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ERK1 and ERK2 associate with the tyrosine phospha-
tase PTP-SL through a kinase interaction motif (KIM)
located in the juxtamembrane region of PTP-SL. A glu-
tathione S-transferase (GST)-PTP-SL fusion protein
containing the KIM associated with ERK1 and ERK2 as
well as with p38/HOG, but not with the related JNK1
kinase or with protein kinase A or C. Accordingly, ERK2
showed in vitro substrate specificity to phosphorylate
GST-PTP-SL in comparison with GST-c-Jun. Further-
more, tyrosine dephosphorylation of ERK2 by the PTP-
SLAKIM mutant was impaired. The in vitro association
of ERK1/2 with GST-PTP-SL was highly stable; however,
low concentrations of nucleotides partially dissociated
the ERK1/2-PTP-SL complex. Partial deletions of the
KIM abrogated the association of PTP-SL with ERK1/2,
indicating that KIM integrity is required for interaction.
Amino acid substitution analysis revealed that Arg and
Leu residues within the KIM are essential for the inter-
action and suggested a regulatory role for Ser?!. Fi-
nally, coexpression of PTP-SL and ERK2 in COS-7 cells
resulted in the retention of ERK2 in the cytoplasm in a
KIM-dependent manner. Our results demonstrate that
the noncatalytic region of PTP-SL associates with mito-
gen-activated protein kinases with high affinity and
specificity, providing a mechanism for substrate speci-
ficity, and suggest a role for PTP-SL in the regulation of
mitogen-activated protein kinase translocation to the
nucleus upon activation.

Extracellular signal-regulated kinases (ERKs)! are serine/
threonine kinases of the MAP kinase family that are activated
by a variety of growth and differentiation factors (1-4). ERK1/
2-related kinases include members of the stress- and inflam-
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mation-activated MAP kinase subgroups, JNK/stress-activated
protein kinase and p38/HOG (5-8). Differences in the response
of ERK1/2 to activation agents have been postulated to account
for the cell type- and stimulus-specific adaptive responses me-
diated by these kinases (9). For instance, inhibition of ERK1/2
function prevents proliferation of Chinese hamster ovary fibro-
blasts in response to growth-stimulating agents (10), and con-
stitutive activation of the ERK1/2 pathway induces transfor-
mation of 3T3 fibroblasts (11, 12). On the other hand, ERK1
and ERK2 also mediate the inhibition of cell growth arrest
induced by nerve growth factor in 3T3 cells (13), and the dif-
ferentiation of neuronal PC12 or erythroleukemia K562 cells is
blocked by inhibition of the ERK1/2 pathway (11, 14, 15).
Cytoplasmic activation of ERK1/2 requires the phosphorylation
of both tyrosine and threonine regulatory residues, which is
accomplished by the dual-specificity kinases MEK1 and MEK2
(16). Upon activation, ERK1 and ERK2 phosphorylate cytosolic
and membrane-bound proteins, including signal transduction
molecules and cytoskeletal components (1, 2). In addition, after
stimulus-induced translocation to the nucleus, ERK1 and
ERK2 phosphorylate and regulate the function of several tran-
scription factors, thereby controlling the expression of specific
responsive genes (17, 18). However, the mechanism of ERK1/2
nuclear translocation is not well understood. In this regard, the
physical interaction of ERK1/2 with cytosolic and nuclear sub-
strates has been reported (19, 20), suggesting that tight bind-
ing to their substrates may be a mechanism that regulates the
subcellular location of these kinases as well as their enzymatic
specificity. The inactivation of ERK1/2 in the nucleus is
achieved by specific dual-specificity phosphatases (MKPs),
which are induced following ERK1/2 activation (21). In addi-
tion, a cytosolic MKP, MKP-3/Pyst1/rVH6, has been found to
inactivate ERK1/2 (22-24).

Protein-tyrosine phosphatases (PTPs) inactivate ERK1 and
ERK2 by dephosphorylating their tyrosine regulatory residue
(25). Several PTPs have been shown to tyrosine-dephosphory-
late and to inactivate ERK1/2 in vitro (26—28), and vanadate-
sensitive PTPs inactivate ERK1/2 in a constitutively manner in
intact cells (29-31). In this context, we have recently shown
that the tyrosine phosphatase PTP-SL dephosphorylates and
inactivates ERK1/2 by association through a kinase interaction
motif (KIM) and that such association leads to the phosphoryl-
ation of PTP-SL at a Thr residue downstream of the KIM (32).
Here, we present a mutational analysis of the KIM of PTP-SL
and characterize the binding requirements and the substrate
specificity of MAP kinases for this phosphatase. We also show
that binding to PTP-SL through the KIM retains ERK2 in the
cytoplasm, blocking its translocation to the nucleus. A major
checkpoint role in the MAP kinase signaling pathways is pro-
posed for the physical and functional association between MAP
kinases and PTP-SL.
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Interaction of ERK1/2 with PTP-SL

