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Phospholipase C-g1 (PLC-g1) plays a crucial role in the coupling of T-cell antigen receptor (TCR) ligation
to interleukin-2 (IL-2) gene expression in activated T lymphocytes. In this study, we have isolated and
characterized two novel, PLC-g1-deficient sublines derived from the Jurkat T-leukemic cell line. The P98
subline displays a >90% reduction in PLC-g1 expression, while the J.gamma1 subline contains no detectable
PLC-g1 protein. The lack of PLC-g1 expression in J.gamma1 cells caused profound defects in TCR-dependent
Ca21 mobilization and NFAT activation. In contrast, both of these responses occurred at normal levels in
PLC-g1-deficient P98 cells. Unexpectedly, the P98 cells displayed significant and selective defects in the
activation of both the composite CD28 response element (RE/AP) and the full-length IL-2 promoter following
costimulation with anti-TCR antibodies and phorbol ester. These transcriptional defects were reversed by
transfection of P98 cells with a wild-type PLC-g1 expression vector but not by expression of mutated PLC-g1
constructs that lacked a functional, carboxyl-terminal SH2 [SH2(C)] domain or the major Tyr783 phosphor-
ylation site. On the other hand, the amino-terminal SH2 [SH2(N)] domain was not essential for reconstitution
of RE/AP- or IL-2 promoter-dependent transcription but was required for the association of PLC-g1 with LAT,
as well as the tyrosine phosphorylation of PLC-g1 itself, in activated P98 cells. These studies demonstrate that
the PLC-g1 SH2(N) and SH2(C) domains play functionally distinct roles during TCR-mediated signaling and
identify a non-Ca21-related signaling function linked to the SH2(C) domain, which couples TCR plus phorbol
ester-CD28 costimulation to the activation of the IL-2 promoter in T lymphocytes.

Ligation of the T-cell antigen receptor (TCR) triggers a
cascade of biochemical events that culminates in cytokine gene
expression, cellular proliferation, and the execution of T-cell
effector functions (10, 14, 64). The initiation of signal output
from the TCR involves the activation of three families of non-
receptor protein tyrosine kinases (PTKs). Src family members
Lck and Fyn are responsible for the phosphorylation of immu-
noreceptor-based tyrosine activation motifs, which are found
in multiple copies in the cytoplasmic domains of the CD3 and
z subunits of the TCR complex. In mature T cells, the phos-
photyrosine-containing immunoreceptor-based tyrosine activa-
tion motifs serve as docking sites for the Syk family PTK,
ZAP-70, to the activated receptor complex (60, 66). The acti-
vation of Src family kinases during TCR engagement also leads
to the phosphorylation and activation of the Tec family mem-
bers Itk and Rlk (2, 16, 22, 40). The concerted activities of the
Src, Syk, and Tec family PTKs result in the phosphorylation of
a series of intracellular enzymes and adapter proteins which, in
turn, propagate T-cell regulatory signals through the cytoplasm
and into the nucleus.

A key substrate for the TCR-coupled PTKs is phospholipase
C-gamma 1 (PLC-g1). TCR engagement provokes rapid in-
creases in both the tyrosine phosphorylation and the catalytic
activity of PLC-g1 (32, 44, 52, 67). The activated enzyme hy-
drolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) to inosi-

tol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). These
metabolites act as second messengers to stimulate the release
of Ca21 from intracellular stores and activate protein kinase C,
respectively (6). The increase in the intracellular free Ca21

concentration ([Ca21]i) triggered by IP3 plays crucial roles in
the induction of numerous T-cell activation-associated re-
sponses (17, 61). A pivotal target of the Ca21 signaling path-
way is NFAT, a transcription factor that regulates the expres-
sion of several T-cell activation-associated genes, including the
gene for interleukin-2 (IL-2) (47). The importance of the
[Ca21]i increase during the early stages of T-cell activation has
raised considerable interest in the mechanism whereby the
TCR activates PLC-g1, as well as the interactions of PLC-g1
with other components of the TCR-linked signaling machinery.

Mammalian cells express at least 10 different PLC family
members, which are grouped into three subfamilies, b, g, and
d (34, 37, 48). The PLC-g subfamily contains two members,
PLC-g1 and -g2, both of which bear structural motifs that
confer regulation by PTKs. PLC-g1 is widely expressed in
mammalian tissues, while PLC-g2 expression is largely re-
stricted to hematopoietic and lymphoid lineage cells (13, 35).
Among lymphoid cells, T cells express predominantly PLC-g1
while NK and B cells express PLC-g2 in amounts similar to or
greater than those of PLC-g1 (62). Although some evidence
suggests that the two PLC-g isoforms are subject to different
modes of regulation (4, 7), the functional significance of
PLC-g1 versus PLC-g2 activation in various lymphoid sub-
populations remains unclear.

PLC-g1 is largely responsible for the increase in PIP2 hy-
drolysis induced by stimulation of receptor tyrosine kinases
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(34), as well as multichain antigen receptors, which lack intrin-
sic PTK domains but employ nonreceptor PTKs as proximal
signaling elements (32, 52, 67). Targeted disruptions of both
Plcg1 alleles in mice result in early embryonic lethality, indi-
cating an essential role for this enzyme during organismal
development (30). The lethal consequences of Plcg1 gene dis-
ruption have so far precluded analyses of the signaling func-
tions of PLC-g1 in developing thymocytes or mature periph-
eral T cells in vivo. However, the availability of a Plcg12/2

DT40 chicken B-cell line has allowed some valuable insights
into the regulation and function role of PLC-g1 during B-cell
antigen receptor (BCR) stimulation (15).

A common structural feature of the PLCs is a split catalytic
domain comprised of conserved X and Y subdomains. Accord-
ing to current models, PLC activation hinges, in part, on a
conformational change that juxtaposes the X and Y subdo-
mains to create a contiguous catalytic domain (19, 37, 48). In
the PLC-g subfamily, the X and Y domains are separated by
the SH region, a stretch of approximately 500 amino acids that
encodes two SH2 domains and one SH3 domain. The dual SH2
domains permit PLC-g recruitment to specific phosphoty-
rosine-containing target sequences (57), which not only posi-
tions the enzyme for phosphorylation by membrane-associated
PTKs but also allows associations with other cytoplasmic sig-
naling proteins. On the other hand, the SH3 domain may
mediate associations between PLC-g1 and proline-rich motifs
found in c-Cbl (25), as well as cytoskeletal proteins (5). In
addition to its role in the regulation of PLC-g1 catalytic activity
(26, 27), the SH region may allow PLC-g1 to act as a scaffold
for the assembly of multimolecular signaling complexes during
TCR signaling.

Stimulation of the platelet-derived growth factor (PDGF)
receptor (39) or TCR (44) triggers the rapid phosphorylation
of PLC-g1 on at least three tyrosine residues. Studies per-
formed with PDGF-responsive cells indicated that phosphor-
ylation of Tyr783 (Y783) is essential for activation of PLC-g1,
while phosphorylation at a second site, Tyr1254, was needed for
maximal stimulation of phosphoinositide breakdown by PDGF
(39). Interestingly, a third Phe substitution, at Tyr771, actually
increased the PDGF-dependent activation of PLC-g1 in these
cells. The mechanisms through which these phosphorylation
events modulate the activities of the catalytic X and Y domains
have not been defined.

The biochemical events that link TCR stimulation to the
phosphorylation and catalytic activation of PLC-g1 are only
partially understood. Results obtained with genetically defi-
cient Jurkat T-cell lines and gene-targeted mice indicate that
optimal tyrosine phosphorylation of PLC-g1 requires the con-
certed activities of Lck, ZAP-70, and Itk/Rlk (50, 59, 69).
Moreover, studies performed with LAT (20, 72)- or SLP-76
(70)-deficient Jurkat T-cell lines indicate that both of these
adapter proteins are needed for optimal coupling of these
upstream PTKs to PLC-g1. Although the sequence of events
that leads to PLC-g1 activation remains unclear, both the ami-
no- and carboxyl-terminal SH2 [SH2(N) and SH2(C), respec-
tively] domains are required for phosphorylation and activa-
tion of the enzyme during PDGF receptor (29) or BCR
stimulation (15). In addition to mediating associations with
phosphotyrosine-containing proteins, the PLC-g1 SH2(C) do-
main binds to phosphatidylinositol-3,4,5-trisphosphate, which
suggests that this region might also receive a regulatory input
from phosphoinositide 3-kinase (3, 46).

Efforts to define both the activation mechanism and function
of PLC-g1 in T cells have been hindered by the lack of a
genetically manipulatable model system in which TCR signal-
ing is compromised due to deficient expression of PLC-g1. In

this report, we describe the isolation of two Jurkat T-cell-
derived sublines, designated P98 and J.gamma1, which display
partial to complete loss of PLC-g1 protein expression, respec-
tively. While TCR-dependent Ca21 signaling is seriously com-
promised in J.gamma1 cells, the P98 cell line displays wild-type
patterns of Ca21 mobilization and NFAT activation during
TCR stimulation. However, the P98 cells show significant de-
fects in the activation of IL-2 promoter-dependent transcrip-
tion, together with a specific defect in the activation of the
composite CD28 response element—the AP-1 (RE/AP) site
(54) found in the IL-2 promoter. These transcriptional defects
were reversed by expression of wild-type PLC-g1 but not by
that of mutant PLC-g1 bearing loss-of-function mutations in
the catalytic domain, the SH2(C) domain, or the Tyr783 phos-
phorylation site. The results of these studies indicate that the
SH2(N) and SH2(C) domains make differential contributions
to the regulation and function of PLC-g1 and point toward a
previously unrecognized role for this enzyme in the activation
of the RE/AP element of the IL-2 promoter in T lymphocytes.

