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Protein kinase C � (PKC �) is unique among PKC isozymes in its translocation to the center of the immune
synapse in T cells and its unique downstream signaling. Here we show that the hematopoietic protein tyrosine
phosphatase (HePTP) also accumulates in the immune synapse in a PKC �-dependent manner upon antigen
recognition by T cells and is phosphorylated by PKC � at Ser-225, which is required for lipid raft translocation.
Immune synapse translocation was completely absent in antigen-specific T cells from PKC ��/� mice. In intact
T cells, HePTP-S225A enhanced T-cell receptor (TCR)-induced NFAT/AP-1 transactivation, while the acidic
substitution mutant was as efficient as wild-type HePTP. We conclude that HePTP is phosphorylated in the
immune synapse by PKC � and thereby targeted to lipid rafts to temper TCR signaling. This represents a novel
mechanism for the active immune synapse recruitment and activation of a phosphatase in TCR signaling.

Isoenzymes of the serine/threonine-specific protein kinase C
(PKC) family are involved in several signal transduction path-
ways downstream of antigen receptors in immune cells (26).
Among the PKCs, PKC � (5, 19) is particularly important in
T-lymphocyte activation and survival (26), where it exerts a
number of unique functions not seen for other PKC family
members. PKC � activates the NF-�B signaling pathway (9)
and the N-terminal c-Jun protein kinase (JNK) pathway (10),
and it synergizes with calcineurin for the activation of NFAT
and subsequent interleukin-2 (IL-2) production (6, 20). PKC �
also directly phosphorylates and activates the Ser/Thr kinase
SPAK, which contributes to AP-1 activation (12). In contrast to
other PKCs, PKC � causes very little activation of the extra-
cellular signal-regulated kinases Erk1 and Erk2 (10).

PKC � is the only T-cell-expressed PKC that selectively
translocates to the center of the immunological synapse in T
cells stimulated by antigen-presenting cells (APCs) (7, 15).
This translocation depends on the Lck kinase and correlates
with the catalytic activation of PKC � through a Vav- and
PI3K-dependent pathway (30). The importance of PKC � in
T-cell physiology was further demonstrated by experiments
with the pkc��/� mouse, which displays severe defects in an-
tigen receptor/coreceptor-mediated T-cell activation (20, 28).

The hematopoietic protein tyrosine phosphatase (HePTP) is
a 38-kDa nonreceptor (intracellular) classical protein tyrosine
phosphatase (PTP) (4) expressed in all hematopoietic lineages,
including T lymphocytes (1, 32). The physiological function of

HePTP is to inactivate the Erk and p38 mitogen-activated
protein (MAP) kinases (16, 24). To accomplish this task,
HePTP physically associates via a 15-amino-acid kinase inter-
action motif in its N terminus with the Erk1, Erk2, and p38
kinases (18, 23). HePTP then dephosphorylates the phospho-
tyrosine (but not phosphothreonine) residue in the activation
loops of the bound kinases. Other MAP kinases (JNK, Erk3,
Erk5, and Erk7) do not bind and are not substrates for HePTP
in intact cells. HePTP�/� mice also display a selective augmen-
tation of their Erk and p38 responses (11).

HePTP is itself regulated by phosphorylation at multiple
serine, threonine, and perhaps tyrosine residues. The best-
documented phosphorylation site is Ser-23 (17, 25) in the ki-
nase interaction motif; the phosphorylation thereof results in
dissociation of the bound Erk or p38. Ser-23 is phosphorylated
by cyclic AMP (cAMP)-dependent protein kinase (PKA) in
intact T cells in response to agents that elevate cAMP levels
(17, 25). Here we report that HePTP is also phosphorylated by
PKC � (and possibly by other PKCs) at Ser-225 in its catalytic
domain. While phosphorylation at Ser-23 results in reduced
dephosphorylation of Erk and p38, the PKC �-mediated phos-
phorylation at Ser-225 results in lipid raft targeting of HePTP,
which appears to be crucial for the inhibitory effect of HePTP
on T-cell receptor (TCR) signaling. Furthermore, phosphory-
lation of HePTP at Ser-225 is induced by TCR ligation and
appears to take place in the immune synapse, while Ser-23
phosphorylation occurs in discrete submembranous locations
distributed throughout the T cell (17). Thus, distinct pools of
HePTP are phosphorylated at different residues by two differ-
ent kinases in different subcellular locations in the cell and
thereby integrate input from cAMP and TCR/PKC signaling,
respectively, into the fine-tuning of the MAP kinase pathway.

