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The mechanisms which determine the nuclear accumulation and inactivation of the extracellular signal-
regulated kinase 1 (ERK1) or ERK2 mitogen-activated protein (MAP) kinases are poorly understood. Here we
demonstrate that DUSPS5, an inducible nuclear phosphatase, interacts specifically with ERK2 via a kinase
interaction motif (KIM) within its amino-terminal noncatalytic domain. This binding determines the substrate
specificity of DUSPS in vivo, as it inactivates ERK2 but not Jun N-terminal protein kinase or p38 MAP kinase.
Using green fluorescent protein fusions, we identify within this same domain of DUSPS a functional nuclear
localization signal (NLS) which functions independently of the KIM. Moreover, we demonstrate that the
expression of DUSP5 causes both nuclear translocation and sequestration of inactive ERK2. Nuclear anchor-
ing is ERK2 specific and requires both interactions between the DUSP5 KIM and the common docking site of
ERK2 and a functional NLS within DUSPS. Finally, the expression of a catalytically inactive mutant of DUSP5
also tethers ERK2 within the nucleus. Furthermore, this nuclear ERK?2 is phosphorylated by MAP kinase
kinase in response to growth factors and also activates transcription factor Elk-1. We conclude that DUSPS is
an inducible nuclear ERK-specific MAP kinase phosphatase that functions as both an inactivator of and a
nuclear anchor for ERK2 in mammalian cells. In addition, our data indicate that the cytoplasm may not be an

exclusive site of MAP kinase activation.

The Ras/extracellular signal-regulated kinase (ERK) mito-
gen-activated protein (MAP) kinase signaling pathway mediates
a diverse array of distinct cellular responses to extracellular
stimuli (7, 34, 38). These include cell proliferation, differenti-
ation, transformation, and survival. These responses are medi-
ated via the ERK-dependent phosphorylation of both cyto-
plasmic proteins, such as p90™*, and a number of nuclear
transcription factors, including the Ets family member Elk-1
(11, 48, 49). Because of the differential localization of ERK
substrates, the correct spatial-temporal regulation of MAP ki-
nase signaling is a crucial determinant of biological outcome.
Inactive MAP kinase is localized predominantly in the cyto-
plasm (1, 18). However, on activation, MAP kinase translocates
to the nucleus, and this event is essential for growth factor-
induced gene expression and cell cycle entry (3, 9, 19, 31).

One mechanism for the nuclear translocation of MAP ki-
nase involves its phosphorylation and subsequent dimerization,
but the precise nature of the transport process and its molec-
ular mechanism are not yet clear and may be complex (1, 26).
Despite evidence for the growth factor-regulated nuclear-cy-
toplasmic shuttling of MAP kinase, the protein lacks any ob-
vious sequence motifs corresponding to either nuclear local-
ization signals (NLSs) or nuclear export signals (NESs). These
data suggest that transit across the nuclear membrane may be
achieved through interactions with either NLS- or NES-con-
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taining partner proteins, and increasing attention has been
focused on the possible roles of MAP kinase activators, regu-
lators, and substrates in mediating these transport events.

The first evidence for such a role came with the discovery of
a leucine-rich NES within the amino terminus of MAP kinase
kinase (MEK) (17). Subsequent work showed that this export
signal, in conjunction with an ERK2 binding site, served to
anchor inactive ERK2 in the cytoplasm and that the MEK-
ERK2 complex was dissociated on activation of the MAP
kinase pathway (1, 18). More recently, we demonstrated that
MAP kinase phosphatase 3 (MKP-3/DUSP6, an ERK-specific
M)/KAP, also contains a leucine-rich NES and can play a role
in the cytoplasmic retention of inactive ERK2 (24). Finally,
two other proteins, PEA-15 and SEF, have been implicated as
cytoplasmic anchors for ERK2 (16, 45). However, in contrast
to MEK and MKP-3/DUSP6, both PEA-15 and SEF are able
to retain ERK2 in the cytoplasm in the activated state, indi-
cating that these proteins may act to restrict the activity of
ERK2 to cytoplasmic targets, such as p90’*.

In contrast to the understanding of the proteins involved in
mediating the cytoplasmic localization of ERK2, relatively lit-
tle is known about the factors influencing the nuclear residence
of ERK2. Some insight into the mechanism by which MAP
kinase accumulates in the cell nucleus came with the observa-
tion that, in addition to the requirement for phosphorylation
and activation, this process required the de novo synthesis of
short-lived proteins which were postulated to act as nuclear
anchors (1, 30). More recently, it was shown that MAP kinase
which accumulated in the nucleus on prolonged exposure to
growth factors was in the inactive form (47). Furthermore, the
phosphatase(s) required for the nuclear inactivation of ERK2
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was vanadate sensitive, was newly synthesized in response to
the activation of the Ras/MAP kinase pathway, and interacted
with ERK2 through the common docking (CD) site. Based on
these properties, it was proposed that the nuclear inactivation
and anchoring of MAP kinase were likely to be regulated by
the inducible nuclear phosphatases MKP-1/DUSP1 and MKP-
2/DUSP4 and that the nucleus represents a site for ERK ac-
tion, sequestration, and inactivation (36, 47).

Here we studied DUSP5 (hVH-3/B23), a nuclear MKP
which is inducible by both heat shock and growth factors in
mammalian cells (22, 28). In contrast to MKP-1/DUSP1,
MKP-2/DUSP4, and PAC-1/DUSP2, which interact with and
inactivate both mitogen- and stress-activated MAP kinase iso-
forms (10), we found that DUSP5 binds specifically and di-
rectly to the ERK1 and ERK2 MAP kinases via a conserved
kinase interaction motif (KIM) within its amino-terminal non-
catalytic domain. This binding reflects the substrate specificity
of DUSPS5 in vivo, as it inactivates ERK2 but not Jun N-
terminal protein kinase (JNK) or p38 MAP kinase in mamma-
lian cells. Using green fluorescent protein (GFP) fusions to
study the localization of DUSPS, we identified within the ami-
no-terminal domain a lysine- and arginine-rich motif which
functions as an NLS and show that this NLS functions inde-
pendently of the KIM, which is also located in this domain of
the protein. Moreover, we found that the expression of DUSP5
in mammalian cells causes both nuclear translocation and se-
questration of inactive ERK2. This nuclear anchoring is ERK2
specific and requires both interactions between the DUSP5
KIM and the CD motif of ERK2 and a functional NLS within
DUSPS. Finally, we found that the expression of a catalytically
inactive form of DUSPS5 also tethers ERK2 within the nucleus.
However, this nuclear ERK2 can still be activated by MEK in
response to epidermal growth factor and can also phosphory-
late and activate transcription factor Elk-1. We conclude that
DUSPS5 represents a distinct inducible nuclear ERK-specific
MKEP and that it functions as both a nuclear inactivator and a
bona fide nuclear anchor for MAP kinase in mammalian cells
and tissues. In addition, our data indicate that the cytoplasm is
not an exclusive site for the activation of MAP kinase by MEK.

MATERIALS AND METHODS

Reagents. Monoclonal antibodies to Myc (9E10) and hemagglutinin (HA)
(12CA5) were obtained from Cancer Research UK. Antibodies to ERK, phos-
pho-ERK, JNK, and p38 were purchased from Cell Signaling. The polyclonal
antibody to DUSP5 was raised in sheep by using recombinant DUSP5 as an
antigen. The antibody to MEK was purchased from Santa Cruz. The antibody to
upstream binding factor (UBF) was kindly provided by Brian McStay (Biomed-
ical Research Centre, University of Dundee). For immunocytochemical analysis,
the antibody to MAP kinase 1 or MAP kinase 2 was obtained from Upstate, and
the antibody to active MAP kinase was obtained from Promega. All chemicals
were purchased from Sigma, unless indicated otherwise. All tissue culture re-
agents were obtained from Gibco BRL.