MATERIALS AND METHODS

Reagents and cell lines. The human CD3 ε-specific monoclonal antibody
(MAb) OKT3 (65) was purified from murine ascites by chromatography over a
protein G-agarose affinity column. The antiphosphotyrosine MAb 4G10 was
obtained from Upstate Biotechnology, Inc. (Lake Placid, N.Y.). The anti-AU1
MAb, which recognizes the epitope tag sequence DTYRYI (single-letter amino
acid code), was obtained from BabCo (Richmond, Calif.). The anti-FLAG M2
MAb, which recognizes the epitope tag sequence DYKDDDDK, was obtained
from Sigma (Saint Louis, Mo.). The rabbit polyclonal anti-PLC-g1 antibody used
was described previously (62). Rabbit polyclonal anti-ZAP-70, PLC-g2, and
-SLP-76 antibodies were kindly provided by Paul J. Leibson (Mayo Foundation,
Rochester, Minn.), and the polyclonal anti-LAT antibody used was a gift from
Larry Samelson (National Institutes of Health, Bethesda, Md.). Mouse ascites
fluid containing the anti-CD28 MAb 9.3 was provided by David McKean (Mayo
Foundation).

The P98 subline was derived by treatment of Jurkat E6 cells with the frame-
shift mutagen ICR-191, followed by repetitive rounds of selection for cells with
defects in pervanadate (PV)-induced Ca21 mobilization (69). The J.gamma1
subline was isolated by repeating the mutagenesis-mutant selection procedure
with P98 cells as the starting cell population. The parental Jurkat E6 cell line and
all mutant cell lines were maintained in standard growth medium (RPMI 1640
medium buffered to pH 7.4 with 10 mM HEPES and supplemented with 10%
fetal bovine serum). Cells were maintained in culture at densities below 8 3
105/ml. K562 erythroleukemia cells were obtained from the American Type
Culture Collection (Manassas, Va.) and were maintained as described above.

Plasmids. The full-length bovine PLC-g1 cDNA was obtained from John
Knopf (Genetics Institute, Cambridge, Mass.). The PLC-g1 open reading frame
was connected at the 59 terminus with a nucleotide sequence encoding two
tandem AU1 epitope tags and was cloned into the mammalian expression vector
pcDNA3 (Invitrogen, San Diego, Calif.). The resulting expression vector was
designated pcaPLC-g1. Mutagenesis of the PLC-g1 insert in this plasmid was
performed with the Transformer Site-Directed Mutagenesis kit (Clontech, Palo
Alto, Calif.). The mutagenized PLC-g1 expression vectors were named as follows
(the introduced amino acid substitutions are in parentheses): pcaPLC-g1 LI
(His3353Phe), pcaPLC-g1 SH2(N)* (Arg5863Lys), pcaPLC-g1 SH2(C)*
(Arg6943Lys), pcaPLC-g1 SH2(N,C)* (Arg5863Lys, Arg6943Lys), pcaPLC-g1
SH3* (Pro8423Lys), pcaPLC-g1 Y783F (Tyr7833Phe), and pcaPLC-g1
SH3*,Y783F (Pro8423Leu, Tyr7833Phe).

The pIL-2-luciferase (Luc) reporter plasmid was obtained from by Ellen
Rothenberg (California Institute of Technology, Pasadena). The 33 pNFAT-
and 33 NFkB-Luc(33) reporter plasmids were provided by David McKean
(Mayo Foundation). The 43 pAP-1 Luc reporter plasmid (71) was provided by
Xiao-Fan Wang (Duke University, Durham, N.C.). 43 pRE/AP Luc was pro-
vided by Arthur Weiss (University of California at San Francisco) (54). The
Myc-tagged wild-type ZAP-70 expression plasmid was described previously (68).
The FLAG-tagged SLP-76 expression vector and the glutathione S-transferase
(GST)–Grb2 SH2-encoding bacterial expression vector were provided by Gary
Koretzky (University of Pennsylvania, Philadelphia). The GST-g1 SH2(N) and
GST-g1 SH2(C) bacterial expression plasmids and the methods used for the
purification of bacterially expressed GST fusion proteins were described previ-
ously (68).

Transient-transfections and luciferase assays. P98 or K562 cells were har-
vested and resuspended at 5.7 3 107/ml in standard growth medium. The cells
(2 3 107 per sample) were transfected by electroporation with the indicated
PLC-g1 expression plasmids, together with LAT-, ZAP-70- or SLP-76-encoding
plasmids. The plasmid DNA amounts varied among experiments and are noted

9150 IRVIN ET AL. MOL. CELL. BIOL.



in the figure legends. The total amount of plasmid DNA used in each transfec-
tion was brought up to 40 mg with empty vector pcDNA3. Cells were transfected
by square-wave electroporation as previously described (68).

For luciferase reporter gene assays, Jurkat or P98 cells were resuspended in
growth medium at 4 3 107/ml. The cells (107 per sample) were cotransfected with
the different pcaPLC-g1 expression plasmids (amounts are indicated in the figure
legends) plus 10 mg of pIL2 Luc, pNFAT Luc, pNFkB, pAP-1 Luc, or pRE/AP
Luc reporter plasmid DNA. The total amount of DNA in each transfection was
brought up to 30 mg with the filler pcDNA3. The cells were transfected as
described previously (38). After transfection, the cells were diluted with 20 ml of
medium and divided into four equivalent aliquots. After 16 to 18 h in culture, the
cells were stimulated with 20 ng of phorbol myristate acetate (PMA; Sigma) per
ml plus either 1 mg of MAb OKT3 per ml or 2 mM ionomycin (Calbiochem, La
Jolla, Calif.). Where indicated, CD28 costimulation was done by addition of
MAb 9.3-containing ascites fluid, at a volume ratio of 1:5,000, to each sample.
Unstimulated control samples received the appropriate solvent vehicles only.
After 6 h, the stimulated cells were harvested and lysed with Promega passive
lysis buffer (Promega, Madison, Wis.). Luciferase activities were determined with
Luciferase Assay Reagent II (Promega) using an EG&G Berthold Lumat LB
9507 luminometer (Wallac Inc., Gaithersburg, Md.).

Cellular stimulations, protein precipitations, and immunoblot analyses. Cells
were stimulated at 37°C in a final volume of 200 ml of solution 2 (Hanks balanced
salt solution buffered to pH 7.4 with 10 mM HEPES and supplemented with 5
mM glucose) containing either 1 mg of MAb OKT3 per ml cross-linked with 10
mg of goat anti-mouse immunoglobulin G (Pierce, Rockford, Ill.) per ml or 100
mM PV as described previously (51).

For immunoprecipitations, the stimulated cell suspensions were lysed with 800
ml of MT lysis buffer (25 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.5 mM
CaCl2, 1 mM Na3VO4, 10% glycerol, 0.2% [wt/vol] NP-40, 0.2% Tween 20, 10 mg
of leupeptin per ml, 10 mg of aprotinin per ml, 5 mg of pepstatin per ml). The
cleared extracts were mixed for 1 h at 4°C with 1 ml of anti-AU1 antibody-
containing ascites fluid plus 10 ml (packed volume) of protein A-Sepharose and
10 ml of protein G-agarose beads. Immunoprecipitates were washed two times in
MT lysis buffer and then boiled in 30 ml of 23 sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) sample buffer (36). An aliquot (30 ml)
of each whole-cell extract was set aside for direct immunoblotting before immu-
noprecipitation. The cellular extracts were mixed with 30 ml of 43 SDS-PAGE
sample buffer and denatured by heating for 5 min at 100°C. The denatured
proteins were resolved by SDS-PAGE and transferred electrophoretically to an
Immobilon P membrane (Millipore, Bedford, Mass.). Membranes were blocked
in Tris-buffered saline containing 0.2% Tween 20 supplemented with either 5%
milk (for anti-AU1 and anti-FLAG immunoblotting) or 2% bovine serum albu-
min (for anti-Ptyr, anti-PLC-g1, anti-ZAP-70, anti-SLP-76, and anti-LAT immu-
noblotting). Immunoblotting was carried out with the specified antibodies, fol-
lowed by treatment of the membranes with either horseradish peroxidase-
coupled protein A (Amersham, Piscataway, N.J.) for anti-PLC-g1, anti-ZAP-70,
anti-SLP-76, and anti-LAT immunoblots or with horseradish peroxidase-coupled
sheep anti-mouse immunoglobulin G (Amersham) for anti-AU1, anti-FLAG, or
anti-Ptyr immunoblots. Immunoreactive proteins were visualized with the Re-
naissance enhanced-chemiluminescence reagent (NEN, Boston, Mass.).

