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Serial activation of the tyrosine kinases Lck and ZAP-70 initiates signaling downstream of the T cell receptor. We previously re-
ported the structure of an autoinhibited ZAP-70 variant in which two regulatory tyrosine residues (315 and 319) in the SH2-ki-
nase linker were replaced by phenylalanine. We now present a crystal structure of ZAP-70 in which Tyr 315 and Tyr 319 are not
mutated, leading to the recognition of a five-residue sequence register error in the SH2-kinase linker of the original crystallo-
graphic model. The revised model identifies distinct roles for these two tyrosines. As seen in a recently reported structure of the
related tyrosine kinase Syk, Tyr 315 of ZAP-70 is part of a hydrophobic interface between the regulatory apparatus and the ki-
nase domain, and the integrity of this interface would be lost upon engagement of doubly phosphorylated peptides by the SH2
domains. Tyr 319 is not necessarily dislodged by SH2 engagement, which activates ZAP-70 only ~5-fold in vitro. In contrast,
phosphorylation by Lck activates ZAP-70 ~100-fold. This difference is due to the ability of Tyr 319 to suppress ZAP-70 activity
even when the SH2 domains are dislodged from the kinase domain, providing stringent control of ZAP-70 activity downstream

of Lck.

Signaling by the T cell receptor (TCR) relies on two nonrecep-
tor tyrosine kinases: the Src family tyrosine kinase Lck and the
zeta-chain-associated protein kinase ZAP-70 (Fig. 1) (1). The
clustering of coreceptor (CD4 or CD8)-associated Lck with T cell
receptors allows Lck to phosphorylate tyrosine residues in immu-
noreceptor tyrosine-based activation motifs (ITAMs) in the intra-
cellular tails of zeta chains of the TCR complex. Doubly phosphor-
ylated ITAMs in the stimulated TCR complex recruit ZAP-70 to
the plasma membrane, where it is phosphorylated by Lck (2, 3).
ITAM binding and phosphorylation release ZAP-70 from an au-
toinhibited state, enabling it to phosphorylate two scaffold pro-
teins, LAT (linker for the activation of T cells) and SLP-76 (Src
homology 2 domain-containing leukocyte phosphoprotein of 76
kDa), leading to the recruitment of effector proteins that stimulate
T cell activation (4, 5).

TCR signaling events in a Jurkat-derived ZAP-70-deficient cell
line are completely abolished. Hypomorphic ZAP-70 mutant
mice, which have partial defects in TCR signaling, develop auto-
immunity or autoimmune disease (6-8). The importance of
ZAP-70 for T cell development and activation is further empha-
sized by the fact that the loss of ZAP-70 function results in severe
combined immunodeficiency (SCID) in both humans and mice,
which is characterized by a lack of functional peripheral T cells
(9-12). The tight association of these diseases with ZAP-70 cata-
lytic activity indicates clearly that ZAP-70 is a potential therapeu-
tic target.

ZAP-70 and its close relative Syk, which is essential for B cell
receptor signaling, share a domain architecture that is unique
among protein kinases. The N-terminal half of each protein con-
tains two SH2 domains that form a tightly coupled module in
which the tandem SH2 domains are connected by a coiled-coil
segment known as interdomain A (13, 14). The tandem-SH2
module is connected to the kinase domain by a flexible linker
known as interdomain B or the SH2-kinase linker.

The tandem-SH2 modules of ZAP-70 and Syk undergo large
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conformational changes upon binding to the doubly phosphory-
lated ITAM peptide (13-16). The relative orientation of the two
SH2 domains changes substantially. Key to the generation of this
conformational change is the fact that the phosphotyrosine bind-
ing site on the N-terminal SH2 domain is located at the interface
between the two domains (13). In the absence of the doubly phos-
phorylated ITAM peptide, the two SH2 domains are splayed apart
so that interfacial residues are misaligned at the N-terminal phos-
photyrosine binding site (15). The binding of the doubly phos-
phorylated ITAM peptide reconfigures the site and pulls the two
SH2 domains into alignment. The relative rotation of the SH2
domains is coupled to a change in the conformation of the helices
in interdomain A (15).

We previously determined a crystallographic model of an in-
active variant of full-length ZAP-70 in which two regulatory ty-
rosine residues in the SH2-kinase linker (residues Tyr 315 and Tyr
319) were both replaced by phenylalanine (we refer to this con-
struct as ZAP-70-FF) (17). The tandem-SH2 module, which is not
bound to a phosphorylated ITAM peptide, forms a tightly inte-
grated assembly with the kinase domain, which is in an inactive
conformation. One portion of the SH2-kinase linker (spanning
residues 313 to 320) is sandwiched between the interdomain A
coiled coil and the distal surface of the kinase domain. The forma-
tion of this “linker-kinase sandwich” reduces the flexibility of the
ZAP-70 kinase domain, impeding the transition between inactive
and active conformations. The conformational change in the tan-
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FIG 1 Phosphorylation of ZAP-70 is required to initiate T cell receptor signaling. TCR signaling is initiated by two tyrosine kinases: the Src family kinase Lck and
ZAP-70. Activated Lck phosphorylates ITAMs in the intracellular tails of { chains of the TCR complex. Doubly phosphorylated ITAMs recruit ZAP-70 from the
cytosol to the plasma membrane. Tyr 315, Tyr 319, and Tyr 493 of ZAP-70 are phosphorylated by Lck to fully activate ZAP-70, enabling ZAP-70 to phosphorylate
two scaffold proteins, LAT and SLP-76, leading to the recruitment of effector proteins that stimulate T cell activation.

dem-SH2 module upon phosphorylated ITAM binding, particu-
larly in interdomain A, is expected to result in the linker-kinase
sandwich being dismantled and the tandem-SH2 module being
released from the kinase domain. Key aspects of this mechanism
have been validated by in vitro and cell-based measurements of the
activities of ZAP-70 mutants (18, 19). As we explain below, we
have now identified a sequence register error in the original model
for the SH2-kinase linker, the implications of which are examined
in this paper.