EXPERIMENTAL PROCEDURES

Plasmid Construction, Mutagenesis, and Purification of GST Fusion
Proteins—Mouse PTP-SL and ERK2 ¢cDNA constructs have been previ-
ously described (32). Bovine PKCa (33) and JNK1 (amplified by reverse
transcription-polymerase chain reaction from a human placenta cDNA
library) were subcloned into the expression vectors pRK5 and pcDNA3,
respectively. pcDNA-I-NEO-HA-p44°?*/ERK1 (hamster sequence) (34)
was provided by J. Pouysségur. pCEV29-HA-p38/HOG was provided by
S. Gutkind. PTP-SL mutations were performed by polymerase chain
reaction oligonucleotide site-directed mutagenesis, and mutations were
confirmed by DNA sequencing. For the construction of plasmids encod-
ing GST fusion proteins, cDNAs were subcloned into the expression
vector pGEX-5X. pGEX-5X-c-Jun-(1-96) was obtained by subcloning of
a cDNA fragment (obtained by reverse transcription-polymerase chain
reaction from a human placenta cDNA library) encoding the N-terminal
portion of ¢-Jun (amino acids 1-96). pGEX-ATF2 encodes amino acids
1-254 from ATF2. Purification of the GST fusion proteins was done by
standard procedures. GST-PTP-SL-(147-288) was covalently coupled to
CNBr-activated Sepharose (Amersham Pharmacia Biotech, Little Chal-
font, Buckinghamshire, United Kingdom) following the manufacturer’s
instructions. The apparent molecular masses of all purified GST fusion
proteins on SDS-polyacrylamide gels were in accordance with their
predicted sizes, as follows: GST, 29 kDa; GST-PTP-SL-(147-549), 74
kDa; GST-PTP-SL-(147-288), 45 kDa; GST-ATF2, 55 kDa; and GST-c-
Jun-(1-96), 42 kDa.

Antibodies and Reagents—Rabbit polyclonal anti-PTP-SL, anti-
ERK1 (C-16), and anti-ERK2 (C-14) antibodies and the 12CA5 anti-HA
and 4G10 anti-phosphotyrosine mAbs have been described (32). The
anti-PKC mAb MC5 was from Sigma, and the anti-PKA catalytic sub-
unit antibody was from Transduction Laboratories. Horseradish perox-
idase-conjugated goat anti-rabbit and anti-mouse secondary antibodies
were from Oncogene Research Products (Cambridge, MA) and Promega
(Madison, WI). Fluorescein isothiocyanate- and rhodamine-conjugated
goat anti-rabbit and anti-mouse secondary antibodies, as well as pNPP
and nucleotides, were from Sigma. EGF was from Life Technologies,
Inc. and was used at a final concentration of 50 ng/ml. Glutathione-
Sepharose, protein A-Sepharose, [y->?P]ATP, and polyvinylidene diflu-
oride filters were from Amersham Pharmacia Biotech.

Cell Culture, Transfections, Precipitation with GST Fusion Proteins,
Immunoprecipitation, and Immunoblotting—Rat fibroblastic Rat-1, hu-
man embryonic kidney 293, and simian COS-7 cell lines (American
Type Culture Collection) were grown in Dulbecco’s minimal essential
medium (Life Technologies, Inc.) containing high glucose (4.5 g/liter)
supplemented with 5% (for COS-7 cells) or 10% heat-inactivated fetal
calf serum (Life Technologies, Inc.). COS-7 cells were transfected using
the DEAE-dextran method, and 293 cells were transfected by the cal-
cium phosphate precipitation method; in both cases, cells were har-
vested after 48—72 h of culture. Precipitation and immunoblotting were
carried out as described (32). Briefly, cells were washed with ice-cold
phosphate-buffered saline and lysed in lysis buffer (50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl flu-
oride, 1 pg/ml aprotinin, 100 mM NaF, 2 mm Na;VO,, and 20 mMm
Na,P,0,). Lysates were centrifuged for 10 min at 14,000 rpm, and
post-nuclear supernatants were precleared with glutathione-Sepharose
or protein A-Sepharose. For GST fusion protein precipitation, 1 ug of
GST fusion protein was added per sample, followed by glutathione-
Sepharose. In samples precipitated with GST-PTP-SL-(147-288) cou-
pled to Sepharose, addition of glutathione-Sepharose was omitted. For
immunoprecipitation, mAb 12CA5 was added, followed by protein A-
Sepharose. Precipitates were washed with HNTG buffer (20 mM
HEPES (pH 7.5), 150 mm NaCl, 0.1% Triton X-100, and 10% glycerol)
and resolved by SDS-PAGE, followed by immunoblotting and chemilu-
minescence analysis. Dilution of antibodies and washing of polyvinyli-
dene difluoride filters for immunoblotting were done in 50 mm Tris-HC1
(pH 7.5), 150 mm NaCl, 5 mm EDTA, 0.05% Triton X-100, and 0.25%
gelatin.