DNA constructs. The human DUSP5 cDNA was amplified by PCR with Image
clone 5808876 (29) as a template. The PCR product was subcloned as an Ndel-
Xhol fragment into bacterial expression vector pET15b (Novagen) and Match-
maker System 3 DNA binding domain and activation domain fusion vectors
pGBKT7 and pGADT7 (Clontech). The DUSP5 ¢cDNA was ligated into mam-
malian expression vector pSG5 (Stratagene) in frame with the Myc tag sequence
by using EcoRI and Xhol restriction sites. GFP expression constructs were
generated by cloning the DUSP5 cDNA as an XhoI-Kpnl fragment into vector
pECFP-N1 (Clontech).

The various point mutations of DUSP5 were produced by overlap extension
PCR (21) with the following complementary primers (only the forward primer is
shown) (mutations are in bold type): C263S, 5'-AAGGTCCTGGTCCACAGT
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GAGGCTGGGATCTCCCGT-3"; D232N, 5'-CACTACAAATGGATCCCTG
TGGAAAACAGCCACACG-3'; R53,54A, 5'-GTCAACCTCAACTCGGTGG
TGCTGGCGGCGGCCCGGGGCGGCGCGGTGTCG-3"; R53A, 5'-GTCAA
CCTCAACTCGGTGGTGCTGGCGCGGGCCCGGGGCGGCGCGGTGTC
G-3'; and R54A, 5'-GTCAACCTCAACTCGGTGGTGCTGCGGGCGGCCC
GGGGCGGCGCGGTGTCG-3'; appropriate external flanking primers also
were used. Following digestion, the resulting PCR products were cloned into
pET15b and pGBKT7 as Ndel-Xhol fragments. The resulting plasmids were
used as templates to amplify mutant DUSP5 cDNAs containing the appropriate
flanking restriction sites for cloning into pSG5 and pECFP-N1.

C-terminal deletion mutants of DUSP5 were made by PCR with a forward
primer having the sequence 5'-CCGCTCGAGATGAAGGTCACGTCGCTC-3'
(restriction site is underlined) and the following reverse primers (restriction sites
are underlined): 1-61, 5'-CGGGGTACCGTCGACACCGCGCCGCCCCGGG
CCCGCCGCAG-3'; 1-127, 5'-CGGGGTACCGTCCCTTTGAGGAAGTAGA
CCCG-3'; 1-178, 5'-CGGGGTACCGTGCCACCCTGGTCATAAGC-3'; and
1-193, 5'-CGGGGTACCGTATGGTAGGCACTTCCAAGGTA-3'. To gener-
ate the N-terminal deletion mutant of DUSP5 (residues 194 to 384), primers with
the sequences 5'-GAAGATCTGCATCCAAGTGCGAGTTCCTCGCC-3' and
5'-CCGCTCGAGTTAGCAGGATGTGGCCGTTGCCACAGGGCT-3" (restric-
tion sites are underlined) were used. The C-terminal deletion mutants were
cloned as XhoI-Kpnl fragments into pECFP-N1, and the N-terminal deletion
mutant was cloned as a BgllI-Xhol fragment into BglII-Sall-digested vector
pECFP-C1 (Clontech).

The DUSP5 NLS mutant (12-RKMLRK-17 to 12-GAMLGA-17; mutations are
in bold type) was generated by PCR with a forward primer having the sequence
5'"-CCGCTCGAGATGAAGGTCACGTCGCTCGACGGGCGCCAGCTG
GCTAGCATGCTCGCTAGCGAGGCGGCGGCGCGCTGCG-3' and a reverse
primer having the sequence 5'-CGGGGTACCGTGCAGGATGTGGCCGTTG
C-3' (mutations are in bold type and restriction sites are underlined). The PCR
product was ligated into pECFP-N1 by using Xhol and Kpnl restriction sites.
The resulting plasmid was used as a template in PCRs with the appropriate
flanking primers to subclone the DUSP5 NLS into pET15b, pPGBKT7, and pSGS.

Mouse p38a was amplified with primers having the sequences 5'-CCGCTCG
AGATGTCGCAGGAGAGGCCCACGTTC-3" and 5'-GCGCGGATCCCGG
GACTCCATTTCTTCTTGGTCAAGG-3' (restriction sites are underlined) and
then subcloned as an Xhol-BamHI fragment into pDsRed2-N1 (Clontech).
JNK1 was amplified with primers having the sequences 5'-CCGCTCGAGCTA
TGAGCAGAAGCAAGCGTG-3" and 5'-CGCGGATCCTCACTGCTGCAC
CTGTGC-3' (restriction sites are underlined). Following digestion, the JNK1
c¢DNA was cloned as an XhoI-BamHI fragment into pDsRed-C2 (Clontech).

All constructs were verified by DNA sequencing, and expression was verified
by Western blotting (data not shown).

Yeast expression vectors encoding GAL4 DNA binding domain and activation
domain fusions of MKP-1/DUSP1, ERK1, ERK2, ERK3, ERKS, JNKI, p38a,
p383, and p38y and mammalian expression constructs encoding HA-tagged
ERK2, p38a, and JNK1 and Myc-tagged MKP-1/DUSP1 were described previ-
ously (39). Vector pRedF2C1-ERK?2 is described elsewhere (24). Plasmid MLV
GALELK, which encodes the C-terminal activation domain of Elk-1 fused to the
GAL4 DNA binding domain, plasmid G5E4Luc, a GAL4-dependent luciferase
reporter plasmid, and pAG(1-147), which encodes the GAL4 DNA binding
domain alone, were described previously (39). The vector encoding GFP-
PEA-15 was kindly provided by H. Chneiweiss (INSERM U114, College de
France, Paris, France).

Yeast two-hybrid analysis. GAL4 DNA binding domain and activation domain
fusion plasmids were transformed into yeast strains PJ69-4A and PJ69-4a, re-
spectively, according to the manufacturer’s instructions (Clontech). Semiquan-
titative analysis of two-hybrid interactions was performed by using a B-galacto-
sidase assay according to the manufacturer’s instructions (Clontech).

Kinase assays. The activity of DUSP5 toward HA-tagged ERK2, JNK1, and
p38a MAP kinases was determined by cotransfection of Cos-1 cells with 0.5 ng
of expression vector encoding HA-tagged MAP kinase isoforms in combination
with increasing amounts of expression vector encoding either wild-type or mu-
tant forms of DUSPS5. Following transfection, cells were exposed to an appro-
priate activating stimulus (serum for ERK2 or anisomycin for JNK1 and p38a),
followed by lysis, immunoprecipitation, and assays of kinase activities exactly as
described previously (14).

Protein expression and purification. pET15b-derived expression vectors en-
coding His-tagged wild-type and mutant forms of DUSP5 were transformed into
Escherichia coli strain BLR(DE3) by using standard techniques. Following ex-
pression, proteins were purified by using nickel-agarose resin (Ni**-nitrilotriace-
tate; Qiagen) according to the manufacturer’s instructions. Protein-containing
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fractions were pooled and dialyzed overnight at 4°C against a buffer containing
50 mM HEPES (pH 7.5), 200 mM KClI, 200 pM dithiothreitol, and 20% glycerol.

Protein phosphatase assays. Phosphatase activities and catalytic activation of
wild-type and mutant forms of DUSP5 were assayed by using para-nitrophenyl
phosphate (p-NPP) hydrolysis exactly as described previously (12).

GST pull-down assays and coimmunoprecipitation. Glutathione-Sepharose
4B beads (Amersham Pharmacia Biotech) were blocked by incubation for 3 h in
buffer A (20 mM HEPES [pH 7.6], 1 mM EDTA, 1 mM dithiothreitol, 15%
[vol/vol] glycerol, 100 mM potassium acetate, 0.1% [vol/vol] Triton X-100, 0.01%
[vol/vol] NP-40) containing 2 mg of bovine serum albumin (BSA)/ml. Recombi-
nant GST or GST-ERK2 (0.5 ng) was immobilized on 25 ul of settled beads by
incubation with gentle agitation at 4°C for 2 h. Beads were washed three times
with buffer A containing 0.75 mg of BSA/ml and incubated with either wild-type
or mutant DUSP5 (0.2 pg) with gentle agitation at 4°C for 1 h. Following incu-
bation, beads were washed five times with buffer A containing 0.75 mg of
BSA/ml, and 25 pl of sodium dodecyl sulfate (SDS) sample buffer was added.
Samples were heated to 95°C for 5 min, and 20 pl of supernatant was analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting with
an anti-DUSPS5 antibody. Coimmunoprecipitation of Myc-tagged DUSP5 and
MKP-1/DUSP6 with endogenous MAP kinase was performed exactly as de-
scribed previously (20).