MATERIALS AND METHODS
Antibodies and reagents. Polyclonal goat or rabbit antibodies against PKC �

and the phosphorylated and unphosphorylated forms of MAP kinases were from
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Santa Cruz Biotechnology (Santa Cruz, CA). The antiphosphoserine PKC sub-
strate polyclonal antibody was obtained from Cell Signaling. The OKT3 anti-
CD3ε monoclonal antibody (mAb) was from e-Bioscience, and anti-human
CD28 was from Pharmingen. The 12CA5 antihemagglutinin (anti-HA) mAb was
from Boehringer Mannheim (Indianapolis, IN). The C305 anti-TCR mAb was
from ATCC and was used as the culture supernatant. A series of mAbs were
raised against recombinant full-length HePTP (17); mAb B3A/C9 was used in
this study.

Plasmids and recombinant proteins. The expression plasmids for HePTP and
its mutants in the pEF/HA vector, which adds an HA tag to the N terminus of the
insert, were as described previously (23–25). Recombinant HePTP proteins, with
either glutathione S-transferase (GST) or His6 at the N terminus, were produced
as described previously (23, 25). The expression plasmids for PKC � and its
mutants (6, 10, 20) were in the in pEF-neo vector. All recombinant PKC proteins
were from Calbiochem.

Cells and transfections. Jurkat T leukemia cells were kept at logarithmic
growth in RPMI 1640 medium with 5% fetal calf serum, L-glutamine, and
antibiotics. These cells were transiently transfected with a total of 5 �g DNA by
electroporation at 950 �F and 240 V. Empty vector was added to control samples
to make a constant amount of DNA in each sample. Cells were used for exper-
iments 24 to 48 h after transfection. Primary human T cells were negatively
selected directly from whole blood by use of Rosette Sep T-cell depletion cock-
tails (StemCell Technologies, Vancouver, BC, Canada). The purity of the cell
populations was over 90%, as determined by fluorescence-activated cell sorting.
CD8� OT-I T cells and SigOVA257–264MEC/B7.1 cells were prepared as de-
scribed previously (3).

Isolation of lipid rafts using sucrose gradient centrifugation. Lipid rafts were
isolated from total cell lysates as described previously (33) with a few modifica-
tions. Briefly, 10 � 107 to 20 � 107 stimulated or unstimulated Jurkat T cells
were lysed on ice in 1 ml TNE buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl,
5 mM EDTA containing 1% Triton-X, 1 mM Na3VO4, 5 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, and 10 �g/ml each of apoprotin-leupeptin and
soybean trypsin inhibitor). The cells were left on ice for 15 min, subjected to 10
rounds of Dounce homogenization, and mixed with 1 ml 80% sucrose in TNE
buffer. The mixed lysates were transferred to the bottom of Beckman ultracen-
trifuge tubes and were overlaid with 2 ml 30% sucrose in TNE buffer and then
with 1 ml 5% sucrose in TNE buffer. Samples were ultracentrifuged for 20 h at
46,000 rpm in a Beckman SW55Ti rotor. Ten fractions of 0.5 ml were collected
from the top of the gradient.

Immunoprecipitation and immunoblotting. Cells were lysed in 20 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA containing 1% NP-40, 1 mM
Na3VO4, 5 mM NaF, 10 �g/ml aprotinin and leupeptin, 100 �g/ml soybean
trypsin inhibitor, and 1 mM phenylmethylsulfonyl fluoride and clarified by cen-
trifugation at 15,000 rpm for 20 min. The clarified lysates were preabsorbed on
protein G-Sepharose and then incubated with antibody for 2 h and subsequently
with protein G-Sepharose beads. Immune complexes were washed three times in
lysis buffer, once in lysis buffer with 0.5 M NaCl, and again in lysis buffer and
were suspended in sodium dodecyl sulfate sample buffer.

