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Mitogen-activated protein kinase (MAPK) cascades are
involved in a variety of cellular responses including pro-
liferation, differentiation, and apoptosis. We have devel-
oped an expression screening method to detect in vivo
substrates of MAPKs in mammalian cells, and identified a
membrane protein, linker for activation of T cells (LAT), as
an MAPK target. LAT, an adapter protein essential for T-
cell signaling, is phosphorylated at its Thr 155 by ERK in
response to T-cell receptor stimulation. Thr 155 phosphor-
ylation reduces the ability of LAT to recruit PLCyl and
SLP76, leading to attenuation of subsequent downstream
events such as [Ca®™]; mobilization and activation of the
ERK pathway. Our data reveal a new role for MAPKs in a
negative feedback loop in T-cell activation via threonine
phosphorylation of LAT.
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Introduction

Signal transduction systems in eukaryotic cells rely on a
delicate balance between phosphorylation and dephosphory-
lation of intracellular molecules, enabling the cells to respond
to extracellular stimuli rapidly and precisely. Among signaling
molecules mediating such phosphorylation/dephosphoryla-
tion processes, the mitogen-activated protein kinase (MAPK)
cascade is a conserved eukaryotic signaling module consisting
of three components, MAPK, MAPK kinase (MAPKK), and
MAPKK kinase (MAPKK-K); MAPKK-K phosphorylates and
activates MAPKK, which in turn phosphorylates and activates
MAPK (Ahn et al, 1992; Nishida and Gotoh, 1993; Cobb and
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Goldsmith, 1995). Activated MAPK in general translocates
into nucleus, and regulates gene expression through direct
or indirect phosphorylation of various transcription factors
including AP-1 (Karin, 1995; Treisman, 1996; Yang et al, 1998;
Hazzalin and Mahadevan, 2002). In mammalian cells, several
distinct subgroups of MAPK family have been identified,
including extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38 (Davis, 1994; Kyriakis and
Avruch, 1996; Ip and Davis, 1998; Schaeffer and Weber, 1999).

ERK subgroup is implicated in diverse cellular processes
such as proliferation, transformation, and cell differentiation,
while JNK and p38 are activated primarily under stress
conditions like apoptosis and inflammation (Robinson and
Cobb, 1997; Ip and Davis, 1998; Lewis et al, 1998). Activation
of these signaling cascades elicits variable responses in
different cell types, presumably due to cell type-specific
downstream targets. Although in vitro studies identified
several proteins as putative targets for MAPKSs, it still remains
unclear whether these proteins are phosphorylated under
physiological conditions. Moreover, conventional approaches
using biochemical techniques have faced difficulties in
identifying substrates when partially phosphorylated.
Considering that protein kinases must interact with their
substrates, interaction-based cloning by yeast two-hybrid
system is a useful method for screening potential substrates
(Yang et al, 1992). However, it is unable to identify signaling
targets that require scaffolding proteins when interacting
with their cognate protein kinases. Thus, development of
an alternative approach is necessary to uncover physiological
targets especially unique to distinct cell types.

Accumulating evidence suggests that MAPK family plays
a pivotal role in regulating T-cell functions. JNK and p38
are synergistically activated by stimulation via T-cell receptor
(TCR) and costimulatory molecule such as CD28, while ERK
can be fully activated by engagement of the TCR alone (Su
et al, 1994; Matsuda et al, 1998). Coordinated activation of
MAPK family leads to T-cell activation and differentiation.
Among them, it has been well established that the ERK
signaling pathway is essential for T-cell functions (Alberola-
lla et al, 1995; Crompton et al, 1996; Sharp et al, 1997; Pages
et al, 1999). On the other hand, knockout studies have
revealed that the JNK pathway has rather inhibitory effect
on T-cell activation at least in some circumstances (Dong et al,
2000). In this regard, JNK-mediated phosphorylation of an
NFAT protein, an essential transcription factor for T-cell
activation, has been implicated as a responsible pathway in
such an inhibitory effect (Chow et al, 1997). However, the
MAPK targets involved in T-cell function remain elusive.

To identify key molecules phosphorylated by MAPK family
members in T-cell activation, we have developed an expres-
sion screening method that utilizes a GAL4-dependent
transcriptional activation system to monitor in vivo phos-
phorylation status. In a screening using a constitutively active
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form of MEKK1, we cloned linker for activation of T cells
(LAT), a membrane protein, as a novel target of MAPK family.