Fluorescence microscopy. The subcellular localizations of GFP and red fluo-
rescent protein (RFP) fusions in Cos-1 and NIH 3T3 cells were determined
exactly as described previously (24). For immunofluorescence, Cos-1 cells were
fixed for 10 min at —20°C with methanol, followed by acetone permeabilization
for 3 min at —20°C. Coverslips were blocked by incubation with 10% horse serum
and 1% BSA in Tris-buffered saline for 1 h. Cells were incubated with primary
antibodies (anti-Myc, 1/1,000; anti-ERK, 1/1,000; or anti-phospho-ERK, 1/500)
overnight at 4°C. Secondary antibodies—goat anti-mouse fluorescein isothiocya-
nate conjugated (1/1,000; Sigma) or goat anti-rabbit Texas Red conjugated (1/
1,000; Vector Laboratories, Inc.)—were left on cells for 1 h. Fluorescence was
observed by using an Olympus BX-60 microscope with the appropriate excitation
and emission filters. At least 200 cells from each transfection were examined and
scored for the subcellular localizations of the relevant proteins. Staining patterns
were entirely consistent with the representative cells photographed.

Cell fractionation. NIH 3T3 cells in a 10-cm-diameter dish were serum starved
overnight and then stimulated with 15% serum for 2 h to induce DUSPS5 expres-
sion. Cytoplasmic and nuclear fractions were prepared by using NE-PER nuclear
and cytoplasmic extraction reagents (Pierce). A total of 10 pg of fractionated
protein lysate was separated by PAGE and analyzed by Western blotting.

Cell culture and transfection and reporter assays. Cos-1 and NIH 3T3 cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and with newborn calf serum (both from Gibco BRL),
respectively, penicillin (100 U/ml), and streptomycin (100 wg/ml). Cells were
transfected by using FuGENE-6 (Roche Diagnostics) according to the manufac-
turer’s instructions. Reporter gene assays for the detection of luciferase activities
were performed by using a dual-luciferase reporter assay system (Promega).

RESULTS

DUSPS5 interacts specifically and directly with ERK1 and
ERK2. A yeast two-hybrid assay was used to determine the
ability of DUSPS to interact with a panel of nine distinct
mitogen- and stress-activated MAP kinase isoforms. Binding
was determined by the activation of GAL4-dependent ADE2-
HIS3-lacZ reporters. Activation of HIS3 and ADE2 was as-
sessed by growth on synthetic dropout medium deficient for
histidine and adenine, respectively, while the strength of inter-
actions was assessed by P-galactosidase assays. Full-length
wild-type DUSP5 interacted specifically with the classical ERK1
and ERK2 MAP kinases (Fig. 1A and B). In contrast, only a
very weak interaction was detected with JNKI1, while no sig-
nificant interaction was seen with ERK3, ERKS, ERK?7, p38a,
p38y, or p383 (Fig. 1A and B). Western blot analysis with
GAL4-specific antibodies verified the expression of DUSP5
and each of the MAP kinase fusion proteins used in the screen
(data not shown). The interaction between DUSP5 and ERK2
was direct, as we could readily detect the binding of either
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FIG. 1. DUSPS interacts specifically and directly with the ERK1 and
ERK2 MAP kinases. (A) Yeast two-hybrid assays. pGBKT7.DUSP5
was transformed into PJ69-4A and mated with PJ69-4a expressing the
GALA4 activation domain (AD) fusions pGADT7.ERK1, pGADT7.
ERK2, pGADT7.ERK3, pGADT7.ERKS, pPGADT7.ERK7, pGADT?7.
JNKI1, pGADT7.p38y, and pGADT7.p385. p38a was expressed in PJ69-
2A as a GAL4 binding domain (BD) fusion (pGBKT7.p38a) and
mated with pPGADT7.DUSPS that had been transformed into PJ69-4c.
Yeast diploids expressing both BD and AD fusions were selected on
synthetic dropout (SD) medium deficient for leucine (Leu) and tryp-
tophan (Trp) (SD—Leu/=Trp). Leu- and Trp-positive colonies were
restreaked onto SD—Leu/—Trp/—His/—Ade, and protein-protein in-
teractions were assessed by growth on this selective medium. (B) Semi-
quantitative analysis of the two-hybrid interactions based on the level
of induction of the p-galactosidase gene. Assays were performed in
triplicate, and means are presented with associated errors. (C) To show
that interactions between DUSP5 and ERK2 are direct, either GST
alone (lanes 1 and 2) or GST-ERK2 (lanes 3 and 4) was mixed with
purified recombinant wild-type (lanes 1 and 3) or mutant (D232N)
DUSPS (lanes 2 and 4), and protein complexes were pulled down with
glutathione-agarose. Protein complexes then were analyzed by SDS-
PAGE and Western blotting with anti-DUSPS5 antiserum.

purified wild-type DUSPS5 or a catalytically inactive mutant of
DUSPS to ERK2 in a GST pull-down assay (Fig. 1C). We
conclude that unlike the closely related nuclear phosphatase
MKP-1/DUSP1, which interacts with both mitogen- and stress-
activated MAP kinase isoforms (39), DUSPS is highly selective
in binding to the ERK1 and ERK2 MAP kinases. This binding
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specificity is reminiscent of that of the cytosolic ERK-specific
phosphatase MKP-3/DUSP6 (20, 32).

DUSPS5 is an ERK-specific phosphatase in vivo. Since DUSP5
exhibits restricted abilities to interact with various MAP kinase
isoforms, we set out to determine whether this property re-
flects the substrate selectivity of this phosphatase in vivo. Cos-1
cells were cotransfected with plasmids encoding Myc epitope-
tagged wild-type DUSP5 and HA epitope-tagged ERK2, JNKI1,
or p38a. Transfected cells then were exposed to an appropriate
stimulus to induce MAP kinase activation, either serum (ERK2)
or anisomycin (JNKI1 and p38a). Finally, MAP kinases were
immunoprecipitated with anti-HA monoclonal antibody 12CAS
and assayed directly for kinase activity toward an appropriate
substrate, either myelin basic protein (ERK2 and p38a) or ATF2
(JNK1). The expression of DUSP5 led to the complete inacti-
vation of ERK2, even at the lowest levels (0.25 to 0.5 pg of in-
put DNA) of DUSPS5 expressed (Fig. 2A). In contrast, at equiv-
alent expression levels, DUSPS reduced the activities of JNK1
by approximately 30 to 40% and p38a by only 15 to 40%. Fur-
thermore, significant levels of both JNK1 and p38a activities
were detected even at the highest levels of DUSPS5 expressed
(Fig. 2B and C). We conclude that in contrast to other induc-
ible nuclear MKPs, such as MKP-1/DUSP1, MKP-2/DUSP4,
and PAC1/DUSP2, DUSPS is highly selective in its ability to
bind to and inactivate the ERK2 MAP kinase in vivo.

Identification of a functional KIM within the amino-termi-
nal noncatalytic domain of DUSP5. A CD site within MAP ki-
nases is responsible for mediating interactions with activators,
substrates, and regulators of these enzymes (41). The cognate
MAP kinase docking site within the dual-specificity MKPs
MKP-1/DUSP1, MKP-2/DUSP4, and MKP-3/DUSP6 is a clus-
ter of positively charged amino acids located within the amino-
terminal noncatalytic domain of these proteins and lying im-
mediately adjacent to a region of sequence homology with the
cell cycle regulatory phosphatase Cdc25 (8, 33, 39). Based on
sequence comparisons with MKP-1/DUSP1 and MKP-3/DUSP6,
we predict that arginine residues 53 and 54 may be involved in
MAP kinase recognition by DUSP5 (Fig. 3A). Arginine resi-
dues 53 and 54 were replaced with alanine, either singly or in
combination, and the abilities of these mutants to bind to ERK2
were compared with those of both wild-type and catalytically
inactive forms of DUSPS in yeast two-hybrid assays (Fig. 3B
and C). Mutation of either or both arginine residues abolished
the ability of DUSPS to interact with ERK2. In contrast, mu-
tation of key catalytic residues (C263S or D232N), which led to
the loss of enzyme activity, had no effect on ERK2 binding.