In Vitro Kinase and Phosphatase Assays—For in vitro kinase assays,
pellets obtained after precipitation with mAb 12CA5 and washing with
HNTG buffer were washed once with kinase reaction buffer (20 mm
HEPES (pH 7.5), 10 mm MgCl,, 1 mM dithiothreitol, 2 mm Na;VO,, and
0.3 uM ATP); pellets were then resuspended in 20 ul of kinase reaction
buffer containing the GST fusion proteins as substrate(s) and 0.5-2 pCi
of [y-*?P]ATP and incubated at room temperature for 15 min under
constant shaking. Reactions were stopped by adding SDS sample buffer
and boiling. The reaction mixture was loaded and resolved on SDS-
polyacrylamide gels, and radioactivity incorporated into the GST fusion
proteins was visualized by autoradiography. In vitro phosphatase as-
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says were performed in phosphatase reaction buffer (25 mm HEPES (pH
7.3), 5 mM EDTA, and 10 mm dithiothreitol). For dephosphorylation of
HA-ERK2, wild-type or mutant GST-PTP-SL-(147-549) fusion proteins
were mixed with pellets containing phosphorylated HA-ERK2 and in-
cubated at room temperature for 45 min. Reactions were stopped;
samples were resolved as described above; and HA-ERK2 phosphoty-
rosine content was determined by immunoblotting with anti-phospho-
tyrosine mAb 4G10. For pNPP hydrolysis, GST-PTP-SL fusion proteins
were incubated at 37 °C for 30 min in phosphatase reaction buffer
containing 20 mM pNPP (200-ul final volume). Reactions were stopped
by adding 800 ul of 0.2 N NaOH, and pNPP hydrolysis was measured by
absorbance at 410 nm.

Immunofluorescence—COS-T cells were seeded at 1 X 10* cells/cm?
onto glass coverslips and cultured for 24 h; the cells were then trans-
fected as described above and processed for immunofluorescence after
36—48 h of culture. Cells were rinsed once with IPBS buffer (1.5 mm
KH,PO,, 4.3 mM Na,HPO,, 137 mm NaCl, 2.7 mm KCI, 0.7 mm CaCl,,
and 0.5 mm MgCl, (pH 7.4)) and then fixed with methanol at —20 °C for
5 min. Samples were incubated in blocking solution (IPBS buffer con-
taining 3% bovine serum) at room temperature for 15 min, followed by
incubation at 37°C for 90—120 min with a mixture of the anti-HA and
anti-PTP-SL primary antibodies. After washing with IPBS buffer, cells
were incubated for 1 h at room temperature with a mixture of the
fluorescein isothiocyanate- and tetramethylrhodamine B isothiocya-
nate-conjugated secondary antibodies, followed by washing with IPBS
buffer and mounting.

RESULTS

Interaction of MAP Kinases with PTP-SL through the KIM
Provides Substrate Specificity—We have shown that PTP-SL
associates with ERK1/2 through a KIM (residues 224-239;
amino acid numbering is according to Ref. 35) located in the
cytosolic juxtamembrane region of this PTP (32). To study the
specificity of this association, the interaction of PTP-SL with
other kinases was investigated. COS-7 cells were transfected
with HA-tagged ERK1, ERK2, JNK1, or p38/HOG kinase, and
cell lysates were precipitated with a GST-PTP-SL fusion pro-
tein containing the KIM (GST-PTP-SL-(147-288)), followed by
immunoblotting with anti-HA mAb 12CA5 (Fig. 1A4). GST-PTP-
SL-(147-288) precipitated both recombinant HA-ERK1 and
HA-ERK2 (Fig. 1A, lanes 3 in the first and second panels,
respectively), whereas a mutant fusion protein lacking the KIM
(GST-PTP-SL-(147-288)AKIM) did not associate with the ki-
nases (lanes 4). Interestingly, HA-p38/HOG, but not HA-JNK1,
was also precipitated by GST-PTP-SL-(147-288) in a KIM-de-
pendent manner (Fig. 1A, third and fourth panels, respective-
ly). The expression of the distinct kinases as controls in the
transfected cells is shown (Fig. 1A, lanes 1). Since the jux-
tamembrane region of PTP-SL possesses several phosphoryla-
tion consensus sites for PKA and PKC, the possibility was also
tested whether PTP-SL associates with either of these kinases.
Cell lysates from Rat-1 cells or PKCa-transfected 293 cells
were precipitated with GST-PTP-SL-(147-288), followed by im-
munoblotting with anti-PKA or anti-PKC antibodies, respec-
tively. No association of GST-PTP-SL with PKA or PKC was
observed under these conditions (Fig. 1B, lanes 3 in the upper
and lower panels, respectively). Thus, PTP-SL specifically as-
sociates through the KIM with ERK1, ERK2, and p38/HOG.

