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ZAP-70 and Syk are essential tyrosine kinases in intracellular
immunological signaling. Both contain an inhibitory SH2
domain tandem, which assembles onto the catalytic domain.
Upon binding to doubly phosphorylated ITAM motifs on acti-
vated antigen receptors, the arrangement of the SH2 domains
changes. From available structures, this event is not obviously
conducive to dissociation of the autoinhibited complex, yet it
ultimately translates into kinase activation through a mecha-
nism not yet understood.We present a comprehensive theoret-
ical study of thismolecularmechanism, using atomic resolution
simulations and free-energy calculations, totaling >10 �s of
simulation time. Through these, we dissect the microscopic
mechanism coupling stepwise ITAM engagement and SH2 tan-
dem structural change and reveal key differences between
ZAP-70 and Syk. Importantly, we show that a subtle conforma-
tional bias in the inter-SH2 connector causes ITAM to bind
preferentially to kinase-dissociated tandems. We thus propose
that phosphorylated antigen receptors selectively recruit
kinases that are uninhibited and that the resulting population
shift in the membrane vicinity sustains signal transduction.

Non-receptor Syk tyrosine kinases are an important class
among eukaryotic signaling enzymes (1). The family consists of
ZAP-70 and Syk, which are mostly found in T- and B-cells,
respectively. These kinases help to propagate antigen-recogni-
tion signals initiated at the cell membrane. To do so, they first
associate with the antigen-receptor complex and then phos-
phorylate downstream signaling and scaffolding proteins (2).
Syk kinases are autoinhibited when isolated; activation follows
their engagement of so-called ITAMmotifs on the intracellular
side of the antigen-receptor complex, through a molecular
mechanism that is only partially understood. Consistent with
their important cellular role, malfunction of Syk kinases under-
lies a range of immune system disorders (2, 3).
Both ZAP-70 and Syk contain a tandem of SH2 modules,

which inhibit the catalytic activity of the enzyme by assembling

onto the kinase domain. The SH2 tandem (tSH2)3 also serves as
the docking platform for ITAMmotifs. These motifs consist of
two repeats of sequence YXX(L/I) connected by a spacer of
variable length; doubly phosphorylated ITAM motifs are thus
suitable targets for SH2 tandems. Moreover, this dual interac-
tion results in greater affinity, typically in the nanomolar range;
that of individual SH2 domains is 2 orders ofmagnitudeweaker
(4).
Despite the high sequence identity of Syk and ZAP-70

(�60%), they differ noticeably in the thermodynamics of ITAM
recognition (5–8). From a functional standpoint, this differen-
tiation is likely related to the fact that Syk is more widely
expressed, including in non-immune cells; the diversity of its
ligands is therefore necessarily broader (3). However, in view of
the similarity of the available tSH2 structures (9, 10), themolec-
ular basis for this differentiation is not immediately clear.
The molecular mechanism by which ITAM recognition

induces kinase activation also remains to be clarified. The
atomic structure of theZAP-70 tSH2 assembled onto the kinase
domain (Fig. 1A) reveals few structural differences when com-
pared with the tSH2 alone (6, 11). By contrast, ITAM engage-
ment entails a noticeable reorientation of the SH2 modules in
isolated tandems (Fig. 1B) (9). However, this rearrangement is
not evidently incompatible with the tSH2-kinase interface as
seen in the autoinhibited complex. Nevertheless, it has been
hypothesized that catalytic activation is initiated by the disas-
sembly of the tSH2 unit, in analogy with Src and Abl kinases
(11). Full activation is believed to entail subsequent phosphory-
lation (e.g. by Lck or ZAP-70 itself) of specific sites in the tSH2-
kinase linker and the catalytic domain (2).
Here, we present a detailed theoretical study of the mecha-

nism of regulation of Syk kinases by tSH2 and ITAM motifs.
Atomic resolution molecular dynamics simulations and large-
scale free-energy calculations of a comprehensive set of molec-
ular constructs (Fig. 2) have been employed to dissect the
microscopic mechanism of ITAM recognition by the tSH2 and
to discern the impact of this event on the stability of the auto-
inhibited complex.We begin with a comparative analysis of the
SH2 domains in Syk and ZAP-70, individually and in tandem,
and rationalize the greater specificity of the latter in terms of
their distinct structural dynamics, resulting from key differ-
ences in their sequence. Building on these insights, and focus-
ing on ZAP-70, we assess how the conformational free-energy
landscape of the tSH2 is reshaped either by the stepwise
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engagement of ITAM or by docking onto the kinase domain.
From this analysis, we conclude that a subtle competition exists
between these two events, in reflection of a differential confor-
mational flexibility of the inter-SH2 domain region. Thus, we
provide direct evidence in support of the notion that ITAM
motifs contribute to the propagation of ZAP-70-mediated sig-
nals by selectively recruiting disassembled, and hence uninhib-
ited, tandem-kinase complexes.

