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ZAP-70, a Syk family cytoplasmic protein tyrosine kinase (PTK), is required to couple the activated T-cell
antigen receptor (TCR) to downstream signaling pathways. It contains two tandem SH2 domains that bind to
phosphorylated TCR subunits and a C-terminal catalytic domain. The region connecting the SH2 domains with
the kinase domain, termed interdomain B, has previously been shown to have striking regulatory effects on
ZAP-70 function, presumed to be due to the recruitment of key substrates. Paradoxically, deletion of interdo-
main B preserves ZAP-70 function. Recent structural studies of several receptor tyrosine kinases (RTKSs)
revealed that their juxtamembrane regions negatively regulate their catalytic activities. In EphB2 and several
other RTKs, this autoinhibition depends upon interaction between the kinase domain and tyrosine residues
within the juxtamembrane region. Autoinhibition is released when these tyrosines become phosphorylated
following receptor stimulation. Sequence homology suggested analogous regulation for ZAP-70. Based on
mutagenesis analysis of ZAP-70 interdomain B, we find that this region downregulates ZAP-70 catalytic activity
in a similar manner as the juxtamembrane region of EphB2. Similar regulation was also noted for the related
Syk kinase. These findings suggest that a general autoinhibitory mechanism employed by RTKSs is also used by

some cytoplasmic tyrosine kinases.

Stimulation of the T-cell antigen receptor (TCR) leads to a
series of signaling events that result in changes in T-cell func-
tion and gene expression. Signaling is initiated by two families
of protein tyrosine kinases (PTKSs) (17). Src-family kinases first
phosphorylate specific immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) (4) in the cytoplasmic tails of the CD3
and ¢ subunits of TCR. Each ITAM is composed of a pair of
tyrosines separated by 9 to 11 amino acids which, when phos-
phorylated, bind the Syk family PTK ZAP-70. In turn, ZAP-70
becomes activated and subsequently phosphorylates a number
of key downstream signaling molecules necessary for further
signal propagation.

ZAP-70 consists of two N-terminal SH2 domains, responsi-
ble for binding to doubly phosphorylated ITAMs, and a C-
terminal tyrosine kinase domain (6). The SH2 domains are
separated by a linker region, termed interdomain A. The re-
gion between the SH2 domains and the kinase domain is
known as interdomain B.

Upon binding to phosphorylated ITAMs of the activated
TCR, ZAP-70 itself becomes phosphorylated on multiple ty-
rosine residues, both by Src family PTKs and via autophos-
phorylation. It is well established that tyrosine phosphorylation
plays an important role in ZAP-70 activation, but the precise
mechanism responsible is still incompletely understood.
Among the best-studied phosphorylation sites are tyrosines
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492 and 493 (Y492 and Y493) in the activation loop of the
kinase (5, 33, 34). A model has been proposed whereby Y493
becomes phosphorylated first by the Src-family PTK Lck. This
phosphorylation is then followed by autophosphorylation at
Y492 (5). Phosphorylation at both sites is most likely required
for displacement of the activation loop from the catalytic site
and, hence, activation of the kinase. However, the recent crys-
tal structure of the isolated nonphosphorylated ZAP-70 kinase
domain complexed with staurosporine fails to show blockade
of the catalytic site by the activation loop (19). This suggests
that some other mechanism may be responsible for regulation
of the catalytic domain in the context of the intact ZAP-70
molecule.

Another possible means of regulation could involve other
phosphorylation sites, such as Y292, Y315, and Y319, in inter-
domain B of ZAP-70. Y292 has a negative regulatory function,
possibly due to the recruitment of the E3 ubiquitin ligase c-Cbl.
The interaction between phosphorylated Y292 and c-Cbl is
well documented, and a crystal structure of the Y292-contain-
ing phosphopeptide bound to the phosphotyrosine binding
(PTB) domain of c-Cbl has been solved (22, 25, 27). However,
the importance of this interaction has been challenged by a
recent study where knock-in mice expressing a c¢-Cbl mutant
that is unable to bind ZAP-70 did not show major alterations
in ZAP-70 expression or function (31).

Interdomain B tyrosines Y315 and Y319 have been pro-
posed to be positive regulatory sites of phosphorylation. It has
been demonstrated that both tyrosines become phosphorylated
following TCR cross-linking, and ZAP-70 itself (8) and Lck
(36) have both been suggested to be responsible for this phos-
phorylation. Additionally, c-Abl has recently been shown to be
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able to phosphorylate Y319 (41). In multiple experimental
systems, mutations of Y315 or Y319 to phenylalanines substan-
tially impaired ZAP-70-dependent signaling events, thought to
be primarily due to the inability of mutated ZAP-70 to recruit
downstream effector molecules (8, 12, 13, 23, 36, 37). Probably
best studied is the interaction between phosphorylated Y319
and the SH2 domain of Lck, which has been proposed to play
an important role in the subsequent Lck-mediated phosphor-
ylation of Y493 of ZAP-70 as a part of a positive feedback
mechanism (26, 30). There also is evidence that other mole-
cules, including Vav1 (37), phospholipase C-y1 (PLC-y1) (36),
and possibly Crk (11) bind interdomain B tyrosines. Therefore,
it was rather surprising that an internal deletion which re-
moved most of interdomain B, including Y292, Y315, and
Y319, did not have any major effect on ZAP-70-dependent
signaling events (40). This suggests that interdomain B has a
regulatory function independent of any interacting molecules.