In addition to being activated by the physical release of the
tandem-SH2 module from the kinase domain, ZAP-70 is also ac-
tivated by phosphorylation. In particular, the phosphorylation of
Tyr 315 and Tyr 319 in the SH2-kinase linker by Lck is important
for ZAP-70 catalytic activity. Mutation of these two tyrosine resi-
dues to phenylalanine suppresses ZAP-70 activation as well as
ZAP-70-dependent downstream signaling events (20-24). There
are other tyrosine residues in ZAP-70 that are phosphorylated
upon activation, including Tyr 492 and Tyr 493, in the activation
loop of the kinase domain, but our principal focus in this paper is
on Tyr 315 and Tyr 319, located in the SH2-kinase linker.
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During the course of the investigations reported in this paper,
we found that a ZAP-70 construct lacking the tandem-SH2 mod-
ule but including the SH2-kinase linker can be activated further by
phosphorylation. The activity of the isolated kinase domain of
ZAP-70 does not increase with phosphorylation, implying that the
necessity for phosphorylation is a consequence of an inhibitory
action of the SH2-kinase linker. This cannot be understood com-
pletely on the basis of the crystallographic model for the ZAP-
70-FF construct reported previously by us, because contacts be-
tween the SH2-kinase linker and the kinase domain are restricted
to the hinge region of the kinase domain in that model, which does
not undergo structural changes during the conversion from active
to inactive forms.

We now report the determination of the crystal structure of an
essentially full-length ZAP-70 construct (missing only 14 residues
at the very C terminus) in which both Tyr 315 and Tyr 319 are
intact (we refer to this wild-type construct as ZAP-70-YY). The
domain assembly of the ZAP-70-YY construct is essentially the
same as that reported previously for the ZAP-70-FF construct,
with one key difference. Notably, in the ZAP-70-YY structure, the
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C-terminal part of the SH2-kinase linker adopts a helical confor-
mation and positions the side chain of Tyr 319 so that it interacts
with the N lobe of the kinase domain, in a region that undergoes
structural changes as the kinase switches between active and inac-
tive conformations. These additional interactions between the
SH2-kinase linker and the kinase domain suggest how this seg-
ment could suppress the activity of the ZAP-70 kinase domain
even when the tandem-SH2 module is displaced. In addition,
comparisons of molecular dynamic simulations initiated using
the ZAP-70-YY and ZAP-70-FF models indicate that the confor-
mation of the SH2-kinase linker is stable in the ZAP-70-YY model
but not in the original ZAP-70-FF model. While this report was
being prepared for submission, the structure of the autoinhibited
form of Syk was reported (25). Our findings for the conformation
of the SH2-kinase linker in ZAP-70, reported below, are consistent
with the new Syk structure.

To validate these conclusions, we used a fluorescence-based
approach to measure the recruitment of the adapter protein Grb2
to LAT upon phosphorylation of LAT by ZAP-70. We used this
fluorescence assay to monitor the activity of ZAP-70 as a function
of phosphorylation by Lck. As mentioned above, a construct of
ZAP-70 that includes the SH2-kinase linker and the kinase do-
main (but not the tandem-SH2 module) has substantially lower
activity than the isolated kinase domain and is activated upon
phosphorylation by Lck. Taken together, our results reveal addi-
tional aspects of the important role played by the SH2-kinase
linker in the suppression of the kinase domain activity of ZAP-70
and its release by phosphorylation, resulting in the initiation of T
cell signaling.

MATERIALS AND METHODS

Insect cell expression and purification of ZAP-70 constructs. For the
crystallization construct referred to as ZAP-70-YY, DNA encoding hu-
man ZAP-70 (residues 1 to 606) followed by a Gly-Ser-Gly linker, a
PreScission protease site, and a C-terminal 6-His tag was cloned into
pFastBacl (Invitrogen), using the BamHI and EcoRI restriction sites. The
catalytic base Asp 461 in ZAP-70-YY was mutated to asparagine by use of
a QuikChange site-directed mutagenesis kit (Stratagene), which was also
used for all other point mutations. For the kinase activity assay, a similar
cloning strategy was applied to clone the coding sequences for full-length
ZAP-70 (residues 1 to 619; ZAP-70-FL), ZAP-70-KD/linker (residues 310
to 619; “linker” refers to the SH2-kinase linker), and ZAP-70-KD (resi-
dues 327 to 619), followed by a Gly-Ser-Gly linker, a PreScission protease
site, and a C-terminal 6-His tag, into the pFastBacl (Invitrogen) vector.
All ZAP-70 constructs were expressed in baculovirus-infected TriEx Sf9
cells and purified as described previously (17). The final buffer from the
gel filtration step was 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM
TCEP [tris(2-carboxyethyl)phosphine], and 5% glycerol. Mass spectrom-
etry confirmed the identity of the protein.

Bacterial expression and purification of LAT and Grb2. Coding se-
quences for the human LAT cytosolic domain (residues 30 to 233) and
full-length Grb2 were amplified by PCR and cloned into a pET-28-derived
bacterial expression vector by use of Ndel and Xhol sites. A tobacco etch
virus (TEV) protease cleavage site was engineered between the N-terminal
6-His tag and the Ndel site in both constructs. In order to express recom-
binant LAT and Grb2 in Escherichia coli, the LAT and Grb2 constructs
were transformed into the BL21 strain of E. coli. The expression of recom-
binant LAT was induced by adding 0.5 mM IPTG (isopropyl-f-p-thioga-
lactopyranoside) for 4 h at 37°C. The expression of recombinant Grb2 was
induced by adding 0.2 mM IPTG for 16 h at 18°C. The bacterial cells were
then resuspended in lysis buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl,
25 mM imidazole, 5 mM B-mercaptoethanol), lysed using a French press,
and centrifuged to remove cellular debris at 17,000 rpm for 1 h at 4°C. For
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LAT purification, the clarified lysate was passed through a Ni-nitrilotri-
acetic acid (Ni-NTA) column (Qiagen). The recombinant protein was
eluted from the column by using a buffer containing 20 mM Tris-HCI, pH
8.0, 150 mM NaCl, 250 mM imidazole, and 5 mM B-mercaptoethanol.
The eluted LAT protein was incubated overnight with TEV protease to
remove the N-terminal His tag. The protein was concentrated by ultrafil-
tration and further purified by size exclusion chromatography (Superdex
200) to remove aggregated proteins. The final buffer for the gel filtration
step was 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 5 mM TCEP. The
purification procedure for Grb2 was very similar to that for LAT, except
for the final buffer, which included 100 mM arginine to stabilize Grb2 in
solution (26).

Preparation of fluorophore-labeled LAT and Grb2. Alexa Fluor 555
C, maleimide and Alexa Fluor 647 C, maleimide were purchased from
Invitrogen. LAT and Grb2 were incubated in a 10-fold molar excess of
Alexa Fluor 555 C, maleimide and Alexa Fluor 647 C, maleimide, respec-
tively, for 2 h at room temperature. Free dyes were separated from protein
by size exclusion chromatography (Sephadex G-25).