Precipitations with GST fusion proteins were performed with extracts pre-
pared from either Jurkat cell lines or K562 cells. The cells were suspended in
solution 2 as described above and stimulated for various times with 100 mM PV.
The reactions were terminated with 800 ml of lysis buffer B (25 mM Tris HCl, 150
mM NaCl, 5 mM EDTA [pH 7.4] containing 1% Triton X-100, 1 mM Na3VO4,
leupeptin at 10 mg/ml, aprotinin at 10 mg/ml, and pepstatin A at 5 mg/ml). The
cellular extracts were precleared by mixing for 30 min at 4°C with 2 mg of GST
immobilized on 15 ml of packed glutathione (GSH)-agarose beads. The cleared
extracts were transferred to tubes containing 15 ml of packed GSH-agarose beads
loaded with 2.5 mg of the indicated GST fusion proteins. After mixing for 2 h at
4°C, the beads were precipitated by centrifugation and washed three times with
lysis buffer B. The precipitated proteins were solubilized in 30 ml of 23 SDS-
PAGE sample buffer, separated by SDS-PAGE, and immunoblotted as described
above.

Intracellular free-Ca21 measurements. Cells were loaded with the Ca21 in-
dicator dye indo-1/AM and stimulated with 1 mg of OKT3 per ml as described
previously (69). Stimulus-induced changes in the intracellular Ca21 concentra-
tion were determined by monitoring the fluorescence emission ratio of the
Ca21-bound versus the free form of Indo-1 at 405 and 495 nM, respectively, on
a FACStar Plus cell sorter (Becton Dickinson). Time-dependent changes in the
405-nm/495-nm fluorescence emission ratio of Indo-1 are directly related to
changes in the intracellular free-Ca21 concentration.

PLC activity measurements. K562 cells were transiently transfected with the
indicated pcaPLC-g1 expression plasmids, and after 24 h in culture, the trans-
fected cells were washed, resuspended in solution 2, and stimulated with 100 mM
PV as described above. After stimulation, the cells were lysed with 800 ml of PLC
lysis buffer (20 mM Tris, 100 mM NaCl, 50 mM b-glycerophosphate, 10%
glycerol, 0.5 mM dithiothreitol, 1 mM Na3VO4, 1% Triton X-100, 10 mg of
leupeptin per ml, 10 mg of aprotinin per ml, 5 mg of pepstatin per ml). The
cellular extracts were immunoprecipitated with anti-AU1 antibody as described
above. The immunoprecipitates were washed twice in PLC lysis buffer and once
with reaction buffer (35 mM sodium phosphate, 70 mM KCl, 0.8 mM CaCl2, 0.8

mM EGTA, 0.5 mM dithiothreitol, 0.1% Triton X-100 [pH 6.8]). The PLC
activity in the immunoprecipitates was assayed under linear reaction conditions
with micelles containing phosphatidylinositol-4,5-bisphosphate [inositol-2-
3H(N); specific activity, 12 Ci/mmol] (NEN) as the substrate (52).

RESULTS

Isolation of PLC-g1-deficient Jurkat T-cell sublines. The
P98 cell line emerged from a mutant selection strategy de-
signed to enrich for Jurkat somatic mutants bearing defects in
TCR-dependent Ca21 mobilization (71). This strategy has pre-
viously yielded Jurkat-derived mutants that fail to express sev-
eral key signaling proteins, including ZAP-70, LAT, and Lck
(69, 72; B.L.W. and R.T.A., unpublished results). In this study,
we subjected a panel of sublines from the primary Ca21-based
screen to secondary immunoblotting assays with the goal of
identifying PLC-g1-deficient variant subclones. The P98 sub-
line emerged from this secondary screen as a somatic mutant
that displayed a .90% reduction in PLC-g1 expression (Fig.
1A). The drastic decrease in anti-PLC-g1 immunoreactive pro-
tein observed in P98 cell extracts was not simply explained by
a mutation-induced loss of the epitope recognized by this par-
ticular antiserum, as immunoblot analyses with a commercially
available polyclonal antibody (product no. sc-426, Santa Cruz
Biotechnology, Inc.) directed against a distinct region of the
protein yielded identical results (not shown). After three ad-
ditional rounds of mutagenesis, the Ca21-based cell sorting
protocol was used to isolate a clonal derivative of the P98
subline, designated J.gamma1, which expressed no detectable
PLC-g1 protein (Fig. 1A).

Surprisingly, in spite of the severe reduction in total PLC-g1
protein expression, TCR stimulation evoked a wild-type in-
crease in [Ca21]i in the P98 cells (Fig. 1B). As the concentra-
tion of MAb OKT3 (1 mg/ml) used in these studies represented
a supramaximal stimulus for TCR-mediated signaling, we com-
pared the patterns of Ca21 mobilization in Jurkat E6 and P98
cells after stimulation with MAb OKT3 at concentrations rang-
ing from 0.05 to 1 mg/ml. Again, we obtained no evidence for
an acute defect in TCR-mediated Ca21 release or extracellular
Ca21 influx in P98 cells (results not shown). In addition, we
found that the population-averaged Ca21 mobilization pat-
terns in Jurkat E6 and P98 cells were identical when measured
over an extended time frame of 0 to 120 min (results not
shown). Given the above results, the mechanism whereby the
P98 clone emerged from the Ca21-based negative selection
procedure remains puzzling. One rational possibility is that the
P98 cell displays a more subtle alteration in [Ca21]i oscillations
at the single-cell level, which caused the P98 progenitor cell to
be negatively selected during cell sorting. Regardless of the
mechanism, the results obtained with P98 cells indicate that
the level of PLC-g1 protein expressed in the parental Jurkat
E6 cell line is considerably in excess of that needed to trigger
the normal [Ca21]i increase during TCR stimulation.

In contrast to P98 cells, the PLC-g1-null J.gamma1 cells
showed a drastically altered pattern of [Ca21]i changes in re-
sponse to TCR cross-linkage. To confirm that this defect was
related to the lack of PLC-g1 expression, J.gamma1 cells were
stably transfected with a plasmid vector encoding AU1
epitope-tagged PLC-g1 (aPLC-g1 WT) and the WT-1 sub-
clone was selected for further analysis based on its expression
of PLC-g1 at levels similar to those found in Jurkat E6 cells
(Fig. 1A). As shown in Fig. 1B, reintroduction of PLC-g1 into
J.gamma1 cells fully corrected the defect in TCR-dependent
Ca21 mobilization (Fig. 1B). Although TCR-dependent Ca21

mobilization was clearly abnormal in J.gamma1 cells, we con-
sistently noted that MAb OKT3 stimulation provoked a tran-
sient rise in [Ca21]i (Fig. 1B). A possible explanation for this
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finding is that the cells express PLC-g2 and that this second
PLC-g isoform is also activated by TCR stimulation. In pre-
liminary immunoblotting studies, we found that Jurkat E6,
P98, and J.gamma1 cells express similar levels of PLC-g2 (re-
sults not shown). Moreover, TCR ligation triggered rapid in-
creases in the tyrosine phosphorylation of both PLC-g1 and
PLC-g2 in Jurkat E6 cells. The loss of PLC-g1 expression had
no effect on either the magnitude or the time course of PLC-g2
phosphorylation in J.gamma1 cells (Fig. 1C). These findings
suggest, but do not prove, that the residual TCR-dependent
Ca21 signal in J.gamma1 cells stems from the activation of
PLC-g2.

Defective IL-2 promoter activation in P98 cells. Expression
of the gene for IL-2 in activated T cells is controlled by a series
of interactive transcription factors, including NFAT, NFkB,
AP-1, and the Oct1-OAP complex (49, 53). Although PLC-g1
activity may modulate the transactivating functions of many of
these factors, the tight linkage between Ca21 signaling and
NFAT activation prompted speculation that NFAT-dependent
transcription might be impaired in P98 and/or J.gamma1 cells.
To test this possibility, transient-transfection assays were per-
formed with an NFAT-regulated luciferase reporter gene (pN-
FAT Luc) (Fig. 1D). The results were consistent with those
obtained in the Ca21 mobilization assays described above.

While P98 cells mounted a wild-type NFAT activation re-
sponse following anti-CD3 antibody stimulation, PLC-g1-neg-
ative J.gamma1 cells showed no increase in NFAT-dependent
luciferase expression under these conditions. The NFAT acti-
vation defect was reversed by cotransfection of J.gamma1 cells
with the pcaPLC-g1 WT expression vector, which verifies that
this abnormality is causally related to the absence of PLC-g1
activity in these cells.