In vitro phosphorylation, tryptic peptide mapping, and phosphoamino acid
analysis. Four �g GST-HePTP or 0.5 �g GST was incubated with 20 ng PKC for
20 min at 30°C according to the manufacturer’s instructions. The reactions were
terminated by the addition of sodium dodecyl sulfate sample buffer and boiling,
and the products were analyzed by autoradiography and immunoblotting. Tryptic
peptide mapping and phosphoamino acid analysis were performed as described
by Luo and coworkers (13).

Cell conjugation, confocal microscopy, and three-dimensional reconstruc-
tions. These procedures were performed as described before (21). Three-dimen-
sional reconstructions were obtained with Volocity software (Volocity 2.6.2;
Image3, LLC) from 40 serial z sections taken at 0.25-�m increments.

RESULTS

A fraction of HePTP is present in lipid rafts. It has been
suggested that PTPs are excluded from lipid rafts upon TCR
ligation to allow signaling by tyrosine phosphorylation to pro-
ceed unopposed. We have begun to test this notion experimen-
tally by immunoblotting the buoyant lipid raft fractions from
resting or stimulated T cells by sucrose gradient centrifugation
with antibodies against PTPs. Using the specific monoclonal
antibody B3A/C9 (17) against HePTP, we consistently detect
some HePTP in the lipid rafts of resting T cells (Fig. 1a), and

this fraction increased to �5% of total HePTP in cells acti-
vated by anti-CD3 and anti-CD28 antibodies (Fig. 1b) or 50
nM phorbol ester (not shown). Parallel immunoblots demon-
strated that PKC � had a similar pattern of lipid raft distribu-
tion (Fig. 1, second panels from top), while LAT was quanti-
tatively lipid raft located in all cell samples (third panels). In
contrast, CD45 was not detected in the lipid rafts (bottom
panels).

Detection of Erk and phospho-Erk in lipid rafts. To deter-
mine if translocation of HePTP to lipid rafts might serve to
bring it to the vicinity of its physiological substrate, the Erk
MAP kinase, we immunoblotted raft fractions with antibodies
against this kinase and found that a readily detectable amount

FIG. 1. HePTP in lipid rafts. (a) Anti-HePTP (top panel), anti-
PKC � (second panel), anti-LAT (third panel), and anti-CD45 (bottom
panel) immunoblots of detergent extracts of resting Jurkat T cells
fractionated on a sucrose gradient. Lipid rafts are in fractions 2 to 4,
mostly in fraction 3. (b) Similar experiment with Jurkat T cells stimu-
lated with anti-TCR mAbs. Mrs (in thousands) are shown to the left of
the gels.
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FIG. 2. HePTP and Erk activation in the immune synapse. (a) Immunoblots of lipid raft fractions from resting (lane 1) or activated (lane 2)
Jurkat T cells with antibodies against total Erk (upper left panel), phospho-Erk (lower left panel), HePTP (top middle panel), Lck (second middle
panel), phospho-Y505 Lck (bottom middle panel), or antiphosphotyrosine (right panel). Mrs (in thousands) are shown to the left of the gels. (b)
Confocal microscopy of CD8� antigen-specific, TCR-transgenic OT-I T cells in contact with APCs for 0 min (subpanels a) or 20 min (subpanels
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of unphosphorylated Erk was present in lipid rafts in untreated
T cells (Fig. 2a). Upon TCR cross-linking, the amount of Erk
increased somewhat and a band of higher Mr became visible.
This band was also seen with antibodies against phosphory-
lated Erk (Fig. 2a, lower left panel). Further immunoblots of
the same lipid raft samples showed that HePTP was present
and increased upon TCR stimulation (top middle panel), while
Lck levels were unchanged (second middle panel) but de-
creased somewhat in phosphorylation at Y505 (bottom middle
panel). As an additional control that TCR stimulation was
robust in this experiment, an anti-PTyr blot showed that pro-
teins of 36 to 38, 70 to 76, and 95 kDa became tyrosine phos-
phorylated in lipid rafts. Erk and phospho-Erk were seen in
lipid rafts in several independent experiments.

