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The HePTP (haematopoietic protein tyrosine phosphatase) is a
negative regulator of the ERK2 (extracellular signal-regulated
protein kinase 2) and p38 MAP kinases (mitogen-activated protein
kinases) in T-cells. This inhibitory function requires a physical
association of HePTP through an N-terminal KIM (kinase-
interaction motif) with ERK and p38. We previously reported that
PKA (cAMP-dependent protein kinase) phosphorylates Ser-23
within the KIM of HePTP, resulting in dissociation of HePTP
from ERK2. Here we follow the phosphorylation of this site in
intact T-cells. We find that HePTP is phosphorylated at Ser-23
in resting T-cells and that this phosphorylation increases upon
treatment of the cells with agents that elevate intracellular cAMP,
such as prostaglandin E2. HePTP phosphorylation occurred at
discrete regions at the cell surface. Phosphorylation was reduced
by inhibitors of PKA and increased by inhibitors of protein
phosphatases PP1 and PP2A, but not by inhibitors of calcineurin.

In vitro, PP1 efficiently dephosphorylated HePTP at Ser-23, while
PP2A was much less efficient. Activation of PP1 by treatment of
the cells with ceramide suppressed Ser-23 phosphorylation, as did
transfection of the catalytic subunit of PP1. Phosphorylation at
Ser-23 is also increased in a transient manner upon T-cell antigen
receptor ligation. In contrast, treatment of cells with phorbol ester
had no effect on HePTP phosphorylation at Ser-23. We conclude
from these results that HePTP is under continuous control by PKA
and a serine-specific phosphatase, probably PP1, in T-cells and
that this basal phosphorylation at Ser-23 can rapidly change in
response to external stimuli. This, in turn, will affect the ability
of HePTP to inhibit the ERK and p38 MAP kinases.

Key words: ceramide, phosphospecific antibody, prostaglandin
E2, protein kinase A, protein phosphatase 1, T-cell antigen
receptor.

INTRODUCTION

Ligation of the TCR (T-cell antigen receptor) together with
appropriate co-stimulatory molecules causes a rapid activation
of all three principal MAP kinases (mitogen-activated protein
kinases), ERK (extracellular signal-regulated protein kinase),
JNK (c-Jun N-terminal kinase) and p38, through distinct kinase
cascades that result in the dual phosphorylation of a Thr-Xaa-Tyr
motif in their activation loops [1]. MAP kinases are important
integration points in signalling from a large number of cell-
surface receptors that regulate growth, adaptation, differentiation
and survival responses [1,2]. These kinases regulate directly or
indirectly a number of transcription factors that control many
important genes, including the c-fos, c-jun, FasL, interferon-γ and
interleukin-2 genes in T-cells [2,3], as well as cell-cycle regulators
and downstream kinases like MAPKAP (MAP kinase-activated
protein) kinases 2 and 3.

Both the unphosphorylated and doubly phosphorylated forms
of ERK2 have been crystallized and their three-dimensional
structures solved [4,5]. In the unphosphorylated and catalytically
inactive state, the side chain of Tyr-185 in the Thr-Xaa-Tyr motif
is buried under the activation loop and blocks the catalytic cleft.
Upon double phosphorylation, the loop moves away and the
phosphates on both Tyr-185 and Thr-183 are brought into contact
with Arg-rich clusters on the surface of the kinase [5–7]. This

Abbreviations used: ERK2, extracellular signal-regulated protein kinase 2; PTPase, protein tyrosine phosphatase; HePTP, haematopoietic PTPase; MAP
kinase, mitogen-activated protein kinase; PKA, cAMP-dependent protein kinase; TCR, T-cell antigen receptor; PP1, protein phosphatase 1; JNK, c-Jun
N-terminal kinase; KIM, kinase-interaction motif; HA, haemagglutinin; mAb, monoclonal antibody; GST, glutathione S-transferase; STEP, striatum-enriched
phosphatase; PCPTP1, PC12 cell-derived protein tyrosine phosphatase 1; 8-CPT-cAMP, 8-(4-chlorophenylthio)-cAMP.

1 To whom correspondence should be addressed (e-mail tmustelin@burnham-inst.org).

major conformational change of the activation loop results in
a rotation of the upper lobe of the kinase domain with respect
to the lower lobe, optimal positioning of the catalytic amino
acid residues and opening of the substrate-binding groove. Once
activated, some MAP kinases translocate to the nucleus [8], where
many of their substrates reside.