Results

cDNA cloning of MAPK substrates

Activation domains of transcription factors are often acti-
vated through phosphorylation. Conversely, enhancement of
transcriptional activity may serve as a measure of phosphor-
ylation status. To detect MAPK-mediated in vivo phosphor-
ylation, we took advantage of a GAL4-dependent
transcriptional activation system, which consists of a GAL4
DNA binding domain (GAL4DB)-fused cDNA library derived
from Jurkat T lymphocytes and a GFP reporter plasmid
containing a GAL4 upstream activating sequence (GAL4
UAS) (Figure 1A). Jurkat cells were cotransfected with a
constitutively active form of MEKK1 (AMEKK]1) (an upstream
activator of the MAPK pathways; Lange-Carter et al, 1993;
Minden et al, 1994), the library and the reporter plasmid
expressing GFP. When an appropriate clone is expressed, it
is phosphorylated by MAPK(s) driven by AMEKKI1. The pre-
sence of a phosphorylated residue(s) mimics a transcriptional
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Figure 1 Cloning of LAT as a putative target of the MAPK pathway.
(A) Outline of the screening method. GFP-positive cells were sorted
on a FACS Vantage (Becton Dickinson). The resultant clones were
subjected to a second screening with pFR-Luc (Stratagene) along
with pRL-SV40 (Promega), and assayed for luciferase activity using
the Dual-Luc assay system (Promega). (B) Schematic diagram of
clone #5-8 and LAT. Potential MAPK phosphorylation sites are
indicated. (C) Phosphoamino acid analysis of LAT. 32P-labeled
LAT molecules were immunoprecipitated from TCR-stimulated
Jurkat cell lysates (human) or AE7 cell lysates (mouse), and
subjected to phosphoamino acid analysis. (D) MAPK-dependent
activation of clone #5-8. Jurkat cells were transiently transfected
with clone #5-8, pFR-Luc, and pRL-SV40 along with pFC-MEKK1
(an expression vector for AMEKK1, Stratagene) and/or pSRaMyc-
MKPS. Luciferase activities measured in triplicate are expressed as
fold increase.
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activation domain consisting of negatively charged residues
(Karin and Hunter, 1995), which may recruit coactivator
proteins like p300/CBP (Mayr and Montminy, 2001;
Sharrocks, 2001) and increases the GAL4-dependent GFP
expression through binding to the GAL4 UAS. GFP-expressing
cells were isolated by sorting on a fluorescence activated cell
sorter. Resultant clones were rescreened using another re-
porter plasmid expressing luciferase in the presence or ab-
sence of AMEKK1, and DNA sequences were determined. We
obtained several independent clones encoding Elk-1, a pre-
viously characterized MAPK substrate (Yang et al, 1998),
confirming the feasibility of this method for identifying
physiological substrate(s) (data not shown).

One of the clones (termed #5-8) encoded the C-terminal
fragment of LAT (Figure 1B). LAT was initially identified as a
prominent tyrosine-phosphorylated protein and revealed to
be a critical adapter molecule required for TCR-mediated
signaling (Weber et al, 1998; Zhang et al, 1998a). It has
been shown that the tyrosine-phosphorylated LAT associates
with multiple molecules such as PLCy1 (Finco et al, 1998;
Zhang et al, 1998a, 2000). However, whether LAT is modified
by a Ser- and/or Thr-phosphorylation remains unknown.
Since our data raised the possibility that LAT is phosphory-
lated by the AMEKKI1-induced Ser/Thr kinase cascade, we
performed a phosphoamino acid analysis of [*P]LAT in
response to TCR stimulation. We found that LAT is indeed
phosphorylated at both Ser and Thr residues in addition to
Tyr under physiological conditions (Figure 1C). Although
AMEKK]1 can activate the NF-kB pathway as well as the
MAPK pathways (Karin and Delhase, 1998), coexpression of
MKP5 (Tanoue et al, 1999), a negative regulator of MAPK
family, completely diminished the effect of AMEKKI1 on
clone #5-8, demonstrating the involvement of MAPK(s)
(Figure 1D). Consistent with these results, the amino-acid
sequence of LAT contains four possible MAPK phosphoryla-
tion sites (Figure 1B).

LAT is phosphorylated by MAPK in vitro and in vivo

To examine which of these sites is phosphorylated, glu-
tathione S-transferase (GST)/LAT fusion proteins with
mutated phosphorylation sites (Ala substitutions) were
incubated with MAPK. The S84A mutant, in which Ser 84
was changed to Ala, was phosphorylated by JNK to the same
extent as wild-type LAT in the presence of [y->’P]ATP
(Figure 2A), suggesting that JNK phosphorylates LAT at
Thr(s). In accordance with these findings, the phosphory-
lated LAT protein was recognized by a monoclonal antibody
(mAb) against the phospho-Thr-Pro motif (Figure 2B).
Mutational analysis revealed that T155 but not T94 or T140
is the site of JNK-mediated phosphorylation (Figure 2B). ERK
also phosphorylated LAT at T155 (Figure 2C), whereas p38,
which was able to phosphorylate ATF2, failed to induce
threonine phosphorylation of LAT (Figure 2D). These results
indicate that LAT is directly phosphorylated by ERK and JNK
at the same site, T155.

Given that activated MAPKs translocate to the nucleus
whereas LAT functions as a transmembrane protein (Zhang
et al, 1998a,b), we examined whether full-length LAT is
phosphorylated by MAPKs in vivo. COS7 cells were trans-
fected with a LAT expression vector along with activators for
MAPK (ASESE, a constitutively active form of ERK activator
MEK1 for ERK (Gotoh et al, 1994); MKK7-JNK1 and AMEKK1
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Figure 2 Phosphorylation of LAT at Thr 155 by JNK and ERK. (A)
GST-LAT proteins were incubated with active JNK (+) or inactive
JNK (—) in the presence of [y->*P]ATP at 30°C for 30 min. (B) GST-
LAT proteins were phosphorylated with active JNK (lanes 2-5) or
inactive JNK (lane 1), and subjected to immunoblot with an anti-
phospho-Thr-Pro (Cell Signaling) antibody. (C) GST-LAT proteins
were phosphorylated with active ERK, and subjected to immuno-
blot with the anti-phospho-Thr-Pro antibody. (D) GST-LAT or GST-
ATF2 proteins were phosphorylated with active (+) or inactive (—)
p38, and subjected to immunoblot with the anti-phospho-Thr-Pro
antibody (upper) or anti-phospho-ATF2 antibody (lower). (E) LAT
proteins were immunoprecipitated from transiently transfected
COS?7 cells, and subjected to immunoblot with the anti-phospho-
Thr-Pro antibody or the antibody against LAT. (F) GFP-fused mouse
LAT proteins were immunoprecipitated from transiently transfected
Jurkat cells, which are cotransfected with (+) or without (—)
ASESE, and subjected to immunoblot with the anti-phospho-Thr-
Pro antibody or the antibody against GFP.