HePTP and Erk activation in the immune synapse. To study
the location of HePTP and Erk activation in a more physio-
logical model of T-cell activation, we used naı̈ve CD8� anti-
gen-specific OT-I TCR-transgenic T cells, which were mixed
with antigen-presenting cells for various times at 37°C, fixed,
and stained with the anti-HePTP mAb and antibodies against
phospho-Erk. These experiments showed that antigen recog-
nition changed the diffuse cytoplasmic distribution of HePTP
into a more polarized, APC-oriented location (Fig. 2b). Much
of HePTP became concentrated in the vicinity of the contact
between the T cell and the APC. HePTP was also seen in
deeper portions of the cytoplasm (Fig. 2b) but not in the
nucleus. Staining of the cells with antibodies that recognize
only the phosphorylated form of Erk showed that Erk activa-
tion also occurred in the T cell-APC contact zone (Fig. 2b). A
portion of phospho-Erk was also detected in the nucleus of
many cells (Fig. 2c and d). In contrast, HePTP always stayed in
the cytosol and was never seen in the nucleus. Three-dimen-
sional reconstructions of serial z sections also showed that
HePTP and phosphorylated Erk coexist in the immune syn-
apse, particularly its center, and that proportionately more
phospho-Erk is located more peripherally and in the cell nu-
cleus. We conclude from all these experiments that HePTP
translocates to lipid rafts and the immune synapse, where Erk
is also found, and we suggest that Erk activation is initiated in
this location but that the phosphorylated and activated Erk can
leave. The confocal images show that much of the phosphor-
ylated Erk escapes into the nucleus, where HePTP cannot
follow. We suggest that HePTP is a gatekeeper that acts early
in the TCR-induced MAP kinase activation cascade rather
than a late-acting terminator of the response, and our current
data suggest that at least part of this task is carried out in lipid
rafts within the immune synapse. Consistent with this model,
Erk activation is two- to threefold higher in HePTP�/� T cells
but occurs with an essentially unchanged time course (11).
Other MAP kinase phosphatases (e.g., PAC1) presumably act
to terminate Erk activation in the nucleus.

PKC � is required for HePTP translocation to the immune
synapse. We also stained the naı̈ve CD8� antigen-specific

OT-I T cells with antibodies against PKC � and found that it
colocalized extensively with HePTP upon antigen recognition
(Fig. 3a). To determine if HePTP translocation to the immune
synapse is indeed functionally connected to PKC �, we first
tested if rottlerin, an inhibitor of atypical PKCs (predomi-
nantly PKC � in T cells) would prevent HePTP accumulation
in the immune synapse. Figure 3b shows that endogenous
HePTP accumulated in the contact area between Jurkat T cells
and B cells in the presence of the superantigen staphylococcal
enterotoxin E. This relocation of HePTP was completely ab-
rogated in T cells treated with 10 �M rottlerin for 20 min (Fig.
3b, third panels) but not in cells treated with 1 �M Gö6976, an
inhibitor of conventional PKCs (bottom panels). Quantitation
of these results is shown in Fig. 3c. Very similar results were
obtained with transfected epitope-tagged HePTP (not shown).
Next, we used CD4� T cells from OT-II mice crossed with
pkc��/� mice and found that while HePTP translocated in T
cells from control OT-II mice to the contact site with B cells
presenting the OVA peptide, there was no accumulation of
HePTP at all in contacts between APCs and PKC �-negative T
cells (Fig. 3d). Thus, HePTP translocation to the immune
synapse can be observed in both murine and human T cells, in
CD4� and CD8� T cells, and with different models of antigen
recognition. This translocation depends on functional PKC �.

Together, these results show that HePTP translocates to the
immune synapse upon antigen recognition in three different
systems: CD8� OT-I T cells, CD4� OT-II T cells, and Jurkat
cells. The results also show that PKC � is absolutely necessary
for this translocation.

HePTP is phosphorylated by PKC isozymes at Ser-225 in
vitro. We previously reported that tryptic peptide maps of
HePTP from metabolically 32P-labeled T cells contain several
spots (25), one of which corresponds to an unidentified phos-
phoserine (PSer). Since the amino acid sequence of HePTP
contains several potential PKC phosphorylation sites, we asked
if HePTP is a substrate for PKC.