As stated above, transcriptional activation of the IL-2 gene
requires multiple pathways of nuclear signaling, which are ini-
tiated by concomitant engagement of the TCR and the CD28
coreceptor (28). Consequently, we tested the hypothesis that
the quantitative deficiency in PLC-g1 expression in P98 cells
might impair the delivery of a signal(s) (presumably unrelated
to the [Ca21]i elevation) required for the assembly and/or full
functional activation of a multiprotein transactivating complex
in the IL-2 promoter region. P98 cells were transiently trans-
fected with the pIL2-Luc reporter plasmid, which places the
luciferase cDNA under the transcriptional control of the IL-2
promoter-enhancer region. As shown in Fig. 2A, stimulation of
Jurkat E6 cells with MAb OKT3 plus PMA provoked a strong
increase in IL-2 promoter-dependent luciferase expression. In
contrast, luciferase expression was reduced by approximately
80% in transiently transfected P98 cells under identical stim-

FIG. 1. Phenotypic characterization of P98 cells. (A) PLC-g1 expression. Jurkat E6, P98, and J.gamma1 cells and J.gamma1 cells stably expressing wild-type
aPLC-g1 (WT-1) were lysed in detergent-containing buffer. One hundred micrograms of whole-cell extract proteins was separated by SDS-PAGE and immunoblotted
with PLC-g1- and ZAP-70-specific antisera. (B) TCR-dependent calcium mobilization. Jurkat E6, P98, J.gamma1, and J.gamma1-derived WT-1 cells were loaded with
Indo-1/AM and stimulated with anti-CD3 MAb OKT3. The ratio of fluorescence emission at 405 nm to that at 495 nm, which is directly proportional to the
concentration of intracellular free Ca21, is plotted as a function of time. (C) PLC-g2 phosphorylation. The indicated Jurkat cell lines were stimulated with MAb OKT3,
and cellular extracts were immunoprecipitated (IP) with anti-PLC-g1 or anti-PLC-g2 antibodies. The immunoprecipitated proteins were resolved by SDS-PAGE and
immunoblotted sequentially with anti-phosphotyrosine (pY) and either anti-PLC-g1 or anti-PLC-g2 antibodies. (D) NFAT-dependent transcription. Jurkat E6 cells or
the indicated Jurkat subclones were transiently transfected with a pNFAT-Luc reporter plasmid plus pcDNA3 or 3 mg of the pcaPLC-g1 WT expression plasmid. Cells
were stimulated with medium only (unstimulated), OKT3, or PMA plus ionomycin. Luciferase activities were first normalized to the maximal activity obtained with
PMA plus ionomycin in each sample, and then the value obtained with Jurkat E6 cells was arbitrarily set at 100%. All other data are expressed as percentages of the
maximal activity obtained with Jurkat E6 cells. The data presented are the mean 6 the standard error of the mean of six independent trials.
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ulation conditions. This transcriptional defect was largely re-
versed by cotransfection of the cells with an expression plasmid
encoding aPLC-g1 WT. The level of functional reconstitution
in this assay was directly related to the amount of pcaPLC-g1
plasmid DNA transfected into the cells (Fig. 2B). Further-
more, correction of the defect in IL-2 promoter transactivation
depended on the introduction of catalytically active PLC-g1, as
cotransfection of the cells with a lipase-inactive mutant form of
aPLC-g1 (LI; see Fig. 4A for description) actually decreased
luciferase activity below the residual level observed in P98
cells. Thus, while the reduced level of PLC-g1 expressed in P98
cells was sufficient to support a normal, TCR-dependent
NFAT activation response, PLC-g1 expression was limiting for
the delivery of an additional signal(s) needed for optimal ac-
tivation of the IL-2 promoter in these cells.

The defect in IL-2-dependent transcription in P98 cells
prompted an extended series of studies to determine whether
this abnormality could be attributed to any specific component
of the multiprotein complex that inducibly binds to the IL-2
promoter-enhancer region. Transient-transfection studies
were carried out with luciferase reporter genes containing con-
catemerized binding sites for AP-1 or NFkB family members,
as well as the composite CD28 response element (RE/AP)
from the IL-2 promoter. As observed in the pNFAT-Luc re-
porter assays, P98 cells were fully competent to support the
transcription of AP-1- or NFkB-dependent reporter genes fol-
lowing stimulation with MAb OKT3, in the absence or pres-
ence of PMA, respectively (data not shown). However, these
cells displayed a significant reduction in RE/AP-dependent
transcription under identical stimulation conditions (Fig. 3). In
accordance with the earlier report (54), stimulation of either
Jurkat or P98 cells with an anti-CD3 MAb only was insufficient
to activate the RE/AP element (data not shown), indicating
that activation of this composite element depends on synergis-
tic signals provided by the TCR and PMA. The defective in-
duction of RE/AP-dependent luciferase expression observed in
OKT3-plus-PMA-stimulated P98 cells was largely reversed by
cotransfection of the cells with a wild-type pcaPLC-g1 expres-
sion vector, while the catalytically inactive aPLC-g1 LI mutant
actually reduced this transcriptional response. These results
suggest that the IL-2 promoter activation defect displayed by
P98 cells may be attributed, at least in part, to a PLC-g1-
related decrease in transcription through the RE/AP element.

Effects of SH region mutations on PLC-g1 activity in vitro.
To determine the roles of various PLC-g1 subdomains in the
complementation of the defect in IL-2 promoter activation in
P98 cells, we generated a series of PLC-g1 mutants (indicated
by an asterisk) bearing single amino acid substitutions that
disabled the SH2(N), SH2(C), or SH3 domain (Fig. 4A). The
SH2(N)* and SH2(C)* domain mutants contained Arg3Lys
substitutions in the conserved Phe-Leu-Val-Arg motif (the mu-
tated residue is underlined) that functions in the binding of
phosphotyrosine (41), while the SH2(N,C)* double mutant
contained inactivating point mutations in both SH2 domains.
The PLC-g1 SH3* mutant contains a Pro8423Leu substitution
that alters a conserved proline residue in the SH3 ligand rec-
ognition subdomain (9). An identical substitution was previ-
ously shown to inactivate the SH3 domain of the Caenorhab-
ditis elegans Grb2 homolog (12). The previously mentioned

FIG. 2. Rescue of IL-2 promoter activation defect in P98 cells with wild-type
PLC-g1. (A) IL-2 promoter transactivation. Jurkat and P98 cells were transiently
transfected with the pIL-2 Luc reporter plasmid plus pcDNA3 only or 3 mg of the
pcaPLC-g1 WT expression plasmid. Cells were treated with medium only (un-
stimulated) or stimulated with PMA plus OKT3 or PMA plus ionomycin. Lucif-
erase activities are presented as described in the legend to Fig. 1D. The results
shown are the mean 6 the standard errors of the mean of three independent
experiments. The inset shows the level of aPLC-g1 expressed in each cell pop-
ulation. (B) Correction of the transcriptional defect in P98 cells by ectopically
expressed PLC-g1. P98 cells were transiently transfected with the pIL-2 Luc
reporter plasmid plus the indicated amounts of pcaPLC-g1 WT or lipase-inactive
pcaPLC-g1 (LI). The luciferase activities were normalized as described in the
legend to Fig. 1D, except that the result obtained with cells transfected with 3 mg
of pcaPLC-g1 WT was set at 100% and all of the other values were normalized
to this response. The inset shows levels of aPLC-g1 expression in each trans-
fected cell population.

FIG. 3. RE/AP promoter-dependent gene expression in Jurkat-derived sub-
clones. Jurkat E6 cells or P98 cells were transiently transfected with the pRE/
AP-Luc reporter plasmid plus pcDNA3, 1 mg of pcaPLC-g1 WT, or 3 mg of the
pcaPLC-g1 LI expression plasmid. Cells were treated with medium only (un-
stimulated) or stimulated with PMA plus OKT3 or PMA plus ionomycin. Lucif-
erase activities are reported as described in the legend to Fig. 1D. The histogram
represents the mean 6 the standard errors of the mean of six independent trials.
The inset shows levels of aPLC-g1 expression in whole-cell extracts.
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aPLC-g1 LI mutant contained a single amino acid substitution
in the catalytic X box (His3353Phe) which disables the phos-
pholipase activity of this protein (57). Finally, we converted the
known Tyr783 phosphorylation site in PLC-g1 (39, 44) to a
nonphosphorylatable Phe residue (PLC-g1 Y783F).

As a first step toward the characterization of the functional
competencies of these mutated forms of PLC-g1, we deter-
mined the in vitro phosphoinositide-hydrolyzing activities of
the mutated PLC-g1 proteins with 3H-labeled PIP2 as the
substrate. The wild-type and mutated PLC-g1 constructs were
transiently expressed in K562 cells, and the transfected cells
were stimulated with PV to induce maximal tyrosine phosphor-
ylation of each protein. Detergent extracts from each cell pop-
ulation were immunoprecipitated with an anti-AU1 MAb, and
the immunoprecipitates were assayed for PLC activity with
PIP2-containing detergent micelles as the substrate. The ex-
tracts were immunoblotted to ensure approximately equivalent
expression of the recombinant aPLC-g1 proteins (results not
shown). With the exception of the catalytically inactive PLC-g1
LI mutant (56), the wild-type and mutated forms of PLC-g1
displayed similar levels of PIP2-hydrolyzing activity in vitro
(Fig. 4B). These results suggested that the intrinsic phosphoi-
nositide-hydrolyzing activity of PLC-g1 does not depend on
either phosphorylation at Tyr783 or the binding of protein
ligands to the SH2 and SH3 domains.