for JNK), and immunoprecipitated LAT proteins were assayed
for Thr phosphorylation. Both JNK and ERK phosphorylate
LAT at Thr in vivo although ERK does so less efficiently
(Figure 2E), whereas both AMEKKI-induced JNK and
ASESE-induced ERK failed to induce the Thr phosphorylation
in the T155A mutant (data not shown), demonstrating that
MAPKs in vivo also target the T155 of LAT. Consistently,
ERK failed to phosphorylate murine LAT, which lacks the
phosphorylation site corresponding to human LAT T155
(Figure 2F).

ERK is responsible for LAT phosphorylation at T155
during T-cell activation

To investigate whether LAT phosphorylation at T155 occurs
under physiological conditions, we reconstituted the LAT-
deficient Jurkat cell line, J.CaM2 (Finco et al, 1998), with
either wild-type (referred to here as J.CaM2-WT) or T155A
mutant LAT (referred to here as J.CaM2-T155A). TCR induced
LAT phosphorylation at Thr only in J.CaM2-WT but not in
J.CaM2-T155A (Figure 3A), confirming that LAT molecules
are phosphorylated at T155 in response to TCR stimulation. It
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Figure 3 LAT phosphorylation at T155 during T-cell activation. (A)
J.CaM2 cells transfected with WT or T155A mutant LAT were
stimulated with anti-CD3¢ mAb 2Ad2A2 for the indicated times.
Immunoprecipitated LAT was subjected to immunoblot with 4G10
or the mADb against phospho-Thr-Pro. (B) Jurkat cells were stimu-
lated with 2Ad2A2 for the indicated times («CD3) or with perva-
nadate for 10 min (PV). The lysates were subjected to immunoblot
analysis with an mAb against phospho-ERK (Cell Signaling) (p-
ERK2) and the anti-ERK2 antibody (ERK2). The lysates were also
subjected to immunoprecipitation with anti-JNK1 antibody fol-
lowed by the kinase assay using ATF2 as a substrate (p-ATF2).
Immunoprecipitation of JNK1 was confirmed with immunoblot
(JNK). (C) Jurkat cells were stimulated with (+) or without (—)
2Ad2A2 for 3min in the presence or absence of 50 uM PD98059.
Immunoprecipitated LAT was subjected to immunoblot with the
mAb against phospho-Thr-Pro (upper panel) or 4G10 (an mAb
against phospho-Tyr) (lower panel).

should be noted that T155 phosphorylation occurred as early
as 2min and was maximal by 5min. Since TCR stimulation
without CD28 engagement led to activation of ERK but not
JNK in Jurkat cells (Su et al, 1994; Matsuda et al, 1998)
(Figure 3B), it is likely that ERK mediates TCR-induced LAT
phosphorylation at T155. Accordingly, pretreatment with
PD98059 (Alessi et al, 1995), a specific inhibitor of the ERK
signaling pathway, abolished TCR-induced Thr phosphoryla-
tion of LAT (Figure 3C).

Attenuation of TCR-induced Ca®* influx by LAT
phosphorylation at T155

While T155 is present in the human LAT but not in the
murine LAT, T155 would be important if its phosphorylation
modulates the function of LAT in human T lymphocytes.
Since LAT is required for TCR-induced Ca®" influx (Finco
et al, 1998; Zhang et al, 2000), we examined whether LAT
phosphorylation at T155 affects its function. [Ca**]; mobili-
zation in response to TCR stimulation was markedly en-
hanced in J.CaM2-T155A compared with J.CaM2-WT
(Figure 4A). To confirm the result, we established another
J.CaM2 cell line expressing Myc-tagged LAT molecules (WT
#2A expressing wild-type LAT; T155A #1A and T155A #2A
expressing T155A mutant LAT), and essentially the same
results were obtained (Figure 4B). Tyr phosphorylation of
ZAP70, a Tyr kinase responsible for Tyr phosphorylation of
LAT, was observed at comparable levels in all transfectants
(Figure 4C). In addition, subcellular fractionation revealed
that T155A LAT as wild-type LAT localized to specialized
subdomains of the plasma membrane known as lipid rafts
(Figure 4D), which is essential for LAT function (Zhang et al,
1998b). These data indicate that enhanced [Ca® " ]; mobiliza-
tion in J.CaM2-T155A results from a lack of LAT phosphor-
ylation at T155, but not from a difference in TCR signal
intensity or subcellular distribution.
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Figure 4 Effects of LAT phosphorylation at T155 on LAT function.
(A) The cells were assayed for TCR-induced Ca®" influx. [Ca*™];
levels were measured on a flow cytometer (right), and calculated as
described in Materials and methods (left). (B) J.CaM2 cells stably
expressing Myc-tagged LAT were assayed for TCR-induced Ca®™"
influx (left). LAT expression levels were confirmed by immunoblot
with the anti-LAT antibody and an anti-ZAP70 mAb (Transduction
Labs.) (right). It should be noted that wild-type LAT is more
expressed compared to T155A mutants. (C) The cells were stimu-
lated with (4 ) or without (—) 2Ad2A2 for 2 min. ZAP70 and LAT
were immunoprecipitated, and subjected to immunoblot with 4G10.
(D) Raft fractions were prepared as described in Materials and
methods. Existence of LAT was detected with the anti-LAT antibody.