Binding of PTP-SL to ERK1 and ERK2 results in phospho-
rylation of the PTP by these kinases at Thr?>3 (Ref. 32; see also
Fig. 6). Next, the phosphorylation of PTP-SL by ERK2, JNK1,
and p38/HOG was compared. Cell lysates from activated COS-7
cells transfected with HA-ERK2, HA-JNK1, or HA-p38/HOG
were immunoprecipitated with anti-HA mAb 12CA5; in vitro
kinase assays were then performed on the immune complexes
using GST-PTP-SL-(147-288) as the substrate in combination
with JNK- and p38/HOG-specific substrates, i.e. GST-c-Jun
and GST-ATF2 (Fig. 1C). As shown, ERK2 specifically phos-
phorylated GST-PTP-SL-(147-288) (Fig. 1C, lanes 1 and 2),
whereas this substrate was poorly phosphorylated by JNK1 as
compared with the extent of phosphorylation of GST-c-Jun
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Fic. 1. A and B, PTP-SL associates with ERK1, ERK2, and p38/HOG. In A, COS-7 cells were transfected with pcDNA-I-NEO-HA-ERK1 (first
panel), pcDNA3-HA-ERK2 (second panel), pCEV29-HA-p38/HOG (third panel), or pcDNA3-HA-JNK1 (fourth panel). In B (lower panel), 293 cells
were transfected with pRK5-PKCa. After 48 h, cells were lysed and precipitated with 1 ug of GST fusion protein as indicated. In B (upper panel),
Rat-1 cell lysates were used as a source of endogenous PKA catalytic subunit. In lanes I, total lysate samples were loaded. All samples were
resolved by 10% SDS-PAGE under reducing conditions, followed by immunoblot analysis with anti-HA mAb 12CA5 (A), the anti-PKA catalytic
subunit antibody (B, upper panel), or anti-PKC mAb MC5 (B, lower panel). Reactive bands were visualized by chemiluminescence. C, substrate
specificity of MAP kinases for PTP-SL. COS-7 cells were transfected with pcDNA3-HA-ERK2 (lanes 1 and 2), pCEV29-HA-p38/HOG (lane 3), or
pcDNA3-HA-JNK1 (lane 4). After 48 h, HA-ERK2-transfected cells were activated with EGF (50 ng/ml, 5 min), and HA-p38/HOG- and
HA-JNK1-transfected cells were activated with sorbitol (0.5 M, 15 min). The distinct kinases were precipitated from the cell lysates using anti-HA
mAb 12CA5, and immune complex kinase assays were performed in the presence of a combination of equimolar amounts (1 um) of the GST fusion
proteins used as substrates as indicated. Arrows indicate the migration of the distinct kinases or GST fusion proteins. Molecular mass standards

are shown on the left of each panel.

(lane 4). p38/HOG phosphorylated both GST-ATF2 and GST-
PTP-SL-(147-288) (Fig. 1C, lane 3), although the levels of
phosphorylation under our experimental conditions were
weaker than those observed for ERK2 and JNK1 with their
substrates.

Finally, the in vitro dephosphorylation of ERK2 by wild-type
PTP-SL and PTP-SLAKIM was compared. Phosphorylated HA-
ERK2 was immunoprecipitated from EGF-activated COS-7
cells transfected with HA-ERK2, and immune complex pellets
were subjected to phosphatase assays in the presence of wild-
type GST-PTP-SL-(147-549) or mutant forms. Tyrosine de-
phosphorylation of ERK2 was efficiently achieved by wild-type
PTP-SL (Fig. 24, lanes 2 and 3), but not by PTP-SLAKIM (lanes
4 and 5). As a control, the lack of ERK2 tyrosine dephospho-
rylation upon incubation with the catalytically inactive
PTP-SL C480S mutant is shown (Fig. 24, lanes 6 and 7). In
vitro phosphatase assays were performed in parallel with GST-
PTP-SL-(147-549) and GST-PTP-SL-(147-549)AKIM using the
nonspecific substrate pNPP (Fig. 2B). No differences were ob-
served between the activities for pNPP in wild-type PTP-SL
and the AKIM mutant, indicating that the deletion of the KIM
did not affect the PTP-SL phosphatase activity itself, but
rather the recognition of the ERK2-specific substrate.

ERKI and ERK2 Bind Tightly to PTP-SL, but Are Dissoci-
ated by ATP—To examine the stability of the ERK1/2-PTP-SL
complex, Rat-1 cell lysates were incubated with GST-PTP-SL-
(147-288) coupled to Sepharose; after washing, pellets contain-
ing GST-PTP-SL-(147-288) and bound ERK1/2 were incubated
separately in HEPES buffer at distinct pH values. The eluted
samples and the corresponding pellets were resolved by SDS-
PAGE, and ERK1 and ERK2 were detected by immunoblotting
with anti-ERK1/2 antibodies (Fig. 3A). ERK1 and ERK2 disso-
ciated from PTP-SL only under extreme pH conditions (Fig. 34,
lanes 1 and 5 and lanes 6 and 10). The effect of distinct ionic
strength or denaturing conditions on the stability of the com-
plex was also analyzed (Fig. 3B). In these experiments, the
GST-PTP-SL-(147-288)-Sepharose pellets containing ERK1/2

were eluted sequentially with increasing concentrations of
NaCl, urea, or SDS, and ERK1 and ERK2 were detected in the
eluted supernatants and in the final pellets (obtained after the
last extraction). Upon elution with NaCl or urea up to 4 M, only
a small fraction of ERK1/2 was eluted (Fig. 3B, upper panel,
lanes 3-5 and lanes 8-10), and most of the kinase remained
bound to the beads (lanes 6 and 11). Elution with SDS was
achieved at SDS concentrations of 0.1-0.5% (Fig. 3B, lower
panel, lanes 3-7), although a significant amount of ERK1/2 was
still detected in the beads (lane 8).