We next performed cotransfection experiments in which
Myc-tagged wild-type or mutant (R53,54A) DUSP5 was ex-
pressed together with HA-tagged ERK2. Following activation
of the MAP kinase by the addition of serum, the phosphory-
lation state of ERK2 was monitored by immunoprecipitation
with anti-HA monoclonal antibody 12CAS5 and Western blot-
ting with an antibody that specifically recognizes phosphory-
lated ERK1 or ERK2. Wild-type DUSPS5 efficiently dephos-
phorylated ERK2. In contrast, the mutant protein was unable
to dephosphorylate the MAP kinase even when expressed at
the highest levels (Fig. 4A and B). Finally, it is formally pos-
sible that the loss of function observed in both of our yeast
two-hybrid assays and the cotransfection experiments was due
to gross disruption of the tertiary structure of DUSP5. To
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FIG. 2. DUSP5 specifically inactivates ERK2 in vivo. (A) Cos-1
cells were transfected with HA-tagged ERK2 (0.5 pg) together with
the indicated amount of plasmid encoding Myc-tagged DUSPS5. Cells
then were stimulated with serum before lysis, immunoprecipitation, and a
kinase assay with myelin basic protein (MBP) as a substrate (bottom
panel). Kinase activities were quantitated by using a PhosphorImager
and are expressed here as percentages of the activity in stimulated cells
in the absence of transfected DUSP5. Immunoblotting was performed
with anti-HA (top panel) and anti-Myc (middle panel) antibodies to
verify the expression of ERK2 and DUSPS, respectively. (B) Cos-1 cells
were transfected with HA-tagged JNKI1 together with the indicated
amount of plasmid encoding Myc-tagged DUSPS. Cells then were stim-
ulated with anisomycin before lysis, immunoprecipitation, and a kinase
assay with ATF2 as a substrate (bottom panel). Kinase activities were
quantitated by using a PhosphorImager and are expressed here as
percentages of the activity in stimulated cells in the absence of trans-
fected DUSPS5. Immunoblotting was performed with anti-HA (top panel)
and anti-Myc (middle panel) antibodies to verify the expression of JNK1
and DUSPS, respectively. (C) Cos-1 cells were transfected with HA-
tagged p38a together with the indicated amount of plasmid encoding
Myc-tagged DUSPS. Cells then were stimulated with anisomycin before
lysis, immunoprecipitation, and a kinase assay with MBP as a substrate
(bottom panel). Kinase activities were quantitated by using a Phos-
phorImager and are expressed here as percentages of the activity in
stimulated cells in the absence of transfected DUSPS. Immunoblotting
was performed with anti-HA (top panel) and anti-Myc (middle panel)
antibodies to verify the expression of p38a and DUSPS5, respectively.



1834 MANDL ET AL.

A

MoL. CELL. BIOL.

HUMAN MKP-3 ERLLLMDCRPQELYESSHIESAINVAIPGIMLRRLQKG

HUMAN MKP-1

AQCLLLDCRSFFAFNAGHIAGSVNVRFSTIVRRR-AKG

HUMAN DUSP5 ARCVVLDCRPYLAFAASNVRGSLNVNLNSVVLRR-ARG

C

WT

C263S
D232N
R53A
R53,54A
R54A

10

20 30 40 50
p-galactosidase activity

FIG. 3. A conserved KIM within the amino-terminal noncatalytic domain of DUSP5 mediates specific binding to ERK2. (A) Alignment of
sequences within the amino-terminal noncatalytic domains of MKP-3/DUSP6, MKP-1/DUSP1, and DUSPS5. Conserved residues within the Cdc25
homology domain (overlined) are shown in bold type, and conserved arginine residues within the KIM are shaded. (B) Yeast two-hybrid assays.
Either wild-type (WT) pGBKT7.DUSPS5 or the indicated mutants were transformed into PJ69-4A and mated with PJ69-4« expressing pPGADT?7.
ERK?2. Yeast diploids expressing both binding domain and activation domain fusions were selected on SD—Leu/—Trp (see the legend to Fig. 1
for an explanation of the medium). Leu- and Trp-positive colonies were restreaked onto SD—Leu/—Trp/—His/—Ade, and protein-protein
interactions were assessed by growth on this selective medium. (C) Semiquantitative analysis of the two-hybrid interactions based on the level of
induction of the B-galactosidase gene. Assays were performed in triplicate, and means are presented with associated errors.

investigate this possibility, we expressed and purified both wild-
type and mutant (R53,54A) forms of DUSPS in E. coli and
assayed the intrinsic phosphatase activities of these proteins by
hydrolysis of p-NPP in vitro. The activities of these proteins
were identical, indicating that replacement of arginine residues
53 and 54 with alanine had no effect on the folding of DUSP5
(Fig. 4C). We conclude that the specific recognition and inac-
tivation of ERK2 by DUSP5 are mediated by a conserved
functional KIM located within the amino-terminal noncatalytic
domain of the protein.

Binding to ERK2 is not accompanied by the catalytic acti-
vation of DUSP5. The cytosolic ERK-specific phosphatase
MKP-3/DUSP6 exhibited catalytic activation on binding to
ERK2, as measured by a greatly increased ability to hydrolyze
p-NPP in vitro (6). Subsequent work showed that other dual-
specificity phosphatases were also activated on binding to
MAP kinases, including MKP-1/DUSP1, MKP-2/DUSP4,
MKP-X/DUSP7, and MKP-4/DUSP9 (8, 12, 14, 39). To deter-
mine whether DUSPS is also activated, we measured the hy-
drolysis of p-NPP by recombinant DUSPS both in the absence
and in the presence of recombinant ERK2 (Fig. 5A). It was
clear that the activity of DUSPS5 was unaffected by the addition
of ERK2 to the reaction mixture. In contrast, the activity of
recombinant MKP-3/DUSP6 was greatly increased in the pres-
ence of recombinant ERK2 when incubated under identical
conditions (Fig. 5B). From these experiments, it was also clear
that the basal activity of DUSPS in the absence of ERK2 was
much greater than that of MKP-3/DUSP6 and actually ex-
ceeded the activity of the latter enzyme when fully activated.

Structural and biochemical studies revealed that the catalytic
activation of MKP-3/DUSP6 is mediated by an ERK-induced