Conversely, LAT phosphorylation at T155, presumably
mediated by ERK, may attenuate TCR-induced Ca?* influx.
To examine the hypothesis, J.CaM2-WT cells were stimulated
via TCR in the presence of PD98059, a specific inhibitor of
ERK pathway. Pretreatment with PD98059 enhanced TCR-
induced Ca** influx (Figure 5A). In contrast, PD98059 had
only a marginal effect on Ca®*" influx in J.CaM2-T155A
(Figure 5B). These data also indicate that enhanced [ca®*y,
mobilization in J.CaM2-T155A compared to J.CaM2-WT is
not due to a quantitative difference like variable expression
levels of LAT molecules but due to a qualitative difference in
the TCR-induced signaling pathway(s). Essentially the same
results were obtained with human peripheral T cells in the
presence of PD98059 (Figure 5C) or U0126, another inhibitor
of the ERK pathway (DeSilva et al, 1998) (Figure 5D), ex-
cluding the possibility that the negative effect of the ERK
pathway on Ca®* influx is an artifact of Jurkat cell lines. In
contrast, U0126 had little effect on TCR-induced Ca** influx
in mouse splenic T cells, whose LAT does not contain the Thr
residue corresponding to human LAT T155 (Figure SE).
Furthermore, inhibitors of the ERK pathway such as U0126
had little effect on TCR-induced Tyr phosphorylation of
PLCyl (Figure 5F) or ZAP-70 (data not shown), excluding
the possibility that the ERK pathway generally down-mod-
ulates the TCR signaling pathway. These results, taken to-
gether, demonstrate that ERK-mediated LAT phosphorylation
at T155 negatively regulates TCR-mediated [Ca® " ]; mobiliza-
tion in human T lymphocytes.
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Figure 5 Effect of LAT phosphorylation at T155 on TCR-induced
Ca’™ influx. J.CaM2-WT cells (A), J.CaM2-T155A cells (B), human
peripheral T cells (C, D), or mouse splenic T cells (E) were assayed
for Ca®* influx. The cells were pretreated with or without the
indicated inhibitor (50 pM PD98059 or 10 uM U0126) for 10 min. The
data (A, B) are shown as % [Ca**]; relative to the peak concentra-
tion of the vehicle-treated cells (170 nM for J.CaM2-WT; 331 nM for
J.CaM2-T155A). (F) J.CaM2-WT cells were stimulated with 2Ad2A2
in the presence or absence of U0126 for the indicated times. The
lysates were subjected to immunoprecipitation with an anti-PLCy1
mAb (Upstate Biotechnology), followed by immunoblot analysis
with 4G10 (upper) and the anti-PLCyl mAb (lower).

Mechanisms of ERK-mediated negative feedback
Finally, we examined the mechanism by which LAT phos-
phorylation at T155 decreases TCR-induced Ca® " influx. We
first hypothesized that LAT phosphorylation at T155 results
in the recruitment of a Tyr phosphatase, which would termi-
nate TCR-induced signaling events. Since SHP1 is involved in
dephosphorylation of LAT in the TCR-mediated signaling
pathway (Kosugi et al, 2001), we examined whether T155
phosphorylation affects the interaction between LAT and
SHP1 using an in vitro pull-down assay. Consistent with
recent observations (Kosugi et al, 2001), association between
LAT and SHP1 was independent of Tyr phosphorylation of
LAT (Figure 6A, bottom, compare lane 1 and lane 2). Thr
phosphorylation of LAT had little effect on its interaction with
SHP1 (Figure 6A, bottom, compare lane 2 and lane 3),
excluding the above possibility.

It has been shown that formation of a multiprotein com-
plex with signaling molecules such as Grb2, Gads, and PLCy1
is essential for LAT function (Zhang et al, 2000; Lin and
Weiss, 2001). We thus investigated whether T155 phosphor-
ylation of LAT affects association of these molecules. PLCy1
associated with LAT in a Tyr phosphorylation-dependent
manner, and T155 phosphorylation markedly decreased
their interaction (Figures 6A and B, compare lane 2 and
lane 3). In contrast, T155 phosphorylation had marginal
effect on the Tyr phosphorylation-induced interaction with
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Figure 6 Effect of LAT phosphorylation at T155 on signalsome
formation. (A) Jurkat cell lysates were subjected to pull-down
assay using mock-treated (lane 1), tyrosine-phosphorylated (lane
2), or tyrosine and threonine doubly phosphorylated (lane 3) GST-
LAT molecules. Precipitated GST-LAT proteins and their phosphor-
ylation status were confirmed by immunoblot analysis with the
anti-LAT antibody (LAT), the mAb against phospho-Thr-Pro (pT-
LAT), and 4G10 (pY-LAT), respectively. Associated proteins were
probed with the anti-PLCy1 mAb, an anti-Grb2 mAb (Transduction
Labs.), an anti-Gads antibody (Upstate Biotechnology), an anti-
SLP76 antibody (Upstate Biotechnology), and an anti-SHP1 anti-
body (Upstate Biotechnology). (B) Immunoreactive bands in (A)
were quantified, and amounts of PLCyl and Grb2 relative to
tyrosine-phosphorylated LAT (pY-LAT) were indicated. (C)
J.CaM2-WT cells (WT) or J.CaM2-T155A cells (T155A) were stimu-
lated with 2Ad2A2 for indicated times, and then the lysates were
subjected to immunoprecipitation with the anti-LAT antibody fol-
lowed by immunoblot analysis with the anti-PLCyl mAb (PLC-y1)
and 4G10 (pY-LAT). (D) Jurkat cells were transiently transfected
with an expression vector for human CD8 along with (ASESE) or
without (vector) an expression vector for ASESE. The transfected
cells were purified by an anti-human CD8 mAb conjugated with
MicroBeads (Miltenyi Biotech GmbH) using an autoMACS (Miltenyi
Biotech GmbH), and assayed for Ca® " influx. The data are shown
as % [Ca®T]; relative to the peak concentration of the vector-
transfected cells (558 nM). (E) J.CaM2-WT cells (WT) or J.CaM2-
T155A cells (T155A) were stimulated with 2Ad2A2 for the indicated
times. The lysates were subjected to immunoblot analysis with an
mAb against phospho-ERK (upper) and the anti-ERK2 antibody
(lower). (F, G) J.CaM2 cells were transiently transfected with NF-
AT luc along with the indicated amount of LAT expression vectors,
followed by incubation for 40 h. The cells were stimulated with or
without 2Ad2A2 in combination with PMA for 7 h, and assayed for
luciferase activities.