Fluorescence resonance energy transfer (FRET)-based LAT phos-
phorylation assay. The phosphorylation of LAT by ZAP-70 and recruit-
ment of Grb2 in solution were assessed by monitoring the increase of
acceptor fluorescence emission (Alexa Fluor 647-labeled Grb2). The re-
action buffer contained 20 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 150
mM NaCl, 1 uM Alexa Fluor 555-labeled LAT, 1 wM Alexa Fluor 647-
labeled Grb2, and 1 M kinase. The reaction was triggered by adding ATP
to the reaction buffer, and the fluorescence intensity at 670 nm, with
excitation at 555 nm, was monitored using a Fluoromax-3 fluorimeter
(Horiba Jobin Yvon) at 30°C.

Coupled kinase assay. The coupled kinase assay was performed using
a continuous spectrophotometric method as described previously (18).
Briefly, the final reaction buffer contained 20 mM Tris-HCI (pH 7.5), 10
mM MgCl,, 150 mM NaCl, 1 mM phosphoenolpyruvate, 0.3 mg/ml of
NADH, 75 U/ml of pyruvate kinase, 105 U/ml of lactate dehydrogenase, 2
mg/ml of poly-Glu/Tyr substrate peptide (Glu/Tyr ratio of 4:1; 5 to 20
kDa), 2 uM tyrosine kinase, and 1 mM ATP. The extent of reaction was
monitored as the decrease in absorbance at 340 nm for 30 min at 30°C in
a microtiter plate spectrophotometer (SpectraMax).

Crystallization and data collection. The ZAP-70-YY protein (20 mg/
ml, in a buffer containing 100 mM Tris-HCI, pH 9.5, 150 mM NaCl, 5 mM
TCEP, and 5% glycerol) was mixed with 5 mM adenylyl imidodiphos-
phate (AMP-PNP) and 5mM MgCl, for 1 hat4°C. Crystals of ZAP-70-YY
were grown using sitting-drop vapor diffusion. A protein stock solution
(0.2 pl) was mixed with 0.2 wl reservoir solution (0.1 M Bis-Tris, pH 6.5,
20% polyethylene glycol [PEG] monomethyl ether 5000) by use of a Crys-
tal Phoenix liquid handling system, and the drop was equilibrated at 20°C.
The crystals were cryoprotected by the addition of 25% PEG 400 (vol/vol),
and X-ray diffraction data were measured at the Advanced Light Source,
beamline 8.3.1. Data were integrated and scaled using MOSFLM and Scala
via CCP4 (27, 28).

Structure determination and refinement. The structure of ZAP-
70-YY was solved by molecular replacement, using the crystal structure of
ZAP-70-FF without the SH2-kinase linker (residues 310 to 327) as the
search model. Refinement and model building were performed using
REFMAC with TLS refinement and Coot (29-31). In our earlier publica-
tion, we noted that electron density maps showed features consistent with
an alternate conformation for the SH2-kinase linker (see Materials and
Methods in reference 17) that we were unable to model. We now recog-
nize that these features resulted from a five-residue sequence register error
in the original model. We manually rebuilt the SH2-kinase linker (resi-
dues 303 to 327) of ZAP-70-YY, and the structure was refined to 3.0-A
resolution (the Rg.. and R values are 0.288 and 0.214, respectively)
(Table 1).

Molecular dynamic simulations. All molecular dynamic simulations
were performed with GROMACS, version 4.5.5 (32), and the Amber
ff99SB-ILDN force field (33), the TIP3P water model (34), and periodic
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TABLE 1 Data collection statistics

Parameter Value or description
Wavelength (A) 1.1159
Space group P1

Cell dimensions (A)
Cell angles (°)
Resolution range (A)

a=485b=532,c=69.0
o =106.1,8 = 93.3,y = 104.4
30.00-3.0 (3.16-3.00)

Rpperge (%)° 12.2 (44.6)
I/o () 7.1 (2.4)
Completeness (%)" 93.9 (94.7)
Redundancy 3.0 (3.0)
Model refinement statistics

No. of reflections (work/test) 11,374/579

Ryond Resee (%) 21.4/28.8

RMS deviation bond length (A) 0.010

RMS deviation angle (°) 1.506

Avg temp (B) factor (A%) 50.6
Ramachandran plot statistics

Most favored regions (%) 92.1

Additional allowed regions (%) 7.7

Disallowed regions (%) 0.2

“ Statistics for the outer resolution shell are shown in parentheses.

boundary conditions. The starting structure for ZAP-70 was taken from
Protein Data Bank (PDB) entry 20ZO (17), with all solvent and ATP
analogue molecules removed. A ZAP-70-YY model was built by replacing
the SH2-kinase linker (residues 310 to 327) of the ZAP-70-FF crystal
structure with the SH2-kinase linker (residues 303 to 327) of the ZAP-
70-YY structure. Hydrogen atoms were added to the models automati-
cally, using the GROMACS tool pdb2gmx. For the imposition of periodic
boundary conditions, protein models were centered in a rhombic dodeca-
hedral box with a minimum distance to the edge of 10 A. All simulations
were performed in 0.15 M NaCl and with a zero net charge of the system.
Systems were energy minimized using the steepest descent method until
the maximum force was <1,000.0 kJ/mol/nm. Equilibration was then
conducted in two steps, with positional restraints applied to all nonhy-
drogen protein atoms (force constant of 1,000 kJ/mol/nm?). The first step
used an NVT ensemble for 100 ps, using a modified Berendsen thermostat
(35) with a coupling constant of 0.1 ps to bring the temperature of the
system to 300 K. The protein and solvent were coupled separately. All
bond lengths were constrained using the P-LINCS algorithm (36), allow-
ing an integration time step of 2 fs. The second phase of equilibration
applied an NPT ensemble for 100 ps, using the same temperature coupling
conditions and the Parrinello-Rahman barostat (37) applied isotropically
to maintain the pressure of the system at 10° Pa. Unrestrained production
trajectories were then generated for 50 ns, using the same NPT ensemble
conditions. Three replicates of each simulation were generated using dif-
ferent sets of random initial velocities, consistent with a Boltzmann dis-
tribution, to start the NVT equilibration step of each replicate. Coordi-
nates and energies were saved every 10 ps for analysis, which was
performed using GROMACS tools.

Kinase activity assays in cells. The cell-based kinase activity assays
were carried out as described before (17, 19). The expression constructs
for FLAG-tagged LAT and full-length Lck have been described previously
(19). Kidney epithelial 293T cells were transiently transfected in 24-well
plates by using Lipofectamine and Plus reagents (Invitrogen) in accor-
dance with the manufacturer’s instructions. Cells were lysed by resuspen-
sion in 2X concentrated SDS sample buffer (100 wl per well of 293T cells).
Cellular debris was removed by ultracentrifugation (30 min, 386,000 X g).
Supernatants were analyzed by immunoblotting with an antibody against
phosphotyrosine (monoclonal antibody 4G10; Upstate Biotechnology).
The expression levels of LAT-FLAG, ZAP-70, and Lck were assessed by
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probing with respective antibodies, which have been described previously
(19).