conformational change which results in the movement of a
conserved general acid residue (aspartic acid residue 262) into
a more favorable conformation to participate in catalysis (37,
40, 50). To determine the role of this general acid in DUSPS,
the corresponding residue (aspartic acid residue 232) was
mutated to asparagine, and the activity of the mutant was
compared with those of both wild-type DUSP5 and the cor-
responding forms of MKP-3/DUSP6. Mutation of this residue
abolished the basal activity of DUSPS5, reducing it to a level
comparable to that of MKP-3/DUSP6 in the absence of ERK2,
i.e., in a conformation in which aspartic acid plays no role in
catalysis (Fig. 5C). However, it did not affect the ability of
DUSPS to interact with ERK2 either in vitro or in vivo (Fig. 1C
and 3C and D). In contrast, the role of the general acid in
MKP-3 was manifested only in the presence of ERK2 (Fig.
5C). We conclude that the general acid residue in DUSPS is
already in an optimal conformation for catalysis in the basal
(unbound) state. Therefore, in contrast to that of MKP-3/
DUSP6, the substrate selectivity of DUSPS is determined
solely by specific recognition of and interaction with ERK2.
DUSP5 contains a functional NLS. DUSP5, like MKP-1/
DUSP1, MKP-2/DUSP4, and PAC-1/DUSP2, is a nuclear pro-
tein when expressed in mammalian cells (28). However, noth-
ing is known about the mechanisms governing the subcellular
distribution of nuclear MKPs or its physiological significance.
To study this distribution further, we constructed an expression
vector in which DUSPS was expressed as an amino-terminal
fusion with GFP. Like MKP-3/DUSP6 fused to GFP (15),
DUSPS5-GFP is active and readily dephosphorylates ERK2
when expressed in mammalian cells (data not shown). We then
compared the localization of the fusion protein with that of
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FIG. 4. The KIM is essential for the dephosphorylation of ERK2
by DUSPS in vivo. (A) Cos-1 cells were transfected with HA-tagged
ERK?2 (0.5 pg) together with the indicated amount of plasmid encod-
ing Myc-tagged DUSPS5. Cells then were stimulated with serum before
lysis, immunoprecipitation, and detection of phosphorylated ERK2
(P-ERK2) by Western blotting (bottom panel). Immunoblotting was
performed with anti-HA (middle panel) and anti-Myc (top panel)
antibodies to verify the expression of ERK2 and DUSPS, respectively.
(B) Cos-1 cells were transfected with HA-tagged ERK2 (0.5 pg) to-
gether with the indicated amount of plasmid encoding Myc-tagged
DUSP5 R53,54A. Cells then were stimulated with serum before lysis,
immunoprecipitation, and detection of phosphorylated ERK2 by West-
ern blotting (bottom panel). Immunoblotting was performed with anti-
HA (middle panel) and anti-Myc (top panel) antibodies to verify the ex-
pression of ERK2 and DUSPS5, respectively. (C) Mutation of the KIM
does not affect the intrinsic phosphatase activity of DUSPS. Time-
dependent hydrolysis of p-NPP by either wild-type (m) or mutant ((J)
DUSPS was monitored by measuring the change in the optical density
(O.D.) at 405 nm. Mean values with associated errors are presented.

GFP alone when expressed in Cos-1 cells. Unlike GFP, which
was found in both the nucleus and the cytoplasm of expressing
cells, DUSP5-GFP was localized exclusively in the nucleus
(Fig. 6A and C). Identical results were obtained when these
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proteins were expressed in HeLLa and NIH 3T3 cells (data not
shown). To be certain that the subcellular distribution of the
DUSPS5-GFP fusion accurately reflected that of the endoge-
nous protein, we performed cell fractionation studies. Endog-
enous DUSPS could be readily detected in serum-stimulated
NIH 3T3 cells and, like the DUSP5-GFP fusion, was found
exclusively in the nuclear fraction (Fig. 6B). We conclude that
the localization of the DUSP5-GFP fusion mirrors that of
endogenous DUSPS, indicating that this system constitutes an
appropriate model system for studying the mechanisms deter-
mining the subcellular localization of this protein.

To identify which domain of DUSP5 might be responsible
for nuclear localization, we expressed either the amino-termi-
nal noncatalytic domain (residues 1 to 193) or the carboxyl-
terminal catalytic domain (residues 194 to 384; DUSP5 AN-
GFP) fused to GFP. While the carboxyl-terminal domain of
DUSPS5 was present in both the nucleus and the cytoplasm of
expressing cells, the amino-terminal domain of DUSP5 was
sufficient to drive GFP into the cell nucleus (Fig. 6A and C).
Furthermore, additional truncations of the amino terminus
clearly showed that the first 61 amino acids of DUSP5 are
sufficient for the nuclear targeting of GFP (Fig. 6A and C).

Examination of the sequence of DUSPS indicates that the
first 61 residues of the protein contain both a lysine- and
arginine-rich sequence (residues 9 to 22) and the two arginine
residues (residues 53 and 54) previously identified as the func-
tional KIM (Fig. 7A). We first introduced mutations into the
amino terminus of DUSPS5 by replacing arginine residues 12
and 16 and lysine residues 13 and 17 with glycine and alanine,
respectively (DUSPS5 1-61 NLS-GFP). This mutant was dis-
tributed in both the nucleus and the cytoplasm, indicating that
the lysine- and arginine-rich motif constitutes a functional NLS
(Fig. 7B). Because GFP alone was found in both the nuclear
and the cytoplasmic compartments in Cos-1 cells (Fig. 6A), we
wanted to be certain that the localization pattern for DUSPS
was not influenced by its fusion partner. To this end, we ex-
pressed full-length DUSPS5 tagged at the carboxyl terminus
with a single copy of the Myc epitope tag. This protein, just like
the DUSP5-GFP fusion, was found in the nucleus in 100% of
expressing cells (Fig. 7C and D). Furthermore, mutation of the
putative NLS within this protein (DUSP5 NLS-Myc) caused a
profound change in the localization of DUSPS, with 80% of
expressing cells showing staining in both the cytoplasm and
the nucleus (Fig. 7C and D). Finally, mutation of the KIM
(DUSPS5 R53,54A-Myc) did not have a profound influence on
the localization of DUSPS5, with 85% of expressing cells still
showing exclusively nuclear staining (Fig. 7C and D).

It is possible that the introduction of mutations into the
putative NLS caused the misfolding of DUSPS5 and that this,
rather than interference with a bona fide NLS function, pre-
vented the nuclear entry of DUSPS5. To examine this possibil-
ity, we used a yeast two-hybrid assay to determine whether
these mutations interfere with the ability of DUSPS to interact
with ERK2. We found that the NLS mutant bound its substrate
kinase as strongly as the wild-type protein (Fig. 8A and B). In
addition, the intrinsic phosphatase activity of the NLS mutant
was comparable to that of the wild-type protein in vitro (data
not shown). Finally, cotransfection experiments demonstrated
that the NLS mutant of DUSP5 could dephosphorylate an
RFP-ERK?2 fusion as efficiently as the wild-type protein (Fig.
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FIG. 5. DUSPS does not undergo catalytic activation on incubation with recombinant ERK2, and the conserved general acid residue is fully
engaged in catalysis in the absence of substrate. (A) Time-dependent hydrolysis of p-NPP by 2.5 g of DUSPS5 either in the absence (m) or in the
presence ((J) of 10 wg of ERK2 was monitored by measuring the change in the optical density (O.D.) at 405 nm. (B) Time-dependent hydrolysis
of p-NPP by 2.5 pg of MKP-3 either in the absence (m) or in the presence ([J) of 10 pg of ERK2 was monitored by measuring the change in the
optical density at 405 nm. (C) Mutation of the conserved general acid (Asp232) abolishes the basal phosphatase activity of DUSPS5, while mutation
of the corresponding residue in MKP-3 abolishes only its ERK2-dependent phosphatase activity. Recombinant DUSPS, DUSP5 D232N, MKP-3,
or MKP-3 D262N (5 ng) was incubated for 1 h either in the absence or in the presence of 10 pg of ERK2. WT, wild type. Hydrolysis of p-NPP
was monitored by measuring the change in the optical density at 405 nm. Assays were performed in triplicate, and means are presented with

associated errors.

8C). We conclude that the arginine- and lysine-rich motif (res-
idues 9 to 22 of DUSPS) constitutes a bona fide NLS and that
this sequence functions independently of the KIM to drive the
nuclear localization of DUSPS.

DUSPS5 acts as a specific nuclear anchor for ERK2. The
activation of ERK2 in response to a variety of stimuli is ac-
companied by the nuclear translocation of the kinase; this
translocation is due, at least in part, to phosphorylation of the
regulatory T-X-Y motif (26, 31). Thus, the expression of ERK-
specific phosphatase MKP-3/DUSP6 prevents both the phos-
phorylation and the nuclear translocation of ERK2 (3, 20). To
study the effects of DUSPS5 expression on the localization of
MAP kinases, we constructed expression vectors encoding
RFP fused to ERK2, p38, or JNK1. When expressed in NIH
3T3 cells, all three MAP kinases were found in both the nu-
cleus and the cytoplasm (Fig. 9A).