Such regulatory elements have been recently discovered in
the juxtamembrane regions of several receptor tyrosine kinases
(RTKs) (for review, see reference 15). In RTK EphB2, ty-
rosines Y604 and Y610 in the juxtamembrane region promote
an interaction between the juxtamembrane region and the
kinase domain. This leads to substantial alterations in the
structure of the kinase domain and inhibition of kinase activity
(38). Ligand-induced oligomerization of EphB2 leads to auto-
phosphorylation of Y604 and Y610, which disrupts the auto-
inhibitory interaction and results in an upregulation of the
kinase activity. Based on the sequence similarity between the
juxtamembrane region of EphB2 and interdomain B of ZAP-
70, we hypothesized that interdomain B plays an analogous
role in autoinhibition of ZAP-70 kinase activity. Our data
support a novel model of ZAP-70 activation in which Y315 and
Y319 of interdomain B play an important structural role in
autoinhibition of ZAP-70 and their phosphorylation is an es-
sential prerequisite for putative structural changes leading to
the full activation of the kinase.

MATERIALS AND METHODS

Cells, cDNA constructs, and antibodies. P116, a ZAP-70-deficient Jurkat-
derived T-cell line, was obtained from R. Abraham (Burnham Institute, La Jolla,
CA). 293 cells, a kidney epithelial cell line, were obtained from the American
Type Culture Collection (Manassas, VA). A QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA) and standard PCR techniques were utilized to
prepare the ZAP-70 mutations (Y315/319F, Y315/319A, Y315/319E, K369A,
A265-331) in the expression plasmid pcDNA3 (Invitrogen, Carlsbad, CA) and
the Syk mutations (Y342/346F, Y342/346A) in the expression plasmid pEF6
(Invitrogen). Hemagglutinin (HA)-tagged rat wild-type (WT) Syk was provided
by J. B. Bolen (DNAX Research Institute of Molecular and Cellular Biology,
Palo Alto, CA). C-terminal, Myc-tagged wild-type, and ASH3 c-Abl were con-
structed by cloning EcoRI fragments of wild-type and ASH3 c-Abl from pSRa-
MSV-TKneo (obtained from Marie Anne Pendergast, Duke University Medical
Center, Durham, NC), into pBS SK. A BglII-Xbal PCR product covering the last
90 coding base pairs of c-Abl with the Xbal site destroying the stop codon was
cloned in frame with c-Abl or ASH3 c-Abl from pBS (NotI-partial BglII frag-
ment) into Notl-Xbal-digested pEF6Myc/HisA. Lck (24), FynT (7), FLAG-
tagged linker for activation in T cells (LAT) (2), non-T-cell activation linker
(NTAL) (2), and CD8-TCR-{ (16) constructs have been described previously.
Monoclonal antibody (MAb) 1F6 (anti-Lck) was obtained from J. B. Bolen.
Anti-phosphotyrosine MAb 4G10 and mixed MAbs against PLC-y1 were pur-
chased from Upstate Biotechnology (Charlottesville, VA). Anti-FLAG-tag MAb
M2 was from Sigma (St. Louis, MO). Rabbit antisera to PLC-y1-pY783, LAT-
pY132, LAT-pY191, and SLP-76-pY145 were purchased from Biosource (Cam-
arillo, CA); rabbit antiserum against LAT was from Novus Biologicals (Littleton,
CO); rabbit antiserum against SLP-76 was obtained from Santa Cruz Biotech-
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nology (Santa Cruz, CA); and mouse monoclonal antibody 9B11 against Myc
epitope and rabbit antisera against ZAP-70, pY493, and pY319 were from Cell
Signaling Technology (Beverly, MA). Rabbit antisera against Fyn were from
EMD Biosciences (La Jolla, CA). Monoclonal antibodies C305 (anti-TCR-B)
(35), 2F3.2 (anti-ZAP-70) (17), 6B10 (anti-TCR-{) (32), and NAP-4 (anti-
NTAL) (2) have been described previously.

Transfections and transcriptional assays. For transient transfections of P116
cells, 20 pg of NFAT luciferase reporter plasmid DNA (29) and 20 pg of ZAP-70
or Syk expression constructs were electroporated at 250 V, 960 wF, using the
Bio-Rad Gene Pulser electroporator (Bio-Rad Laboratories, Hercules, CA).
Sixteen hours after the transfection, cells were stimulated with anti-TCR (1:1,000
C305 ascites) or phorbol 12-myristate 13-acetate (PMA; 20 ng/ml) and ionomy-
cin (1 pM). Approximately 8 h later, the cells were harvested, lysed, and assayed
for luciferase activity. Stably transfected cell lines were generated by transfection
of 20 pg WT or mutated ZAP-70 expression constructs into the parental P116
cell line. Clones were isolated by limiting dilution in the presence of G418 (2
mg/ml; Invitrogen). Transient transfections of 293 and Cos cells were carried out
in 24-well plates using Lipofectamine and PLUS reagents (Invitrogen) according
to the manufacturer’s instructions.