Gads or Grb2 (Figures 6A and B). Consistent with recent
reports revealing that the interaction between the SH3 do-
main of PLCy1 and the proline-rich domain of SLP76 stabi-
lizes the complex consisting of LAT, PLCyl, and SLP76
(Yablonski et al, 2001a,b), T155 phosphorylation resulted
in a slight decrease of the association between SLP76 and the
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Tyr-phosphorylated LAT. Gads, which directly binds to both
LAT and SLP76, may mediate the residual interaction.
Therefore, attenuation of [Ca®™]; mobilization is likely due
to the decreased formation of a LAT-based signalsome upon
T155 phosphorylation. Accordingly, more PLCyl was asso-
ciated with T155A mutant in response to TCR stimulation
compared with wild-type LAT (Figure 6C). Moreover, TCR-
induced association between PLC-yl and LAT was more
transient in J.CaM2-WT compared to J.CaM2-T155A. It may
reflect the time course of T155 phosphorylation in J.CaM2-
WT (Figure 3A). One can argue that there is discrepancy
between the effect of T155 phosphorylation on association
with PLC-y1: almost no PLC-yl was brought down using
in vitro T155-phosphorylated GST-LAT, whereas a modest
decrease in PLC-y1 association was observed with wild-type
LAT upon stimulation compared with T155A mutant in vivo.
However, it is likely due to different T155 phosphorylation
levels between in vitro and in vivo system since endogenous
LAT molecules were only partially phosphorylated at T155
within 2 min after TCR stimulation (Figure 3A). Conversely,
only a partial phosphorylation at T155 may cause a drastic
effect on LAT function.

To further confirm that ERK-mediated T155 phosphoryla-
tion of LAT leads to attenuation of TCR-induced Ca** influx,
we examined the effect of ASESE, an upstream activator of
ERK (Gotoh et al, 1994). As shown in Figure 6D, expression
of ASESE in Jurkat cells resulted in a reduction of TCR-
induced Ca?* influx. Since PLCy1 and SLP76 play a pivotal
role in TCR-induced activation of the Ras/ERK signaling
pathway in addition to [Ca®"]; mobilization (Yablonski
et al, 1998), we investigated whether T155 phosphorylation
affects ERK activation. TCR-induced ERK activation was in-
deed more prominent in J.CaM2-T155A than J.CaM2-WT
(Figure 6E). Furthermore, TCR-induced CD69 upregulation,
which is mediated through the Ras pathway, was also aug-
mented in J.CaM2-T155A (data not shown). These results
indicate that ERK-mediated LAT phosphorylation at T155
constitutes a negative feedback loop in TCR-mediated signal-
ing pathways including the activation of ERK itself.

We further examined whether T155 phosphorylation has
any impact on T-cell activation at a transcription level. It is
well established that IL-2 gene expression is induced in
response to TCR in the presence of costimulatory signaling.
We thus examined the transcriptional activation of the distal
NF-AT element of IL-2 promoter, a critical cis-element for IL-2
gene expression, which is regulated downstream of the
calcium signaling pathway (Northrop et al, 1993). To avoid
any bias resulting from clonal variation, we transiently
transfected the NF-AT/luciferase reporter construct (referred
to here as NF-AT luc) with the expression vector for either
wild-type or T155A mutant LAT. TCR-induced NF-AT activa-
tion was augmented in T155A-transfected J.CaM2 cells com-
pared with wild-type LAT-transfected cells, demonstrating
that a loss of T155 phosphorylation results in an enhance-
ment of TCR signaling events (Figure 6F). We then examined
whether a negatively charged amino acid mimics the phos-
phorylated T155. In contrast to our expectation, however,
T155D where Asp was substituted for T155 rather augments
the TCR-induced NFAT activation like TI155A mutant
(Figure 6G). These results suggest that phosphorous group
at T155 plays a critical role in down-modulation of LAT
function.
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Discussion