Protein structure accession number. Structural coordinates and
structure factors of ZAP-70-YY have been deposited in the RCSB Protein
Data Bank (PDB) with the PDB code of 4K2R.

RESULTS AND DISCUSSION

Crystal structure of full-length ZAP-70 with the wild-type SH2-
kinase linker sequence. An essentially full-length ZAP-70 con-
struct (ZAP-70-YY) (residues 1 to 606; lacking only 14 residues at
the very C terminus) with Tyr 315 and Tyr 319 both intact was
crystallized in complex with the poorly hydrolyzable ATP analog
AMP-PNP, and X-ray diffraction data were measured to a 3.0-A
resolution. In order to facilitate expression and purification of the
unphosphorylated form of the protein, we introduced a mutation
(Asp 461 to asparagine) that inactivates the kinase domain, as was
done to obtain the ZAP-70-FF protein. The structure was deter-
mined by molecular replacement, using the ZAP-70-FF model
without the SH2-kinase linker (residues 310 to 327) as the search
model. The electron density for residues 303 to 327 in the SH2-
kinase linker was clearly resolved in electron density maps calcu-
lated using crystallographic data for the ZAP-70-YY construct
(Fig. 2A). This allowed modeling of the backbone and side chains
for this segment of the structure. As in the ZAP-70-FF model, two
regions of the molecule appeared to be disordered and were not
modeled. These were the N-terminal portion of the SH2-kinase
linker (residues 258 to 302) and a portion of the activation loop of
the kinase domain (residues 484 to 500).

Overall comparison of crystallographic models for the ZAP-
70-YY and ZAP-70-FF constructs. We superimposed our ZAP-
70-YY model and the ZAP-70-FF model, using the C lobe of the
kinase domain as a reference. The ZAP-70-YY model is essentially
the same as that reported previously for the ZAP-70-FF construct,
with a root mean square (RMS) deviation of 0.4 A in the positions
of C-a atoms over 516 residues (excluding 25 and 18 residues in
the SH2-kinase linker of the ZAP-70-YY and ZAP-70-FF models,
respectively). The tandem-SH2 module is docked onto the distal
surface of the catalytic kinase domain to form a butterfly-shaped
structure, with the phosphotyrosine binding sites facing away
from the catalytic site (Fig. 2A). The SH2-kinase linker is packed
between the kinase domain and the interdomain A coiled coil to
form an interface which is quite similar to the linker-kinase sand-
wich interface described earlier for the ZAP-70-FF construct. The
ZAP-70-YY model corresponds to an inactive conformation of
ZAP-70. As in the ZAP-70-FF model reported earlier, the confor-
mation of the kinase domain is very similar to that of autoinhib-
ited forms of the Src family kinases Hck and c-Src (38, 39).

The most striking difference between the crystallographic
models for the ZAP-70-YY and ZAP-70-FF constructs concerns
the conformation of the ordered portion of the SH2-kinase linker.
Tyr/Phe 315 and Tyr/Phe 319 in the SH2-kinase linker are located
at different positions in the two models. In the original ZAP-70-FF
model, Phe 315 and Phe 319 pack closely with each other and with
other hydrophobic residues in the interdomain A coiled-coil re-
gion and the hinge region of the kinase domain to form a compact
hydrophobic core, the linker-kinase sandwich. In contrast, in the
ZAP-70-YY model, only Tyr 315 is located in the linker-kinase
sandwich. Tyr 315 is in the position occupied by Phe 319 in the
previous model. Another hydrophobic residue in the SH2-kinase
linker, Met 310, occupies the position where Phe 315 was modeled
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FIG 2 Overall structural organization of autoinhibited ZAP-70 and Syk. Domain organizations and crystal structures are shown for ZAP-70 (this work) (A) and
Syk (PDB code 4FL2) (B). The two crystal structures are superimposed around the Clobes of the kinase domains. Disordered regions are depicted as dotted lines.
The side chains of Tyr 315 and Tyr 319 in ZAP-70 and Tyr 348 and Tyr 352 in Syk are shown as spheres. A simulated-annealing composite omit map (A, right
panel) (residues 305 to 323, contoured at 1.2 o) is shown for the SH2-kinase linker of ZAP-70 (gray mesh representation).

previously. The net result of these changes is that the structure of
the linker-kinase sandwich is virtually unchanged, except that a
tyrosine has been replaced by a methionine, with small adjust-
ments in the protein backbone to accommodate this structural
difference.

As noted earlier, the new crystallographic model for the ZAP-
70-YY construct is similar to that reported very recently for Syk
(Fig. 2B) (25). We superimposed our ZAP-70-YY model and the
full-length structure of Syk, using the C lobe of the kinase domain
as a reference. Notably, most of the interdomain A segment (res-
idues 119 to 155 in ZAP-70 and residues 124 to 160 in Syk) and the
aligned region in the SH2-kinase linker (residues 308 to 321 in
ZAP-70 and residues 341 to 354 in Syk), including the two con-
served tyrosine residues (Tyr 315 and Tyr 319 in ZAP-70 and Tyr
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348 and Tyr 352 in Syk), are closely aligned in the superimposed
structures, with RMS deviations of 0.6 A and 0.5 A, respectively, in
the positions of C-a atoms. In contrast, the tandem-SH2 domains
of ZAP-70 and Syk are less closely aligned.

Tyr 319 is in an entirely new position in the new ZAP-70 model
compared to our original one. The C-terminal part of the SH2-
kinase linker in the ZAP-70-YY model forms a short helix and
positions the side chain of Tyr 319 into the N lobe of the kinase
domain, where it packs against the side chains of residues in helix
aC, a key regulatory element in the kinase domain (Fig. 3). The
contacts between the C-terminal end of the SH2-kinase linker (resi-
dues 318 to 327) and the kinase segment, including those made by Tyr
319, bury a surface area of ~823 A2, The formation of the new inter-
face between the SH2-kinase linker and the N lobe of the kinase do-
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FIG 3 Comparison of SH2-kinase linkers in the new, ZAP-70-YY model (top) and the original, ZAP-70-FF model (bottom).

main suggests that the SH2-kinase linker might be capable of stabi-
lizing the inactive conformation of the kinase domain on its own,
without necessarily requiring the tandem-SH2 module.

Hydrophobic interactions and hydrogen bonds stabilize the
linker-kinase sandwich. The linker-kinase sandwich interface in
the ZAP-70-YY model buries ~1,111 A%, ~1,044 A%, and ~806 A*
of surface area on the kinase domain, interdomain A, and the
SH2-kinase linker, respectively. The hydrophobic side chains of
Met 310 and Tyr 315 from the SH2-kinase linker and of Trp 131
from interdomain A are packed closely at the center of the linker-
kinase sandwich. Pro 396 from the aC-B4 loop of the kinase do-
main packs against the side chain of Tyr 315 (Fig. 3).

