removed are
indicated by the �X� (D). The correlation map describes the type and strength of the coupling between residue fluctuations. The two axes
refer to residue indices, illustrated with scale diagrams of Hck for reference. The value on the map for a given pair of residues i and j is the
correlation coefficient Cij between the fluctuations DRi and DRj of these residues, normalized with respect to their ms fluctuations
according to Cij =<DRi . DRj>/[<(DRi)

2><(DRj)
2>]

1/2. The maps are symmetric (Cij = Cji) and Cij values vary in the range –1�Cij� 1. The
upper limit of 1 represents fully correlated fluctuations (those with the same orientation and sense) while the lower limit of –1 represents
fully anti-correlated (same direction, opposite sense) fluctuations. Uncorrelated or orthogonal fluctuations yield Cij = 0. Each value was
color-coded to produce the maps shown, and the correlation color scale is shown on the right. The squares along the diagonals indicate the
structural regions undergoing en bloc motions. In the wild-type structure, these include the SH3, SH2, and kinase domains; the N- and C-
terminal lobes of the kinase domain can also be distinguished. Positive, off-diagonal correlations between the SH2 domain and the C-
terminal tail as well as the SH3 domain and the SH2-kinase linker are readily apparent in the wild-type structure (C). The absence of SH3-
linker interactions does not impact SH2-tail correlations (D). Similar correlation maps for a Hck structure lacking the SH2:tail interaction
revealed the persistence of SH3:linker interaction (data not shown).
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interaction does not affect Hck activation by either an
SH3 ligand (Nef) or by linker mutation [54]. Identical
results were produced following GNM analysis of the
Hck crystal structure bearing the high-affinity tail
(data not shown).
Figure 7 also shows the correlation maps for residue
fluctuations in the wild-type and linker-destabilized
structures. The maps reveal strong intra- and inter-
domain correlations of motion within the wild-type
Hck structure. Along the diagonals, large contiguous
blocks of positively correlated residues are readily
apparent, which coincide with the sequences of the
SH3 and SH2 domains as well as the N- and C-
terminal lobes of the kinase domain. Two important
interdomain correlations are also readily apparent.
The first is the strong correlation between the motions
of the SH2 domain and the C-terminal tail, and the
second corresponds to the interaction of the SH3
domain with the SH2-kinase linker. These correla-
tions are labeled in Figure 7C, and are expected based
on interactions revealed in the crystal structure.
Figure 7D shows a correlation map for the Hck
structure in which the SH3-linker interaction is
removed. Several observations can be made relative
to the wild-type structure. First, the SH2:tail correla-
tion remains unchanged. This observation is consis-
tent with both the fluctuation behavior of the linker-
destabilized molecule (Fig. 7A, B) as well as exper-
imental evidence showing no change in tail phosphor-
ylation or effect of enhanced SH2:tail engagement
upon SH3-directed activating events [54]. Second,
correlations of residues within the SH3 domain are
dramatically increased in the absence of interactions
with the linker, despite enhanced overall motions in
the SH3 domain. Whether these changes translate into
quantitative or qualitative differences in SH3 function
will require further analysis. Finally, inter-domain
correlations between SH3 and SH2 are observed, both
in the presence and absence of linker:SH3 interac-
tions. This result agrees with molecular dynamics
simulations performed by Young et al. which revealed
coordinated motions in the SH3-SH2 apparatus that
are influenced by the sequence connecting these
domains [63]. Coordinated motions of these domains
may be essential for effective downregulation of Hck
and other SFKs by the �snap-lock� mechanism descri-
bed in the preceding section. More recent computa-
tional analysis supports and extends this view, by
showing that the intrinsic overall capacity of an SH3-
SH2 unit to adopt a conformation consistent with
assembly of the inactive conformation may be critical
to effective downregulation of catalytic activity [88].

Conclusions and future directions

Biological, biophysical, and computational data sum-
marized in this review provide a picture of Src-family
kinases as highly dynamic molecular switches that can
be regulated by a variety of cellular inputs, particularly
in the form of protein-protein contacts of the kinase
through its non-catalytic SH3 and SH2 domains.
Conformational changes that occur during activation
do not appear to be drastic, and slight alteration of the
positioning of either regulatory domain can lead to
kinase activation. Slight changes, therefore, also imply
that downregulation and return to the inactive con-
formation is not a major conformational event either.
This conformational plasticity is consistent with the
intrinsic ability of many enzymes to undergo func-
tional changes in conformation [89] and may explain
why SFKs have successfully adapted themselves to
such a diverse array of cellular signaling environments
and inputs from various sources. As key nodes in many
signaling pathways, SFKs represent attractive targets
for drug design. Blocking aberrant signaling facilitat-
ed by SFKs, for example, may provide effective anti-
oncogenic therapy. However, SFKs are closely related
to one another in terms of structure and regulation,
which may make discovery of selective inhibitors
quite a challenge. Selectivity in SFK inhibitors may
ultimately come from a more complete understanding
of conformations adopted by the kinases in specific
signaling situations. Such an understanding will re-
quire a combined approach involving multiple exper-
imental and computational avenues such as those
touched on here. Ultimately, SFKs that adopt specific
conformations in signaling pathways associated with
oncogenic transformation or other pathologies could
be selectively targeted with small molecules that take
advantage of the disease-specific state. Some of the
current challenges in this field lie in designing experi-
ments to better understand whether conformation-
specific signaling does indeed take place in vivo, and in
development of screening assays that can identify
conformationally specific compounds as novel inhib-
itor leads.
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