Since kinases bind ATP to phosphorylate their substrates,
the effect of nucleotides on the dissociation of the ERK1/
2-PTP-SL complex was investigated (Fig. 4). Rat-1 cells were
left untreated or were treated with EGF to activate ERK1/2,
and cell lysates were precipitated with GST-PTP-SL-(147-
288). Under these conditions, no difference is observed in the
amount of ERK1/2 precipitated by GST-PTP-SL-(147-288)
from untreated or EGF-treated cells (32). Pellets containing
ERK1/2 were then sequentially incubated in HEPES buffer
containing increasing concentrations of nucleotides, and the
eluted supernatants and final pellets were processed for
ERK1/2 detection. Low concentrations of ATP dissociated the
ERK1/2-PTP-SL complex in the pellets from untreated cells
(Fig. 4A, lanes 2-5), whereas in those from EGF-treated cells,
the complex was more resistant to dissociation (lanes 8-11).
Similar elution profiles were achieved with the nonhydrolyz-
able ATP analog AMP-PNP; and other nucleotides, including
ADP, AMP, and GTP, also partially eluted ERK1/2 from GST-
PTP-SL-(147-288) beads, although at a lesser extent than ATP
(Fig. 4B; data not shown).

Mutational Analysis of the KIM Sequence on PTP-SL—The
contribution of the amino acids within the PTP-SL KIM se-
quence to the interaction with ERK1/2 was investigated. Site-
directed mutagenesis of the KIM was performed, and the cor-
responding mutant GST-PTP-SL-(147-288) fusion proteins
were obtained and used to precipitate ERK1/2 from Rat-1 cell
lysates (Fig. 5). Deletion of the N-terminal (A222-231, A224—
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Fic. 2. PTP-SL dephosphorylates ERK2 in a KIM-dependent
manner. A, tyrosine-phosphorylated HA-ERK2 was precipitated from
lysates from EGF-activated COS-7 cells transfected with pcDNA3-HA-
ERK2. Immune complex pellets were subjected to in vitro phosphatase
assays in the presence of the indicated amounts of the distinct GST
fusion proteins. In lane 1, no GST fusion protein was added. Samples
were resolved by 10% SDS-PAGE, followed by immunoblot analysis
with anti-phosphotyrosine mAb 4G10. The molecular mass standard is
shown on the left. B, pNPP in vitro phosphatase assays were performed
with distinct amounts of the GST fusion proteins as indicated. pNPP
hydrolysis was measured by absorbance (Abs) at 410 nm. wt, wild-type.

233) or C-terminal (A232—240) portions of the KIM abrogated
the association with ERK1/2 (Fig. 5A, lanes 5-7), indicating
that integrity of the motif'is required for the kinase recognition.
Single amino acid substitutions were then generated within
the KIM to identify the residues necessary for the interaction
(Fig. 5B). Substitution of Leu2??®, Arg??® Arg??®, Leu?®®, or
Leu®®” with Ala (mutations L225A, R228A, R229A, R228A/
R229A, L235A, and L237A) abolished the recognition of
ERK1/2 (Fig. 5B, lanes 5, 8-10, 16, and 18). Furthermore,
conservative substitution of Arg®?® or Arg?2® with Lys or Leu?3®
with Ile (mutations R228K, R229K, and L235I) also abrogated
the association with ERK1/2 (Fig. 5C, lanes 5, 6, and 8). How-
ever, substitution of Leu??? or Leu?3” with Ile (mutations L2251
and L2371) did not affect such an association (Fig. 5C, lanes 7
and 9). Finally, Ala substitution of other KIM residues, includ-
ing Gly?3°, Asn?%2, and Val?3? (mutations G230A, N232A, and
V233A), partially affected the binding to ERK1/2 (Fig. 5B, lanes
11, 13, and 14), whereas Ala substitution of the rest of the KIM
amino acids (mutations Q226A, E227A, S231A, S234A, T236A,
and D238A) did not affect the binding (lanes 6, 7, 12, 15, 17,
and 19). The Ser?*! KIM residue is located within a phospho-
rylation consensus sequence for PKA. To test the putative
effect of phosphorylation of this residue on the association with
ERK1/2, Ser?*! was substituted with Glu (mutant S231E) (Fig.
5D). Interestingly, the GST-PTP-SL-(147-288) S231E fusion
protein was unable to precipitate ERK1/2 (Fig. 5D, lane 6),
suggesting that phosphorylation of Ser?3! could play a negative
role in the regulation of the interaction of PTP-SL with
ERK1/2.

In vitro kinase assays with EGF-activated HA-ERK2, using
the GST-PTP-SL KIM mutants as substrates, showed that all

21903
A
pellets supernatants
| 3 s 7 9 null3 s 7 9 11| pHunis
4 U N R (O (R R A A R
45 - —_
Snes- — =
1 2 3 4 5 6 7 8 9 10
B = o
3 R
& 2
NaCl (M) - Urea (M) -
[0 o5 2 4 | ?ll_ [o 1 2 4 |—'$i’_
kDa [ I [ I