In this study, we established a screening method for detecting
in vivo substrates of the MAPK family and identified LAT as a
physiological target of MAPKs. Since we have developed this
method based on a GAL4-dependent transcriptional activa-
tion system, it is initially expected that resultant clones will
belong to transcription factors that can be activated through
MAPK phosphorylation. Indeed, several independent clones
turned out to encode Elk-1, a well-known substrate of MAPK,
indicating that our screening method is able to identify
physiological substrates for MAPK family. Contrary to our
expectation, we identified LAT, which is an adapter protein
functioning at the plasma membrane. We do not know the
exact reason as to why LAT phosphorylation at T155 in-
creases the transcriptional activity of fused GAL4DB. One
possible explanation is that the negative charge created by
T155 phosphorylation serves as an interaction site with
coactivator protein like p300/CBP as is the case with CREB
(Mayr and Montminy, 2001), resulting in transcriptional
activation. In this regard, we cannot formally exclude the
possibility that LAT has a transcriptional activation domain
yet to be identified and functions as a transcription factor
under physiological conditions.

To identify target molecules of MAPK family in the context
of T-lymphocyte signaling, we utilized AMEKK1 as an up-
stream activator of MAPK family and Jurkat T lymphocyte as
a screening environment. Since AMEKK1 can activate both
ERK and JNK signaling pathways (Lange-Carter et al, 1993;
Minden et al, 1994), introduction of AMEKK]1 as an activator
would widen the window of potential targets. On the other
hand, AMEKKI1 is also implicated in the activation of the
NF-xB pathway (Karin and Delhase, 1998). It is thus reason-
able to expect that resultant clones are not exclusively
restricted to substrates downstream of MAPK family.
Indeed, we obtained a second clone encoding an unknown
protein that has no potential MAPK phosphorylation site
(Ser-Pro or Thr-Pro) (data not shown). Whether it is activated
in the NF-xB signaling pathway remains to be determined. To
exclude such an adverse side effect, we can modify the assay
system using specific activators for cognate MAPK family
members: MKK7-JNK1 for identification of JNK substrates
and ASESE for ERK. This technique can be easily applied to
other cell types such as nerve cells. Given that cell-specific
target molecules may be identified in the context of cell-
specific protein expression, it seems likely that our assay
system has an advantage to identify cell-specific substrates
over conventional approaches including yeast two-hybrid
system (Yang et al, 1992; Fukunaga and Hunter, 1997).

We have demonstrated that ERK-mediated LAT phosphor-
ylation at T155 attenuates TCR-induced signaling events such
as [Ca®"]; mobilization. The data here and those of other
studies (Finco et al, 1998; Yablonski et al, 1998; Zhang et al,
2000; Lin and Weiss, 2001) collectively suggest that ERK
constitutes a negative feedback loop in T-cell activation in
the following mechanism: LAT becomes phosphorylated by
ZAP70 on multiple tyrosine residues in response to TCR
stimulation allowing PLCy1 to be recruited with the aid of
SLP76; PLCy1 activates the Ras/ERK pathway through gen-
eration of IP; and diacylglycerol from PIP, (Dower et al,
2000), and activated ERK in turn phosphorylates LAT at T155;
T155 phosphorylation of LAT decreases the affinity of PLCy1
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and SLP76 for LAT, and attenuates the downstream signaling
events including ERK activation. Thus, T155 phosphorylation
may function as a molecular switch disconnecting the linkage
between PLCyl and tyrosine-phosphorylated LAT. Although
it remains to be examined whether T155 phosphorylation
induces an alteration in the conformation of LAT molecules,
T155 phosphorylation had little or no effect on the associa-
tion with SHP1 or Gads, suggesting that LAT phosphorylation
at T155 causes slight conformational change, if any, only
around the site critical for PLCy1 interaction, presumably
Y132. Alternatively, phosphorylated T155 site may recruit a
phospho-Ser/Thr recognition molecule such as 14-3-3 family
proteins, WW domain containing proteins like Pinl, and FHA
domain containing proteins like Rad53p (Yaffe and Elia, 2001)
leading to interference with binding of LAT and its cognate
partners. Given that T155D mutation, whose negative
charged amino acid may mimic the conformation change
induced by T155 phosphorylation, had no inhibitory effect on
LAT function, the latter possibility seems more likely.
Several studies on the insulin signaling pathway have
shown that ERK is directly or indirectly involved in desensi-
tization of insulin-induced Ras activation (Langlois et al,
1995; Zhao et al, 1998). Insulin receptor transmits signals
for cell proliferation and gene regulation through activation
of Ras mediated by the guanine nucleotide exchange factor
SOS. SOS is constitutively bound to the adapter protein Grb2
and insulin stimulation induces translocation of SOS-Grb2
complex to the plasma membrane where Ras is activated.
Activation of the Ras-ERK pathway results in phosphoryla-
tion of SOS and subsequent dissociation of SOS from Grb2. In
contrast to insulin- and other growth factor-mediated Ras
activation pathway, RasGRP rather than SOS-Grb2 complex
is responsible for Ras activation in the T-cell signaling path-
way (Dower et al, 2000). Given that RasGRP is activated in
the presence of diacylglycerol produced by PLC-y1, discon-
necting LAT-PLCy1 association by ERK-mediated phosphor-
ylation instead of targeting SOS is a reasonable system to
desensitize Ras pathway in human T cells. Our data demon-
strate that ERK-mediated LAT phosphorylation decreases the
affinity toward PLC-y1 as early as 2 min after TCR stimulation
as compared with J.CaM2-T155A cells, consistent with the
augmented Ca*" response in J.CaM2-T155A cells. Since LAT
molecules phosphorylated at T155 accumulate gradually after
stimulation, one would expect that more pronounced effects
appear at later time points. Although we often observed
higher [Ca®*"]; levels at later time points in cells lacking
T155 phosphorylation than those in untreated cells (see
Figures 4A and B, 5A and D), such enhancement seems
weaker than it would be if T155 phosphorylation is the
only negative feedback mechanism. It is thus reasonable to
assume that another desensitizing mechanism(s) is also
operative at various levels. For example, down-modulation
toward PLC-y1 and IP; receptors together with LAT threonine
phosphorylation may regulate the Ca*" response at later
time points in T-cell activation. Alternatively, the function
of LAT may be further modulated through phosphorylation at
serine and/or threonine residue(s) other than T155 since
murine LAT, which lacks the phosphorylation site corre-
sponding to T155, was still phosphorylated at both serine
and threonine residues in response to TCR stimulation
(Figure 1C). Interestingly, human caspase 9, an essential
component of the apoptotic pathway, has also been revealed
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to be regulated through a similar kind of multisite phosphor-
ylation: Akt-mediated phosphorylation at Ser 196, which is
specific for human caspase 9, and ERK-mediated phosphor-
ylation at Thr 125, which is conserved among mammals
(Cardone et al, 1998; Allan et al, 2003). Existence of these
pathways would explain a loss of prolonged Ca®" response,
which could be expected in JCaM2-T155A.