COMPUTATIONAL PROCEDURES

Preparation of Molecular Systems and Simulation Details—All
simulation models (Fig. 2) were constructed on the basis of
available crystal structures of Syk (1A81) or ZAP-70 (2OQ1,
1M61, and 2OZO). All ionizable groups were assigned their
most probable protonation state at neutral pH. Crystallo-
graphic water molecules within 5 Å of protein atoms were pre-

served in each simulation system. Missing atoms and N/C-ter-
minal residues were modeled in, resulting in the full 256-
residue tSH2 structure of ZAP-70 or Syk. For the tSH2-kinase
system, Phe315 and Phe319 (mutated to obtain stable crystals of
the autoinhibited state (11)) were replaced by wild-type Tyr315
and Tyr319, whereas missing regions of the core kinase domain
weremodeled on the basis of a complete crystal structure of the
isolated domain. The tSH2ZAPITAMconstruct includes the co-
crystallized 19-residue ITAM peptide; this corresponds to res-
idues 69–87 of the T-cell receptor CD3-� chain. The analogous
tSH2SykITAM construct includes the co-crystallized 18-resi-
due ITAM peptide, which corresponds to residues 168–185 of
the T-cell receptor CD3-� chain. Both ITAM peptides are
doubly phosphorylated. In the tSH2ZAP�ITAM and
tSH2Syk�ITAM simulations, the ITAM peptide was removed
from the complex and replaced by solvent. These simulations,
however, start in the bound conformation of the tandem, in
contrast to tSH2ZAPApo, which starts in the unbound state. In
the tSH2ZAPcITAM and tSH2ZAPnITAM constructs, either the
C-terminal or the N-terminal half of the ITAM peptide was
retained, respectively, deleting the other half. In the
tSH2ZAPApo�cITAM construct, the C-terminal half of the
ITAM peptide was modeled into the N-terminal SH2 (nSH2)
domain of the apo state crystal structure, through least-squares
fitting the nSH2 domains in the ITAM-bound and apo struc-
tures. For the cSH2ZAP and cSH2Syk simulations, the ITAM
peptide alongwith the first�150 residues of the tSH2 structure
(i.e. the nSH2 and I-linker domains) were removed, resulting in
a C-terminal SH2 construct including residues 158–256.
Each of the tSH2 constructs was placed in a box of dimen-

sions 9� 9� 9nm3 and solvatedwith�22,000watermolecules
(�70,000 atoms in total). The tSH2-kinase systemwas placed in
a box of dimensions 12 � 10 � 7 nm3 and solvated with
�22,000 water molecules (�80,000 atoms in total). The linker-
helix constructs were placed in a box of dimensions 3 � 3 � 3
nm3 and solvated with �1,000 water molecules (�3,000 atoms
in total). The isolated cSH2 domains were placed in a truncated

FIGURE 1. Available atomic-resolution structures of ZAP-70. A, structure of
the autoinhibited ZAP-70 kinase complex (11). A bound ATP molecule and
key regulatory tyrosines (Tyr315, Tyr319, Tyr597, and Tyr598) are highlighted.
B, the SH2 tandem (represented as in A in the ITAM-bound (9) (opaque) and
apo (6) (transparent) conformations. The ITAM peptide backbone is shown in
red, with Tyr(P) and the residue at Tyr(P) � 3 detailed.

FIGURE 2. Schematic overview of the constructs analyzed in this study
and the combined simulation time in each case. Protein domains are col-
ored as in Fig. 1. The tandem systems include �70,000 – 80,000 atoms (see
”Computational Procedures“). The total simulation time exceeds 11 �s. MD,
molecular dynamics; TI, thermodynamic integration; US, umbrella sampling.
PMF, potential of mean force.
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octahedral box of length �6.7 nm and solvated with �7,000
water molecules (�22,000 atoms in total). Counter ions were
added to neutralize each simulation box and to achieve a final
salt concentration of 0.1 M NaCl. Each system was equilibrated
over 2 ns, during which position restraints, applied to all non-
hydrogen protein atoms, were gradually removed to relax the
protein structure and solvent. The N and C termini of the
linker, helical in both apo and ITAM-bound crystal structures,
were subjected to weak helical restraints throughout the linker
simulations to prevent unfolding. For the cSH2 constructs,
additional 20-ns, restraint-free equilibrations were carried out.
For every tSH2 and tSH2-kinase system, the solvation and
equilibration steps were independently repeated 10 times to
improve sampling. The final production simulations (25–35 ns)
were also repeated ten times (Fig. 2).
All simulations were carried out with NAMD 2.6 (12), using

the all-atom CHARMM22/CMAP force field (13). The simula-
tions were performed at constant temperature (298 K) and
pressure (1 atm), using a Langevin thermostat and aNosé-Hoo-
ver Langevin barostat, under periodic boundary conditions.
Electrostatic interactions were computed using the particle-
mesh-Ewald algorithm; the real-space electrostatic and van der
Waals interactions were cut off at 14 Å.
Energetics of EF-loop Gating in the cSH2 Domain—The free

energy of gating of the cSH2 domain specificity pocket was
calculated using the thermodynamic integration method. (A
complete theoretical derivation is provided in the supplemental
material.) That is,

�Go3c � �
0

1

d��U���

d�
�

�

(Eq. 1)

The potential energy functionU(�) was defined in terms of the
r.m.s.d. of the N-peptide bond dihedral angles �i that describe
the conformational change of the loop. That is,

U��� � U �
k

2
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Here, �i
� denotes the set of intermediate values that each dihe-

dral adopts in between the two end points, �i,o and �i,c. That is,

� i
� � �1 � ��� i,o � �� i,c (Eq. 4)