Fic. 3. Stability of the ERK1/2-GST-PTP-SL-(147-288) complex.
A, effect of pH on stability of the complex. Rat-1 cell lysates were
precipitated with GST-PTP-SL-(147-288)-Sepharose; after washing,
the beads were divided, and samples were separately incubated at room
temperature for 10 min in 20 mm HEPES buffer at distinct pH as
indicated. Supernatants and pellets from each fraction were resolved by
10% SDS-PAGE and analyzed for the presence of ERK1/2 by immuno-
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and denaturing agents on stability of the complex. Rat-1 cell lysates
were incubated with GST-PTP-SL-(147-288)-Sepharose; after washing,
the beads were sequentially extracted with 20 mm HEPES buffer (pH
7.5) containing increasing concentrations of NaCl (upper panel, lanes
2-5), urea (upper panel, lanes 7-10), or SDS (lower panel, lanes 2-7).
Supernatants of each fraction, as well as the final pellets remaining
after the last extraction (upper panel, lanes 6 and 11; and lower panel,
lane 8), were resolved by 10% SDS-PAGE and analyzed for the presence
of ERK1/2 by immunoblot analysis with anti-ERK1/2 antibodies. In B
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Fic. 4. Effect of nucleotides on the stability of the ERK1/2-GST-
PTP-SL-(147-288) complex. Rat-1 cell lysates were incubated with
GST-PTP-SL-(147-288)-Sepharose; after washing, the beads were se-
quentially extracted with 20 mm HEPES buffer (pH 7.5) containing
increasing concentrations of ATP (A), ADP (B, lanes 1-6), or AMP-PNP
(B, lanes 7-12) as indicated. Supernatants of each fraction, as well as
final pellets (lanes 6 and 12), were resolved by 10% SDS-PAGE and
analyzed for the presence of ERK1/2 by immunoblot analysis with
anti-ERK1/2 antibodies. In A (lanes 7-12), Rat-1 cells were stimulated
with 50 ng/ml EGF for 5 min before lysis. Molecular mass standards are
shown on the left of each panel.
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Fic. 5. Association of ERK1/2 with PTP-SL KIM mutants. Rat-1 cell lysates were precipitated with 1 ug of GST or wild-type (wt) or mutant
GST-PTP-SL-(147-288) protein as indicated. In lanes 1, 10 pg of total lysates were loaded. Samples were resolved by 10% SDS-PAGE and analyzed
for the presence of ERK1/2 by immunoblot analysis with anti-ERK1/2 antibodies. Molecular mass standards are shown on the left of each panel.

the mutants that failed to associate with ERK1/2 were poorly
phosphorylated by the kinase at Thr?*® (Fig. 6; data not
shown), confirming our previous finding that docking through
the KIM is a prerequisite for ERK1/2 to phosphorylate PTP-SL.
A summary of the association of ERK1/2 with the panel of
PTP-SL KIM mutants is shown in Fig. 7A.

PTP-SL Retains ERK2 in the Cytoplasm in a KIM-dependent
Manner—ERK1 and ERK2 translocate to the nucleus upon cell
stimulation with growth factors. To study the subcellular loca-
tion of ERK2 in the presence of PTP-SL, COS-7 cells were
cotransfected with HA-ERK2 and PTP-SL, followed by two-
color immunofluorescence analysis. Under the normal growing
conditions of COS-7 cells (5% fetal calf serum), HA-ERK2 was
distributed in both the nucleus and the perinuclear area (Fig.
84, inset). Upon coexpression with cytosolic, non-transmem-
brane PTP-SL (PTP-SL-(147-549)), HA-ERK2 was retained in
the cytoplasm, being excluded from the nucleus (Fig. 8, A and
C). An identical effect was observed upon coexpression with the
PTP-SL-(147-549) C480S catalytically inactive mutant (Fig. 8,
G and I), indicating that cytoplasmic retention of ERK2 is
independent of the catalytic activity of PTP-SL. Remarkably,
coexpression with the PTP-SL mutant lacking the KIM (PTP-
SL-(147-549)AKIM) did not affect the nuclear location of HA-
ERK2 (Fig. 8, D and F). Coexpression of HA-ERK2 with trans-
membrane PTP-SL (PTP-SL-(1-549)) also resulted in exclusion
of HA-ERK2 from the nucleus and its accumulation in perinu-
clear areas in the cytoplasm, where PTP-SL-(1-549) is mainly
located, likely as a result of its accumulation during biosynthe-
sis (data not shown). Our results demonstrate that the in vivo
association of PTP-SL with ERK2 through the KIM retains this
kinase in the cytoplasm and blocks its entry into the nucleus.

DISCUSSION

Cell type- and stimulus-specific MAP kinase activation is
tightly regulated in vivo. Thus, in mammalian cells, differen-
tial activation of MAP kinases commits the cells to prolifera-
tion, growth arrest, and differentiation or apoptotic death (8,
9). Specific regulation of the MAP kinase signaling cascades is
achieved by the physical and functional assembly of regulatory
and effector molecules, including cell-surface receptors, GTP-
binding proteins, adapter proteins, kinases, and phosphatases
(36, 37). As a result, the distinct signals are transduced from
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Fic. 6. Phosphorylation of PTP-SL KIM mutants by ERK2. HA-
ERK2 was immunoprecipitated with anti-HA mAb 12CA5 from EGF-
activated COS-7 cells transfected with pcDNA3-HA-ERK2, and im-
mune complex kinase assays were performed using the wild-type (wt) or
mutant GST-PTP-SL-(147-288) proteins (1 pg) as substrates as indi-
cated. Molecular mass standards are shown on the left of each panel.