We also showed that JNK is able to phosphorylate T155 of
LAT. Whether JNK is involved in the attenuation of T-cell
activation under physiological conditions remains unclear.
However, the recent report that IL-2 production is augmented
in JNK-deficient T cells raises the possibility that JNK also
contributes to the negative feedback loop (Dong et al, 2000).
The desensitization of signal transduction pathways after
stimulation seems important in coordinating the complex
network of events leading to appropriate gene expression.
Sustained cell activation may cause damaging responses such
as apoptosis, oncogenesis, and autoimmunity. LAT-ERK
pathway is likely to be one of the molecular mechanisms
underlying the fine-tuning of signal transduction pathways.
Interestingly, it has been shown that treatment of T cells with
PD98059 enhances production of Th2-type cytokines such as
IL-4 and IL-13 although its mechanism remains obscure
(Dumont et al, 1998). According to our observations, the
effect of PD98059 is presumably due to augmentation of the
TCR-induced [Ca®*]; mobilization resulting from the inhibi-
tion of LAT phosphorylation at T155. Consistently, it has been
demonstrated that activation of the Ca*" /calcineurin path-
way regulates T-cell differentiation toward Th2 (Yamashita
et al, 2000). Thus, the LAT-ERK pathway may also affect
T-cell differentiation in response to TCR stimulation.
Interestingly, it has recently been shown that disruption of
the interaction between LAT and PLC-y1 also results in the
induction of Th2 differentiation (Aguado et al, 2002;
Sommers et al, 2002). TCR signaling with inappropriate
intensity or duration may cause deleterious dysfunction in
the immune system. Whether a similar mechanism is in-
volved in other signal transduction systems such as B-cell
activation remains to be elucidated.

Materials and methods

Screening

The cDNA fragment corresponding to GAL4DB was excised from
pGBT9 (Clontech), and inserted into the HindIIl and EcoRI sites of
PEB6CAG (Tanaka et al, 1999) with a Kozak sequence (CCACC) 5’ to
the start ATG to construct pEB6CAG-GAL4. Double-stranded cDNA
was synthesized from Jurkat poly(A) + RNA with an oligo(dT)
primer using a cDNA synthesis kit (Amersham Pharmacia), and
inserted unidirectionally into the EcoRI and Notl sites of pEB6CAG-
GAL4 to construct the pEB6CAG-GAL4/library. To construct
DPGAL4UAS-GFP, a PCR fragment corresponding to GAL4UAS was
obtained using pFR-Luc (Stratagene) as a template, and inserted
into the EcoRI site of pEGFP-1 (Clontech). Nucleotide sequencing
was performed by an automated sequencer (PRISM310, ABI). An
expression vector for AMEKK1 (pFC-MEKK1), a constitutively
active form of MEKK1, was purchased from Stratagene. Jurkat cells
(107 cells) were electroporated with 20 ug of the pEB6CAG-GAL4/
library, 4 ug of pGAL4UAS-GFP, and 1 pg of pFC-MEKK1 at 320V,
960 uF using a Gene Pulser Electroporator (Bio-Rad). So far, we
have obtained five independent clones: three clones encoding Elk-1,
one encoding an unknown protein, and clone #5-8.

Plasmids and transfectants
A human LAT cDNA corresponding to residues 34-233 was inserted
into a GST expression plasmid pGEX-4T-1 (Amersham Pharmacia)
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to produce GST-fused LAT molecules. Full-length human LAT cDNA
was cloned into pAhygro as described (Ishiai et al, 2000).
Phosphorylation-deficient mutants were created by PCR-based
site-directed mutagenesis (Imai et al, 1991). The T94/140/155A
mutant replaces all potential threonine phosphorylation sites (T94,
T140, and T155) with Ala, whereas the T94/140A mutant has Ala
substitutions at both T94 and T140. The expression vector for either
wild-type or T155A mutant LAT was transfected into J.CaM2 cells
(kindly provided by A Weiss) by electroporation at 320V, 960 uF.
The stable transfectants were selected in the presence of 400 pg/ml
hygromycin. In some experiments, Myc-tagged wild-type or T155A
mutant LAT cDNA was cloned into pEB6CAG, and transfected into
J.CaM2 cells followed by selection with 1 mg/ml G418. A cDNA for
mouse LAT was kindly provided by Dr A Kosugi. A cDNA for the
fusion protein of mouse MKK7y2 (Moriguchi et al, 1997) and HA-
tagged human JNK1 (MKK7-JNK1) was constructed using a PCR-
based method, and inserted into the Notl site of pEF/myc/cyto
(Invitrogen). The expression of MKK7-JNKI1 led to constitutive
activation of the JNK signaling pathway (data not shown).