The linker-kinase sandwich is further stabilized by a number of
hydrogen bonds. The side chains of Arg 400 and Lys 476 in the
kinase domain form hydrogen bonds with the backbone carbonyl
oxygens of Tyr 315 and Val 314, respectively. The hydroxyl oxygen
of the Tyr 315 side chain forms a hydrogen bond with the carbonyl
oxygen of Ala 141 in interdomain A (Fig. 3). Despite the presence
of these hydrogen bonds, the interior of the linker-kinase sand-
wich is generally hydrophobic, so phosphorylation of Tyr 315
would disrupt this assembly.

The linker-kinase sandwich described here for the ZAP-70-YY
model is similar in its general organization to that described orig-
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inally for the ZAP-70-FF model, but the changes in position of Tyr
315 and Tyr 319 lead to differences in the detailed nature of the
hydrophobic contacts (Fig. 3). In the original ZAP-70-FF model, a
set of perpendicular aromatic-aromatic interactions between Phe/
Tyr 315 and Phe/Tyr 319 in the SH2-kinase linker and Trp 131 in
the interdomain A coiled-coil region form the heart of this assem-
bly (Fig. 3). In the ZAP-70-YY model, Met 310 replaces Phe/Tyr
315 and Phe/Tyr 315 moves to the position where Phe/Tyr 319 is
in the ZAP-70-FF model. As a consequence of this replacement,
Tyr 319 in the ZAP-70-YY model is positioned ~12 A away, and
its side chain is inserted into the N lobe of the kinase domain.
Intramolecular interactions between the SH2-kinase linker
and the kinase domain stabilize the inactive conformation of
the kinase domain. The conformation of the kinase domain in the
ZAP-70-YY model is essentially the same as that described earlier
for the ZAP-70-FF model. This inactive conformation of the ki-
nase domain in the ZAP-70-YY model appears to be stabilized by
intramolecular interactions between the SH2-kinase linker and
the N lobe of the kinase domain (Fig. 4). Residues Pro 322 to Lys
326 in the SH2-kinase linker adopt a helical conformation and
position the side chain of Tyr 319 into the space between helix aC
and the main body of the N lobe of the kinase domain. The car-
bonyl oxygen of Ile 402, which is located at the beginning of the B4
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FIG 4 Interactions between the SH2-kinase linker and the kinase domain stabilize the inactive conformation of the kinase domain. (A) Comparison of the kinase
domains of inactive and active ZAP-70. (B) Interactions between the SH2-kinase linker and the kinase domain. (Left) Active ZAP-70 kinase domain (PDB code

1U59). (Right) Inactive ZAP-70 kinase domain with the SH2-kinase linker.

strand, forms hydrogen bonds with the side chains of Tyr 319,
located in the SH2-kinase linker, and His 391, which is located at
the end of the aC helix. The side chains of Glu 324 and Lys 328,
which are in the SH2-kinase linker, form additional hydrogen
bonds with the carbonyl oxygen of Lys 362 and the carbonyl oxy-
gen of His 391, in the N lobe of the kinase domain, respectively. As
a consequence of this hydrogen bond network, the position of the
oC helix appears to be stabilized in an inactive conformation.
The hydrogen bond network that holds helix aC in place is
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further stabilized by a hydrophobic cluster formed by Tyr 319 and
Pro 318 in the SH2-kinase linker and Met 359, Ile 402, and Ile 364
in the kinase domain. If the SH2-kinase linker is released from the
body of the kinase domain, as we expect would happen upon
phosphorylation of Tyr 315 and Tyr 319, both the hydrogen bond
network and the hydrophobic cluster will be dismantled. The con-
sequences of this dismantling can be understood by examining the
structure of the active conformation of the ZAP-70 kinase do-
main, in which the SH2-kinase linker is absent (40). Loss of the
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interactions with the SH2-kinase linker is correlated with a rota-
tion of the side chain of His 391 in the aC helix (Fig. 4). This
rotation releases restraints on the movement of the «C helix, en-
abling the kinase to switch to the active conformation.

The mechanism by which the SH2-kinase linker inhibits ZAP-
70, as described above, bears some resemblance to certain aspects
of the autoinhibition of Src family kinases (Fig. 5). In the Src
family kinases, the side chain of Trp 260 (chicken c-Src number-
ing) is inserted between the aC helix and the main body of the
kinase domain, thereby stabilizing the inactive conformation. In
ZAP-70, the residue corresponding to Trp 260 in c-Src is Leu 330,
but this residue does not appear to be critical for the suppression
of kinase activity (18). Indeed, as we now show, it is the side chain
of Tyr 319 in the SH2-kinase linker of ZAP-70 that plays a role
analogous to that of Trp 260 in c-Src.

To summarize, our crystallographic model of the ZAP-
70-YY construct reveals a direct role in autoinhibition for the
SH2-kinase linker, distinct from the clamping action of the
linker-kinase sandwich segment on the hinge region of the ki-
nase domain. On the basis of the ZAP-70-FF model, we had
proposed that the formation of the linker-kinase sandwich re-
sults in interactions that reduce the flexibility of the kinase
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domain, thereby reducing activity. The overall structure of the
linker-kinase sandwich and the nature of the interface formed
with the hinge region of the kinase domain are essentially un-
changed in our new structure, although the positions of Tyr
315 and Tyr 319 have been altered.

The revised model for the SH2-kinase linker is appropriate
for the ZAP-70-FF variant as well. We replaced the SH2-kinase
linker (residues 310 to 327) in the original ZAP-70-FF model with
the structure of the corresponding segment from the new ZAP-
70-YY model, replacing Tyr 315 and Tyr 319 with phenylalanine.
Ten rounds of restrained refinement were done using REFMAC
(30) against crystallographic data for the ZAP-70-FF construct.
After the refinement, the Ry, values were 28.0% and 26.7% for
the original and new ZAP-70-FF models, respectively (the corre-
sponding R values are 20.4% and 19.5%, respectively). The result-
ing electron density maps suggest that the model for the SH2-
kinase linker derived from the new analysis of the ZAP-70-YY data
is consistent with the crystallographic data for the ZAP-70-FF
construct, suggesting that the detailed conformation of the SH2-
kinase linker was not modeled correctly in the original analysis.
This is also consistent with a new report on Syk which shows that
a Syk construct corresponding to ZAP-70-FF adopts a structure
similar to that of ZAP-70-YY in the SH2-kinase linker region (25).