Inactivation of MAP kinases can be achieved by dephos-
phorylation of either or both phosphoamino acid residues in the
activation loop by a PTPase (protein tyrosine phosphatase), a
DSP (dual-specificity PTPase) or a Ser/Thr-specific protein phos-
phatase [9–12]. The HePTP (haematopoietic protein tyrosine
phosphatase) is a 38 kDa MAP kinase-specific enzyme [13,14]
expressed throughout thymic development and in all T-cell lin-
eages, as well as in other leucocytes [13–17]. HePTP consists of a
catalytic domain with a ≈ 80-amino-acid residue non-catalytic N-
terminal extension. As assessed by immunofluorescence staining
and confocal microscopy, HePTP is cytosolic with a preference
for a juxtamembranous location [17]. Two related PTPases, STEP
(striatum-enriched phosphatase) [18] and PCPTP1 (PC12 cell-
derived protein tyrosine phosphatase 1) [19–22], have been
cloned, but they are not expressed in haematopoietic cells. Inter-
estingly, both of these brain-specific enzymes exist as forms
with many different molecular masses due to alternative mRNA
splicing [23,24] or translational initiation [19]. This could also be
true for HePTP.
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Expression of HePTP in T-cells results in a reduction in ERK2
and p38 kinase activation [25–27], but there are no effects on
the upstream kinase MEK (MAP kinase/ERK kinase), on JNK
or on overall tyrosine phosphorylation. Conversely, receptor-
mediated activation of ERK2 and p38 are elevated 2- to 3-fold
in HePTP−/− mice [28]. A key mechanism for the high degree of
specificity of HePTP towards ERK and p38 resides within amino
acids 15–30 in the non-catalytic N-terminus of HePTP, which
form a KIM (kinase-interaction motif) that binds to ERK and
p38 with high affinity [27]. A nearly identical motif is found in
the related PTPases STEP and PCPTP [29,30]. Inactivation of
ERK2 by HePTP is greatly facilitated by the formation of a 1:1
complex, in which HePTP efficiently dephosphorylates Tyr-185
of the activation loop of ERK2. Within the complex, HePTP can
also be phosphorylated by ERK and p38 at two nearby residues,
Thr-45 and Ser-72 [27].

Another important regulatory mechanism for HePTP is medi-
ated by phosphorylation at Ser-23 within the KIM [31] by
PKA (cAMP-dependent protein kinase; protein kinase A). This
phosphorylation results in dissociation of the HePTP/ERK2 com-
plex and reduced ability of HePTP to dephosphorylate ERK [31].
Using this mechanism, any stimuli that elevate the intracellular
concentration of cAMP in T-cells, e.g. prostaglandin E2, lift the
HePTP-mediated restriction on ERK (and p38) activation. Al-
though it is clear that PKA phosphorylates HePTP at Ser-23 both
in vitro and in vivo [31], the extent and dynamics of Ser-23
phosphorylation in intact T-cells have not been studied before.

Here we utilize a phospho-specific antibody to document a
basal level of HePTP phosphorylation at Ser-23, its increase
after prostaglandin E2 treatment, and responses to inhibition or
stimulation of protein phosphatases. We also report that TCR
triggering causes an increase in HePTP phosphorylation at Ser-23,
which is sensitive to inhibitors of adenylate cyclase and PKA.
Thus, the TCR not only initiates signalling pathways that activate
ERK and p38, but also decreases the inhibition of these kinases
by causing increased phosphorylation of HePTP at Ser-23.

MATERIALS AND METHODS

Antibodies and reagents

The 12CA5 anti-HA (haemagglutinin) mAb (monoclonal anti-
body) was from Boehringer Mannheim (Indianapolis, IN, U.S.A.).
The C305 anti-TCR mAb was from ATCC and was used as
culture supernatant. The polyclonal anti-ERK2 was from Santa
Cruz Biotechnology and the polyclonal anti-phospho-ERK was
from New England Biolabs. Anti-phospho-Ser-23 was as reported
[32]. A series of mAbs were raised against recombinant full-length
HePTP; mAb B3A/C9 was used in this study.