First, we used a catalytically active PKC-M preparation con-
sisting predominantly of the �, 	I, 	II, and 
 isoenzymes and
asked if it could phosphorylate recombinant HePTP in vitro in
the presence of [
-32P]ATP. Indeed, 32P-labeled HePTP was
readily obtained (Fig. 4a). Tryptic peptide maps (Fig. 4b)
showed that most of the phosphate was located in a major spot
(peptide 1) that migrated only a short distance in the second
dimension (ascending chromatography) on the thin-layer
plates. This site was identified as Ser-225 by repeating the in
vitro phosphorylation experiments with a series of Ser-to-Ala
and Thr-to-Ala mutants of HePTP (Fig. 4a and b). While the
maps of HePTP mutants T50A and S122A were indistinguish-
able from that of wild-type HePTP, the map of HePTP-S225A
completely lacked peptide 1. Additionally, the maps of
HePTP-T106A and HePTP-S113A were different: in the
former, peptide 3 migrated higher up, indicating that it was
more hydrophobic, while in the map of HePTP-S113A, peptide

b to d) and stained for HePTP (green), phospho-Erk (pErk; red), and DNA (blue). Subpanels c are enlargements of the indicated subpanels b to
show phospho-Erk location in the immune synapse (IS) and nucleus (N). DAPI, 4�,6�-diamidino-2-phenylindole. (c) Three-dimensional recon-
struction of a representative OT-I T cell stained for HePTP (green) and phospho-Erk (red) in contact with an APC. The reconstructed cell is shown
in the z plane, i.e., the direction from which the APC would see the T cell (left panel); 45° between the z and y planes (middle panel); and in the
y plane (right panel). The center of the immune synapse and the location of staining in the nucleus are indicated.
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FIG. 4. Phosphorylation of HePTP by PKC at S225. (a) Autoradiogram of in vitro kinase assay containing HePTP alone (lane 1), PKC-M alone
(lane 2), GST plus PKC-M (lane 3), GST-HePTP plus PKC (lane 4), or the indicated S/T-to-A mutants of GST-HePTP plus PKC-M (lanes 5 to
9) in the presence of [
-32P]ATP. Mrs (in thousands) are shown to the left of the gel. (b) Tryptic peptide maps (peptides labeled 1, 2, and 3) of
the phosphorylated HePTP proteins from panel a. Exposure time for all maps was 21 h. Arrows indicate missing peptides. wt, wild type.

FIG. 3. PKC � is required for HePTP translocation to the immune synapse. (a) Confocal microscopy of CD8� antigen-specific, TCR-transgenic
OT-I T cells in contact with APCs for 20 min and stained for HePTP (green) and PKC � (red). (b) Immunofluorescence microscopy of Jurkat T
cells in contact with Raji B cells without (top row) or with (all other rows) staphylococcal enterotoxin E and stained for HePTP (green), B cells
(red), and DNA (blue). The centers of the contacts between the T cell and the APC are indicated with arrows; B cells are labeled “B” in contrast
panels. (c) Quantitation of formed immune synapses in numerous fields of view. (d) Immunofluorescence microscopy of CD4� antigen-specific,
TCR-transgenic OT-II T cells in contact with APCs in the absence (left panels) or presence (right panels) of OVA peptide and stained for HePTP
(green) and DNA (blue). The upper panels show control OT-II T cells; the lower panels show T cells from OT-II � pkc��/� mice, as indicated.
B cells are labeled “B” in contrast panels. wt, wild type; DAPI, 4�,6�-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide.
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FIG. 5. Phosphorylation of HePTP by different PKC isoenzymes. (a) Autoradiogram of GST-HePTP incubated with the indicated PKC
isoenzymes in the presence of [
-32P]ATP for 30 min. Mrs (in thousands) are shown to the left of the gel. (b) Tryptic peptide maps (peptides labeled
1, 2, and 3) of the phosphorylated HePTP proteins from panel a. Exposure times were as follows: 5 days for PKC �, PKC ε, and PKC ; 17 h for
PKC �; and 20 h for PKC � and PKC �. (c) Phosphoamino acid analysis of peptides 1 and 3 from the PKC � map, showing that both contain only
phosphoserine.
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3 was completely missing. Thus, Ser-113 is a minor phosphor-
ylation site. Since Thr-106 is located in the same tryptic peptide
as Ser-113, the T106A mutation made this peptide only a bit
more hydrophobic; it did not affect the phosphorylation at
Ser-113 by PKC. The minor phosphorylation site presenting
itself as peptide 2 remains unidentified. The in vivo significance
of this site, as well as that of Ser-113, is questionable.