The free-energy simulations were carried out following a step-
wise protocol, initially including 21 intermediate � steps, or
windows; to resolve the energy barriers more precisely, 2–5
intermediate steps were added as necessary. The sampling time
for each window was 4 ns following a preliminary 1-ns equili-
bration period. The initial configurations of the molecular sys-
tem for each �-window were either extracted from unbiased
simulations of the cSH2 domains or produced from biased sim-
ulations targeting a specific value of �. A force constant (k) of
2,400 kcalmol
1 radian
2was used. Calculationswith values of
k between 600 and 5,000 kcal mol
1 radian
2 show that the

results do not significantly depend on this choice. To better
resolve the energetics of the open-to-closed gating transition,
the calculation was actually carried out in two stages. First, the
phi (�) and psi (	) angles of residue 226 were varied to yield
�G(�226, 	226). Subsequently, 	224 and �225 and were varied,
whereas �226 and 	226 were constant, to obtain �G(�225, 	224).
These stages correspond to supplemental Fig. S1,Transition #1
and Transition #2, respectively. The reference angles for the
closed state EF-loop are those in the ZAP-70 apo crystal struc-
ture (�225� 
84.8°,	224� 
24.1°,�226� 95.1°,	226� 
0.9°).
The reference angles for the open state are those in the ITAM-
bound crystal structure of ZAP-70 (�225 � 67.2°, 	224 � 121.0°,
�226 � 
103.7°, 	226 � 
170.2°) or Syk (�225 � 67.4°, 	224 �
124.4°, �226 � 
107.0°, 	226 � 
169.4°).
Conformational Free-energy Landscapes of the ZAP-70 SH2

Tandem—Two-dimensional umbrella-sampling simulations
and theweighted histogramanalysismethod (as inRef. 14)were
employed to calculate the free-energy landscape or potential of
mean force underlying the transition from the apo to the
ITAM-bound conformations of the ZAP-70 SH2 tandem. The
bias potentials 
1 and 
2 were defined in terms of a difference of
r.m.s.d. values, relative to the structure of either state of the
tandem. That is,


 � r.m.s.d.apo 
 r.m.s.d.bound (Eq. 5)

The r.m.s.d. functions in 
1 and 
2 thus refer to two different
sets of atoms; it is assumed that, collectively, these two sets are
representative of the conformational change. The first set
describes the relative arrangement of the SH2 domains, repre-
sented by their core secondary structure regions (supplemental
Fig. S2); this includes the backbone atoms of residues 33–38,
45–51, 56–62, and 69–70 (nSH2 domain); residues 121–142
(inter-SH2 linker); and residues 186–191, 197–203, 208–214,
and 221–222 (cSH2 domain). The second set describes the fold
of the �-helix connecting the inter-SH2 domain to the cSH2
domain, namely the backbone atoms of residues 142–160. The
bias potential is therefore

uj �
k1

2
�
1 � 
1, j

0 �2 �
k2

2
�
2 � 
2, j

0 �2 (Eq. 6)

The index j represents each of the umbrella-sampling simula-
tions, or windows, in which the two-dimensional landscape is
partitioned. 
1,j

0 and 
2,j
0 denote the reference values of the dif-

ference r.m.s.d. potentials in each of thesewindows. Thesewere
spaced in each dimension by 0.5 Å. Eachwindowwas simulated
for 5 ns, from 3 to 5 times, using independent initial configura-
tions of the simulation system. These configurations were
extracted from unbiased sampling (initiated from both apo and
ITAM-bound states) or generated from intervening 1-ns tar-
geted simulations from adjacent umbrella-sampling windows.
Three complete free-energy landscapes were derived and com-
pared to estimate the statistical error (supplemental Fig. S5).

RESULTS

Conformational Gating of the cSH2 Domain-binding Pocket—It
has been shown that the cSH2 domain of ZAP-70 has a weaker
affinity for ITAM phosphopeptides than that of Syk (8). How-

Molecular Mechanism of Syk Kinase Regulation

25874 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 29 • JULY 22, 2011

http://www.jbc.org/cgi/content/full/M111.223321/DC1
http://www.jbc.org/cgi/content/full/M111.223321/DC1
http://www.jbc.org/cgi/content/full/M111.223321/DC1
http://www.jbc.org/cgi/content/full/M111.223321/DC1
http://www.jbc.org/cgi/content/full/M111.223321/DC1
http://www.jbc.org/cgi/content/full/M111.223321/DC1


ever, ZAP-70 cSH2 binds plain Tyr(P) (6), indicating that its
reduced affinity for ITAM is not related to Tyr(P) coordination.
Instead, it appears to be due to the so-called specificity pocket,
which is tuned to recognize a Leu or Ile three residues C-termi-
nal of Tyr(P). Indeed, the crystal structure of the cSH2 domain
in the apo tSH2 from ZAP-70 (6) reveals a subtle conforma-
tional change in the EF-loop (residues 223–227, between the�E
and �F strand) that seems to close this pocket when compared
with the ITAM-bound state (Fig. 3, A and B). We noted that in
many SH2 domains (15), including the cSH2 of Syk, this pocket
contains a tyrosine (Tyr239 in Syk) (Fig. 3C) that is replaced by
Leu in ZAP-70 (Fig. 3B). We reasoned that this substitution
might be important in determining the plasticity of the binding
site, and hence, might influence ITAM recognition.
To assess this hypothesis, we carried out free-energy simula-

tions of the proposed gating process in the cSH2 domains of
ZAP-70 and Syk (cSH2ZAP and cSH2Syk) (Fig. 3D). In ZAP-70,
closure of the cSH2 specificity pocket appears to entail no sig-
nificant energy cost (�G � 0.2 � 0.3 kcal mol
1), suggesting
that both open and closed states are populated in solution and
at room temperature. These are separated by small kinetic bar-
riers in the order of a few kBT, consistent with NMR measure-
ments (6). Significantly, two structural water molecules that
form a hydrogen-bonding network with main-chain atoms (9)
are readily expelled upon pocket closure (Fig. 3B).
In contrast, closure of the EF-loop in the canonical cSH2