Measurement of free intracellular calcium concentration. Cells were loaded
with the fluorescent dye indicator Indo-1 (Molecular Probes, Eugene, OR) and
stimulated with anti-TCR MAb C305 (1:1,000 ascites). The fluorescence at 400-
and 500-nm wavelengths was measured with a Hitachi F-4500 fluorescence spec-
trophotometer (Hitachi, Tokyo, Japan), and the concentration of free intracel-
lular calcium was calculated from the ratio of fluorescence at the two wave-
lengths (14).

Cell stimulation, lysate preparation, immunoprecipitation, and Western blot
analyses. P116 cells (10%/ml phosphate-buffered saline) transfected with ZAP-70
constructs were stimulated with anti-TCR MAb C305 (1:100 or 1:1,000 ascites)
at 37°C for the time indicated, immediately pelleted, and lysed in ice-cold lysis
buffer (20 mM Tris, pH 7.6, 150 mM NaCl, 1% NP-40, 0.01% NaNj, and a
cocktail of protease and phosphatase inhibitors). Postnuclear supernatant was
either used for immunoprecipitation with antibody prebound to Sepharose-
protein A or -protein G beads (Amersham Biosciences, Buckinghamshire,
United Kingdom) or diluted with 2X concentrated sodium dodecyl sulfate (SDS)
sample buffer containing 2-mercaptoethanol for whole-cell lysates. Where indi-
cated, whole-cell lysates were prepared by resuspending the cells in 2X concen-
trated SDS sample buffer (200 pl per 5 X 10° P116 cells or 60 .l per well of 293
cells) followed by ultracentrifugation (30 min, 300,000 X g). Samples were ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting
with the indicated primary and horseradish peroxidase-conjugated secondary
antibody. Proteins were then detected by chemiluminescence (Western Light-
ning; Perkin-Elmer, Wellesley, MA) on a Kodak Image Station (Kodak, Roch-
ester, NY).

RESULTS

Mutation of tyrosines 315 and 319 of ZAP-70 to alanines
does not compromise ZAP-70 function in Jurkat T cells. In a
number of experimental models, mutations of Y315 or Y319 to
phenylalanine had adverse effects on ZAP-70-mediated signal-
ing events. Surprisingly, removal of amino acids 265 to 331
from interdomain B, containing these tyrosines, had only mild
consequences (40). To reconcile these conflicting observations,
we analyzed the amino acid sequence of interdomain B and
found that Y315 and Y319 reside within motifs that have
striking homology to motifs containing negative regulatory ty-
rosines located in the juxtamembrane region of EphB2 (Fig.
1A). Similar sequence homology was seen in the Syk PTK.
Moreover, the distance of these residues from the kinase do-
mains of ZAP-70 and Syk was similar to that of the tyrosines in
EphB2. Therefore, we hypothesized that the segment of inter-
domain B of ZAP-70 containing Y315 and Y319 autoinhibits
its catalytic function via a mechanism similar to that of the
EphB2 juxtamembrane region. In EphB2, mutation of jux-
tamembrane tyrosines Y604 and Y610 to structurally related
but unphosphorylatable phenylalanines constrained the kinase
into an inactive conformation (38). We reasoned that ZAP-70
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FIG. 1. ZAP-70 sequence analysis and mutant generation. (A) Schematic diagram of ZAP-70 illustrating functional domains and the homology
between ZAP-70 interdomain B and EphB2 juxtamembrane region. (B) Diagrammatic representation of ZAP-70 expression constructs. All are

in the pcDNA3 expression plasmid backbone.

could be under similar regulatory constraint. According to this
model, replacement of Y315 and Y319 in ZAP-70 with phe-
nylalanines should lock ZAP-70 into an inactive state. We also
hypothesized that mutation of these residues to structurally
distant alanines could free ZAP-70 from this inhibitory con-
straint. To test this hypothesis, we made several expression
constructs of ZAP-70. In addition to WT ZAP-70, we made a
mutant form of ZAP-70 with Y315 and Y319 mutated to phe-
nylalanine residues (YYFF) and other mutants with substitu-
tion for Y315 and Y319 with alanine residues (YYAA) or
glutamic acids (YYEE). Additional control constructs in-
cluded a kinase-inactive ZAP-70 (KA) where lysine 369 in the
ATP binding site was mutated to alanine and a ZAP-70 con-
struct lacking amino acids 265 to 331 in interdomain B (A IB)
(Fig. 1B).