Plasmids and recombinant proteins

The expression plasmids for HePTP and HePTP-S23A in the
pEF/HA vector, which adds an HA tag to the N-terminus of
the insert, were as described in [25,27,31]. Recombinant HePTP
proteins, with either GST (glutathione S-transferase) or 6 × His
at the N-terminus, were produced as described in [27,31,33]. The
catalytic subunit of PP1 (protein phosphatase 1) in the pcDNA-
3-HA vector was kindly provided by Dr Marc Montminy (Salk
Institute, La Jolla, CA, U.S.A.).

Cells and transfections

Jurkat leukaemia T-cells were kept in the logarithmic growth
phase in RPMI 1640 medium with 5 % fetal calf serum, L-
glutamine and antibiotics. These cells were transiently transfected

with a total of 5 µg of DNA by electroporation at 950 µF and
240 V. Empty vector was added to control samples to make a con-
stant amount of DNA in each sample. Cells were used for experi-
ments 24–48 h after transfection.

Immunoprecipitation and immunoblotting

Cells were lysed in 20 mM Tris/HCl, pH 7.5, 150 mM NaCl
and 5 mM EDTA containing 1 % Nonidet P-40, 1 mM Na3VO4,
10 µg/ml aprotinin and leupeptin, 100 µg/ml soybean trypsin
inhibitor and 1 mM PMSF and clarified by centrifugation at
20 800 g for 20 min. The clarified lysates were preabsorbed on
Protein G–Sepharose and then incubated with antibody for 2 h,
followed by Protein G–Sepharose beads. Immune complexes were
washed three times in lysis buffer, once in lysis buffer with 0.5 M
NaCl, again in lysis buffer and suspended in SDS sample buffer.

In vitro dephosphorylation of HePTP by protein phosphatases

HePTP–GST (0.5 µg) or 0.5 µg of GST bound to 40 µl of
glutathione–Sepharose beads were incubated with 250 ng of re-
combinant PKA catalytic subunit in 20 µl of 10 mM Hepes,
pH 7.4, containing 20 mM MgCl2, 1 mM dithiothreitol, 0.1 %
Triton X-100 and 1 mM ATP for 30 min at 30 ◦C. The beads were
washed three times with ice-cold phosphatase buffer (20 mM
Mops, pH 7.5, with 150 mM NaCl and 10 % glycerol) and
incubated with purified PP1 or PP2A (Upstate Biotechnology,
Lake Placid, NY, U.S.A.) or buffer alone in 20 µl of phosphatase
buffer at 30 ◦C for 30 min. The beads were washed three times
in phosphatase buffer. The bound proteins were eluted in SDS
sample buffer and analysed by immunoblotting.

RESULTS

Characterization of a phospho-Ser-23-specific antibody

An affinity-purified phospho-specific antibody was prepared
against the synthetic phosphopeptide CQERRGpSNVSL, cor-
responding to amino acids 216–225 of STEP with phosphate at
Ser-221 [32]. This peptide is identical to amino acid residues 18–
27 of HePTP, except that residue 26 is an alanine in HePTP (serine
in STEP), with Ser-23 being phosphorylated. Ser-23 is the only
residue in HePTP phosphorylated by PKA in vitro and in vivo [31].
To test if this antibody reacts with Ser-23-phosphorylated HePTP,
we incubated 1 µg of recombinant HePTP with recombinant PKA
Cα catalytic subunit and ATP and immunoblotted the resulting
material with the phospho-specific antibody. As shown in Fig-
ure 1(A), the antibody reacted very well with HePTP phosphory-
lated by PKA in vitro, but very faintly with unphosphorylated
HePTP and not at all with PKA. Thus the antibody recognizes
Ser-23-phosphorylated HePTP despite the one amino acid residue
difference between HePTP and STEP.