the plasma membrane receptors to the MAP kinase effector
molecules, leading to the activation of nuclear transcription
factors and the selective expression of genes (17, 18). In this
report, we present evidence that the association of MAP ki-
nases with the KIM of the tyrosine phosphatase PTP-SL pro-
vides the molecular basis for specific interaction and substrate
specificity between these enzymes. Several findings support
such a conclusion. 1) PTP-SL associated with ERK1 and ERK2,
but not with the related JNK1 kinase or with PKA or PKC. 2)
PTP-SL was selectively phosphorylated by ERK2, but not by
JNK1, as compared with the phosphorylation of c-Jun by this
kinase. 3) Both phosphorylation of PTP-SL by ERK2 and de-
phosphorylation of ERK1/2 by PTP-SL were dependent on
docking through the PTP-SL KIM sequence. 4) PTP-SL re-
tained ERK2 in the cytoplasm in a KIM-dependent manner.
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PTP-SL mutant Association with ERK1/2

wild type +++

A208-223 +4+

A224-239 -

A238-255 +++

A222-231 -

A224-233 -

A232-240 -

L225a -

Q226A +++

E227A +++

R228A -

R229A -

G230A +

s$231a +++

N232A +

V233A +

S234A +++

L235A -

T236A +++

L237a -

D238A +++

R228K -

R229K -

L2251 +++

L235I -

L2371 +++

S231E -

B
* kK *

PTP-SL (224) SNV M (239)
RSK1 (710) ILAQ - STT (723)
Elk1l (310) PQKGRKP -~ L (323)
MEK1 (1) MP P--T P (13)

Fi1G. 7. A, association of PTP-SL KIM mutants with ERK1/2. Associ-
ation is indicated as an estimation of anti-ERK1/2 reactive bands after
precipitation with the wild-type or mutant GST-PTP-SL-(147-288) fu-
sion proteins (see Fig. 5). Association with the A208-223 and A238-255
mutants has been previously reported (32). +++, 90-100% association;
+, 20—-40% association; —, 0-10% association. B, alignment of the
ERK1/2 interaction motifs of PTP-SL (residues 224-239) (35), RSK1
(residues 710-723) (45), Elk1 (residues 310-323) (46), and MEK1 (res-
idues 1-13) (47). Amino acids are indicated using the one-letter code.
Residues required for association of PTP-SL with ERK1/2 are denoted
by asterisks. The conserved basic and Leu/Ile residues are boxed.

Interestingly, p38/HOG was also found to associate with
PTP-SL in a KIM-dependent manner, indicating that our find-
ings on the regulation of ERK2 activity and subcellular location
by PTP-SL could be extended to the p38/HOG MAP kinase. In
this context, other tyrosine and dual-specificity phosphatases
show specificity for members of the MAP kinase family (38—
41), suggesting that the diversity of MAP kinases could have a
counterbalance in a wide number of specific phosphatases.
Our mutational analysis revealed that integrity of the KIM
is required for ERK1/2 binding and PTP-SL phosphorylation.
Thus, conservative and nonconservative substitutions of
Arg??8 Arg??®) and Leu2?® within the KIM abrogated the in-
teraction with ERK1/2. The contribution of local positive
charge due to Arg??® and Arg??° is likely to be important for the
recognition and/or stabilization of the ERK1/2-binding site;
however, additional structural factors seem to be crucial since
substitutions of any of the Arg residues with Lys also inhibited
the binding. It should also be noted that all the hydrophobic
Leu residues along the KIM (Leu??®, Leu?®®, and Leu??®") are
important for the association with ERK1/2, suggesting that
both polar and nonpolar interactions contribute to the stabili-
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zation of the ERK1/2-PTP-SL complex. Remarkably, all the
KIM residues required for the association of PTP-SL with
ERK1/2 are conserved in the related tyrosine phosphatases
PTP-SL, STEP, and LC-PTP/HePTP, favoring the hypothesis
that these three PTPs play similar roles in the regulation of
ERK1/2 activities in the distinct cell types where they are
expressed (32, 42). In addition, ERK1 and ERK2 also interact
with the docking site of non-phosphatase molecules, including
the ERK1/2 nuclear substrate Elk1 (20), the ERK1/2 regulatory
kinase MEK1/MAPKK/Ste7 (19, 43), and the ribosomal S6 pro-
tein kinase (RSK) (44). Interestingly, the ERK1/2 interaction
motifs assigned to Elkl, MEK1/MAPKK/Ste7, and RSK corre-
spond to the KIM sequence on PTP-SL (Fig. 7B); in particular,
a stretch of basic residues followed by a motif including one or
two Leu/Ile residue(s) (48) is conserved in all these molecules.
Remarkably, these conserved amino acids are crucial for
ERK1/2 association with both Elkl (20) and PTP-SL (this
study), suggesting similar mechanisms of recognition by
ERK1/2. An attractive hypothesis is that substrates, as well as
positive and negative regulators of ERK1/2, could compete for
efficient binding to these kinases. Thus, phosphorylation and
dephosphorylation events regulating ERK1/2 catalysis could be
finely tuned in vivo by competition between kinases and phos-
phatases for overlapping ERK1/2-binding sites. Also, tight in-
teraction with cytoplasmic or nuclear proteins could account for
the differential subcellular location shown by ERK1/2 during
cell activation (see also below).