domain of Syk is energetically disfavored (�G � 4.2 � 0.7 kcal
mol
1) (Fig. 3D). In the open state, the conserved Tyr239 medi-
ates a protein-water hydrogen-bonding network not unlike that
in ZAP-70 (Fig. 3C). However, the seemingly greater stability of
this interaction network, conferred by the Tyr hydroxyl group,
hinders the closure of the pocket (supplemental Fig. S1). The

corresponding ratio of closed to open states, about 1:1,000,
implies that the Syk cSH2 is likely to be constitutively open, in
contrast to that of ZAP-70, which is muchmore prone to adopt
a closed state. This conformational gating provides a rationale
for the observation that the cSH2 domain of ZAP-70 binds
phosphorylated ITAM fragments with significantly lower affin-
ity than the nSH2 domain, in contrast to Syk, for which the
affinity of either domain is comparable (6).
DistinctPlasticityof theSH2TandemsofSykandZAP-70—Having

established that the regulatory units in Syk andZAP-70 differ at
the single-domain level, we now compare the structural flexi-
bility of the SH2 tandems. A differentiation in this regard has
been proposed to explain their distinct specificity in regulatory
stimuli (6, 7, 9), but its molecular basis is presently unclear. A
large reorientation of the SH2 domains is indeed associated
with ITAM binding in ZAP-70 (6, 9) (Fig. 1B), but for Syk, only
the bound-state structure is known (10).
To assess whether the inherent plasticity of the Syk and

ZAP-70 SH2 tandems differ, we carried out a series of molecu-
lar dynamics simulations of these tandems, both in the
ITAM-bound state (tSH2ZAPITAM and tSH2SykITAM) and
upon release of the ITAM peptide (tSH2ZAP�ITAM and
tSH2Syk�ITAM). For the bound-state simulations, the �20-
residue ITAM peptides derive from the T-cell receptor CD3-�
and -� chain, respectively. A total of 250 ns of simulation time
were computed for each construct, split into 10 trajectories to
diversify the exploration of conformational space.
Taken individually, the nSH2, cSH2, and inter-SH2 domains

were structurally constant in this time scale, in both Syk and
ZAP-70 and for both bound and unbound states. For example,
the r.m.s.d. of their core secondary structure regions remained
within �0.5 Å of the corresponding crystal structures (supple-
mental Fig. S2). In tandem, the ITAM-bound constructs were
also markedly stable (Fig. 4, a and c, and supplemental Fig. S2);
we observed only small concertedmotions of the SH2 domains,
comparable with those seen in the unit cell of the Syk crystal,
which contains four copies of the tandem (10) (supplemental
Fig. S3B). This stability correlates with the persistence of the
Tyr(P) coordination network, which involves conserved side
chains from both SH2 domains (Fig. 5A and supplemental Fig.
S4A). Of particular interest is a lysine residue (Lys242 in ZAP-
70, Lys227 in Syk) from the cSH2 domain, which provides a
coordination contact for the nSH2-bound Tyr(P) at the SH2-
SH2 interface (9). According to our simulations, this interac-
tion is unequivocally stable in both Syk and ZAP-70 (Fig. 5A
and supplemental Fig. S4A). Therefore, we cannot concur with
the notion that differences in Tyr(P) coordination at the SH2-
SH2 interface underlie themore promiscuous regulation of Syk
(10).
Instead, our simulations indicate that it is in the ITAM-free

state that the SH2 tandem dynamics differ the most. Upon dis-
engagement of ITAM, the SH2 domains in the ZAP-70 tandem
became rapidly uncoupled, leading to a concerted rearrange-
ment toward the apo state (Fig. 4, a and b, and supplemental
Fig. S3C). This is consistently observed in independent simula-
tions, indicating that the conformational changes associated
with ITAMbinding and release likely follow a narrowly defined
pathway. In contrast, the SH2 domains of Syk show a clear

FIGURE 3. Gating of the EF-loop in cSH2ZAP and cSH2Syk. A, the ZAP-70 cSH2
domain is shown in its ITAM-bound (cyan) and apo (ice blue) states (6, 9), with
the specificity pocket closed or open, respectively, depending on the EF-loop
conformation (highlighted in red). In B and C, simulation snapshots of the
open state of the specificity pocket are shown for ZAP-70 and Syk. Long-lived
hydrogen-bonding networks between water molecules and key backbone
atoms are indicated in color, and conserved hydrophobic side chains are gray.
D, calculated free-energy cost associated with EF-loop closure, for ZAP-70
(gray) and Syk (black).
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propensity to remain associated (Fig. 4, c andd, and supplemen-
tal Fig. S3D), driven by interdomain salt bridges and H-bonds
(e.g. Arg40-Glu237 and Glu18-Lys242/Tyr241), not available in
ZAP-70 because of polar-to-hydrophobic substitutions (Glu18
3 Ala, Arg40 3 Leu, and Tyr241 3 Leu) (Fig. 5, A and C).
Previous thermodynamic studies have indeed suggested that
the unbound Syk tandem exists in equilibrium between two
states, both competent for binding ITAM (7), and recent NMR
data indicate that the ensemble of unliganded conformations is
rather compact (16). Our simulations show that this ensemble
does indeed comprise a range of conformations in which the
Syk SH2 domains remain associated, which may facilitate the
recognition of a greater variety of ligands. This, combined with
a constitutively open specificity pocket, likely contributes to a
greater promiscuity in the regulation of the Syk kinase when
compared with ZAP-70.