PKC � is the most potent PKC isozyme. Next, we compared
the isozymes in a series of PKC isozymes for the ability of each
to phosphorylate recombinant HePTP in vitro. These recom-
binant proteins were used at identical specific activities. While
all isozymes phosphorylated Ser-225 predominantly and Ser-
113 to a lesser extent (Fig. 5), they differed strikingly in how
much 32P they incorporated into HePTP during the 30-min
assay. PKC � was the most efficient, while PKC � and PKC �
were clearly less potent; PKC �, ε, and  were quite inefficient.
Interestingly, the different PKCs also showed somewhat differ-
ent relative preferences for the serine residues (Fig. 5b). Phos-
phoamino acid analysis of the two peptides phosphorylated by
PKC � confirmed that both sites were indeed serines (Fig. 5c).
Maps of HePTP-S225A phosphorylated by PKC � lacked the
S225 spot (not shown).

HePTP is phosphorylated at Ser-225 by PKC � in intact T
cells. To verify that HePTP is indeed phosphorylated at S225
in intact T cells, we used a phospho-specific antibody that
recognizes PKC substrates with the sequence R/K-X-pS-�-K
(X, any amino acid; �, hydrophobic residue), a motif that fits
the sequence R-R-pS-V-K (amino acid residues 223 to 227)
containing phospho-S225 but no other sites in HePTP. First,
we verified that this antibody reacts with HePTP phosphory-
lated by PKC � (Fig. 6a) in contrast to recombinant HePTP-
S225A incubated with PKC �, which did not react with the
phospho-specific antibody (lane 4). Next, we immunoprecipi-
tated HePTP from resting primary human T cells or cells
treated with anti-CD3 or phorbol ester and then immunoblot-

ted the precipitates with the phospho-specific antibody. As
shown in Fig. 6b, HePTP in resting cells reacted weakly with
the phospho-specific antibody (lane 1), while HePTP from
activated cells reacted quite well. Furthermore, this increased
phosphorylation of HePTP at S225 in primary T cells was
blocked by addition of the PKC � inhibitor rottlerin (Fig. 6c).
These experiments show that HePTP is indeed phosphorylated
at S225 in intact normal T cells and that PKC � is involved.

Phosphorylation of HePTP at S225 is required for lipid raft
targeting. To begin to explore the physiological role of HePTP
phosphorylation at S225, we analyzed the buoyant lipid raft
fractions from cells transfected with HePTP, HePTP-S225A,
or HePTP-S225D and found that while HePTP translocated to
lipid rafts upon TCR stimulation, the S225D mutant was
present in these fractions both before and after TCR trigger-
ing; however, the HePTP-S225A mutant was not present at all
in fractions 1 through 5 (Fig. 7a). Thus, it seems that HePTP
phosphorylation at S225 is required for lipid raft partition. In
agreement with this notion, the stoichiometry of HePTP phos-
phorylation is very similar to the percent of HePTP in lipid
rafts. We also found that an HePTP-S113D mutant partitions
more into lipid rafts (data not shown), supporting the notion
that PKC �-mediated phosphorylation promotes this targeting.

HePTP needs to be phosphorylated to inhibit TCR signal-
ing. Expression of HePTP results in decreased transactivation
of the IL-2 gene in response to TCR ligation (23, 24). Since this
effect requires the catalytic activity of HePTP and the inactive
mutant HePTP-C270S augments these responses, we decided
to express the phosphorylation-mimicking HePTP-S225D and
the unphosphorylatable HePTP-S225A in T cells and measure
their effects on TCR-induced gene activation. While wild-type
and S225D mutant HePTP reduced the TCR-driven transac-
tivation of an NFAT/AP-1 reporter (taken from the IL-2 pro-
moter), HePTP-S225A acted as a dominant negative and
strongly augmented the response (Fig. 7b). The HePTP con-