The original crystallographic analysis of the ZAP-70-FF con-
struct and the analysis of the new structure of the ZAP-70-YY
construct were both done at moderate resolutions (2.6 A and 3.0
A, respectively). Although our new model for the SH2-kinase
linker appears to be a better fit to the crystallographic data in both
cases, the resolution of the X-ray data, particularly for our new
structure, does not permit completely reliable positioning of side
chains for the SH2-kinase linker. We therefore turned to molecu-
lar dynamic simulations to assess which of the two models, the
original or the new one, is more stable in terms of the interactions
made by the SH2-kinase linker.

We assessed the stability of the SH2-kinase linker in the three
models by generating three sets of molecular dynamic trajectories.
All sets of trajectories were initiated using models for ZAP-70
derived from the original model of ZAP-70-FF that were identical
except for the conformation of the SH2-kinase linker. In the first
set of trajectories, the conformation of the linker in the initial
model was taken from the original model (the ZAP-70-FF model),
whereas in the second set the structure of the SH2-kinase linker in
the initial model was taken from the model for ZAP-70-YY (the
ZAP-70-YY model). In the third set, the initial model was identical
to the second initial model, except that Tyr 315 and Tyr 319 were
replaced by phenylalanine residues (the ZAP-70-FF-new model).
A 20-residue flexible linker composed of repeated Gly-Ser-Gly
motifs was used to connect the tandem-SH2 module and the N-
terminal part of the crystallographic models, instead of the SH2-
kinase linker. The actual linker connecting the tandem-SH2 unit
to the crystallographically resolved part of the SH2-kinase linker is
longer (48 residues) and is expected to be flexible. The shorter
Gly-Ser linker was used in the model for computational expedi-
ency and was not expected to affect the conformation of the or-
dered portion of the SH2-kinase linker. The activation loop of
ZAP-70, which is partially disordered in the crystal structures, was
modeled based on the crystal structure of c-Src (PDB accession
no. 2SRC).

For each of the three starting models, we generated three inde-
pendent molecular dynamic trajectories, each lasting 50 ns (see
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FIG 6 The conformation of the SH2-kinase linker in the ZAP-70-YY model is energetically favorable. (A) Overlays of instantaneous structures of the SH2-kinase
linker at ~30 ns from molecular dynamic trajectories obtained using the C lobe of the kinase domain as a reference for the alignment. (Left) ZAP-70-YY model.
(Middle) ZAP-70-FF-new model. (Right) ZAP-70-FF model. (B) RMS deviations for C-a atoms in the C lobe of the kinase domain with respect to the initial
positions. (C) RMS deviations for C-a atoms in the SH2-kinase linker with respect to the initial positions, using the C lobe of the kinase domain as a reference
for the alignment. (D) Overlays of instantaneous structures of the N lobes of the kinase domains at ~30 ns from molecular dynamic trajectories obtained using
the C lobe of the kinase domain as a reference for the alignment. (Left) ZAP-70-YY model. (Middle) ZAP-70-FF-new model. (Right) ZAP-70-FF model.

Materials and Methods). The C lobe of the kinase domain is the
least flexible part of the ZAP-70 structure. During the course of
our simulations, the RMS deviation of C-a atom positions in the
C lobe, with respect to the initial model, remained less than 1.0 A
for all trajectories (Fig. 6B). These values are within the range seen
for stable domains in molecular dynamic trajectories over compa-
rable time scales.

The two sets of trajectories with the new SH2-kinase linker
conformation (ZAP-70-YY and ZAP-70-FF-new) showed that the
conformation of the SH2-kinase linker was stable over the length
of the simulation (Fig. 6A, left and middle panels). Using the C
lobe of the kinase domain as a frame of reference, the RMS devi-
ation of the C-a atom positions in the SH2-kinase linker (residues
306 to 316, a span of residues that is common to both models)
oscillated around 1.9 A, 2.0 A, and 1.6 A for the three trajectories
with the initial model of ZAP-70-YY and around 1.8 A, 1.5 A, and
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1.9 A for the three trajectories with the initial model of ZAP-70-
FF-new (Fig. 6C).

In contrast, the conformation of the SH2-kinase linker was
unstable in trajectories initiated from the original model of ZAP-
70-FF. In all three trajectories, the linker-kinase sandwich was
partially or completely dismantled, with either Tyr 315 or Tyr 319
(both modeled as phenylalanine) popping out of the hydrophobic
cluster at the heart of the interface (Fig. 6A, right panel). Using the
C lobe of the kinase domain as a frame of reference, the RMS
deviation of C-a atom positions in the SH2-kinase linker (resi-
dues 311 to 320) over the length of the simulation increased either
abruptly (ZAP-70-FF-1) or gradually (ZAP-70-FF-2 and ZAP-70-
FF-3) to values larger than 5 A (Fig. 6C). Notably, the original
model positioned the side chain of Glu 323 near helix aC, a posi-
tion occupied instead by Tyr/Phe 319 in the ZAP-70-YY and ZAP-
70-FF-new models. While the position of Tyr/Phe 319 near helix
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FIG 7 In vivo kinase activity of ZAP-70 in HEK 293T cells. (Left) Domain architectures of various ZAP-70 truncation constructs. (Right) HEK 293 cells were
transiently transfected with various constructs of ZAP-70 and LAT-FLAG together, with or without Lck, as indicated at the top. Cells were lysed in 2X SDS-PAGE
sample buffer and analyzed by immunoblotting with an antibody against phosphotyrosine (monoclonal antibody 4G10). The expression levels of LAT-FLAG,

ZAP-70, and Lck were assessed by probing with specific antibodies.

aC was stable in the set of trajectories initiated from models of
ZAP-70-YY and ZAP-70-FF-new (Fig. 6D, left and middle pan-
els), in the set of trajectories with the initial model of ZAP-70-FF,
Glu 323 underwent a large displacement away from its initial po-
sition (Fig. 6D, right panels).

In conclusion, the molecular dynamic trajectories were consis-
tent with the new models (ZAP-70-YY and ZAP-70-FF-new) for
the SH2-kinase linker being energetically favorable in the autoin-
hibited conformation of ZAP-70.

Autoinhibition of ZAP-70 is fully released upon phosphory-
lation by Src family kinases. The new model for the SH2-kinase
linker suggests that release of autoinhibition requires both the
dismantling of the linker-kinase sandwich and the release of the
interactions between the SH2-kinase linker (including Tyr 319)
and the helix aC region of the kinase domain. These two sets of
interactions appear to be relatively uncoupled in structural terms,
indicating that disruption of the linker-kinase sandwich might be
insufficient to completely activate the kinase.