To determine if the considerably smaller quantities of phospho-
HePTP recovered from HePTP-transfected Jurkat T-cells can be
detected with the phospho-Ser-23-specific antibody, we expressed
HA-tagged HePTP and its S23A point mutant [31] in Jurkat
T-cells, treated them with the membrane-permeable cAMP
analogue 8-CPT-cAMP [8-(4-chlorophenylthio)-cAMP], and
analysed cell lysates by immunoblotting with the phospho-
specific antibody. These experiments (Figure 1B) showed that
HePTP was phosphorylated at Ser-23 in untreated cells, but was
clearly more phosphorylated upon cAMP elevation. The HePTP-
S23A mutant did not react at all with the antibody (Figure 1B,
lanes 5 and 6), demonstrating that the antibody reacts with the
correct site and no other epitope in HePTP.
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Figure 1 Characterization of the phospho-Ser-23-specific HePTP antibody

(A) Anti-phospho-Ser-23 immunoblot of recombinant (rec.) HePTP phosphorylated in vitro by purified PKA Cα catalytic subunit. (B) Total lysates of Jurkat cells transfected with empty vector,
wild-type (wt) and the S23A mutant of HePTP. Prior to lysis the cells were stimulated with 1 mM 8-CPT-cAMP for 3 min. The filter was probed with the anti-phospho-Ser-23 antibody and the
expression of the transfected proteins was visualized by an anti-HA blot (bottom panel). (C) Anti-phospho-Ser-23 immunoblot (upper panel) of anti-HePTP immunoprecipitates (lanes 1 and 2) or
total cell lysates (lanes 3 and 4) from Jurkat cells treated with medium (lanes 1 and 3) or with 50 nM calyculin A for 30 min. The amount of HePTP was visualized by anti-HePTP immunoblotting of
the same filter (lower panel). (D) Time course of stimulation with 10 µM prostaglandin E2 (PGE2). Total cell lysates were probed with the anti-phospho-Ser-23 antibody. Bottom panel, anti-HA blot
of the same filter.

Endogenous HePTP also reacted with the phospho-Ser-23
antibody, but only after the protein was enriched by immuno-
precipitation (Figure 1C). Thus the detection limit of the affinity-
purified antibody lies at higher concentrations of HePTP than the
level of endogenous HePTP in a cell lysate. However, immuno-
fluorescence staining showed that endogenous HePTP has the
same subcellular location as transfected HePTP (results not
shown), which was not more than 2–5-fold overexpressed in our
experiments. Therefore, most of the subsequent experiments were
performed with transfected HePTP.

Phosphorylation of HePTP at Ser-23 in T-cells in response to cAMP

Having characterized the anti-phospho-Ser-23 antibody, we began
to explore the phosphorylation status of HePTP in cells sub-
jected to various treatments. Addition of prostaglandin E2, a
physiological agonist of G-protein-coupled receptors that elevates
cAMP in T-cells, also resulted in a time-dependent phosphoryl-
ation of transfected HePTP at Ser-23 (Figure 1D). Peak phos-
phorylation was achieved in about 3 min and slowly declined
thereafter. In many experiments, there was some oscillation in
Ser-23 phosphorylation levels during the decline phase of the

response. As shown in Figure 1(B), the membrane-permeable
cAMP analogue 8-CPT-cAMP also elevated HePTP phosphory-
lation at Ser-23. Together, these findings are in agreement with
cAMP-dependent kinase being the protein kinase that phos-
phorylates HePTP at Ser-23 in intact T-cells.

Phorbol ester does not induce Ser-23 phosphorylation,
but TCR ligation does

Since protein kinase C isoforms often phosphorylate serine resi-
dues surrounded by basic amino acid residues similar to those
phosphorylated by PKA, we decided to see if phorbol ester
would induce Ser-23 phosphorylation of HePTP in T-cells. Jurkat
cells were transfected with empty vector, HePTP, or HePTP-
S23A, and treated for 1–30 min with 200 nM PMA, lysed and
immunoblotted with anti-phospho-Ser-23. This treatment did
not increase the reactivity of HePTP with the phospho-specific
antibody (results not shown). Rather, the reactivity showed a slight
decline over time. Lysates of cells transfected with empty vector
or with HePTP-S23A mutant showed no reactivity at all with
the phospho-specific antibody before or after addition of phorbol
ester. Nevertheless, the mutant HePTP protein was expressed at
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Figure 2 TCR engagement causes phosphorylation of HePTP at Ser-23 by
PKA