We next examined the effect of coexpressing DUSPS-GFP
with each of these MAP kinases. The coexpression of DUSPS

had no effect on the localization of either p38 or JNK. How-
ever, to our surprise, rather than preventing the nuclear trans-
location of ERK2, the expression of DUSPS caused inactive
(dephosphorylated) ERK2 to be relocalized to the nucleus in
every cell in which the two proteins were coexpressed (Fig.
9B). Furthermore, ERK2 translocation did not occur either
when the KIM within DUSP5 was mutated or when a seven-
maker mutant of ERK2 with an amino acid substitution within
the CD motif (D319N) was coexpressed with wild-type DUSP5
(Fig. 9C).

Finally, to ensure that the nuclear accumulation of RFP-
ERK2 was not an artifact associated with the use of the RFP
fusion partner, we expressed Myc-tagged DUSPS in Cos-1 cells
and examined the localization of endogenous ERK2. ERK2
was predominantly cytoplasmic in cells that did not express
DUSPS; in contrast, endogenous ERK2 was found exclusively
in the nucleus in cells expressing this phosphatase (Fig. 9D).

To examine the role of the NLS in the ability of DUSPS to
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FIG. 6. The amino-terminal noncatalytic domain of DUSPS is both necessary and sufficient for the nuclear localization of DUSPS5. (A) Cos-1
cells were transfected with an expression vector encoding either GFP alone or the indicated DUSP5-GFP fusion, and the subcellular distribution
of GFP was determined by fluorescence microscopy. Experiments were performed at least three times, and representative images are shown.
(B) NIH 3T3 cells either were left untreated or were serum stimulated and then subjected to subcellular fractionation. Fractions (C, cytoplasmic
fraction; N, nuclear fraction) were analyzed by Western blotting with a DUSP5-specific antibody (top panel). Antibodies to MEK (middle panel)
and UBF (bottom panel) were used to verify the efficient fractionation of cytoplasmic and nuclear proteins, respectively. (C) Schematic summary
of the results from panel A, indicating the localization of the GFP fusions analyzed (N, nuclear; N/C, nuclear and cytoplasmic).

cause the nuclear translocation of ERK2, Myc-tagged DUSP5
(wild type or NLS mutant) was cotransfected with RFP-ERK2
into Cos-1 cells. Just as in NIH 3T3 cells, the expression of
wild-type DUSP5 caused the nuclear translocation of RFP-
ERK?2 (Fig. 10A). However, the NLS mutant of DUSP5 failed
to cause the nuclear translocation of ERK2. We conclude that
a specific interaction between ERK2 and DUSPS5 is required
for the abilities of DUSPS to inactivate and anchor ERK2 within
the nucleus and that the nuclear translocation of DUSPS in
complex with ERK2 is driven by the functional NLS within
DUSPs.

The nuclear phosphatase MKP-1/DUSP1 is unable to cause
the nuclear accumulation of ERK2. Based on the observation
that new protein synthesis is required for the nuclear seques-
tration of inactive ERK2 and the demonstration that peptides
which can compete with endogenous proteins for binding to
the CD site of ERK2 prevented the nuclear anchoring of the
kinase, the inducible phosphatases MKP-1/DUSP1 and MKP-
2/DUSP4 were identified as likely nuclear anchors for ERK2
(30, 47). We previously demonstrated that MKP-1/DUSP1
binds to and inactivates ERK2 but, like MKP-2/DUSP4, is also
capable of interacting with and inactivating both JNK and p38
MAP kinases (39). To determine whether the ability to anchor
ERK?2 in the nucleus is a general property of the inducible

nuclear MKPs, we coexpressed Myc epitope-tagged wild-type
MKP-1/DUSP1 and RFP-ERK2 in Cos-1 cells. As previously
reported, MKP-1/DUSP1 was localized exclusively in the nu-
cleus in Cos-1 cells. However, unlike that of DUSPS5, the ex-
pression of MKP-1/DUSP1 had no effect on the localization of
ERK?2 in these cells (Fig. 10B). One possible explanation for
this result is that despite the ability of MKP-1/DUSpl to rec-
ognize and dephosphorylate ERK2, the strength of the inter-
action between the two proteins might be insufficient for nu-
clear anchoring. To examine this possibility, we used yeast
two-hybrid assays to determine the relative strengths of bind-
ing of MKP-1/DUSP1 and DUSPS5 to ERK2 (Fig. 10C). This
analysis clearly showed that the interaction between DUSPS5
and ERK2 was significantly stronger (=5- to 6-fold) than that
between MKP-1/DUSP1 and ERK2. Finally, we expressed
Myc-tagged DUSP5 or MKP-1/DUSP1 in Cos-1 cells and, fol-
lowing immunoprecipitation, analyzed these phosphatases by
Western blotting with an anti-ERK1 or -ERK2 antibody. In
agreement with the data from the yeast two-hybrid assays, we
readily detected endogenous MAP kinases in DUSP5 immu-
noprecipitates, while these proteins were present at much
lower levels in immunoprecipitates from cells transfected with
Myc-tagged MKP-1/DUSP1 (Fig. 10D). We conclude that
DUSPS is highly specific in its ability to sequester ERK2 but
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FIG. 7. Identification of a functional NLS within the amino terminus of DUSPS5. (A) Amino acid sequence of the first 61 residues of DUSP5.
Mutations introduced into the putative arginine- and lysine-rich NLS and the conserved arginine residues of the KIM are indicated by arrows.
(B) Mutation of the putative NLS within the DUSP5 1-61 NLS-GFP fusion prevents nuclear localization. (C) Myc-tagged wild-type DUSPS is a
nuclear protein, and mutation of the NLS but not the KIM prevents the nuclear accumulation of DUSPS. (D) The distribution of Myc-tagged
proteins in at least 200 expressing cells for each transfection in panel C was recorded and is presented graphically as the percentage of cells in which
fluorescence either was predominantly nuclear (N) or was found in both the nucleus and the cytoplasm (N/C). Experiments were performed at least
three times, and representative images and cell counting results are shown.

not JNKI1 or p38a in the cell nucleus and that it may be unique
among the inducible dual-specificity MKPs in performing this
function.

An inactive mutant of DUSPS5 can sequester activated, func-
tional ERK2 in the nucleus. A catalytically inactive mutant of
the dual-specificity phosphatase MKP-3/DUSP6 can anchor
ERK2 in the cytoplasm (3, 24). To examine the effects of
expressing a catatytically inactive mutant of DUSP5 on ERK2
localization and activity, we coexpressed RFP-ERK2 with a
fusion of GFP to DUSP5 in which the essential catalytic cys-
teine residue was mutated to a serine residue (C263S). Like
the wild-type protein, the mutant protein also caused the com-
plete relocalization of ERK2 to the nucleus (Fig. 11A).
However, in contrast to what was seen in cells expressing the
wild-type form of DUSPS, this nuclear ERK2 was readily phos-
phorylated in response to epidermal growth factor (Fig. 11B).
As a control, we expressed the PEA-15 protein, which acts as