FIG. 6. PKC � phosphorylates HePTP at S225 in primary T cells. (a) Upper panel, anti-(K/R)-X-pS-�-K immunoblot of GST-HePTP (lanes
1 and 3) and GST-HePTP-S225A (lanes 2 and 4) incubated with kinase buffer alone (lanes 1 and 2) or with PKC (lanes 3 and 4). Lower panel,
anti-HePTP blot of the same filter. (b) Upper panel, anti-(K/R)-X-pS-�-K immunoblot of anti-HePTP immunoprecipitates from primary human
T cells left untreated (lane 1) or stimulated with anti-CD3 and anti-CD28 Dynabeads (lane 2) or 50 nM phorbol ester (lane 3) for 10 min before
lysis. Lower panel, anti-HePTP immunoblot of the same immunoprecipitates. (c) Upper panel, anti-(K/R)-X-pS-�-K immunoblot of anti-HePTP
immunoprecipitates from primary human T cells left untreated (lane 1), stimulated with anti-CD3 (lane 2), or treated with 30 �M rottlerin plus
anti-CD3/CD28 beads (lane 3) or with 60 �M rottlerin plus anti-CD3/CD28 beads (lane 4). Lower panel, anti-HePTP immunoblot of the same
immunoprecipitates. Mrs (in thousands) are shown to the left of the gels.
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FIG. 7. Role of HePTP phosphorylation at S225. (a) Anti-HA immunoblots of detergent extracts of Jurkat T cells transfected with HePTP (top
panel), HePTP-S225D (middle panel), or HePTP-S225A (bottom panel) fractionated on a sucrose gradient. Lipid rafts are in fractions 2 to 4,
mostly in fraction 3. n.s., nonstimulated. (b) Luciferase assay (relative light units [RLU]) of Jurkat T cells transfected with an NFAT/AP-1 reporter
construct and empty vector (HePTP, HePTP-S225D, or HePTP-S225A, as indicated) and either left unstimulated or treated with OKT3 anti-CD3ε
mAb for 7 h. The luciferase activity was normalized using a cotransfected Renilla luciferase. The data represent the means, and the error bars
standard deviations, from triplicate determinations; this experiment is representative of three independent experiments. wt, wild type. (c) Anti-HA
immunoblot to show the expressed HePTP in the same cell samples. (d) Elimination of HePTP by RNA interference augments PKC �-induced
Erk activation. Jurkat T cells were transfected with a nonspecific RNA oligonucleotide (lanes 1 to 3) or with an HePTP-specific siRNA (lanes 4
to 6) and cotransfected with expression plasmids for the constitutively active PKC �-AE (lanes 2 and 5) or myristylated PKC � (lanes 3 and 6). The
four panels represent blots with different antibodies, as indicated. Mrs (in thousands) are shown to the left of the gels.
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structs were all well expressed (Fig. 7c). This result suggests
that HePTP must be phosphorylated at S225 to inhibit TCR
signaling and that prevention of this phosphorylation by chang-
ing S225 to an alanine leads to enhanced downstream signals,
perhaps due to the diminished phosphorylation of endogenous
HePTP. In contrast, the S225D mutant HePTP, which is tar-
geted to lipid rafts (Fig. 7), apparently does not require phos-
phorylation to carry out the normal duties of HePTP. Thus, it
was as active as, or even slightly more active than, wild-type
HePTP.

Loss of HePTP augments the ability of PKC � to activate
Erk. To directly address the question of whether PKC � is less
efficient than other PKCs in activating Erk because it activates
HePTP, we designed a small interfering RNA (siRNA) oligo-
nucleotide duplex that efficiently reduced the expression of
HePTP in Jurkat T cells by approximately 80% (Fig. 7d).
These cells also contained a somewhat increased level of phos-
pho-Erk (lane 4). While expression of constitutively active
PKC �-AE in control siRNA-treated cells had little effect on
basal Erk activation, cotransfection of PKC �-AE into cells
with reduced levels of HePTP caused a much larger increase in
phospho-Erk levels (lane 5). In contrast, a membrane-targeted
PKC � had little effect on basal phospho-Erk levels (lane 6).
Thus, it seems that PKC � can activate the Erk pathway, as
other PKCs do, but also activates HePTP (through S225 phos-
phorylation), thereby canceling out Erk activation in favor of
other pathways. Based on our results, we propose that this
occurs in lipid raft fractions within the immune synapse.