(A) Anti-phospho-Ser-23 immunoblot (upper panel) of total cell lysates from Jurkat cells
transfected with HePTP and stimulated with C305 anti-TCR mAb for the indicated times.
The same filter was reprobed with anti-HA antibody (lower panel). (B) Anti-phospho-Ser-23
immunoblot (upper panel) of cells pretreated with 30 µM of the PKA inhibitor H89 for 30 min at
37 ◦C, as indicated, and then stimulated with the anti-TCR mAb C305 for 1 min. The same filter
was reprobed with anti-HA antibody (lower panel). (C) Anti-phospho-Ser-23 immunoblot (upper
panel) of cells pretreated with or without the adenylate cyclase inhibitor 2′-5′dideoxyadenosine
(ddoA; 10 µM) for 30 min at 37 ◦C and then stimulated with the anti-TCR mAb C305, as
indicated. The expression of HePTP was visualized by anti-HA immunoblotting of the same filter
(bottom panel).

the same levels as the unmutated HePTP protein. Thus PKC
activation does not result in Ser-23 phosphorylation. In agreement
with this notion, we have found that although purified PKCγ
can phosphorylate recombinant HePTP in vitro, tryptic peptide
mapping showed that this phosphorylation occurred on a site
different from Ser-23 (S. Williams and T. Mustelin, unpublished
work). Clearly, this other site (which may not be phosphorylated
in vivo) does not react with anti-phospho-Ser-23.

In contrast to phorbol ester, ligation of the T-cell antigen recep-
tor resulted in a rapid, but transient, phosphorylation of HePTP at
Ser-23 (Figure 2A). This response was seen as early as 30 s after

receptor crosslinking, and peaked at around 2 min. As in the case
of prostaglandin-induced HePTP phosphorylation, the response
to TCR ligation often showed some oscillation after the peak and
the time course varied a bit from experiment to experiment; in
some experiments the highest phosphorylation was seen already
at 1 min. In the experiment shown in Figure 2(A), the peak is at
2 min, followed by a decline at 3 min and again an increase
at 5 min. This phenomenon is often observed for responses that
contain a negative-feedback loop and may occur in a much more
pronounced manner in individual cells, as in the case of calcium
mobilization.

The phosphorylation of HePTP at Ser-23 in response to TCR
ligation was sensitive to inhibitors of cAMP-dependent kinase,
like H89 (Figure 2B) and 8-Rp-cAMP (results not shown), as
well as to the adenylate cyclase inhibitor 2′-5′dideoxyadenosine
(Figure 2C). Although our data do not allow us to conclude
that TCR ligation causes HePTP phosphorylation at Ser-23 by
activating PKA, we can say that adenylate cyclase and PKA are
required for the response. In fact, it has been found that TCR
ligation causes a transient activation of a lipid-raft-localized pool
of adenylate cyclase, local cAMP elevation and activation of
PKA. In the context of the present study, we cannot exclude the
possibility that TCR ligation stimulates HePTP phosphorylation
by inhibition of the relevant serine-specific protein phosphatase.

Inhibitors of PP1 and PP2A, but not PP2B, increase
Ser-23 phosphorylation

Next, we used the phospho-Ser-23-specific antibody to gain some
insight into the protein phosphatase that dephosphorylates HePTP.
Treatment of cells with 2 µM okadaic acid or 50 nM calyculin
A, the former inhibiting mostly PP2A (but also PP1 to some
extent at this concentration) and the latter inhibiting PP1 better,
caused a very strong increase in Ser-23 phosphorylation, while
cyclosporin A (10 µg/ml), which inhibits PP2B (also known as
calcineurin), had no effect (Figure 3A), Treatment of the cells
with ionomycin (0.3 µM) to activate calcineurin also did not
affect HePTP phosphorylation at Ser-23. Treatment of HePTP-
expressing cells with both calyculin A and 8-CPT-cAMP (Fig-
ure 3B) showed that the effect of the phosphatase inhibitor was
much more pronounced and that even maximal phosphorylation
induced by cAMP was much lower than that seen with calyculin A.
These results implicate PP1 and/or PP2A (more likely the former)
in the dephosphorylation of HePTP at Ser-23 and suggest that the
phosphatase plays a dominant role over cAMP-dependent kinase
in maintaining the steady-state level of HePTP phosphorylation
at Ser-23.