Phosphoamino acid analysis

Following SDS-PAGE, *2P-labeled LAT protein was extracted from
the gel with 50 mM ammonium carbonate containing 0.1% SDS and
0.5% B-ME, and precipitated with trichloroacetate in the presence
of 20 ng RNaseA. The sample was hydrolyzed in 6 N HCI at 110°C for
2 h, lyophilized, and re-suspended with pH 3.5 buffer solution (5%
acetic acid and 0.5% pyridine). The sample was then spotted with
standards (0.5 pg each of pSer, pThr, and pTyr) on a cellulose thin-
layer chromatography plate, and subjected to electrophoresis at
1.0kV for 30 min in a pH 3.5 buffer solution.

Pull-down assay

GST-LAT (5 pg) was incubated at 30°C for 20 min in a buffer solution
containing 100 uM ATP, 10 mM MgCl,, and 5mM MnCl, with (to
yield tyrosine-phosphorylated GST-LAT) or without (to yield mock-
treated GST-LAT) active ZAP70 molecules, which were obtained
from pervanadate-treated Jurkat cell lysates. For both threonine-
and tyrosine-phosphorylated GST-LAT, GST-LAT was incubated at
30°C for 15min in a buffer solution containing 100 uM ATP and
10 mM MgCl, with active ERK2 obtained from pervanadate-treated
Jurkat cell lysates, and further incubated with active ZAP70 under
the conditions described above. For GST pull-down assays,
pervanadate-treated Jurkat cell lysates were precleared with
glutathione-Sepharose for 30 min at 4°C, and the cleared lysates
were incubated for 1h at 4°C with the appropriate GST-LAT bound
to glutathione-Sepharose. Beads were washed twice with PBS
containing 0.05% Tween 20, and bound proteins were eluted by
boiling with Laemmli’s sample buffer solution.

Immunoprecipitation

Active JNK and active ERK were obtained from Jurkat cells
stimulated with 10pg/ml anisomycin for 40 min and 10ng/ml
PMA for 10min, respectively. Inactive JNK was obtained from
mock-treated Jurkat cells. The cells were lysed in a buffer solution
containing 20 mM Tris-HCI (pH 7.5), 12.5 mM B-glycerophosphate,
2mM EGTA, 10mM NaF, 1 mM benzamidine, 1% Triton X-100,
2 mM dithiothreitol (DTT), 1 mM sodium vanadate, 1 mM phenyl-
methylsulfonyl fluoride, and 1% aprotinin. Cell extracts were
clarified by centrifugation at 15000g for 10 min. For immunopre-
cipitation, the supernatants were incubated with antibodies for
30min at 4°C. After the addition of protein A-Sepharose (Amer-
sham Pharmacia), the lysates were incubated for an additional 2 h.
The beads were then washed, and subjected to kinase assays and/or
immunoblot analysis. Antibodies against JNK1 (C-20), ERK2 (C-14),
and ZAP70 (LR) were purchased from Santa Cruz, and an antibody
against LAT was kindly provided by LE Samelson.

Ca?* mobilization

Peripheral T cells of a normal adult donor were obtained by Ficoll-
Paque PLUS (Amersham) density gradient centrifugation, followed
by incubation with IL-2 (100 U/ml) containing medium for 6 days.
Cells (10° cells) were loaded with 5pg/ml Fluo-3 AM (Molecular
Probes) at 37°C for 30 min, and then activated by anti-CD3e mAb,
2Ad2A2 (Reinherz et al, 1982) ascites (1:100). [Ca®™ ]; levels were
measured on a FACScan by fluorescence intensity of Fluo-3, and
calculated according to the manufacturer’s instructions (Becton
Dickinson).
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Raft preparation

J.CaM2-WT (WT) or J.CaM2-T155A (T155A) cells (4 x 107) were
washed with PBS containing 5 mM EDTA, suspended with 400 pl of
TNEV buffer solution (25mM Tris-HCl, pH 7.5, 150mM NaCl,
5SmM EDTA, 1 mM sodium vanadate, 12.5 mM B-glycerophosphate,
1% aprotinin, and 2 mM DTT) containing 0.5% Triton X-100. The
lysates were gently mixed with 400l of 85% sucrose in TNEV
buffer solution and placed in the bottom of a centrifugation tube.
The samples were then overlaid with 2.6ml of 30% sucrose and
1.4ml of 5% sucrose in TNEV buffer solution, and centrifuged for
16h at 200000g in an SW50.1 rotor (Beckman) at 4°C. Following
centrifugation, 12 0.4ml fractions (excluding the pellet) were
collected from the top of the gradient.

Luciferase assay

To examine transcriptional activation of the NF-AT promoter, we
employed luciferase assay system as described previously (Matsuda
et al, 1998, 2000). J.CaM2 cells were transiently cotransfected with
LAT expression vectors and an NF-AT luc (kindly provided by GR
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