SH2 Tandem Dynamics upon Stepwise Engagement of ITAM—
That the structure and dynamics of the ZAP-70 SH2 tandemare
influenced by ITAM binding is not unexpected; more inform-
ative, however, is the role of the individual Tyr(P) motifs in
ITAM. To address this question, we calculated two series of
simulations, amounting to 250 ns each, in which the ZAP-70
tandem starts in the ITAM-bound conformation, in complex
with either an N-terminal (tSH2ZAPnITAM) or a C-terminal
(tSH2ZAPcITAM) ITAM fragment.

We observed a striking contrast in the tandem dynamics
between these systems (Fig. 4, e and f). The tSH2ZAPnITAM
construct, in which an ITAM fragment is bound to the cSH2
domain, exhibited a concerted shift toward the apo state (Fig.
4e) despite the fact that the nITAM fragment remains stably
bound (supplemental Fig. S4C). Indeed, this conformational
trend is very much comparable with that seen in the
tSH2ZAP�ITAM simulations discussed above (Fig. 4b and
Table 1). This observation suggests that partial binding of
ITAM to the cSH2 domain is unlikely to affect the collective
dynamics of the tandem, relative to the apo state. In contrast,
the conformational sampling of tSH2ZAPcITAMconstruct (Fig.
4f) closely resembled that of the ITAM-bound state (Fig. 4a and
Table 1), indicating that the interactionsmediated by theC-ter-
minal Tyr(P) at the interface between the SH2 domains (sup-
plemental Fig. S4C) are sufficient to stabilize the ITAM-bound
conformation.
Interestingly, the network of C-terminal Tyr(P) interactions

in the ITAM and cITAM constructs is identical (Arg17, Arg37,
Lys242, Tyr238), except that in the latter, Arg41 (from nSH2ZAP)
competes with Lys242 and Tyr238 (from cSH2ZAP) for interac-
tions with the ligand (Fig. 5A and supplemental Fig. S4C). This
suggests that Arg41 may form a transient interaction with the
Tyr(P) motif in a state in which the C-terminal half of ITAM
binds to the N-terminal SH2 domain prior to any conforma-
tional change in the tandem.To explore this hypothesis further,
we simulated the ZAP-70 SH2 tandem in its apo state,
after docking a cITAM fragment onto its nSH2 domain
(tSH2ZAPApo�cITAM). In this conformation, the Lys242 side
chain of the cSH2 domain is too far displaced to contribute to
Tyr(P) coordination. However, we now observed a consistent
reconfiguration of Arg41 in all simulations, from a solvent-fac-
ing side-chain orientation in the apo state to one in which the
guanidinium group completes the missing Tyr(P) coordination
site (Fig. 5D).
Taken together with our analysis of the isolated cSH2

domain, these observations suggest a model in which ITAM
binding to ZAP-70 proceeds via initial tethering to the nSH2
domain, with a complete Tyr(P)-binding site transiently
formed by this domain alone. Binding of this first Tyr(P) at the
SH2-SH2 interfacewould then promote a second conformation
of the tandem, inwhich new interactionswith the cSH2domain
(Lys242, Tyr238) replace some previously contributed by nSH2
(Arg41). Finally, the localization of ITAM to the tandem would
effectively raise the local concentration of the second Tyr(P)
motif, accelerating the kinetics of binding to the subset of open
states of the cSH2 domain. Incidentally, this mechanism of
avidity implies precise constraints on the length of the inter-

FIGURE 4. Structural dynamics of the SH2 tandem in different constructs.
The conformational variability of the tandem is represented as a probability
density in two dimensions, namely the r.m.s.d. relative to the apo (x axis) or
ITAM-bound (y axis) structures determined by crystallography. The location
of the actual crystal structures in this representation is indicated by green
circles as follows: ITAM-bound ZAP-70 (9) in a, b, e, and f; ITAM-bound Syk (10)
in c and d; apo ZAP-70 (6) in a; and kinase-bound ZAP-70 (11) in g. In panel c,
additional experimental structures of the corresponding SH2 tandem from
the same crystal are indicated. Green dashed lines indicate the approximate
direction of motion between apo and ITAM-bound states of ZAP-70, as
observed in the simulations of the tSH2ZAPApo (a) and tSH2ZAP�ITAM (b)
constructs. Correlation coefficients between selected probability density dis-
tributions from this figure are shown in Table 1. w.r.t., with respect to.
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Tyr(P) linker in ITAM, particularly for ZAP-70, consistent with
experiments (17, 18).
Influence of cITAM on the SH2 Tandem Energy Landscape—To

quantitatively substantiate this microscopic model of confor-
mational regulation of the SH2 tandem, a large-scale computa-
tional effort was made to calculate the free-energy landscape
that underlies the transition between apo and ITAM-bound
conformations, both in the absence and in the presence of a
cITAM peptide fragment. To compute these landscapes, we
used two-dimensional umbrella sampling. In thismethod, bias-
ing potentials acting on specific structural variables are intro-
duced to enhance the sampling of all available conformational
space, while recording the response (in equilibrium) of the

molecular system. As a first variable, we chose the difference in
backbone r.m.s.d. relative to apo and ITAM-bound states for
the tandem core regions; this is meant to reflect the rigid body
motion of the domains. As a second variable, we chose the anal-
ogous quantity for the �-helix that connects the inter-SH2
linker to the cSH2domain (referred to as�L2-�L3); this�-helix
undergoes partial refolding and reorientation upon ITAM
binding (6, 9, 11). The computational cost required for each of
these landscapes exceeded 3 �s of simulation time (Fig. 2).