PP1 efficiently dephosphorylates HePTP at Ser-23 in vitro

To help us distinguish between PP1 and PP2A, we performed
an in vitro experiment, in which recombinant HePTP was first
phosphorylated by purified PKA Cα subunit in the presence of
1 mM ATP, washed and then subjected to dephosphorylation by
purified PP1 and PP2A of very similar specific activity. These
experiments showed that even doses of PP1 as low as 0.1 units
removed all Ser-23 phosphate from 0.5 µg of phospho-HePTP
in 30 min (Figure 4), while even five times higher activity of
PP2A was unable to do so (Figure 4A, lane 9). The effect of PP1
was completely blocked by adding calyculin A to the assay (Fig-
ure 4A, lane 8). Although these experiments do not prove that
PP1 is the phosphatase that dephosphorylates HePTP at Ser-23,
we conclude that PP1 is more likely than PP2A.
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Figure 3 Inhibition of Ser/Thr protein phosphatases increases Ser-23 phosphorylation

(A) Anti-phospho-Ser-23 immunoblot (upper panel) of cells transfected with empty vector (lane 1) or HePTP (lanes 2–6) and treated for 30 min with medium alone (lane 2), 2 µM okadaic acid
(lane 3), 50 nM calyculin A (lane 4), 10 µg/ml cyclosporine A (lane 5) or 0.3 µM ionomycin (lane 6). The same filter was reprobed with anti-HA (lower panel). (B) Anti-phospho-Ser-23 immunoblot
(upper panel) of cells transfected with HePTP and pretreated with medium alone (lanes 1, 3, 5 and 7) or with 50 nM calyculin A (lanes 2, 4, 6 and 8) and then stimulated with 1 mM 8-CPT-cAMP for
the indicated times. The same filter was reprobed with anti-HA (lower panel).

Figure 4 Dephosphorylation of HePTP by PP1 in vitro and in cells

(A) Anti-phospho-Ser-23 immunoblot (upper panel) of GST–HePTP (in lanes with +) or GST (lanes 10–12) pretreated with PKA Cα and ATP (PKA; where indicated) and then treated with the
indicated amounts (in units) of purified PP1 or PP2A for 30 min at 30 ◦C. In lanes 8 and 11, 50 nM calyculin A was added. The same filter was reprobed with anti-HA (lower panel). (B) Anti-
phospho-Ser-23 immunoblot (upper panel) of Jurkat cells transfected with HePTP (lanes 1 and 2) or HePTP and PP1 catalytic subunit (lanes 3 and 4) and kept in medium alone (lanes 1 and 3) or
treated for 3 min with 1 mM 8-CPT-cAMP (lanes 2 and 4). The same filter was reprobed with anti-HA to show HePTP and PP1 (lower panel). Note that this exposure is longer than in other figures.

Expression of the catalytic subunit of PP1 causes reduced
HePTP phosphorylation

Further support for a role of PP1 in dephosphorylation of HePTP
at Ser-23 was obtained by transfecting Jurkat T-cells with the cata-
lytic subunit of PP1. As shown in the lower panel of Figure 4(B),

which represents a longer exposure of the anti-HA-epitope-tag
immunoblot than in other figures, PP1 was expressed at much
lower levels than HePTP. Nevertheless, the phosphorylation of
HePTP both before and after addition of 8-CPT-cAMP was clearly
reduced (Figure 4B, upper panel). This result supports a role for
PP1 in dephosphorylation of HePTP at Ser-23.
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Figure 5 Effects on HePTP phosphorylation of PP1 activation and selective PP2A inhibition

(A) Anti-phospho-Ser-23 immunoblot (upper panel) of Jurkat cells transfected with HePTP and pretreated with 20 µM ceramide for the indicated times (h) and then stimulated with 8-CPT-cAMP for
3 min, as indicated. Anti-HA blot of the same filter is shown in the lower panel. (B) Anti-phospho-Ser-23 immunoblot (upper panel) of Jurkat cells transfected with HePTP and pretreated with medium
alone (lane 1), 10 µM fostreicin (lane 2), 1 µM okadaic acid (lane 3) or 50 nM calyculin A (lane 4) for 30 min. Anti-HA blot of the same filter is shown in the lower panel. (C) Anti-phospho-Ser-23
immunoblot (lanes 1–3), anti-phospho-ERK blot (lanes 4–6) and anti-phospho-p38 blot (lanes 7–9) of Jurkat cells transfected with HePTP and treated with medium alone (lanes 1, 4 and 7), 10 nM
okadaic acid (lanes 2, 5 and 8), or 50 nM calyculin A (lanes 3, 6 and 9).

