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We have isolated a mouse cDNA for a novel dual-specificity phos-
phatase designated LDP-3 (low-molecular-mass dual-specificity
phosphatase 3). The 450 bp open reading frame encodes a pro-
tein of 150 amino acids with a predicted molecular mass of
16 kDa. Northern blot and reverse transcription–PCR analyses
show that LDP-3 transcripts are expressed in almost all mouse tis-
sues examined. In vitro analyses using several substrates and
inhibitors indicate that LDP-3 possesses intrinsic dual-specificity
phosphatase activity. When expressed in mammalian cells, LDP-3
protein is localized mainly to the apical submembrane area.
Forced expression of LDP-3 does not alter activation of ERK

(extracellular-signal-regulated kinase), but rather enhances activ-
ation of JNK (c-Jun N-terminal kinase) and p38 and their re-
spective upstream kinases MKK4 (mitogen-activated protein
kinase kinase 4) and MKK6 in cells treated with 0.4 M sorbitol.
By screening with a variety of stimuli, we found that LDP-3
specifically enhances the osmotic stress-induced activation of
JNK and p38.

Key words: dual-specificity phosphatase, c-Jun N-terminal kinase
(JNK), mitogen-activated protein kinase (MAPK), osmotic stress,
p38.

INTRODUCTION

Reversible phosphorylation of tyrosine residues in proteins plays
a critical role in regulating cellular responses such as growth,
differentiation, metabolism, migration and malignant transform-
ation [1]. Protein tyrosine phosphorylation is controlled through
the co-ordinate actions of protein tyrosine kinases and PTPs
(protein tyrosine phosphatases). The PTP family can be sub-
divided into two broad categories: (i) classical phosphotyrosine-
specific enzymes, and (ii) DSPs (dual-specificity phosphatases),
which dephosphorylate Ser/Thr as well as Tyr residues. The
DSPs, which preserve the general catalytic mechanism of classical
PTPs but display differences in the architecture of the active site,
are thought to be involved in important signalling events, ranging
from the control of MAPKs (mitogen-activated protein kinases) in
cell proliferation to the regulation of cyclin-dependent kinases
in the cell cycle. The DSP family includes: (i) MKPs (MAPK
phosphatases), which negatively regulate MAPKs, (ii) members
of the CDC25 family, which are positive regulators of G1/S and
G2/M cell cycle transitions [2], (iii) members of the CDC14
family, which are indispensable for exit from mitosis [3], and
(iv) other small DSPs whose function is currently unknown.

Activation of MAPK cascades plays a key role in transducing
various extracellular signals to the nucleus. Three distinct MAPK
families comprise ERK (extracellular signal-regulated kinase),
JNK (c-Jun N-terminal kinase) and p38. The ERK pathway is
activated by growth and differentiation factors, cell adhesion,

phorbol esters and some oncogenes. The JNK and p38 pathways
are activated by pro-inflammatory cytokines and a variety of en-
vironmental stresses, such as heat shock, UV light, irradiation,
and osmotic and oxidative stresses. For full activation of these
MAPKs, phosphorylation of both threonine and tyrosine residues
in TXY (Thr-Xaa-Tyr) motifs found in the activation loop is re-
quired by dual-specificity kinases, which are members of the
MKK (MAPK kinase) family. MEK1 (MAPK/ERK kinase 1)
and MEK2 are specific kinases for ERK, MKK4 and MKK7 are
specific for JNK, and MKK3 and MKK6 are kinases for p38 [4].

Negative regulation of MAPKs is achieved by dephosphoryla-
tion of the TXY motif by phosphatases, such as MKPs. MKPs are
composed primarily of two domains, the DSP catalytic domain
and the rhodanese domain, which is responsible for substrate bind-
ing and enables MKPs to specifically target individual MAPKs
[5]. It has been shown that small DSPs also negatively regulate
MAPK activation. For example, VHR (VH1-related) is a small
DSP that binds to and dephosphorylates ERK [6,7]. In intact T
lymphocytes, JNK as well as ERK are reported to be VHR sub-
strates [8]. We have shown subsequently that VHR dephosphoryl-
ates p38 as well as ERK and JNK [9]. LDP-2 (low-molecular-mass
dual-specificity phosphatase-2)/SKRP1 (stress-activated protein
kinase pathway-regulating phosphatase 1) was identified as a
negative regulator of JNK [9,10], and LMW-DSP2 (‘low-mol-
ecular-weight DSP2’) was shown to regulate JNK and p38 [11].
We recently characterized the interaction of MKP-7 with MAPKs
and demonstrated that there are two MAPK-docking domains
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in MKP-7 [12]. One is in the rhodanese domain, as reported
previously [13], and the other is in the DSP catalytic domain [12].
The latter is characterized by a conserved LxL motif followed
by a cluster of hydrophobic residues. Of interest is that the latter
MAPK-docking domain is also found in small DSPs [12]. These
results strongly suggest that not only MKPs, but also small DSPs,
are important regulators of MAPKs.