In order to test this hypothesis, we first measured the effect of
deleting the tandem-SH2 module upon the ability of ZAP-70 to
phosphorylate LAT in cells (Fig. 7). To do this, we used a system in
which HEK 293T cells were transiently transfected with different
constructs of ZAP-70 and LAT-FLAG, with or without cotrans-
fection of Lck, as described previously (19). The data showed that,
as observed previously, robust phosphorylation of full-length
ZAP-70 required cotransfection with Lck. Deletion of the tan-
dem-SH2 module of ZAP-70, leaving the full-length SH2-kinase
linker and the kinase domain, resulted in a construct (ASH2 ZAP-
70; residues 255 to 619) that also required the presence of Lck for
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LAT phosphorylation. A similar construct in which Tyr 315 and
Tyr 319 were mutated to phenylalanine (ASH2-YYFF ZAP-70)
showed no activity toward LAT, even in the presence of Lck (Fig.
7). Two catalytically inactive constructs (ZAP-70-KA and
ASH2-KA ZAP-70; “KA” indicates the K369A mutation) were
used as negative controls in the cell-based experiments. These data
suggest that phosphorylation by Lck of Tyr 315 and Tyr 319 in the
SH2-kinase linker is necessary for the activation of ZAP-70. The
data also indicate that the SH2-kinase linker is able to suppress
the kinase activity of ZAP-70 even in the absence of the tandem-
SH2 module.

We also tested the catalytic activity of ZAP-70 in vitro, using
two different readouts of activity. In the first set of experiments,
we used a heterologous peptide substrate (poly-Glu/Tyr) and a
coupled-enzyme assay that measures ATP consumption (18). The
purpose of this set of experiments was to compare the activity of
full-length ZAP-70 to that of the isolated kinase domain, because
the activity of the latter construct was not measured in our previ-
ous studies. The constructs tested included full-length wild-type
ZAP-70 (ZAP-70-FL), the construct with the W131A mutation in
the context of ZAP-70-FL (ZAP-70-W131A), and the kinase do-
main alone (ZAP-70-KD; residues 327 to 619) (Fig. 8, left panel).
The WI131A mutant was chosen for study because its mutation
disrupts the linker-kinase sandwich (18). Each of these constructs
was expressed using a recombinant baculovirus system and puri-
fied for measurement of kinase activity.

In order to estimate the relative values of the catalytic efficien-
cies of the different constructs, we measured the rates of reaction
for fixed tyrosine kinase and substrate concentrations (2 uM
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FIG 8 In vitro catalytic activity of ZAP-70 determined by coupled-kinase assay. (Left) Domain architectures of various ZAP-70 truncation constructs. (Right)

Relative rates of phosphorylation of LAT by various ZAP-70 constructs.

ZAP-70 and 2 mg/ml of the poly-Glu/Tyr substrate peptide). In
agreement with our previous results, when autoinhibited full-
length ZAP-70 was mixed with excess doubly phosphorylated
ITAM peptide (5 wM), the in vitro catalytic activity was increased
by a factor of 1.4 = 0.1 compared to that of full-length ZAP-70
without the doubly phosphorylated ITAM peptide (Fig. 8, right
panel). Introduction of the W131A mutation increased the cata-
Iytic activity by a factor of 5.2 = 0.1 (Fig. 8, right panel). Notably,
the isolated kinase domain (ZAP-70-KD), in which inhibition by
the SH2-kinase linker was completely absent, exhibited the highest
level of kinase activity, with the reaction velocity increased by a factor
of 41.1 * 1.6 compared to that of full-length ZAP-70 (Fig. 8, right
panel), suggesting that the isolated kinase domain was not inhibited
initsactivity. Trp 131 islocated at the heart of the linker-kinase sand-
wich (Fig. 3), and the moderate level of activation seen for the W131A
mutant demonstrates that disruption of the linker-kinase sandwich is
insufficient for complete release of autoinhibition.

In order to determine the catalytic activity of ZAP-70 toward
its physiological substrate, LAT, we set up an in vitro FRET-based
assay. Briefly, two fluorophores, Alexa Fluor 555 and Alexa Fluor
647, were used to label LAT and Grb2 (growth factor receptor-
bound protein 2), respectively, through thiol-maleimide cross-
linking (Fig. 9A). The intracellular domain (residues 30 to 233) of
LAT is intrinsically disordered and contains six tyrosine residues
that are phosphorylated by ZAP-70 (41). Grb2 is composed of two
SH3 domains flanking one SH2 domain, and it binds to phos-
phorylated tyrosines at positions 171, 191, and 226 in LAT, with a
nanomolar to submicromolar binding affinity for each site (42).
Recruitment of Grb2 to phosphorylated LAT brings the donor
(Alexa Fluor 555) and acceptor (Alexa Fluor 647) fluorophores
into close proximity, and the increase in acceptor fluorescence
intensity due to FRET is assumed to reflect the amount of phos-
phorylated LAT (Fig. 9A). Due to the presence of multiple phos-
phorylation sites in LAT, with various distances to the fluorescent
dye, the relationship between the observed FRET value and the
extent of phosphorylation may not be strictly proportional. We
have not investigated this relationship further and have simply
used the rate of increased acceptor fluorescence intensity as an
indicator of the extent of reaction. The final concentration of all
proteins in the FRET assay (tyrosine kinases, LAT, and Grb2) was
1 M, unless otherwise noted.
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We found, using this FRET-based LAT phosphorylation assay,
that full-length ZAP-70 (ZAP-70-FL) exhibits very low kinase ac-
tivity toward LAT. The kinase activity increased approximately
2-fold when excess doubly phosphorylated ITAM peptide was
added (Fig. 9B to D). The W131A mutation in the context of
full-length ZAP-70 increased the kinase activity toward LAT by a
factor of ~9 (Fig. 9B to D). ZAP-70-KD showed a robust kinase
activity in this assay, with a reaction rate ~100-fold higher than
that observed for full-length ZAP-70 (Fig. 9B to D).

Phosphorylation of Tyr 315 and Tyr 319 of ZAP-70 by Src
family kinases is expected to release autoinhibition by the SH2-
kinase linker and would therefore be expected to fully activate
ZAP-70. We found that when full-length autoinhibited ZAP-70
was phosphorylated by c-Src or Lck, the activity of full-length
ZAP-70 toward LAT was increased to a level comparable to that
for the isolated kinase domain. Src family kinases by themselves
are inefficient at phosphorylating LAT when present at the same
concentration (1 pM) (Fig. 9C). Catalytically inactive c-Src
(D386N) did not increase the activity of full-length ZAP-70 (Fig.
9E), indicating that phosphorylation of ZAP-70 by Src family ki-
nases is responsible for the activation of ZAP-70.