Role of the PLC-g1 SH3 domain in IL-2 promoter-driven
transcription. To examine the role of the PLC-g1 SH3 domain

in TCR-dependent signaling, we transiently cotransfected P98
cells with the pcaPLC-g1 SH3* expression plasmid and the
pIL2-Luc reporter plasmid. The aPLC-g1 SH3* mutant fully
restored IL-2 promoter-driven luciferase expression in these
cells compared to that in wild-type PLC-g1-transfected cells
(Fig. 5A). Indeed, aPLC-g1 SH3* expression increased basal
luciferase activity by 2- to 10-fold in repeated trials (Fig. 5A,
inset) and significantly enhanced the transcriptional responses
induced by either OKT3-plus-PMA or ionomycin-plus-PMA
costimulation. Although the immunoblot shown in Fig. 5A
indicates that aPLC-g1 SH3* was expressed at a slightly higher
level than its wild-type counterpart, the results of four inde-
pendent trials demonstrated that the apparent hyperactivity of

FIG. 4. In vitro catalytic activities of PLC-g1 mutants. (A) Structural do-
mains of PLC-g1 include the pleckstrin homology (PH) domain, the split PH
(PH/) domain, the SH2(N), SH2(C), and SH3 domains, and the X and Y boxes,
which comprise the split catalytic domain. The single amino acid substitutions
used to generate the PLC-g1 mutants used in this study are also shown. (B)
Catalytic activities of wild-type (WT) and mutated aPLC-g1 proteins. K562 cells
were transiently transfected with empty plasmid pcDNA3 or with expression
vectors encoding the indicated wild-type or mutated aPLC-g1 polypeptides. The
cells were stimulated for 5 min with 100 mM PV, and the recombinant PLC-g1
proteins were immunoprecipitated with anti-AU1 antibodies. Reactions were
terminated at 5 min, and the release of radioactive IP3 from 3H-labeled PIP2-
containing vesicles was determined by liquid scintillation counting. The results
are presented as the mean 6 the variance of two experiments. FIG. 5. Effects of PLC-g1 mutants on IL-2 promoter activation. (A) IL-2

promoter transactivation. P98 cells were transiently transfected with the pIL-2
Luc reporter plasmid plus one of the following pcaPLC-g1 expression plasmids:
3 mg of WT, 3 mg of SH3*, 5 mg of Y783F, or 5 mg of SH3*,Y783F. The amounts
of pcaPLC-g1 plasmid DNAs were adjusted to yield approximately equivalent
expression of the various PLC-g1 polypeptides (inset). The transfected cells were
treated with medium only (unstim.) or stimulated with OKT3 plus PMA (striped
bars) or with ionomycin plus PMA (solid bars), and IL-2 promoter-dependent
luciferase activities were determined and reported as relative light units
(R.L.U.). The luciferase activities measured in OKT3-plus-PMA-stimulated
samples were also normalized to the maximal responses obtained with parallel
samples stimulated with ionomycin plus PMA. The actual percentages for each
transfected population are as follows: pcDNA3, 16%; WT, 94%; SH3*, 65%;
Y783F, 2%; SH3*, Y783F, 3%. (B) Inhibition of IL-2 promoter activation by
aPLC-g1 Y783F. Jurkat E6 cells were transiently transfected with the pIL-2 Luc
reporter plasmid plus the indicated amounts of the pcaPLC-g1 Y783F expression
plasmid (Y783F). Luciferase activities are normalized as described in the legend
to Fig. 1D. The values shown are the means 6 the standard errors of the mean
of three experiments. The inset shows the expression level of aPLC-g1 Y783F in
each sample.
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the aPLC-g1 SH3* mutant was not explained by the relative
expression levels of the aPLC-g1 WT and SH3* proteins (re-
sults not shown). Given that aPLC-g1 SH3* showed no indi-
cation of elevated catalytic activity in the in vitro PLC assays
(Fig. 4B), this result suggests that the SH3 domain negatively
regulates PLC-g1 activity in intact Jurkat cells. Whether the
dampening effect of the SH3 domain on PLC activity involves
an interaction with a heterologous regulatory protein such as
Cbl (18, 24) or an intramolecular, autoinhibitory mechanism
similar to that described for the Src family PTKs (42, 55)
remains unclear.

Role of Tyr783 phosphorylation in PLC-g1 activation. Phos-
phorylation of Tyr783 in the SH region of PLC-g1 is required
for full activation of this enzyme in PDGF-stimulated fibro-
blasts (39). As Tyr783 is also known to undergo phosphoryla-
tion in response to TCR stimulation (44), we were interested in
determining whether the aPLC-g1 Y783F mutant comple-
mented the IL-2 promoter activation defect in P98 cells. In
contrast to aPLC-g1 WT, aPLC-g1 Y783F failed to restore
OKT3-plus-PMA-induced luciferase expression from the
pIL2-Luc reporter plasmid, indicating that phosphorylation at
this site was essential for coupling of TCR stimulation to IL-2
promoter activation in P98 cells (Fig. 5A). Based on the mech-
anism proposed for the regulation of Src kinase activity (42,
55), we reasoned that phosphorylation of Tyr783 might be re-
quired to overcome an SH3 domain-mediated intramolecular
interaction that interferes with the access of substrates to the
catalytic domain. Consequently, we prepared a PLC-g1 double
mutant that contains the Tyr7833Phe substitution plus the
SH3 domain-disabling Pro8423Leu substitution described
above. However, when expressed in P98 cells, the aPLC-g1
SH3*,Y783F double mutant was as defective as the aPLC-g1
Y783F single mutant, indicating that Tyr783 phosphorylation
does not counteract a negative regulatory influence of the SH3
domain on PLC-g1 activity in P98 cells.

In repeated trials, transfection of pcaPLC-g1 Y783F into
P98 cells actually decreased IL-2 promoter-dependent lucif-
erase expression below that observed in mock-transfected cells.
To determine whether this phosphorylation site mutant might
be a dominant-acting suppressor of PLC-g1 signaling func-
tions, we cotransfected wild-type Jurkat E6 cells with the pIL2-
Luc reporter and progressively increasing amounts of
pcaPLC-g1 Y783F plasmid DNA. Expression of increasing
amounts of aPLC-g1 Y783F caused progressive inhibition of
OKT3-plus-PMA-induced luciferase expression in Jurkat E6
cells (Fig. 5B). Transfection of these cells with only 0.5 mg of
pcaPLC-g1 Y783F plasmid DNA inhibited reporter gene ex-
pression by approximately 50%, indicating that aPLC-g1
Y783F is a potent suppressor of TCR-dependent IL-2 pro-
moter activation. In contrast, parallel titration experiments
with the pcaPLC-g1 WT expression vector demonstrated that
the nonmutated PLC-g1 WT protein did not inhibit the OKT3-
plus-PMA-induced luciferase expression in Jurkat E6 cells
(data not shown).

Effects of SH2(N) and SH2(C) mutations on PLC-g1-depen-
dent signaling. Previous studies indicated that the SH2 do-
mains of PLC-g1 contribute to the plasma membrane localiza-
tion and tyrosine phosphorylation of this protein during cell
surface receptor stimulation (15, 29). In order to examine the
roles of the SH2(N) and SH2(C) domains of PLC-g1 in TCR-
mediated PLC-g1 activation, we determined whether the
PLC-g1 SH2(N)* and SH2(C)* single mutants, as well as a
PLC-g1 SH2(N,C)* double mutant, complemented the IL-2
promoter activation defect in P98 cells. Expression of aPLC-g1
SH2(N)* in P98 cells significantly enhanced OKT3-plus-PMA-
induced luciferase expression from the pIL2-Luc reporter plas-

mid in P98 cells (Fig. 6A). However, the transcriptional re-
sponse to OKT3-plus-PMA stimulation in aPLC-g1 SH2(N)*-
expressing cells was consistently reduced (5 to 35% reduction
in four independent trials) relative to that observed in cells
transfected with the aPLC-g1 WT expression vector. In con-
trast, the PLC-g1 SH2(C)* mutant completely failed to reverse
the defect in IL-2 promoter-driven transcription in these cells.
Over four independent trials, OKT3-plus-PMA-stimulated lu-
ciferase expression in aPLC-g1 SH2(C)*-expressing P98 cells
was not significantly different than that observed in mock-
transfected cells. The aPLC-g1 SH2(N,C)* double mutant also
showed no complementing activity in these assays. Immuno-
blot analyses of detergent-soluble proteins with the tag-specific
anti-AU1 MAb ruled out the possibility that the dramatic
functional difference between the aPLC-g1 SH2(N)* and
SH2(C)* mutants was due to differences in the expression
levels of these proteins. Collectively, these results suggest that
the PLC-g1 SH2(C) domain plays a unique role in the delivery
of an undefined signal(s) leading to IL-2 promoter transacti-
vation in P98 cells.