Stimulation of the TCR on the ZAP-70 deficient Jurkat
mutant P116 fails to induce signaling events downstream of the
receptor, including the activation of NFAT (nuclear factor of
activated T cells) transcriptional reporter constructs, calcium
flux, mitogen-activated protein (MAP) kinase activation, and
phosphorylation of multiple important downstream signaling
molecules. To analyze the role of Y315/Y319 in NFAT activa-
tion, we transiently transfected P116 cells with the ZAP-70
constructs described above together with an NFAT-driven lu-
ciferase reporter construct and measured TCR-induced lucif-
erase production in these transfectants. We also established
clones stably expressing the same ZAP-70 constructs and an-
alyzed them in a similar fashion. The TCR induction of NFAT
could be restored by transient or stable transfection of WT
ZAP-70 (Fig. 2A and B). Whereas the YYFF mutant and a
catalytically inactive (KA) mutant failed to restore NFAT re-
sponses, both the interdomain B deletion and the YYAA mu-
tant restored TCR-mediated NFAT responses. These results
are consistent with the notion that the Y315/Y319 sites are
involved in a negative regulatory function and that recruitment
of critical effector molecules is not necessary for downstream
signaling. Consistent with this, TCR-induced calcium re-
sponses (Fig. 2C) and activation of MAP kinases Erkl and
Erk2 (Fig. 2D) were restored not only by WT ZAP-70 but also
by the YYAA mutant in the stable transfectants.

YYAA ZAP-70 rescues TCR-dependent tyrosine phosphory-
lation of signaling proteins in P116 cells. One of the most

proximal measures of ZAP-70-dependent TCR activation is
tyrosine phosphorylation of a number of substrates by PTKs.
To elucidate the influence of interdomain B tyrosines on TCR-
mediated tyrosine phosphorylation of downstream signaling
proteins, we analyzed unstimulated and TCR-stimulated P116
cells stably transfected with WT and mutant ZAP-70 con-
structs by antiphosphotyrosine immunoblotting. Analysis of
whole-cell lysates revealed that TCR stimulation of the cells
transfected with WT ZAP-70 resulted in phosphorylation of
multiple proteins (Fig. 3A), including a 36- to 38-kDa phos-
phoprotein likely representing an important ZAP-70 substrate
transmembrane adaptor protein, LAT (39). Consistent with
the data in the previous figure, inducible tyrosine phosphory-
lation could also be reconstituted by the YYAA mutant, albeit
to a modestly reduced extent compared to the wild-type pro-
tein. In contrast, the cells expressing the YYFF mutant exhib-
ited reduced responses, while the inactive KA mutant failed to
restore inducible tyrosine phosphorylation. An exception to
this was the observation of a constitutively hyperphosphory-
lated 70-kDa phosphoprotein in the lysates of the KA-trans-
fected cells, which most likely represented ZAP-70 itself, as
discussed below. Consistent with overall tyrosine phosphoryla-
tion, a similar pattern of responsiveness was also observed for
several specific substrates as detected by site-directed phos-
pho-specific antibodies against the key downstream signaling
molecules, including the ZAP-70 substrates LAT and SLP-76
as well as PLC-y1 (Fig. 3B).

Recruitment of ZAP-70 to the TCR is altered in ZAP-70
mutant cells. One of the first events thought to occur following
TCR engagement is the phosphorylation of the TCR-{ chain
by the PTK Lck, which leads to the recruitment of ZAP-70 via
its SH2 domains to the newly phosphorylated ITAMs (17).
Since this is one of the necessary steps in ZAP-70 activation,
we next analyzed how mutations in interdomain B affected
binding of ZAP-70 to TCR-{. We immunoprecipitated TCR-{
from unstimulated and TCR-stimulated P116 transfectants and
analyzed the proteins by immunoblotting (Fig. 4). All cell lines
showed an inducible tyrosine phosphorylation of TCR-{. How-
ever, there was a reproducibly marked increase in basal and
inducible TCR-{ phosphorylation in the YYAA mutant. In-
ducible TCR-{ phosphorylation was also reproducibly elevated
above wild-type levels in both YYFF and KA mutants.
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FIG. 2. Initial functional analysis of ZAP-70 mutants in P116 Jurkat cells. (A) NFAT activation in P116 cells reconstituted with ZAP-70
mutants. P116 cells were transiently transfected with 20 pg NFAT-luciferase and 20 pg vector only or the ZAP-70 expression plasmid. The cells
were left unstimulated, stimulated with anti-TCR or with PMA plus ionomycin, and then assayed for luciferase activity. The data are represented
as the fraction of the activity obtained with PMA plus ionomycin. Error bars represent the standard deviation. Blots displaying the relative ZAP-70
expression levels are shown below. (B) Representative stable clones expressing ZAP-70 mutants were transfected with 20 pg NFAT-luciferase
reporter plasmid and assayed for their TCR-induced activation of NFAT. Data are represented as described for transient assays. (C) Intracellular
Ca** flux in cells loaded with Indo-1 dye followed by addition of anti-TCR antibody (indicated with arrow). The concentration of Ca®* was
calculated using the ratio of emission at 400 nm to that at 500 nm as described in Materials and Methods. (D) TCR-induced phosphorylation of
Erkl and Erk2 MAP kinases. Cells were left unstimulated or stimulated with anti-TCR antibody for 2, 5, or 20 min, and whole-cell lysates were

blotted for phospho-Erk1/2 and total levels of Erk1/2.