Activation of PP1 by ceramide in T-cells reduces HePTP
phosphorylation at Ser-23

The catalytic activity of PP1 can be increased by incubation
of cells with ceramide in Jurkat T-cells [34]. When cells were
preincubated with 20 µM ceramide for various times prior to
addition of the membrane-permeable cAMP analogue 8-CPT-
cAMP, it was clear that the reactivity of HePTP with the phospho-
Ser-23 antibody declined and became much less responsive to
8-CPT-cAMP (Figure 5A). This effect was observed after 30 min
of incubation, but became much more pronounced after 2 and 6 h.
The expression of HePTP was not affected by these treatments
(Figure 5A, lower panels) and the cells remained viable and
appeared unchanged under the microscope.

Selective inhibition of PP1, but not PP2A, causes both HePTP
phosphorylation at Ser-23 and MAP kinase activation

While the above experiments all suggest a role for PP1, they do
not yet exclude a role for PP2A. To test if PP2A is involved, we
treated T-cells with fostriecin, which inhibits PP2A at low nano-
molar concentrations (IC50 = 3.2 nM), but PP1 at high micromolar
concentrations (IC50 = 131 µM) [35,36], and found that this
inhibitor had no effect at all on HePTP phosphorylation at

Ser-23 (Figure 5B). In contrast, 1 µM okadaic acid and 50 nM
calyculin A, which inhibit both PP1 and PP2A, increased HePTP
phosphorylation in the same experiment (Figure 5B). Similarly, a
low concentration (10 nM) of okadaic acid that selectively inhibits
PP2A had no effects on HePTP phosphorylation (Figure 5C,
lane 2), compared with 50 nM calyculin A, which inhibits PP1
efficiently and caused a strong increase in HePTP phosphorylation
at Ser-23 (Figure 5C, lane 3). Interestingly, when the same samples
were blotted for phospho-ERK and phospho-p38 MAP kinases, it
was clear that these kinases were strongly phosphorylated in the
calyculin A treated cells. Since PP2A rather than PP1 has been
shown to dephosphorylate ERK [9,10], this response is most likely
due to increased phosphorylation of HePTP at Ser-23 and thereby
loss of ERK and p38 binding and suppression by HePTP [31].
However, we cannot exclude the possibility that PP1 inhibition
activated ERK and p38 by some additional mechanisms.

Cellular hot spots of HePTP phosphorylation in response to
prostaglandin E2

HePTP is a cytosolic protein with a clear enrichment under
the plasma membrane [17]. To determine where in the cell
phosphorylation at Ser-23 by PKA occurs, we treated cells with
10 µM prostaglandin E2 for 3 min and then fixed and stained
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Figure 6 Hot spots of HePTP phosphorylation at Ser-23 in response to
prostaglandin E2

(A) Confocal microscopy of cells expressing HePTP and treated with 10 µM prostaglandin E2
(PGE2) for 3 min. The cells were stained for the HA tag with a TRITC (tetramethylrhodamine β-
isothiocyanate)-conjugated anti-HA mAb (red) and for phospho-Ser-23 with the rabbit antibody
plus a FITC-conjugated sheep anti-rabbit antibody (green). The last panel in each row is a
Nomarski phase-contrast image of the same cell. (B) Same experiments on cells expressing the
HePTP-S23A mutant. (C) Same experiments on cells transfected with empty vector.

them with anti-HA to visualize HePTP and with anti-phospho-
Ser-23 to see the pool of HePTP phosphorylated at Ser-23.
Confocal microscopy of these cells (Figure 6A) showed that
HePTP phosphorylation occurred in discrete regions at the plasma
membrane, which contained only a fraction of the total HePTP.
These hot spots of Ser-23 phosphorylation varied somewhat in
number from cell to cell and probably represent the vicinity
of clustered prostaglandin E2 receptors. As controls, we stained
cells transfected with HePTP-S23A (Figure 6B) or empty vector
(Figure 6C). While HePTP-S23A was well expressed and had the
same subcellular location as wild-type HePTP, it did not stain at
all with the phospho-Ser-23 antibody. Vector-transfected cells did
not stain with either antibody. These controls demonstrate that the
phospho-specific antibody does not recognize any other cellular
protein in immunofluorescence staining.