The results presented in Fig. 3 indicate that P98 cells exhibit
a specific defect in the activation of the IL-2 promoter-derived
RE/AP element. To determine whether this response was also
dependent on an intact SH2(C) domain, we cotransfected the
P98 cells with the RE/AP reporter plasmid, together with a
pcaPLC-g1 WT, pcaPLC-g1 SH2(N)*, or pcaPLC-g1 SH2(C)*
expression vector (Fig. 6B). Expression of aPLC-g1 SH2(N)*
increased RE/AP activation by an average of 37% (three ex-
periments) relative to that obtained in aPLC-g1 WT-trans-
fected cells. In contrast, the aPLC-g1 SH2(C)* mutant exhib-
ited no reconstituting activity in this assay. Maximal activation
of the RE/AP element in Jurkat cells is induced by cellular
stimulation with a cocktail of anti-CD3 and anti-CD28 anti-
bodies plus PMA (55). To investigate the possibility that CD28
signaling modified the requirement for the PLC-g1 SH2(C)
domain, the RE/AP reporter gene studies were repeated with
P98 cells stimulated with MAb OKT3 plus PMA in the absence
or presence of anti-CD28 MAb 9.3 (Fig. 6C). Although CD28
stimulation strongly increased RE/AP-dependent luciferase
expression, the enhancement of this response by exogenously
introduced PLC-g1 remained fully dependent on the presence
of an intact SH2(C) domain.

Roles of SH2 domains in TCR-dependent PLC-g1 phos-
phorylation. A predicted function of one or both of the
PLC-g1 SH2 domains is to promote the phosphorylation of
PLC-g1 by colocalizing the enzyme with TCR-regulated Src
and/or Syk family PTKs. To examine this notion in further
detail, we transiently expressed the pcaPLC-g1 WT,
pcaPLC-g1 SH2(N)*, or pcaPLC-g1 SH2(C)* expression plas-
mid in P98 cells and stimulated these cells with MAb OKT3 for
3 min, a time at which maximal PLC-g1 phosphorylation is
observed in nontransfected wild-type Jurkat T cells (results not
shown). The cells were lysed, and detergent-soluble proteins
were immunoprecipitated with an anti-AU1 MAb. The immu-
noprecipitated proteins were resolved by SDS-PAGE and im-
munoblotted with an antiphosphotyrosine antibody (Fig. 7,
top). Relative to the aPLC-g1 WT protein, the tyrosine phos-
phorylation of aPLC-g1 SH2(C)* was moderately reduced in
MAb OKT3 stimulated P98 cells. However, as reported previ-
ously (58), mutation of the SH2(N) domain virtually abrogated
the phosphorylation of aPLC-g1 under the same stimulation
conditions. The severe defect in aPLC-g1 SH2(N)* phosphor-
ylation was not explained by a difference in the time course of
this response relative to that observed with the aPLC-g1 WT
(results not shown). However, the aPLC-g1 SH2(N)* mutant
was not completely refractory to PTK-dependent phosphory-
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lation in P98 cells, as both the wild-type and mutated aPLC-g1
proteins were phosphorylated at approximately equivalent lev-
els in PV-stimulated P98 cells (Fig. 7, bottom). PV is a potent,
cell membrane-permeable protein tyrosine phosphatase inhib-
itor that is capable of activating Src and Syk family PTKs in
Jurkat T cells (51). Thus, the SH2(N) domain appears to be
particularly important for the effective presentation of PLC-g1
to the upstream PTKs that are activated during ligand-induced
TCR aggregation.

Binding of LAT to the SH2(N) domain of PLC-g1. The
importance of the SH2(N) domain in the phosphorylation of
PLC-g1 by TCR-linked PTKs prompted a search for candidate
ligands that might promote localization of PLC-g1 to the ac-
tivated TCR complex. A potential SH2(N) domain interactor
is the membrane-localized adapter protein LAT, which under-
goes tyrosine phosphorylation and association with PLC-g1
during TCR stimulation (73). In the initial studies, we trans-
fected K562 erythroleukemia cells with a LAT expression vec-
tor and stimulated the cells with PV to induce intracellular
protein tyrosine phosphorylation. Detergent extracts were pre-
pared from these cells, and the soluble proteins were precipi-
tated with purified GST fusion proteins containing the isolated
SH2(N) or SH2(C) domain of PLC-g1. A GST fusion protein
containing the SH2 domain of Grb2, which is known to bind to
LAT, served as a positive control (73). The results showed that
GST fusion proteins containing the SH2(N) or SH2(C) domain
of PLC-g1 precipitated LAT from PV-stimulated cell extracts,
while precipitates with GST alone showed no inducible LAT
binding activity (Fig. 8A). Although this assay does not allow
comparisons of the actual LAT binding affinities of the PLC-g1
SH2(N) and SH2(C) domains, we consistently observed that
the GST-g1 SH2(C) fusion protein precipitated more LAT
from the cellular extracts than did the GST-g1 SH2(N) pro-
tein. Nonetheless, the precipitation studies with GST fusion
proteins indicated that either SH2 domain of PLC-g1 is capa-
ble of recognizing tyrosine-phosphorylated LAT in detergent
extracts prepared from K562 cells.

In order to determine whether the PLC-g1 SH2(N) and

FIG. 6. Effects of PLC-g1 SH2(N) and SH2(C) domain mutations on IL-2
promoter- and RE/AP-dependent transcription. (A) P98 cells were transiently
transfected with the pIL-2 Luc reporter plasmid plus pcDNA3 only or one of the
following pcaPLC-g1 expression plasmids: 3 mg of WT, 3 mg of SH2(N)*, 5 mg
of SH2(C)*, or 5 mg of SH2(N,C)*. Cellular stimulations were performed, and
luciferase activities were determined as described in the legend to Fig. 1D, except
that the value obtained with the pcaPLC-g1 WT-transfected sample was set at
100% and all of the remaining values were normalized to this sample. The
expression level of each aPLC-g1 polypeptide was determined by immunoblot-
ting (inset). (B) P98 cells were transiently transfected with the pRE/AP-Luc
reporter plasmid plus pcDNA3 or one of the pcaPLC-g1 expression plasmids as
described for panel A. Cellular stimulations were performed, and luciferase
activities were determined as described above. The values shown are the mean 6
the standard error of the mean of three experiments. The expression level of
each aPLC-g1 polypeptide was determined by immunoblotting (inset). (C) P98
cells were transiently transfected with the RE/AP reporter and various aPLC-g1
expression vectors as described for panel A. The cells were stimulated with MAb
OKT3 plus PMA, minus or plus an anti-CD28 MAb. Luciferase activities were
determined as described above. The expression level of each aPLC-g1 polypep-
tide was determined by immunoblotting (inset).

FIG. 7. Roles of SH2(N) and SH2(C) domains in PLC-g1 phosphorylation.
P98 cells were transiently transfected with pcaPLC-g1 WT (5 mg), SH2(N)* (5
mg), or SH2(C)* (15 mg). The transfected cells were stimulated for 3 min with
MAb OKT3 (top) or for 5 min with 100 mM PV (bottom). Detergent-soluble
proteins were immunoprecipitated with an anti-AU1 MAb, separated by SDS-
PAGE, and immunoblotted with an anti-phosphotyrosine (pY) antibody. The
membrane was stripped and reprobed with an anti-AU1 MAb.
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SH2(C) domains served as redundant LAT-binding regions in
the context of full-length PLC-g1, we cotransfected K562 cells
with LAT and the pcaPLC-g1 WT, pcaPLC-g1 SH2(N)*,
pcaPLC-g1 SH2(C)*, or pcaPLC-g1 SH2(N,C)* expression
plasmid. After cellular stimulation with PV, detergent-soluble
proteins were immunoprecipitated with an anti-AU1 MAb.
The immunoprecipitates were then analyzed for the presence
of coprecipitating LAT by immunoblotting. In contrast to the
fusion protein experiments described above, these coprecipi-
tation experiments revealed that the inducible binding of full-
length PLC-g1 to LAT was strictly dependent on the integrity
of the SH2(N) domain (Fig. 8B). On the other hand, mutation
of the SH2(C) domain did not impair, and may have actually
increased, the PV-inducible interaction of PLC-g1 with LAT.

Binding of ZAP-70 and SLP-76 to the PLC-g1 SH2(C) do-
main. Potential ligands for the PLC-g1 SH2(C) domain were

first identified in precipitation experiments with GST fusion
proteins. Cellular extracts from unstimulated or PV-stimulated
Jurkat E6 cells were mixed with either immobilized GST or
GST-g1 SH2(C) fusion protein, and the bound proteins were
separated by SDS-PAGE and immunoblotted with anti-phos-
photyrosine antibodies (Fig. 9A). As previously reported (58),
several phosphotyrosyl proteins were specifically precipitated
with the GST-g1 SH2(C) fusion protein but not by GST alone
or by the GST-g1 SH2(N) fusion protein (results not shown).
Two of the major GST-g1 SH2(C)-binding phosphoproteins
were identified as ZAP-70 and SLP-76 by reprobing of the
membrane with specific antibodies. Although the possibility of
indirect interactions with the fusion protein cannot be ruled
out, it is interesting that both ZAP-70 and SLP-76 appear to lie
upstream of PLC-g1 in the TCR signaling pathway (68–70).