In addition to the phosphorylated TCR-{, tyrosine-phospho-
rylated ZAP-70 was also found in these TCR-{ immunopre-
cipitates (Fig. 4). Surprisingly, compared to the WT ZAP-70,
the KA mutant was hyperphosphorylated in both the basal and
activated states, while phosphorylation of YYAA and YYFF
was only barely detectable. The blot containing these TCR-{
immunoprecipitates was stripped and reprobed for the total
level of ZAP-70 associated with TCR-{. Unexpectedly, in all
ZAP-70 mutant-expressing cell lines, there was an increase in
the amount of ZAP-70 associated with TCR-{. Assuming that
some level of tonic signaling is present via the TCR pathway in
unstimulated Jurkat cells, as we have previously reported (28),
it would appear that the Y315/Y319 sites not only may play a
role in negatively regulating ZAP-70 catalytic activity, but also
may serve to regulate its association or turnover on TCR-{
ITAM phosphorylation sites. The intrinsic ability of ZAP-70
mutants to bind more efficiently to TCR-{ ITAMs may also
lead to the protection of TCR-{ ITAMs from dephosphoryla-
tion by cellular phosphatases, thus accounting for the observed
increase in TCR-{ phosphorylation.

Phosphorylation of mutant ZAP-70 proteins. In an effort to
understand the contributions of Y315/Y319 phosphorylation to
ZAP-70 activation, we used phospho-specific antibodies to
Y319 and Y493 to analyze the phosphorylation status of
ZAP-70 proteins in the whole-cell lysates of P116 transfec-
tants. TCR stimulation of cells expressing WT ZAP-70 led to
inducible phosphorylation of Y319. Consistent with previous

experiments, we observed constitutive hyperphosphorylation
of Y319 in the inactive KA mutant that could be further en-
hanced by TCR stimulation. TCR-inducible phosphorylation
of the activation loop Y493 could be detected for all ZAP-70
constructs (Fig. 5A). The phosphorylation of the YYAA mu-
tant at Y493 was reduced compared to WT ZAP-70. The Y493
phosphorylation of YYFF mutant was even more reduced,
especially considering the higher expression level of YYFF
protein compared to the YYAA. Similar to Y319, Y493 was
also hyperphosphorylated in the inactive KA mutant. The con-
stitutive hyperphosphorylation of Y319 and Y493 in the KA-
inactive mutant may reflect the failure of negative regulatory
pathways to be activated in the absence of an active ZAP-70
kinase.

In order to simplify these phosphorylation events and exam-
ine the in vivo catalytic function of the ZAP-70 interdomain B
double-tyrosine mutants, we overexpressed these mutants in
293 cells alone, or together with Lck, and performed similar
analyses using site-directed phospho-specific antibodies. In the
absence of Lck, only the YYAA mutant exhibited constitutive
phosphorylation of Y493 in the activation loop (Fig. 5B). Phos-
phorylation of Y493 and Y319 in WT ZAP-70 required the
presence of Lck. Interestingly, although Y319 was phosphory-
lated in the KA mutant, Y493 was not phosphorylated in this
mutant or in the YYFF mutant. We also expressed these
ZAP-70 constructs together with Lck and a CD8-TCR-{ chi-
mera (as a simplified TCR surrogate), and immunoprecipi-
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tated CDS-TCR-( from the lysates of the transfected cells. All
constructs appeared to be bound equivalently to phosphory-
lated TCR-{ sequences (Fig. 5C). Very similar site-specific
tyrosine phosphorylation of ZAP-70 was observed, even in the
presence of a CD8-TCR-{ chain chimera (Fig. 5C). These
findings are consistent with the notion that Y319 (and possibly
Y315) are Lck phosphorylation sites and regulate accessibility
of Y493 in the activation loop to phosphorylation. Results of
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FIG. 4. Ability of ZAP-70 mutants to associate with TCR-{ chain.
P116 stable transfectants were incubated with or without anti-TCR
antibody, lysates were prepared, and anti-TCR-{ immunoprecipita-
tions were performed. Immunoprecipitates were subjected to SDS-
PAGE and blotted for TCR-{, phosphotyrosine, and ZAP-70, as indi-
cated.
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experiments with single-tyrosine mutants (Y315F, Y319F,
Y315A, Y319A) recapitulated those with double mutants; in
all cases, the alanine mutants were more active than phenyl-
alanine mutants (data not shown). To study the kinases in-
volved in phosphorylation of Y319 and Y493 in greater detail,
we performed a similar experiment using expression constructs
of Fyn, c-Abl, and a constitutively active form of c-Abl (c-Abl
A SH3). Fyn has been shown to interact with and to phosphor-
ylate ZAP-70 (10), although specific phosphorylation sites in
ZAP-70 have not been identified. c-Abl has been previously
shown to phosphorylate Y319 of ZAP-70 (41). Since we could
not observe any kinase activity of FynT in 293 cells, we em-
ployed Cos cells in this experiment. As shown in Fig. 5D, all of
the kinases were able to induce a similar pattern of ZAP-70
phosphorylation as that induced by Lck. Relative efficiency of
the kinases used, however, could not be evaluated since the
relative level of their expression could not be estimated in this
experiment.