This quantitative analysis provides further support to the
mechanism outlined above. Two main energy minima are
observed in each free-energy landscape (Fig. 6). A deep mini-
mum (Fig. 6,A and B, bottom left) in the presence or absence of
the cITAM fragment corresponds to the ligand-free conforma-
tion, close to the apo state crystal structure. That this is a broad
minimum indicates significant conformational flexibility; this
is in accord with an additional set of unbiased molecular
dynamics simulations of the apo state, again summing up to 250
ns (Fig. 2), which reveal concerted domain-domain fluctuations
in the direction of the ITAM-bound state (Fig. 4a). The second
minimum corresponds to the ITAM-bound conformation (Fig.
6, A and B, top right). In the absence of cITAM, this is only a
shallow, local minimum and is less stable by �7 kcal mol
1.
Thus, in the absence of ITAM ligands, this conformationwill be
populated only marginally. In clear contrast, this region of the

FIGURE 5. Representative simulation snapshots illustrating key interactions between ITAM and the SH2 tandem and between the SH2 domains (see
also supplemental Fig. S4). A, long-lived interactions between the ITAM phosphopeptide and side chains from the nSH2 and cSH2 domains of ZAP-70 and
Syk, in the ITAM-bound state. For clarity, the peptide is omitted, and only the C-terminal Tyr(P) (C-pY) phosphate is shown. Long-lived H-bonds during the
simulations are indicated by dashed lines. B, as in A, for the N-terminal Tyr(P) (N-pY) of ITAM and the cSH2 domain. C, as in A, after simulated relaxations upon
removal of ITAM from the ITAM-bound state. D, proposed complete phosphate coordination by the nSH2 domain of ZAP-70, in the apo conformation of the
tSH2.

TABLE 1
Correlation coefficients of the probability-density data in Fig. 4
For clarity, only correlations employed in the discussion of the results are provided.
Kin, kinase domain.

tSH2ZAPITAM tSH2ZAPApo�Kin
tSH2ZAPApo 0.02 0.56

tSH2ZAP�ITAM tSH2SykITAM
tSH2ZAPITAM 0.03 0.45
tSH2Syk�ITAM 0.22 0.50

tSH2ZAPcITAM tSH2ZAPnITAM
tSH2ZAPITAM 0.96 0.16
tSH2ZAP�ITAM 0.10 0.88
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free-energy landscape becomes a much deeper energetic mini-
mumwhen the cITAM fragment is bound to the tandem, com-
parable in magnitude with that of the apo state. These calcula-
tions thus indicate that initial binding of the C-terminal end of
ITAM, with its Tyr(P) near the SH2-SH2 interface, would
increase the probability of the alternate, up-regulating tandem
conformation by several orders of magnitude. Subsequent
binding of the second half of the ITAMpeptide to an open state
of the cSH2 domainwould serve to secure this conformation by
hindering the unbinding of the first half.
Intrinsic Conformational Bias in �L2-�L3 Region—From

these free-energy landscapes (Fig. 6), it is also worth noting that
reorientation of the �L2-�L3 region and refolding of the �L3
helix are required to begin to escape the deep energetic mini-
mum centered around the apo (or kinase-bound) conforma-
tion. Indeed, experimental evidence supports that a conforma-
tional change in the linker may be coupled to ITAMbinding (6,
19). To further investigate the role of this structural element,we
performed additional simulations of the isolated helix (each in
five sets of 50-ns trajectories), starting from the folded (i.e.
ITAM-bound) or unfolded (i.e. apo) crystal structure. In each
prefolded simulation, the helixwas stable over 50 ns, whereas in

four of the five unfolded sets, spontaneous refolding of the helix
was observed within 20–50 ns (Fig. 7). By contrast, refolding
was rarely observed in a comparable series of control simula-
tions, in which the central Thr-Thr-Ala-His sequence of the
helix was scrambled to all possible permutations (Fig. 7).
Thus, the sequence of the �L3 segment (conserved across

Syk family kinases) appears to be predisposed to fold as an�-he-
lix; therefore, it partially compensates for the energy cost of the
conformational change in the tSH2 required for ITAM binding
(i.e. in addition to the SH2-ITAM interactions). Interestingly,
this segment is located in close proximity to the densely packed
kinase interface in the autoinhibited complex (11) (Fig. 1A).
Therefore, it is plausible that the refolding propensity of the
�L2-�L3 element is subtly impaired by the kinase domain
interface; as a result, the assembly equilibrium of the tSH2-
kinase complex would be shifted toward the disassembled state
in the context of available ITAM ligands.
Disassembly of Tandem-Kinase Complex Facilitates ITAM

Recognition—To examine the disassembly hypothesis from a
thermodynamic standpoint, we recomputed the free-energy
landscape of the ZAP-70 tSH2, now in association with the
kinase domain (Fig. 8). That is, we assessed the degree to which
the conformational change that occurs upon ITAM binding is
favored or disfavored in the context of the tSH2-kinase inter-

FIGURE 6. Conformational free-energy landscape of the ZAP-70 SH2 tan-
dem, in the absence (A) or presence (B) of a C-terminal ITAM peptide
fragment. The tandem conformation is described via two differences in the
r.m.s.d. (�r.m.s.d.) with respect to apo (6) and ITAM-bound (9) crystal struc-
tures; one represents the orientation of the domains (inset, green), and the
other represents the fold of the inter-SH2 linker helix (inset, red) (see ”Compu-
tational Procedures“). Contours indicate changes of 2 kcal/mol. The statistical
uncertainty estimated from repeat calculations is �1.5 kcal mol
1 (supple-
mental Fig. S5).