The analysis of PLC-g1 SH2(C)-interacting proteins was
next extended to the full-length polypeptide by transfection of
the AU1-tagged PLC-g1 WT, SH2(N)*, SH2(C)*, and

FIG. 8. Binding of LAT to PLC-g1 SH2(N) and SH2(C) domains. (A) Pre-
cipitations with GST fusion proteins. K562 erythroleukemia cells were transiently
transfected with 10 mg of Myc-tagged LAT expression plasmid, and the trans-
fected cells were stimulated for 3 min with either medium only or 100 mM PV.
The cells were lysed in detergent-containing buffer, and the extracts were pre-
cipitated with 2.5 mg of GST only, GST-g1 SH2(N), or GST-g1 SH2(C) fusion
proteins bound to GSH-agarose beads. After resolution by SDS-PAGE, the
precipitated proteins were immunoblotted with anti-LAT and anti-GST antibod-
ies. (B) Binding of LAT to full-length PLC-g1. K562 cells were transiently
transfected with 10 mg of the indicated pcaPLC-g1 expression plasmids, together
with 10 mg of pcDNA3 or the Myc-tagged LAT expression plasmid. The trans-
fected cells were stimulated for 3 min with either medium only or 100 mM PV.
Detergent-soluble proteins were immunoprecipitated (IP) with an anti-AU1
MAb, separated by SDS-PAGE, and immunoblotted sequentially with LAT-
specific antiserum and the anti-AU1 MAb. An aliquot of the whole-cell extract
(WCE) was also immunoblotted with the anti-LAT serum to verify equivalent
LAT protein expression in each sample (bottom).

FIG. 9. Binding of phosphotyrosyl proteins to the PLC-g1 SH2(C) domain.
(A) Precipitations with GST fusion proteins. P98 cells were stimulated for 2 min
with medium only or 100 mM PV. Detergent extracts were precipitated with 2.5
mg of immobilized GST only or GST-g1 SH2(C) fusion protein. The bound
proteins were separated by SDS-PAGE and immunoblotted with an anti-phos-
photyrosine antibody. The protein bands indicated with arrows were identified as
SLP-76 and ZAP-70 by subsequent immunoblotting of the same membrane with
the respective protein-specific antisera. The numbers on the left indicate molec-
ular weights of protein calibration markers. (B) SH2(C) domain-dependent
binding of SLP-76. P98 cells were transiently transfected with pcaPLC-g1 WT (5
mg), SH2(N)* (5 mg), or SH2(C)* (15 mg) plasmid DNA plus either pcDNA3 or
FLAG-tagged SLP-76-encoding plasmid DNA (5 mg). Samples were stimulated
for 5 min with either medium only or 100 mM PV. Detergent-soluble proteins
were immunoprecipitated (IP) with an anti-AU1 MAb, separated by SDS-
PAGE, and immunoblotted with an anti-FLAG MAb. The membrane was
stripped and reprobed with the anti-AU1 MAb to determine the amount of
PLC-g1 immunoprecipitated in each sample. An aliquot of the whole-cell extract
(WCE) was immunoblotted with the anti-FLAG antibody to determine the
expression level of FLAG–SLP-76 in each sample (bottom).
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SH2(N,C)* expression vectors into P98 cells. The various
aPLC-g1 constructs were cotransfected into P98 cells, together
with FLAG epitope-tagged SLP-76 or Myc-tagged ZAP-70.
Detergent extracts from unstimulated or PV-stimulated cells
were immunoprecipitated with an anti-AU1 MAb and were
immunoblotted with an anti-FLAG or an anti-Myc antibody in
order to detect coprecipitating SLP-76 or ZAP-70, respec-
tively. We detected a constitutive, low level of coprecipitating
Myc–ZAP-70 in aPLC-g1 WT immunoprecipitates, the signif-
icance of which is uncertain due to the overexpression of both
proteins (results not shown). However, in parallel experiments,
PV stimulation clearly induced the association of FLAG–
SLP-76 with both aPLC-g1 WT and the aPLC-g1 SH2(N)*
mutant (Fig. 9B). This interaction depended on an intact
SH2(C) domain, as the aPLC-g1 SH2(C)* and aPLC-g1 SH2
(N,C)* mutants showed no detectable increase in binding to
FLAG–SLP-76 in extracts from PV-stimulated P98 cells. Thus,
the signaling functions of the PLC-g1 SH2(C) domain may be
mediated, at least in part, through an inducible association
with the adapter protein SLP-76.

DISCUSSION

In this study, we used a random somatic mutagenesis-mutant
selection protocol to isolate two novel, PLC-g1-deficient Jur-
kat T-cell lines. The first cell line, P98, expresses PLC-g1 at
,10% of the level found in the parental Jurkat E6 cell line.
The J.gamma1 subline was subsequently derived from P98 cells
and expresses no detectable PLC-g1 protein. In accordance
with existing models of TCR signaling, J.gamma1 cells display
severe defects in TCR-dependent Ca21 mobilization and
NFAT activation. In contrast, both of these responses occur at
wild-type levels in P98 cells, in spite of the severe reduction in
PLC-g1 expression. However, the level of PLC-g1 expression
in P98 cells proved to be limiting for transcriptional activation
of the IL-2 promoter by the synergistic stimuli anti-CD3 anti-
bodies and PMA. We took advantage of the “partial” mutant
phenotype to uncover a unique function for the PLC-g1
SH2(C) domain in the transmission of signals from the TCR to
both the IL-2 promoter and the RE/AP element contained
within this promoter.

An unexpected outcome of the initial studies with P98 cells
was that a .90% reduction in PLC-g1 expression led to no
detectable impairment of the TCR-dependent [Ca21]i in-
crease. These findings were corroborated by measurements of
TCR-mediated IP3 formation, which also revealed no differ-
ence between P98 cells and the parental Jurkat E6 cell line
(unpublished results). Consistent with the normal pattern of
[Ca21]i changes, TCR stimulation triggered a wild-type in-
crease in NFAT-dependent transcription in P98 cells. In con-
trast, the complete loss of PLC-g1 in J.gamma1 cells rendered
these cells unable to activate NFAT in response to TCR cross-
linkage. The simplest interpretation of these results is that
while PLC-g1 activity is essential for TCR-mediated NFAT
activation, the expression level of this enzyme in Jurkat E6
cells is considerably in excess of that needed for efficient trig-
gering of the Ca21-calcineurin-dependent pathway leading to
NFAT nuclear translocation.

The results of the NFAT-dependent reporter gene assays
contrasted sharply with those obtained with an IL-2 promoter-
linked luciferase reporter construct. The activation of this re-
porter was reduced by ;80% in MAb OKT3-plus-PMA-stim-
ulated P98 cells, and this transcriptional defect was rescued by
ectopic expression of wild-type, but not catalytically inactive,
PLC-g1. These results suggested that the reduced level of
PLC-g1 expression in P98 cells was limiting for the DNA-

binding activity and/or function of one or more of the tran-
scription factors involved in IL-2 gene transcription in acti-
vated T cells (49, 53). With the exception of NFAT, the
contributions of PLC-g1 to the activation of IL-2 gene tran-
scription are poorly understood. The present findings suggest
that the critical functions of PLC-g1 extend beyond the acti-
vation of the Ca21-calcineurin-NFAT pathway and that this
protein is required for the initiation of an additional signaling
pathway needed for maximal activation of the IL-2 promoter.

A screen of known TCR-regulated transactivating factors
revealed no defects in the activation of NFAT, AP-1, or NFkB
in P98 cells. However, strikingly different results were obtained
with the RE/AP reporter construct, which contains both the
CD28RE and vicinal NF-IL-2B sites from the IL-2 promoter
region (54). The activated P98 cells displayed a significant
defect in RE/AP-dependent transcription, which was reversed
by transfection of the cells with wild-type PLC-g1. Previous
findings indicated that CD28RE binds to the NFkB family
member c-Rel, while the NF-IL-2B element contains a non-
consensus binding site for AP-1. The strong dependence of
RE/AP activation on synergistic signals provided by the TCR
plus CD28-PMA costimulation, as well as the interactive na-
ture of c-Rel and AP1 binding to this site, strongly suggests
that the RE/AP element functions as a true composite element
in the IL-2 promoter (54). Although the mechanism underlying
the RE/AP activation defect in P98 cells is currently under
active investigation, recent results indicate that these cells fail
to induce the expression of c-Rel protein in response to anti-
CD3 antibody-plus-PMA costimulation and that ectopic ex-
pression of c-Rel rescues the RE/AP activation defect in these
cells (unpublished results). Collectively, these results suggest
that the expression level of PLC-g1 in P98 cells limits the
delivery of a signal(s) needed for the induction c-Rel and,
hence, RE/AP activation in P98 cells.

An obvious candidate for this limiting signal is DAG, which
is produced concomitantly with the Ca21-mobilizing second
messenger IP3 during TCR-dependent PLC-g1 activation.
However, it is difficult to imagine that DAG production limits
IL-2 promoter-dependent transcription in P98 cells, because
these assays were performed in the presence of an optimal
concentration of PMA, which is a potent agonist for DAG-
dependent signaling processes. A more plausible model is that
PLC-g1 does not function solely as a generator of phosphoi-
nositide-derived second messengers during TCR signaling.
Like the Rac guanine nucleotide exchange factor Vav1 (8),
PLC-g1 bears structural features, including SH2, SH3, and
pleckstrin homology domains, which suggest that this enzyme
serves as both a second-messenger generator and a molecular
scaffold during T-cell activation.