a cytoplasmic anchor for ERK2 (16). In contrast to DUSP5
C263S, PEA-15 restricted both ERK2 and phospho-ERK2 to
the cytoplasm (Fig. 11A and B). To determine whether ERK2
tethered in the nucleus by DUSP5 C263S was functional, we
used a nuclear GAL4-EIk-1 fusion protein, the ERK2-depen-
dent phosphorylation and activation of which can be assayed by
using a GAL4-dependent luciferase reporter. As expected,
wild-type DUSPS, which potently inactivates ERK2, readily
blocked GAL4-EIk-1 transcriptional activation in response to
the treatment of cells with epidermal growth factor. In addi-
tion, PEA-15, which restricts the nuclear entry of activated
ERK?2, also blocked this response. In contrast, DUSP5 C263S
did not prevent epidermal growth factor-stimulated Elk-1-de-
pendent transcription. We conclude that ERK2 sequestered in
the cell nucleus by this inactive form of DUSP5 has ready
access to both its upstream activator MEK and downstream
nuclear substrates exemplified by transcription factor Elk-1.
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FIG. 8. Mutation of the NLS within DUSPS5 does not affect the ability of DUSPS5 to either interact with or dephosphorylate ERK2. (A) Yeast
two-hybrid assays. Either wild-type (WT) pGBKT7.DUSPS or the indicated mutants were transformed into PJ69-4A and mated with PJ69-4a
expressing pGADT7.ERK2. Yeast diploids expressing both binding domain and activation domain fusions were selected on SD—Leu/—Trp (see
the legend to Fig. 1 for an explanation of the medium). Leu- and Trp-positive colonies were restreaked onto SD—Leu/—Trp/—His/—Ade, and
protein-protein interactions were assessed by growth on this selective medium. (B) Semiquantitative analysis of the two-hybrid interactions based
on the level of induction of the B-galactosidase gene. Assays were performed in triplicate, and means are presented with associated errors. (C)
Cos-1 cells were transfected with ERK2 fused to RFP together with increasing amounts of a plasmid encoding either Myc-tagged wild-type DUSP5
or the NLS mutant. Cells then were stimulated with serum before lysis and detection of phosphorylated ERK2 (ERK2-P) by Western blotting
(bottom panel). Immunoblotting was performed with anti-Myc (top panel) and anti-ERK2 (middle panel) antibodies to verify the expression of

DUSPS5 and RFP-ERK2, respectively.

DISCUSSION

The inducible nuclear MKPs comprise a subfamily of four
related enzymes, MKP-1/DUSP1, MKP-2/DUSP4, PAC-1/
DUSP2, and DUSP5. All are encoded by immediate-early
genes, which are also inducible by various forms of cellular
stress (5, 25, 43). Of these enzymes, MKP-1/DUSP1, MKP-2/
DUSP4, and PAC-1/DUSP2 are characterized by the abilities
to interact with and inactivate all three major classes of MAP
kinases in mammalian cells, showing activities toward ERK1,
ERK2, JNK, and p38 (8, 10, 39). This apparent promiscuity has
led to the suggestion that their specificity in vivo is dictated
mainly by access to substrate (43). In contrast, relatively little
is known about DUSPS5. This MKP was originally characterized
as a serum- and heat shock-inducible phosphatase which could
inactivate ERK2 in vitro (22, 28). More recently, DUSP5 was
found to be inducible by interleukin 2 in T cells and to be a
direct transcriptional target of the p53 tumor suppressor (27,
46). However, the substrate selectivity, mechanism of catalysis,
and significance of the nuclear localization of DUSPS remain
unexplored.

Here we demonstrate that, in contrast to the other members
of this MKP subfamily, DUSP5 is an ERK-specific phospha-
tase in vivo. DUSPS5 can thus be regarded as a nuclear equiv-
alent of the cytoplasmic ERK-specific phosphatase MKP-3/

DUSP6. Like MKP-3/DUSP6, DUSPS5 specifically recognizes
and binds to ERK2 via a conserved KIM located within the
amino-terminal noncatalytic domain of the protein. However,
unlike the situation for MKP-3/DUSP6, binding to ERK2 does
not increase the catalytic activity of DUSPS in vitro. Further-
more, mutation of the conserved general acid residue in DUSP5
(D232N) demonstrates that, even in the absence of bound
substrate, this residue is already in an optimal conformation
for catalysis. Previous work had indicated that specific binding
to MAP kinase coupled with catalytic activation was a general
mechanism underlying the substrate selectivity of mammalian
MKPs (6, 14, 39). However, possible indications of discordance
between in vivo activity and catalytic activation were reported
previously. For instance, MKP-5/DUSP10, which selectively
inactivates stress-activated MAP kinases, does not appear to
be activated on incubation with either p38 or JNK in vitro (42),
and the nuclear phosphatase MKP-2/DUSP4 interacts strongly
with p38 MAP kinase, but its activity is not increased on incu-
bation with this MAP kinase (8). Our results clearly indicate
that for DUSPS, the recognition and inactivation of ERK2
require only a specific protein-protein interaction with its MAP
kinase substrate and that this binding occurs without any con-
comitant change in the conformation of catalytic residues. Why
certain phosphatases, such as MKP-3/DUSP6, undergo cata-
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FIG. 9. Expression of DUSPS5 causes the specific nuclear translocation of both RFP-ERK2 and endogenous ERK2. (A) NIH 3T3 cells were
transfected with an expression plasmid encoding RFP-ERK2, p38-RFP, or RFP-JNK, and the subcellular distribution of RFP was determined by
fluorescence microscopy. (B) NIH 3T3 cells were cotransfected with wild-type DUSP5-GFP and RFP-ERK2, p38-RFP, or RFP-JNK, and the
subcellular distributions of both GFP and RFP were determined by fluorescence microscopy. (C) NIH 3T3 cells were cotransfected with either
DUSPS R53,54A-GFP and RFP-ERK?2 or wild-type DUSP5-GFP and RFP-ERK2 D319N (sevenmaker mutant), and the subcellular distributions
of both GFP and RFP were determined by fluorescence microscopy. (D) Cos-1 cells were transfected with Myc-tagged DUSP5, and the subcellular
distributions of DUSP5 and endogenous ERK were monitored by immunofluorescence with anti-Myc and anti-ERK antibodies, respectively.
Experiments were performed at least three times, and representative images are shown.
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FIG. 10. (A) The nuclear accumulation of ERK2 is driven by the functional NLS within DUSP5. Cos-1 cells were cotransfected with either
Myc-tagged wild-type DUSPS and RFP-ERK?2 or the NLS mutant of DUSP5 and RFP-ERK?2, and the subcellular distributions of DUSP5 and RFP
were determined by immunofluorescence with anti-Myc antibodies and by fluorescence microscopy, respectively. (B) The expression of the related
nuclear phosphatase MKP-1 does not cause the nuclear accumulation of ERK2. Cos-1 cells were either transfected with Myc-tagged MKP-1
or cotransfected with Myc-tagged MKP-1 and RFP-ERK2, and the subcellular distributions of MKP-1 and RFP were determined by immuno-
fluorescence with anti-Myc antibodies and by fluorescence microscopy, respectively. (C) Yeast two-hybrid assays. Either pGBKT7.DUSPS or
pGBKT7.MKP-1 was transformed into PJ69-4A and mated with PJ69-4a expressing pPGADT7.ERK2. Semiquantitative analysis of these interac-
tions was based on the level of induction of the B-galactosidase gene. Assays were performed in triplicate, and means are presented with associated
errors. (D) DUSPS interacts with endogenous MAP kinase in Cos-1 cells. Cells were transfected with an expression vector encoding either Myc-
tagged DUSP5 or MKP-1. At 24 h after transfection, cells were lysed, and phosphatases were immunoprecipitated with anti-Myc monoclonal
antibody 9E10. MAP kinase was detected in these immunoprecipitates by Western blotting with an anti-MAP kinase antibody (top panel). Cell
lysates also were analyzed by Western blotting with anti-Myc monoclonal antibody 9E10 to verify the expression of both DUSP5 and MKP-1
(bottom panel).
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transfected with a catalytically inactive mutant of DUSP5 (DUSP5 C/S-GFP) and HA-tagged ERK2. At 24 h after transfection, cells either were
left untreated or were stimulated with EGF (0.1 pg/ml) for 15 min. As a control, the ERK2 cytoplasmic anchoring protein GFP-PEA-15 was
cotransfected with HA-tagged ERK2. The subcellular distributions of unphosphorylated ERK2 and GFP (A) and of phosphorylated ERK2 and
GFP (B) were determined by immunofluorescence with anti-ERK2 and anti-phosphorylated ERK2 antibodies and by fluorescence microscopy,
respectively. (C) Endogenous ERK2, retained in the nucleus by DUSPS, can phosphorylate Elk-1 and activate an Elk-1-dependent transcriptional
reporter in response to EGF. Cos-1 cells were cotransfected with empty vector (control), wild-type DUSPS, catalytically inactive DUSP5 C/S, or
PEA-15 together with the GAL4-dependent reporter plasmid G5E4Luc and plasmid MLVGALELK, which encodes the GAL4 DNA binding
domain fused to Elk-1. pRL-TK, which encodes Renilla luciferase, was included in each transfection as a control. At 24 h after transfection, cells
either were left untreated or were stimulated for 4 h with EGF (0.1 pg/ml). GAL4-dependent luciferase activity was monitored by using a
Luminometer, and Elk-1-mediated expression levels were determined by correcting for transfection efficiency with the Renilla control. Experiments
were performed at least three times, and the results of a representative experiment are shown. Luciferase assays were performed in triplicate, and
means are presented with associated errors.