In our in vitro biochemical assays, both Src and Lck fully acti-
vated ZAP-70. Because the Src and Lck kinase domains are similar
(68% identity, based on 254 residues) and the expression level of
the recombinant c-Src kinase domain in E. coli is much higher
than that of the Lck kinase domain (15 to 20 mg/liter versus 0.1
mg/liter of purified protein) (43), we used the c-Src kinase domain
for most of our in vitro experiments.

We expected that the SH2-kinase linker would inhibit the ki-
nase domain even if the SH2 domains were removed. To test that
hypothesis, a ZAP-70 construct lacking the tandem-SH2 module
and the disordered portion of the SH2-kinase linker (ZAP-70-
KD/linker; residues 310 to 619) was expressed and purified (Fig.
9B). The activity of this construct was similar to that of the W131A
mutant (that is, it was ~10-fold more active than unphosphory-
lated full-length ZAP-70), but its activity was ~10-fold lower than
that of the isolated kinase domain (Fig. 9C).

Several tyrosine residues in ZAP-70 have been reported to be
phosphorylated by Src family kinases, including Tyr 315, Tyr 319,
and Tyr 493. In order to determine which tyrosine residues were
phosphorylated in our in vitro phosphorylation assay, we digested
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FIG 9 Phosphorylation of ZAP-70 by Src family kinases fully activates ZAP-70 in vitro. (A) In vitro FRET-based approach to measure the catalytic activity of ZAP-70 for
its physiological substrate, LAT. (B) Domain architectures of various ZAP-70 truncation constructs. (C) Relative rates of phosphorylation of LAT by ZAP-70 or Src family
kinases. Src-KD, isolated c-Src kinase domain; Lck-FL, full-length Lck; DP-ITAM, doubly phosphorylated ITAM peptide. (D) Time course of phosphorylation of LAT
as measured by the recruitment of Grb2. Red, isolated ZAP-70 kinase domain; black, ZAP-70-W131A; blue, full-length ZAP-70 bound to an excess amount of doubly
phosphorylated ITAM peptide; green, full-length ZAP-70. (E) Time course of phosphorylation of LAT as measured by the recruitment of Grb2. Blue, full-length ZAP-70
plus Src kinase domain; brown, full-length ZAP-70 plus Src kinase domain with D386N mutation. (F) Time course of phosphorylation of LAT as measured by the

recruitment of Grb2. Black, isolated ZAP-70 kinase domain; blue, isolated ZAP-70 kinase domain plus Src kinase domain.

the phosphorylated ZAP-70 protein samples with trypsin and an-
alyzed the resulting peptides by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Four sites of robust phosphor-
ylation were identified in the SH2-kinase linker and the kinase
domain: Tyr 315, Tyr 319, Tyr 397, and Tyr 493. Tyr 397 is located
in the loop connecting the aC helix and the B4 strand, and Tyr 493
is located in the activation loop.
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A variant of ZAP-70-KD/linker in which Tyr 397 was mutated
to phenylalanine was also fully activated by Src family kinase
phosphorylation (Fig. 9C). Notably, a variant of ZAP-70-KD/
linker in which Tyr 493, in the activation loop, was mutated to
phenylalanine could not be activated further by Src family kinase
phosphorylation (Fig. 9C). These results suggest that phosphory-
lation of ZAP-70 on Tyr 493 is necessary for activation when the
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autoinhibited ZAP-70
FIG 10 Model of ZAP-70 activation by doubly phosphorylated ITAM peptide and Lck phosphorylation.

SH2-kinase linker is present. In contrast, the activity of the iso-
lated kinase domain of ZAP-70 was not increased further upon
phosphorylation by c-Src (Fig. 9F). We interpret these results to
mean that the isolated kinase domain of ZAP-70 is free to adopt
the active conformation, as indicated by the crystal structure of the
unphosphorylated kinase domain (40).

We also mutated both Tyr 315 and Tyr 319 to phenylalanine in
the ZAP-70-KD/linker construct (ZAP-70-KD/linker-FF) (Fig.
9B), and the resulting construct had a similar level of kinase activ-
ity as ZAP-70-KD/linker (Fig. 9C). Notably, both ZAP-70-KD/
linker and ZAP-70-KD/linker-FF were fully activated by Src fam-
ily kinase phosphorylation (Fig. 9C). We presume that once Tyr
493, located in the activation loop of the ZAP-70 kinase domain, is
phosphorylated, the inhibition by the SH2-kinase linker is over-
come. Note that this construct (ZAP-70-KD/linker) has only the
C-terminal portion of the SH2-kinase linker, in contrast to the
ASH2 ZAP-70 construct used in the cell-based assay shown in Fig.
7. In contrast to the ASH2-YYFF ZAP-70 construct, which was
inactive in cells even in the presence of Lck, the phosphorylation of
the ZAP-70-KD/linker protein by c-Src resulted in recovery of full
activity toward LAT (Fig. 9C). This discrepancy may be due to the
lack of phosphatases in the in vitro assay. Competition with the
dephosphorylation reaction might amplify small differences in
the rate of activation loop phosphorylation.

Conclusions. The structure of ZAP-70-YY shows that Tyr 315
and Tyr 319 participate in the formation of two distinct inhibitory
clamps on the kinase domain. The engagement of a doubly phos-
phorylated ITAM peptide by the tandem-SH2 domains of ZAP-70
would not only recruit ZAP-70 to the plasma membrane, where
Lck is located, but also induce a substantial conformational
change that releases the tandem-SH2 module. This conforma-
tional change would facilitate the phosphorylation of Tyr 315 and
Tyr 319 by Lck, thereby preventing redocking of the tandem-SH2
module on the kinase domain. We presume that the release of the
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tandem-SH2 module and the phosphorylation of both Tyr 315
and Tyr 319 within the SH2-kinase linker make the kinase domain
more flexible and that this would facilitate phosphorylation of the
activation loop. Given the high degree of sequence conservation
between ZAP-70 and Syk, a similar autoinhibition mechanism
involving the SH2-kinase linker is expected to underlie the regu-
lation of Syk. This has now been confirmed by the structure of the
autoinhibited form of full-length Syk, which was published just
prior to submission of this report (25).

In summary, our biochemical and structural studies suggest
that when ZAP-70 is recruited to doubly phosphorylated ITAMs
in the TCR ( chain, it is not completely activated until it is phos-
phorylated by Src family kinases such as Lck (Fig. 10). This model
is consistent with previously reported observations that binding of
ZAP-70 to constitutively phosphorylated TCR-{ is insufficient for
complete ZAP-70 activation in thymocytes (44). The presence of
such TCR-{-associated inactive forms of ZAP-70 may be impor-
tant for the priming of rapid TCR signaling after TCR activation.
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