Kinase activity of ZAP-70 and Syk mutants expressed in
293T cells. To examine the catalytic activities of these mutants,
we immunoprecipitated them from P116 lysates and per-
formed in vitro kinase assays using a glutathione S-transferase
(GST) fusion to the cytoplasmic domain of band 3 protein as a
substrate, but failed to detect substantial differences in cata-
lytic activity (data not shown). However, when we transfected
293 cells with the lipid raft-anchored ZAP-70 kinase substrate
LAT together with the ZAP-70 constructs in the presence or
absence of Lck, we observed substantial differences when we
examined the in vivo phosphorylation of LAT. Among the
constructs used in the previous experiments, only the YYAA
mutant could phosphorylate LAT in the absence of Lck (Fig.
6A). Cotransfection of Lck with the WT ZAP-70 was necessary
to activate it, as evidenced by LAT phosphorylation. Lck also
modestly augmented the ability of the YYAA mutant to phos-
phorylate LAT. As an additional control, we used a ZAP-70
construct in which Y315 and Y319 were both mutated to glu-
tamic acids (YYEE) to better mimic the negative charge as-
sociated with tyrosine phosphorylation at this site. With this
mutant, we obtained the same results as with the YYAA con-
struct (Fig. 6A). Similar results were also obtained when an-
other substrate of Syk-family kinases, NTAL (2) (also known
as LAB) (18), was used instead of LAT as the ZAP-70 sub-
strate (data not shown). Moreover, the YYEE mutant was able
to reconstitute transcriptional activation of NFAT in P116
Jurkat cells to a similar extent as the YYAA mutant (data not
shown).

Our experiments, together with previously published data
suggest that inhibition of the kinase activity by tyrosines adja-
cent to the N terminus of the kinase domain may represent a
broadly used regulatory mechanism employed by many recep-
tors as well as cytoplasmic PTKs. Therefore, we next analyzed
PTK Syk, the other member of the Syk family of PTKs. It has
the same domain structure as ZAP-70, and the interdomain B
phosphorylation sites are well conserved between the two
members of the family (Fig. 1A). Analogous to previous ex-
periments, we mutated corresponding tyrosines 342 and 346
(orthologs of Y315 and 319 of ZAP-70) to alanines or phenyl-
alanines, expressed these constructs together with the Syk sub-
strate NTAL in the presence or absence of Lck in 293 cells, and
analyzed NTAL phosphorylation in the whole-cell lysates (Fig.
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FIG. 5. Phosphorylation of ZAP-70 at tyrosines 319 and 493. (A) Lysates of nonstimulated and TCR-stimulated P116 cells stably expressing
WT and mutant ZAP-70 proteins were analyzed by immunoblotting with the indicated antibodies. (B) 293 cells were transiently transfected with

ZAP-70 WT or mutant constructs and with or without Lck, lysed in 2X

concentrated SDS-PAGE sample buffer, and subjected to Western blot

analysis. (C) NP-40 lysates of 293 cells, transiently transfected with Lck, CD8-{, and different ZAP-70 constructs, were subjected to anti-TCR-{
immunoprecipitation followed by immunoblotting. In the negative control, the CD8-{ construct was omitted from the transfection mixture. (D) Cos

cells were transiently transfected with ZAP-70 constructs and with Lck,

Fyn, c-Abl, or constitutively active cAblA SH3 and analyzed as in panel

B. The constructs used for transfections are indicated at the top of each panel, with antibodies used for immunoprecipitations (IP) and

immunoblotting (BLOT) on the right.

6B). Results similar to the previous ZAP-70 experiments were
obtained, although this region did not appear to constrain this
kinase to the same absolute extent. The YYAA mutant did not
require Src family kinases to phosphorylate NTAL in this sys-
tem, while WT Syk was substantially less active and the YYFF
mutant displayed only marginal kinase activity in the absence
of Lck. Cotransfection of Lck augmented the in vivo kinase
activity of all the Syk constructs, quite surprisingly even that of
the YYFF mutant. The previously observed increased activity
of Syk (20) may reflect its somewhat reduced dependency on
Src kinases to release the inhibitory constraints of interdomain
B. The sequence differences in the ZAP-70 and Syk interdo-
main B (Fig. 1A) might also be partially responsible. On the
other hand, it is also possible that the high kinase activity of
Syk may be outside the range of sensitivity of the assay.

DISCUSSION

Our findings reveal an autoinhibitory switch in ZAP-70 and
Syk and suggest that, in contrast to the previously held view,
Y315 and Y319 in ZAP-70 do not play a requisite scaffolding
function in order to recruit substrates. Rather, they are pri-
marily responsible for an autoinhibitory switch that regulates
kinase function. Our findings suggest that Lck or another ki-
nase activates ZAP-70 by phosphorylating Y319 (and possibly
Y315), which, by analogy to the juxtamembrane region of sev-
eral RTKs (15), relieves a hydrophobic autoinhibitory interac-
tion with the N-terminal lobe and the activation loop of the
kinase domain. This likely induces a conformational change
that enhances the kinase activity and/or accessibility of the
activation loop tyrosines for phosphorylation.
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FIG. 6. Kinase activity of ZAP-70 and Syk mutants in 293 cells. 293 cells transiently transfected with ZAP-70 and LAT-FLAG (A) or Syk and
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expression level of LAT-FLAG, NTAL, ZAP-70, Syk, and Lck was assessed by probing with the respective antibodies. Note the phosphorylation-

induced decrease in NTAL electrophoretic mobility.