1842



VoL. 25, 2005

NUCLEAR ANCHORING OF ERK2 BY DUSP5 1843

C
Control__' 1 .
DUSP5
DUSP5 C/S 1 .
Il Control
PEA15 O EGF

5 10

15 20 25 30 35

G5E4Luc activity

FIG. 11—Continued.

lytic activation, whereas others do not, is unclear, but our
experiments provide a mechanistic explanation for the lack of
any such requirement for DUSPS.

The molecular mechanism underlying the nuclear localiza-
tion of MKPs and its physiological significance have not yet
been addressed. We have demonstrated that an arginine- and
lysine-rich sequence located within the amino-terminal non-
catalytic domain of DUSPS constitutes a bona fide NLS. In
addition, we have shown that this NLS functions independently
of the conserved KIM, which is also located in this domain of
DUSPS5. We recently reported the identification of a functional
leucine-rich NES within the corresponding domain of the cy-
toplasmic ERK-specific phosphatase MKP-3/DUSP6, which
mediates the CRM1-dependent nuclear export of this protein
(24). Our results serve to emphasize the importance of the
amino-terminal noncatalytic domain of MKPs as a regulatory
region which is responsible for determining both the substrate
selectivity and the subcellular localization of these key regula-
tors of MAP kinase signaling.

The existence of nuclear anchors for MAP kinase was in-
ferred from the observations that inhibitors of protein synthe-
sis can both prevent the nuclear accumulation of ERK2 and
accelerate the nuclear efflux of MAP kinase. Furthermore, the
inhibition of targeted proteolysis by the proteasome both po-
tentiated the nuclear retention of MAP kinase in response to
nonmitogenic agonists and markedly prolonged the nuclear
localization of MAP kinase after mitogenic stimulation. Taken
together, these observations suggest that the de novo synthesis
of short-lived proteins plays a key role in the nuclear anchoring
and retention of MAP kinase (30). Subsequent work further
defined these putative anchors by showing that the MAP ki-
nase which accumulated in the nucleus was in the inactive form
and that inactivation was mediated by a vanadate-sensitive
(tyrosine-specific or dual-specificity) protein phosphatase. Fur-
thermore, this enzyme(s) was newly synthesized in response to
MAP kinase activation and interacted with MAP kinase via the
CD site (47). Based on these properties, the inducible nuclear
phosphatases MKP-1/DUSP1 and MKP-2/DUSP6 were sug-
gested to both inactivate and anchor ERK2 in the nucleus (36,
47). However, although MKP-1/DUSP1 and MKP-2/DUSP4
are possible candidates, both proteins also interact with and
inactivate the stress-activated MAP kinases JNK and p38 (8,
10, 39), and it is difficult to envisage how they might fulfill a

specific role with respect to ERK2. Moreover, the inactivation
of the MKP-1/DUSP1 gene does not modify the time course of
ERKI1 or ERK2 MAP kinase activation (13).

The specificity of DUSPS5 for the inactivation of ERK1 or
ERK2 coupled with its nuclear localization prompted us to
examine the effects of DUSPS5 on the activity and localization
of its substrate. To our surprise, the expression of DUSP5
resulted in both the specific inactivation and the nuclear trans-
location of ERK2. Furthermore, the nuclear translocation of
ERK?2 was dependent on both the KIM within DUSPS5 and the
conserved CD site of ERK2, while the nuclear import of the
DUSPS5-ERK2 complex required the functional NLS within
DUSPS5. DUSPS therefore fulfills several of the key criteria for
a specific nuclear anchor for ERK2. (i) It is synthesized in
response to growth factors. (ii) It is a nuclear protein. (iii) It
interacts with ERK2 via a specific docking domain. (iv) It is a
vanadate-sensitive phosphatase. Our observation that the ex-
pression of DUSPS causes the specific nuclear translocation of
ERK2 while the expression of MKP-1/DUSP1 does not strong-
ly suggests that in addition to its role in the regulated dephos-
phorylation and inactivation of ERK2, DUSPS acts as an an-
chor to retain inactive ERK2 in the cell nucleus.

The prevailing model for the spatial-temporal regulation of
ERK2 MAP kinase is based on the ability of MEK to anchor
ERK2 in the cytoplasm in resting cells. On activation, this
complex is thought to dissociate, with ERK2 now free to enter
the nucleus, where its activity can be expressed toward nuclear
substrates (1). Once the phosphorylation of nuclear targets has
occurred, the nucleus is proposed to be the critical site for
mitogenic signal termination through a combination of de-
phosphorylation of ERK2 and sequestration of ERK2 away
from MEK, its cytoplasmic activator (1, 35, 47). Our data
strongly suggest that DUSPS may fulfill the latter function.
Although this model is supported by many experimental ob-
servations, it is still unclear whether MEK activity is absolutely
restricted to the cytoplasm. The fact that MEK contains an
NES suggests that it must reside within the nuclear compart-
ment at some point. Furthermore, experiments in which the
NES within MEK was disrupted by mutation revealed that
MEK is translocated into the nucleus either in response to
growth factor stimulation or during G,-M progression (23, 44).

To examine the ability of MEK to function within the nu-
clear compartment, we expressed an inactive mutant of DUSP5.
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Like wild-type DUSPS, this protein acts to retain inactive ERK2
in the nucleus. However, on stimulation by epidermal growth
factor, this nuclear ERK?2 is readily phosphorylated, as visual-
ized by immunofluorescence with anti-phosphorylated ERK2
antibodies. In addition, nuclear ERK2 tethered by DUSPS can
phosphorylate and activate a nuclear target in the form of
transcription factor Elk-1. Overall, our results demonstrate
that activated MEK can phosphorylate and activate ERK2,
even when it is located in the cell nucleus. In addition, despite
the occupancy of the CD site of ERK2 by DUSPS, ERK2 can
readily access a downstream substrate such as Elk-1. This latter
finding is surprising, as it had been assumed that prior occu-
pancy of the docking site by a protein such as DUSP5 would
block the access of ERK2 to both MEK and substrates such as
Elk-1 (41). This view was reinforced by biochemical experi-
ments in which MEK, MKPs, and transcription factor Elk-1
were shown to compete for binding to the same region of
ERK?2 in vitro (2). However, one paradox has always been that
an ERK2 CD site mutant (sevenmaker mutant; D319N) exhib-
its a gain of function (4) and, while this mutation severely
affects interactions between ERK2 and MKPs such as DUSP5,
the MAP kinase itself is still activated in response to physio-
logical stimuli and is clearly able to express its activity toward
downstream substrates. Our results strongly suggest either that
additional protein-protein interactions can mediate both the
docking of activated MEK and the recognition of Elk-1 by
ERK2 or that a dynamic exchange of both regulatory and
substrate proteins bound to ERK2 facilitates multiple interac-
tions through the CD site.

In conclusion, we have identified DUSP5 as an inducible
nuclear ERK-specific MKP in mammalian cells. Furthermore,
we have determined the molecular mechanisms which underlie
its substrate specificity, catalytic mechanisms, and nuclear lo-
calization. In addition, we have provided compelling evidence
that DUSPS performs a dual role in inactivating ERK2 and in
acting as a nuclear anchor for this kinase. Finally, the use of a
catalytically inactive mutant to anchor ERK2 in the nucleus
reveals that MEK function is not restricted to the cytoplasmic
compartment and that the occupancy of the ERK2 CD site by
DUSPS5 is no barrier to an interaction with either activated
MEK or transcription factor Elk-1.
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