DISCUSSION

The active recruitment of a cytosolic PTP to the immune
synapse by PKC �-mediated phosphorylation represents a
mechanism for the participation of a PTP in TCR signaling
that is novel but reminiscent of the recruitment and activation
of the VHR phosphatase by ZAP-70-mediated tyrosine phos-
phorylation (3). In both cases, it appears that phosphorylation
occurs on a small pool of the phosphatase (�5%) but that this
pool becomes biologically important. The two kinases respon-
sible, PKC � and ZAP-70, respectively, are key players of TCR
signaling and accumulate in the center of the immune synapse.
In HePTP as well as in VHR (3), the phosphorylation site is on
the far side of the catalytic domain, opposite from the catalytic
pocket, and in both cases a phosphorylation site mutant acts as
a much more potent dominant negative than a catalytically
inactive form of the enzyme. This suggests that the mutant
effectively competes for the kinase and/or other interacting
proteins and thereby reduces the phosphorylation and/or func-
tion of endogenous phosphatase. Thus, it appears that TCR-
induced recruitment, phosphorylation, and activation of phos-
phatases that act on MAP kinases comprise a more general
theme in TCR signaling.

The amino acid sequence surrounding S225, ERRSVKH
(underlining indicates the phosphorylated serine), contains the
basic residues typically found in PKC substrates. Interestingly,
the amino acid residues around the major phosphorylation site
for cAMP-dependent kinase in HePTP, S23, is quite similar
(RRGSNVA), yet the two kinases maintain a high degree of
fidelity even in vitro. We suspect that one of the minor in vitro
phosphorylation sites, peptide 2, represents S23. However, us-

ing a phospho-S23 specific antibody, we recently showed that
phorbol myristate acetate does not cause any change in the
phosphorylation of this site in intact T cells (17). Conversely,
PKA did not phosphorylate any site other than S23, even in
vitro (25). The two phosphorylation sites also have opposite
effects on HePTP: phosphorylation at S225 functionally acti-
vates HePTP, while phosphorylation at S23 mediates the inhi-
bition of HePTP function by dissociating it from its substrates
(25).

One may wonder why TCR signaling would promote both
the activation and the inactivation of MAP kinases. Although
a wealth of literature supports a vital role for Erk activation in
growth signaling, there are also many papers that show that
only a transient MAP kinase activation promotes proliferation.
In contrast, a prolonged or excessive Erk response often results
in differentiation (14), cell cycle arrest (2, 8, 22, 29), or even
cell senescence (27, 31). Thus, TCR-induced activation of
HePTP may serve to ensure that Erk and p38 kinases are
activated only to a certain level and not as much as needed to
trigger these growth-inhibitory effects of prolonged MAP ki-
nase activation. In this context, it is interesting to note that
PKC �, which is intimately coupled with TCR signaling and
T-cell expansion, differs from other PKC isozymes in that it
does not cause the same Erk activation as that caused by other
PKC isozymes but instead preferentially activates the JNK and
NF-�B pathways (10). The activation of HePTP by PKC � may
explain this difference between PKC � and other PKCs. This in
turn suggests the possibility of fine-tuning the relative activa-
tion of different pathways downstream of the TCR and PKC �.
The increased expression of HePTP in T cells stimulated in the
presence of interleukin-2 (32) may cause a shift in TCR-trig-
gered signaling cascades by this mechanism. Similarly, the
phosphorylation of HePTP by cAMP-dependent kinase (25)
may also alter the balance between (i) Erk and p38 activation
and (ii) JNK and NF-�B activation triggered by TCR-activated
PKC �.

In conclusion, our data imply that HePTP is not simply an off
switch for MAP kinases but is also involved early in the cascade
and serves to integrate cross talk between several signaling
pathways, such as TCR-mediated PKC � activation, cAMP-
dependent protein kinase, and the regulation of the amplitude
and spatial organization of MAP kinase responses.
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