This hypothesis is supported by experiments in 293 and Cos
cells as well as in the P116 Jurkat T-cell line. The YYAA
mutants of ZAP-70 and Syk appeared dysregulated in 293 cells,
as measured by tyrosine phosphorylation of the ZAP-70 acti-
vation loop and the ability of both of these YYAA mutants to
phosphorylate their substrates. In contrast to the YYFF mu-
tant, YYAA ZAP-70 substantially reconstituted a number of
signaling events in P116 cells, including tyrosine phosphoryla-
tion, calcium flux, transcriptional activation of NFAT, and
activation of the Erk1/2 MAP kinase pathway. Also of note is
the fact that we had difficulties generating wild-type expression
levels of the interdomain B deletion or YYAA mutants in
stable P116 transfectants, suggesting some toxicity of these
potentially unregulatable mutants. This may be explained by
the fact that activation of the TCR can induce apoptosis in
Jurkat cells via Fas-dependent pathways (9).

Although our experiments with the YYAA mutant of
ZAP-70 suggest that binding of signal transducing molecules to
ZAP-70 tyrosines Y315 and Y319 has only partial amplifying
effects on several major TCR-dependent signaling pathways,
the scaffolding function of these tyrosines cannot be entirely
dismissed. Our observation that some of the signaling events,
most notably full tyrosine phosphorylation of LAT, SLP-76,
and PLC-vy1, could not be completely rescued by YYAA
ZAP-70 in P116 cells suggests that there still may be some,
perhaps only quantitative, function for Y315 and Y319 in the
recruitment of downstream signaling molecules.

Apart from directly affecting the downstream signaling path-
ways, the molecules interacting with phosphorylated Y315 and
Y319 potentially can be involved in the regulation of ZAP-70
itself. Binding of SH2 domain-containing proteins to phos-
phorylated interdomain B tyrosines may stabilize the active
conformation of ZAP-70 and protect Y315/Y319 from dephos-

phorylation. In addition, the effector functions of these mole-
cules could directly influence ZAP-70 kinase activity. Indeed,
Pelosi et al. suggested that binding of Lck via its SH2 domain
to phosphorylated Y319 followed by Lck-mediated phosphor-
ylation of Y493 in the activation loop of ZAP-70 is an impor-
tant positive feedback mechanism in ZAP-70 activation (26).

Up until now, Lck has been viewed as the major PTK re-
sponsible for the phosphorylation of ZAP-70 Y493. This was
primarily based on mass spectrometry and two-dimensional
analysis of tryptic peptides generated from purified recombi-
nant ZAP-70 protein phosphorylated by Lck (5, 34) as well as
the data of Pelosi et al. (26). These studies however, did not
investigate the role of other kinases, including Fyn and c-Abl,
in ZAP-70 phosphorylation. The first two studies also failed to
examine phosphorylation of Y315/Y319 and thus did not take
into account the influence of these sites on ZAP-70 activity and
the ability to autophosphorylate at Y493. Our data from the
293 cell overexpression system revealed that, unlike WT ZAP-
70, mere overexpression of the ZAP-70 YYAA mutant led to
its phosphorylation at Y493, suggesting that YYAA was able to
autophosphorylate at Y493, perhaps via an intermolecular
trans-phosphorylation mechanism (Fig. 7). Moreover, with Lck
as well as with Fyn and c-Abl cotransfection, we observed high
levels of Y493 phosphorylation in WT ZAP-70 but only mar-
ginal phosphorylation of Y493 in the kinase-inactive mutant,
despite comparable phosphorylation at Y319. These results
suggest that these kinases are not very efficient at phosphory-
lating Y493, even when Y319 is phosphorylated and potentially
available for binding. This seems to suggest that in 293 or Cos
cells phosphorylation of interdomain B Y315/Y319 is the only
major event dependent on kinase(s) other than ZAP-70 itself,
which in turn results in an increase of ZAP-70 kinase activity
and its frans-autophosphorylation of the activation loop. These
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FIG. 7. Hypothetical model of the ZAP-70 activation process. Lck
phosphorylates ITAMs of activated TCR. ZAP-70 is recruited to phos-
phorylated ITAMs and subsequently phosphorylated by Lck on inter-
domain B tyrosines 315 and 319. This leads to a structural rearrange-
ment of ZAP-70 molecule leading to increased accessibility of the
activation loop and/or elevated kinase activity. This is followed by
autophosphorylation of the activation loop, possibly via the coordi-
nated action of Lck and ZAP-70 itself, and results in fully active
ZAP-70 kinase. For simplicity, only Lck is shown in the model, but
involvement of other PTKs should also be considered, as discussed in
the text.