FIGURE 7. Final snapshots of the LinkerZAP simulations. The linker
sequence in each system is LIA-X4-HER, with the central X4 sequence indi-
cated. Simulations were initiated from the folded ITAM-bound (9) or unfolded
apo (6) wild-type sequence or from the 11 unfolded mutant linkers.
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face, relative to the isolated tandem.We specifically focused on
the change in the inter-SH2 domain (�L2-�L3 region) and the
initial reorientation of the cSH2 domain (Fig. 6A, left side); as
mentioned, further changes are not expected to be influenced
by the catalytic domain.
As expected, this partial landscape reveals a minimum

around the apo-like conformation, consistent with the x-ray
structure of the auto-inhibited complex and with the isolated
tSH2 landscape (Fig. 6A). In contrast to the latter, however, the
free-energy gradient around this minimum is noticeably steep-
er; that is, the initiation of the conformational change in the
tSH2 required for ITAM binding is energetically more costly if
the tSH2 is docked onto the kinase domain. From this result, it
follows that the structural dynamics of the tSH2, isolated or in
the context of the kinase, should differ. Indeed, conventional
simulations in the 250-ns time scale revealmore restricted flex-
ibility in the context of the kinase (Fig. 4g versus Fig. 4a and
supplemental Fig. S6). This increased order in the tandem
seems to be imposed through the inter-SH2 domain, by both
the kinase domain and the tandem-kinase linker, which form a
dense network of stabilizing interactions. Interestingly, this
interface buries several residues that are essential for regulation
via phosphorylation (11), including key tyrosines such as
Tyr315/Tyr319 in the SH2-kinase linker and Tyr597/598 in the
kinase C-lobe (Fig. 1A).
Taken together, our results support the notion that full

engagement of ITAM will be mediated preferentially by SH2
tandems that are transiently dissociated from the catalytic
domain, as a result of a subtle conformational bias within the
inter-SH2 region. This bias provides a mechanism whereby the
population of ZAP-70 kinases susceptible to additional phos-
phorylation, and thus complete activation, is increased in the
vicinity of the membrane receptor.

DISCUSSION AND CONCLUSIONS

We have presented a comprehensive computational study
that provides novelmicroscopic insights into themechanism of
regulation of Syk tyrosine kinases, and particularly ZAP-70.
First, we have shown that the conformational dynamics of the
regulatory SH2modules of Syk and ZAP-70 differ, as a result of
specific sequence substitutions. In particular, the so-called

specificity pocket in the cSH2 domain is constitutively open in
Syk, whereas in ZAP-70, it tends to adopt a close conformation
in the unliganded state. This is consistent with the observation
that phosphopeptides hardly bind to the ZAP-70 cSH2,
whereas phosphate does so readily, in contrast to the cSH2
domain of Syk and to the nSH2 domains of both proteins (6, 8,
20, 21). Structural flexibility is thought to relate to ligand diver-
sity in other SH2 domains (22). For example, a similar mecha-
nism of SH2 gating was recently suggested to regulate SHIP2
(23), differentiating it functionally from the closely related
phosphatase SHIP1. Thus, modulation of the conformational
dynamics of SH2 domain specificity pockets appears to provide
onemechanism for fine-tuning signaling pathways. In addition,
we have shown that Syk and ZAP-70 also differ in the dynamic
range of their SH2 tandems, albeit not in the ITAM-bound
state, as was previously inferred (10). Instead, this differentia-
tion arises in the apo state, as a result of sequence substitutions
at the SH2-SH2 interface; these control the degree of domain-
domain association, which is greater in Syk than ZAP-70. This
kind of conformational differentiation is reminiscent of the
SH3-SH2 regulatory tandems in members of Src tyrosine
kinases. These differ mainly in the sequence of the interdomain
connector, where a handful of amino acids is believed to mod-
ulate the conformational free-energy landscape of the tandem,
and thus, the assembly equilibrium of the tandem-kinase com-
plex (14). In the present case, we propose that substitutions at
the SH2-SH2 interface underlie the broader target specificity of
Syk, relative to ZAP-70. These appear to enable the Syk tSH2 to
adopt a range of preorganized conformations even in the unli-
ganded state, in accord with previous biophysical and thermo-
dynamic measurements (7, 16).
Second, we have dissected in detail the mechanism by which