The reversible defect in IL-2 promoter-dependent transcrip-
tion in P98 cells facilitated the implementation of a mutagen-
esis-based approach to the examination of the roles of the SH
region in signaling through PLC-g1 during T-cell activation.
The partially defective phenotype of P98 cells was an advan-
tage for these studies in that we were able to focus on potential
signaling functions of PLC-g1 other than those stemming from
IP3-mediated intracellular Ca21 mobilization. Interestingly, we
observed that mutation of the PLC-g1 SH3 domain strongly
enhanced the signaling activity of this enzyme in intact P98
cells but had no effect on the intrinsic PIP2-hydrolyzing activity
of PLC-g1 in vitro. These results suggest that the SH3 domain
mediates an interaction between PLC-g1 and a negative reg-
ulatory protein in T cells. A provocative candidate is Cbl (24,
25), a multifunctional protein that dampens signaling through
PTK-coupled receptors, possibly by promoting the ubiquitin-
dependent proteolysis of receptors and/or receptor-associated
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signaling proteins (1, 31). If Cbl proves to be the relevant
ligand for the PLC-g1 SH3 domain, then it is tempting to
speculate that elimination of a Cbl-mediated “brake” on
PLC-g1 activity in vivo plays a role in the overall hyperrespon-
siveness of thymocytes from Cbl2/2 mice (43).

In contrast to the SH3 domain, loss-of-function mutations in
either the PLC-g1 SH2(N) or SH2(C) domain compromised
the phosphorylation and/or activity of the enzyme in P98 cells.
As reported previously by Stoica et al. (58), we found that an
intact SH2(N) domain was critical for the optimal tyrosine
phosphorylation of PLC-g1 in response to anti-CD3 antibody
stimulation. These findings are also in general agreement with
results obtained with PDGF and epidermal growth factor re-
ceptor-expressing fibroblasts, as well as in the DT40 chicken
B-cell line, a model system for studies of BCR signaling (11, 15,
29, 45). Thus, in both lymphoid and nonlymphoid cells, the
SH2(N) domain plays a particularly important role in coupling
the activation of receptor-linked PTKs to the tyrosine phos-
phorylation of PLC-g1. However, SH2(N) domain function
was not essential for rescue of IL-2 promoter activation by
PLC-g1 in P98 cells. This outcome is likely explained by the
fact that P98 cells retain sufficient endogenous PLC-g1 to
support the TCR-dependent Ca21 signaling pathway, which
obviates the requirement for a functional SH2(N) domain. In
J.gamma1 cells, which lack endogenous PLC-g1, we found that
the PLC-g1 SH2(N)* mutant fails to rescue TCR-dependent
NFAT or IL-2 promoter activation (unpublished result). The
latter result is fully consistent with the findings obtained with
Plcg2/2 DT40 B cells (15). Thus, the SH2(N) domain of
PLC-g1 apparently plays essential roles in positioning the en-
zyme for phosphorylation by receptor-activated PTKs and in
stimulating the hydrolysis of PIP2 to the Ca21-mobilizing sec-
ond messenger IP3.

On the other hand, the results obtained with the PLC-g1
SH2(C)* mutant suggest that the SH2(C) domain is not prin-
cipally involved in the coupling of TCR ligation to the tyrosine
phosphorylation of PLC-g1. Again, these findings support ear-
lier results obtained with wild-type Jurkat cells and PLC-g12/2

DT40 B cells (15, 58). Nonetheless, expression of the PLC-g1
SH2(C)* mutant failed to support BCR-dependent phospho-
inositide breakdown or Ca21 mobilization in DT40 cells (15).
In preliminary studies with J.gamma1 cells, we have shown that
the same SH2(C)* mutant also fails to rescue MAb OKT3-
stimulated NFAT activation, which is triggered by an increase
in [Ca21]i (unpublished results). Collectively, these results sug-
gest that while the SH2(N) domain is more important for
optimal PLC-g1 phosphorylation in response to BCR or TCR
stimulation, both of the SH2 domains of PLC-g1 are required
for the generation of IP3-dependent Ca21 signals downstream
of these receptors. Only in the P98 cell background, in which
the requirement for Ca21 signaling is fulfilled in trans by en-
dogenous PLC-g1, do we observe a unique role for the SH2(C)
domain in the delivery of additional signals needed for RE/AP
and IL-2 promoter activation.

The differential contributions of the SH2(N) and SH2(C)
domains to the phosphorylation and function of PLC-g1 likely
reflect the distinct binding specificities of these domains for
phosphotyrosyl-containing proteins in activated T cells. Li-
gand-binding studies with a degenerate phosphotyrosyl peptide
library revealed that the SH2(N) domain prefers a pYLEL
target sequence, while the SH2(C) domain favors pY(V/I)IP
(57). The membrane-localized adapter protein LAT contains a
phosphorylation site at Tyr132 whose sequence (YLVV) could
be recognized by either the SH2(N) or the SH2(C) domain of
PLC-g1 (73, 74). Although studies with GST fusion proteins
indicated that both SH2 domains are capable of binding to

phosphorylated LAT, an intact SH2(N) domain was both nec-
essary and sufficient for the interaction of full-length PLC-g1
with this adapter protein. Thus, the defective tyrosine phos-
phorylation of the PLC-g1 SH2(N)* mutant in P98 cells is a
probable consequence of the failure of this protein to associate
with LAT during TCR stimulation. A similar SH2(N) domain-
adapter protein interaction appears to be important for
PLC-g1 phosphorylation in B cells, although the SLP-76-re-
lated protein BLNK, rather than LAT, is the cognate SH2(N)
ligand in B lymphocytes (15, 21).

The situation with respect to SH2(C) domain ligands seems
considerably more complex. First, in contrast to the isolated
SH2(N) domain, we and others (58) found that a GST–PLC-g1
SH2(C) fusion protein precipitated multiple phosphotyrosyl
proteins from activated T-cell extracts. Two notable ligands for
the SH2(C) domain are ZAP-70 and SLP-76. To date, we have
been unable to demonstrate an inducible interaction between
full-length PLC-g1 and activated ZAP-70 in Jurkat T cells. On
the other hand, the binding of SLP-76 to PLC-g1 was both
inducible and strongly dependent on the PLC-g1 SH2(C) do-
main. A recent report provided genetic evidence that SLP-76
lies upstream of PLC-g1 in the TCR-linked pathway leading to
PLC-g1 phosphorylation (70). Interestingly, we observed that
mutation of the SH2(C) domain caused only a partial reduc-
tion in the tyrosine phosphorylation of PLC-g1 in anti-CD3
antibody-stimulated P98 cells. Therefore, the SH2(C) domain
may not be the only channel through which SLP-76 promotes
TCR-dependent PLC-g1 phosphorylation. Moreover, our find-
ings with P98 cells suggest that the binding of SLP-76 to the
SH2(C) domain is also crucial for downstream signaling from
PLC-g1. In this case, the direct interaction with SLP-76 may
mediate the colocalization of PLC-g1 with other signaling pro-
teins, including Vav1, Grb2, and Gads. Because the tandem
SH2 domains of PLC-g1 are capable of interacting with both
LAT and SLP-76, this enzyme may act as a bridge between
LAT- and SLP-76-associated signaling proteins during TCR
stimulation. A similar bridging function has been proposed for
the Grb2-related Grap adapter protein in T cells (63). The
failure of the PLC-g1 SH2(C)* mutant to reverse the IL-2
promoter activation defect in P98 cells may reflect the disrup-
tive effect of this mutation on the dynamic interplay between
the different LAT–SLP-76 complexes during T-cell activation
(20, 70, 72).

Phosphorylation of PLC-g1 at Tyr783 represents a critical
step in the activation of this enzyme during PDGF receptor
stimulation (39). Although TCR cross-linkage also triggers the
phosphorylation of Tyr783 in PLC-g1 (44), the functional sig-
nificance of this phosphorylation event in T cells has not been
evaluated. We observed that the PLC-g1 Y783F mutant was
completely inactive in our IL-2 promoter-based reconstitution
assay in P98 cells and potently inhibited TCR-mediated IL-2
promoter transactivation when expressed in wild-type Jurkat
cells. Thus, the Tyr7833Phe mutation may generate a form of
PLC-g1 that persistently, but nonproductively, occupies critical
signaling proteins, e.g., LAT and SLP-76, during TCR engage-
ment. Phosphorylation of Tyr783 is not essential for the PIP2-
hydrolyzing activity of PLC-g1, based on the in vitro phospho-
lipase assays. However, tyrosine phosphorylation at this site
may alter the recognition of the PIP2 substrate in vivo (23). A
mutually nonexclusive possibility is that Tyr783 phosphoryla-
tion triggers the recruitment of an SH2 domain-containing
protein that functionally activates PLC-g1 in intact cells.

In summary, our results obtained with the P98 model system
hint that the signaling functions of PLC-g1 in T cells are
considerably more pleiotropic than predicted by the existing
models of TCR signaling. The PIP2-hydrolyzing activity of
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PLC-g1 is clearly central to the activating function of this
protein in T cells; however, accumulating evidence suggests
that this enzyme may also act as a molecular scaffold during
TCR signaling. Intermolecular interactions involving the SH2
and SH3 domains, as well as the Tyr783 phosphorylation site,
may place PLC-g1 in a key position to integrate signals from
the TCR and costimulatory receptors during the early stage of
T-cell activation.
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