We have found that the association of ERK1/2 with our
GST-PTP-SL fusion proteins is highly stable in vitro and that
dissociation of the complex between these two molecules is
achieved only under strong pH or denaturing conditions. How-
ever, low concentrations of ATP (0.1 uM) were able to release
part of the ERK1/2 bound to the GST-PTP-SL beads, suggest-
ing that the ATP-binding site in the catalytic groove of the
kinase is close to the KIM-binding site. In this regard, Thr?53
on PTP-SL is located next to the KIM and is strongly phospho-
rylated by ERK1/2 (32). Thus, a high affinity interaction of
ERK1/2 with PTP-SL through the KIM would provide both
substrate specificity and optimal conditions for catalysis. Ac-
cordingly, an analogous mechanism has been proposed for the
association between JNK and its specific substrate, c-Jun (49).
On the other hand, our observations suggest the existence of
physiological mechanisms that regulate in vivo the interaction
of PTP-SL with ERK1/2. First, the effect of the ATP on the
dissociation of the ERK1/2-PTP-SL complex in vitro was less
prominent when ERK1/2 had been previously activated by EGF
cell treatment, making it possible that conformational changes
due to kinase activation could stabilize the complex. Also, sub-
stitution of the PKA phosphorylation consensus site Ser?3! on
the KIM with Glu, but not with Ala, abrogated the association
with ERK1/2, suggesting that phosphorylation of Ser?3! could
play a negative regulatory role in the interaction of PTP-SL
with ERK1/2. In this regard, the involvement of PKA in the
regulation of ERK1/2 activities has been widely documented
(560-54). Our preliminary observations indicate that PKA phos-
phorylates PTP-SL, both in vitro and in vivo. Since PKA was
not found to stably associate with our GST-PTP-SL fusion
proteins (Fig. 1B), different mechanisms of specificity are likely
to exist for the phosphorylation of PTP-SL by ERK1/2 and PKA.

The association of ERK1/2 with the dual-specificity phospha-
tase MKP-3/Pyst1/rVH6 has been recently reported (22, 55),
and such an association was found to cause catalytic activation
of this phosphatase, indicating a model of phosphatase cata-
lytic regulation by substrate binding (56); however, we have not
detected changes in the in vitro tyrosine phosphatase activity
of PTP-SL for pNPP upon binding to purified recombinant
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Ha-ERK2

Fic. 8. PTP-SL retains ERK2 in the
cytoplasm. COS-7 cells were cotrans-
fected with pcDNA3-HA-ERK2 plus wild-
type and mutant pRK5-PTP-SL-(147-
549) forms, and 48 h after transfection,
cells were co-stained and analyzed by im-
munofluorescence. HA-ERK2 was stained
with mouse anti-HA mAb 12CA5 plus
rhodamine-conjugated goat anti-mouse
antibodies (A, D, and G; red). As a control
of HA-ERK2 location in the absence of
PTP-SL, a cell transfected only with
pcDNA3-HA-ERK2 and stained with the
anti-HA mAb is shown by an arrow in the
inset in A. PTP-SL was stained with rab-
bit polyclonal anti-PTP-SL antibody plus
fluorescein isothiocyanate-conjugated
goat anti-rabbit antibody (B, E, and H,
green). In C, F, and I, double-color stain-
ing is shown; yellow areas correspond to

ERK2,2 suggesting that a different regulatory mechanism than
interaction with the substrate could operate in the catalytic
regulation of PTP-SL. Nevertheless, the possibility of an in vivo
regulation of PTP-SL activity upon binding to ERK1/2 cannot
be excluded. It is likely that different levels of catalytic regu-
lation of ERK1/2-specific phosphatases could exist, depending
on the enzyme-substrate specificities within the distinct ERK1/
2-phosphatase complexes.

In cells subjected to mitogenic or differentiating stimuli,
ERK1 and ERK2 are activated and translocated to the nucleus,
where these kinases phosphorylate their nuclear targets (57—
60). Several processes have been proposed to regulate this
translocation, including phosphorylation and homodimeriza-
tion of ERK1/2 (61); association with nuclear anchor proteins
(62); and association in the cytoplasm with their upstream
kinase activators, MEK1 and MEK2 (43), or with other cyto-
plasmic anchor proteins (63). Our results showing that coex-
pression of PTP-SL and ERK2 in COS-7 cells results in ERK2
retention in the cytoplasm favors the hypothesis of cytoplasmic
retention as a major regulatory mechanism of ERK1/2 nuclear
translocation. Furthermore, the possibility exists that subcel-
lular distribution of ERK1/2 within the cytoplasm could be
controlled by the selective expression of PTP-SL isoforms or

2 A. Zudiga, J. Torres, J. Ubeda, and R. Pulido, unpublished
observations.
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other KIM-containing PTPs. Interestingly, MKP-3/Pyst1/rVH6
phosphatase has also been shown to retain ERK1 and ERK2 in
the cytoplasm and to inhibit their entry into the nucleus (64),
suggesting that distinct negative regulators of ERK1/2 activity
could use similar mechanisms to prevent ERK1/2 nuclear
translocation. The results presented here, together with our
finding that PTP-SL dephosphorylates and inactivates ERK1/2
in a KIM-dependent manner, support the notion that adjusta-
ble binding through the KIM could operate as a mechanism of
specificity for PTP-SL and related PTPs to maintain ERK1/2
and p38/HOG inactive in the cytoplasm. Further work will be
necessary to elucidate how the binding of PTP-SL to ERK1/2
and to p38/HOG and the PTP-SL enzymatic activity are regu-
lated in vivo upon cell stimulation, allowing the rapid activa-
tion of these MAP kinases and their translocation to the
nucleus.
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