ITAMrecognitionmodulates the structure anddynamics of the
ZAP-70 SH2 tandem. Our analysis indicates that binding of the
C-terminal half of ITAM to the tandem transiently involves
stabilizing interactions with the nSH2 domain only. Thus, con-
trary to previous views (6), but consistent with the thermody-
namic data (20, 21), we have shown that the nSH2 domain can
forma complete site for phosphopeptide binding.Nevertheless,
this is a transient state; as our free-energy calculations demon-
strate, the bound phosphotyrosine has a profound influence on
the conformational free-energy landscape of the SH2 tandem.
Specifically, it increases the likelihood of the ligand-bound con-
formation by relieving the energetic strain associated with this
protein conformation. Microscopically, this entails a partial
reconfiguration of the nSH2-phophotyrosine interaction net-
work to form alternative interactions with the cSH2 domain.
We argue that it is in this alternate tandem conformation that
binding of theN-terminal ITAMmotif to the cSH2 domain can
proceed. Although this domain is only half-competent, binding
would be enhanced, for entropic reasons, by the preceding
engagement of the C-terminal phosphotyrosine, i.e. by an
increase in the effective concentration of ITAM. Thus, our
analyses lend support and provide microscopic detail to the
proposal sketched in Ref. 6, rather than that in Ref. 2.
Like other signaling complexes, the ZAP-70 tandem-kinase

complex naturally exists in an equilibrium between assembled
and disassembled states; although the former is autoinhibited,

FIGURE 8. Conformational free-energy landscape of the ZAP-70 SH2 tan-
dem in the autoinhibited ZAP-70 tandem-kinase complex. The free-en-
ergy surface was computed analogously to those shown Fig. 6 and is plotted
identically.
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the latter is susceptible to phosphorylation of sites otherwise
unexposed, and thus, full activation (2). Considering the phys-
iological function of ZAP-70 and its dependence on ITAM, it is
logical to deduce that ITAM engagement causes, or somehow
promotes, the disassembly of the autoinhibited ZAP-70 com-
plex (11). Nonetheless, despite its appeal, this model is not
entirely consistent with single-particle electron microscopy
studies of Syk, which reportedly reveal much less noticeable
changes upon activation by phosphorylation (24). Moreover,
themechanism of disassembly is not self-evident from compar-
ison of the crystal structures of the ZAP-70 tSH2 in complex
with either ITAM or the kinase because the rearrangement of
the SH2 domains upon ITAMbinding is not sterically hindered
by the catalytic domain (supplemental Fig. S7).
On the other hand, recent biochemical studies of ZAP-70 in

vitro are supportive of the disassembly mechanism in that
mutants presumed to either stabilize or destabilize the tSH2-
kinase interface are seen to bind ITAMwith apparent affinities
that are weaker or stronger, respectively, than that of the wild
type (25). This proves an interdependence between tSH2 rec-
ognition of ITAM and the equilibrium of assembly and disas-
sembly of the tandem-kinase complex. This notwithstanding,
the variation in the apparent Kd of the tSH2-ITAM interaction
is 5-fold at most, demonstrating that the influence of ITAM
binding on this equilibrium is very subtle. This is not entirely
surprising in view of the atomic structure of the autoinhibited
complex (which, notably, carries the aforementioned stabiliz-

ing mutations) because the tSH2-kinase interface is seen to
involve the inter-SH2 domain only.
To shed light on the important question of ITAM-mediated

activation, we extended our conformational free-energy calcu-
lations to include the full-length kinase complex. In summary,
this microscopic analysis is supportive of the hypothesis that
ITAM binding contributes to the up-regulation of ZAP-70 by
favoring the disassembled state (11). In particular, our calcula-
tions reveal that the interdomain region is intrinsically disposed
to facilitate the structural changes that full ITAM engagement
entails. However, association with the kinase domain appears
to cause a subtle but significant conformational restriction of
this region. Thus, ITAM binding would be energetically less
costly, and thus more probable, for kinase-dissociated SH2
tandems.
From the signal transduction viewpoint, the implication of

this finding is that activated antigen receptors would preferably
recruit uninhibited ZAP-70 complexes to the vicinity of the
membrane (Fig. 9). Through cis-phosphorylation, and thus full
activation, this local accumulation of uninhibited ZAP-70
would eventually contribute to altering the balance between
activating and inhibitory enzymes at the immune synapse. This
molecular mechanism of selective recruitment and amplifica-
tion, therefore, resonates with emerging themes in intercellular
communication, such as spatial organization and collective sig-
naling (26). It is also in keeping with modern views on molecu-

FIGURE 9. Proposed mechanism of recruitment and enhanced activation of ZAP-70 in the vicinity of the antigen-receptor membrane complex. Double
phosphorylation of ITAM motifs on the intracellular side of the T-cell receptor (TCR) complex provides a recognition platform for the SH2 tandem of ZAP-70.
Transiently disassembled ZAP-70, coexisting in equilibrium with the dominant autoinhibited state, preferentially engages ITAM, for energetic reasons related
to the conformational preferences of the SH2 tandem. ITAM recognition first entails binding of nSH2 to the C-terminal half of ITAM. The nSH2 domain is fully
able to bind phosphopeptide, in contrast to the cSH2 domain, whose specificity pocket tends to be closed. A rearrangement of the SH2 tandem allows the cSH2
domain to co-participate in coordinating the C-terminal ITAM motif. Complete ITAM binding may now proceed as the avidity effect associated with the divalent
SH2/ITAM interaction prevails over the propensity for closure of the cSH2 domain. Localized, disassembled ZAP-70 exposes key phosphorylation sites to
neighboring, activated kinases; this modification precludes reassembly of the SH2 tandem (i.e. inhibition) as the dehydration energy cost involved is excessive.
ZAP-70 is thus constitutively active, even after ITAM release. Iterations of this cycle of conformational selection of the uninhibited state and phosphorylation
result in an accumulation of activated ZAP-70 kinases in the proximity of the immunological synapse. pY, Tyr(P). pMHC, peptide-MHC complex.
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lar recognition and allostery, based upon the notions of popu-
lation equilibria and conformational selection (27, 28).
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