DISCUSSION

HePTP is a cytosolic enzyme expressed in resting T-cells, where it
forms a physical complex with ERK1, ERK2 and p38. In contrast,
HePTP does not bind JNK [27], ERK3 or ERK7, but perhaps
binds weakly to ERK5 (K. Nika and T. Mustelin, unpublished
work). We speculate that upon activation of ERK or p38, a subset
of the activated MAP kinase molecules dissociate from HePTP

through a phosphorylation-dependent mechanism, and translocate
to the nucleus. HePTP seems to remain exclusively cytosolic,
and apparently does not follow the activated MAP kinases to the
nucleus. Thus the MAP kinase molecules that escape HePTP and
translocate to the nucleus are out of reach for HePTP and remain
free to phosphorylate their targets until nuclear MAP kinase-
specific phosphatases, such as Pac-1 (phosphatase of activated
cells-1) or MKP-1 (MAP kinase phosphatase-1), are induced and
synthesized ≈30–60 min after TCR triggering [9]. An additional
layer of regulation is provided by the 20 kDa dual-specificity MAP
kinase phosphatase VHR (vaccinia virus open-reading frame H-
related), which is constitutively expressed in T-cells [37], but
requires activation by ZAP-70 (ζ chain-associated protein of
70 kDa)-mediated tyrosine phosphorylation [38]. Together, these
phosphatases provide a flexible mechanism for fine-tuning and
timing of the MAP kinase response. We refer to this as the
‘sequential phosphatase model’ of MAP kinase regulation.

The molecular basis for release of ERK and p38 from HePTP
upon TCR triggering of T-cells has remained unclear. Probable
mechanisms include phosphorylation of HePTP at Ser-23 in the
KIM by PKA or at Thr-45 and Ser-72 adjacent to the KIM by
the MAP kinases themselves. It is clear that phosphorylation of
HePTP at Ser-23 leads to dissociation of the complex [31], but
it was previously not known if TCR triggering affects this event.
We now report that TCR ligation indeed increased Ser-23 phos-
phorylation in a transient manner. This phosphorylation was not
induced by phorbol esters or calcium ionophore making it unlikely
that protein kinase C or other Ca2+-dependent kinases were res-
ponsible. Even in vitro, purified protein kinase Cγ was unable
to phosphorylate HePTP at Ser-23 (although it phosphorylated
another serine). Expression of constitutively active c-Akt (often
referred to as protein kinase B) in Jurkat T-cells also did not
affect HePTP phosphorylation at Ser-23. In agreement with
PKA being the kinase responsible for TCR-induced HePTP
phosphorylation at Ser-23, we found that the two PKA inhibitors,
8-Rp-cAMP and H89, as well as an inhibitor of adenylate cyclase,
blocked this TCR-induced response. However, since HePTP
phosphorylation is a dynamic process, we cannot exclude the
possibility that TCR triggering elevates HePTP phosphorylation
by transiently decreasing the action of the protein phosphatase
that dephosphorylates HePTP at Ser-23, which is probably PP1.

A recent paper [39] reported that HePTP exists in a cholesterol-
dependent 440 kDa complex, which also contains PP2A, a Ser/
Thr-specific phosphatase that can remove phosphate from Thr-183
of ERK2. Since HePTP only dephosphorylates Tyr-185, the two
complementary activities can cause a complete dephosphorylation
and inactivation of ERK [39]. In the context of the present study, it
is interesting to note that HePTP was better dephosphorylated by
PP1 than by PP2A. Perhaps the phosphatase that forms a complex
with HePTP binds in a manner that makes Ser-23 inaccessible. In
the end, however, both PP1 and PP2A have the same net effect on
ERK: while PP2A directly dephosphorylates Thr-183 of ERK2,
PP1 will dephosphorylate HePTP at Ser-23 and thereby promote
the association of HePTP with ERK2, which in turn will facilitate
dephosphorylation of ERK2 at Tyr-185. Thus our findings
provide an example of a ‘phosphatase network’, in which a Tyr-
specific phosphatase is dephosphorylated by a Ser/Thr-specific
phosphatase and co-operates with another Ser/Thr-specific phos-
phatase to dephosphorylate a dually tyrosine- and threonine-
phosphorylated substrate.
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