data also seem to rule out the possibility that phosphorylation
of Y315/Y319 alone substantially enhances accessibility of
Y493 for phosphorylation by Lck, Fyn, or c-Abl. In P116 Jurkat
cells, however, the KA mutant was hyperphosphorylated at
both Y319 and Y493, and its phosphorylation was further in-
creased upon TCR stimulation. This apparent discrepancy
could result from differential regulation of ZAP-70 in the P116
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Jurkat T-cell line versus 293 or Cos cells, which are of epithe-
lial origin. T cells likely have multiple regulatory mechanisms
to control their key signaling molecules, including ZAP-70.
Some of these mechanisms may be missing in 293 or Cos cells
because they do not express endogenous ZAP-70 and there-
fore would have no need to specifically control its activity. The
observed hyperphosphorylation of KA ZAP-70 in P116 cells
indeed suggests the existence of a ZAP-70-driven negative
feedback loop in T cells. By impairing ZAP-70 activity by the
KA mutation, this putative regulatory mechanism is turned off
and nonphysiological hyperphosphorylation of Y319 and Y493
occurs. A similar regulatory mechanism might also explain the
incomplete reconstitution of several tyrosine phosphorylation
events in P116 cells expressing the potentially hyperactive
YYAA ZAP-70 mutant, which would enhance the activity of
the same negative feedback loop. However, considering the
difficulties we had in obtaining the cells stably expressing
YYAA ZAP-70, it is also possible that only the clones able to
compensate for increased ZAP-70 activity by reinforcing some
of the negative regulatory pathways were selected.

The observation that KA ZAP-70 could be phosphorylated
at Y493 also shows that ZAP-70 is not the only PTK able to
phosphorylate Y493 and that other PTKs, most likely Lck (26),
participate in phosphorylating this site. Additional studies are
needed to dissect the contribution of different kinases to Y493
phosphorylation. Nevertheless, based on currently available
data, we favor the possibility that Lck and ZAP-70 are the
major kinases phosphorylating Y493 in vivo. It is possible that
Lck is responsible only for the initial but rather inefficient
phosphorylation of Y493 on several ZAP-70 molecules. These
activated ZAP-70 molecules may in turn trans-autophosphory-
late other ZAP-70 molecules with which they are dimerized by
paired ITAMs in the TCR-{ and CD3 chains, much like dimer-
ized RTKs. Since there certainly is rapid turnover of ZAP-70
binding to ITAMs (3), it is likely that one active ZAP-70
molecule can activate many other ZAP-70 molecules leading
to substantial amplification of the initial signal. Consistent with
this model, it has been demonstrated that phosphorylated
TCR-{ chain dimers potentiate ZAP-70 in vitro catalytic activ-
ity substantially more than do monomers (21). Also, this mech-
anism may explain why ITAMs are almost always found as
pairs in homo- or heterodimeric non-ligand-binding chains
within the receptors of the hematopoietic lineage involved in
antigen recognition: i.e., to allow for induced dimers of
ZAP-70 or Syk to trans-autophosphorylate.

The importance of the activation loop phosphorylation of
Syk family kinases has recently been questioned by the studies
describing the structures of the isolated kinase domains of
ZAP-70 and Syk (1, 19). In both kinase domains, the unphos-
phorylated activation loop assumes an extended conformation,
typical for an activated kinase. In ZAP-70, this might have
been driven by the interactions between the activation loop
and the kinase domain of neighboring molecules in the crystal,
but it also might suggest that phosphorylation of the activation
loop is not as critical for ZAP-70/Syk activation as previously
was thought. Interdomain B phosphorylation or YYAA muta-
tion may be sufficient to increase ZAP-70/Syk activity enough
to autophosphorylate and/or phosphorylate its downstream
substrates. By analogy with EphB2, interdomain B in fact may
regulate the activation loop conformation and the observed
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structure may reflect the lack of interdomain B in the construct
used for structure determination. In such a circumstance, phos-
phorylation of the activation loop probably would have mainly
stabilizing effects.

It appears that ZAP-70 activation is a complicated multistep
process requiring proper spatial as well as temporal coordina-
tion of several key events (Fig. 7). Upon TCR stimulation and
phosphorylation of TCR ITAMs by Src family kinases, ZAP-70
is recruited to phosphorylated ITAM sequences. Subsequently,
Y315 and Y319 in interdomain B of ZAP-70 become phos-
phorylated by Src family or Abl/Arg family PTKs. This results
in the release of ZAP-70 from an autoinhibited state, the
upregulation of kinase activity, and the stabilization of the
interaction between ZAP-70 and phosphorylated TCR chains.
Subsequent steps are not clear yet, but they likely involve
phosphorylation of the ZAP-70 activation loop, possibly via the
cooperative action of Lck and ZAP-70 itself resulting in the
fully active enzyme.

Collectively, our findings suggest that the cytoplasmic PTKs
ZAP-70 and Syk share with RTKs a regulatory mechanism
involved in inhibiting catalytic activity that involves two ty-
rosine residues N terminal to their kinase domains. The paired
autoinhibitory tyrosines are localized within the juxtamem-
brane regions of RTKs, whereas they are within interdomain B
of ZAP-70 and Syk. Thus, one could view ZAP-70 and Syk
essentially as RTKs in which membrane localization is just
another means of regulation. However, once localized to the
membrane, these kinases are activated through mechanisms
similar to those involved in RTK activation.
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