In the present study, we have isolated and characterized a
novel small DSP, named LDP-3. LDP-3 exhibits DSP activity
in vitro. However, LDP-3 enhances the activation of JNK and p38
stimulated by several osmotic stresses induced by sorbitol, man-
nitol, glucose or glycine. We also found that activation of
MKK4 and MKK6, which are upstream kinases of JNK and p38
respectively, was enhanced by LDP-3. These data suggested that
LDP-3 functions as an enhancer of osmotic stress.

MATERIALS AND METHODS

Isolation and determination of the nucleotide sequences of novel
DSP cDNAs

Using nucleotide sequences conserved in DSPs, we screened the
expressed-sequence-tag database, dbEST, to identify novel DSPs.
A human cDNA clone (accession no. AA159215) and a mouse
cDNA clone (accession no. AA048085) were identified encoding
the catalytic site motif VXVHCXXGXXRXXTXXXXYL, which
is conserved in the DSP family. These clones exhibit fairly high
sequence similarity to each other. Both clones were obtained
from Research Genetics, Inc. (Huntsville, AL, U.S.A.), and their
nucleotide sequences were determined.

Bacterial expression of recombinant proteins

For bacterial expression of LDP-3 as a GST (glutathione S-trans-
ferase)-fusion protein, PCR was performed using the primers 5′-
ATGAATTCGATGGGCGTGCAGCCCCCCAAC-3′ (primer 1;
underlining indicates the EcoRI site) and 5′-ATGTCGACTGG-
TAGAAGGGTACTAAGG-3′ (primer 2; underlining indicates the
SalI site). The PCR product was digested with EcoRI and SalI and
subcloned into the corresponding sites of pGEX-6P-3 (Amersham
Biosciences, Piscataway, NJ, U.S.A.). Expression and purification
of the GST-fusion protein was performed as described previously
[14].

Mammalian expression vectors

The mammalian expression vectors pSRα-HA-ERK2, pSRα-HA-
JNK1, pMT3-HA-p38α, pFLAG-VHR, pFLAG-MKP-2 and
pFLAG-MKP-5 have been described previously [15]. To construct
pHA-MKK4KR and pHA-MKK6KA, cDNAs of MKK4(K129R)
and MKK6(K82A) respectively were inserted in-frame into
pcDNA3HA, which contains a triple HA (haemagglutinin) tag. To
construct pFLAG-LDP-3, pFLAG-LDP-3CS, and pFLAG-LDP-
3DA, cDNAs of LDP-3, LDP-3(C95S) and LDP-3(D65A) re-
spectively were inserted in-frame into the pFLAG-CMV2 vector
(Sigma, Bucks, Switzerland). In vitro mutagenesis was performed
using a standard PCR-based method, and all PCR-amplified
cDNA fragments were confirmed by sequencing.

Northern blot analysis

Total RNA from various mouse tissues was isolated by acid guani-
dinium thiocyanate extraction [16]. Poly(A)+ RNA was purified
from total RNA using an OligotexTM dT30 (Super) mRNA puri-
fication kit (TaKaRa Bio Inc., Shiga, Japan). A portion of 3 µg

of poly(A)+ RNA was fractionated on a formaldehyde/1 % (w/v)-
agarose gel and transferred to nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). Hybridization with a
32P-labelled fragment of the coding region from mouse LDP-3
cDNA and mouse β-actin cDNA [14] was performed at 42 ◦C
in the presence of 50 % (v/v) formamide, 0.65 M NaCl, 5 mM
EDTA, 1 × Denhardt’s solution, 10 % (w/v) dextran sulphate,
0.1 M Pipes, pH 6.8, 0.1 % SDS and 100 µg/ml denatured
salmon sperm DNA. The membranes were washed twice with 2 ×
SSC (1 × SSC is 0.15 M NaCl/0.015 M sodium citrate) contain-
ing 0.1 % SDS at room temperature for 5 min, and then
washed twice with 0.1 × SSC containing 0.1 % SDS at 50 ◦C
for 15 min each. Signals on the filters were then visualized using
a bioimaging analyser FLA-3000G (Fuji Photo Film Co. Ltd,
Tokyo, Japan).

PCR analysis

cDNA was synthesized utilizing an anchored oligo(dT) primer
using SuperScript II (Invitrogen Corp., Carlsbad, CA, U.S.A.).
PCR amplification of LDP-3 was performed using the pri-
mers 5′-TTGTCCAATAGGAGTCAGAGGG-3′ and 5′-GCA-
GAGTAGGAAAGGCCAGCC-3′. As a control, PCR amplifica-
tion of β-actin was performed as described previously [17].

Phosphatase assay

Preparation of the substrate was performed as described previ-
ously [14]. A phosphatase assay using pNPP (p-nitrophenyl phos-
phate) as substrate was performed in 200 µl of assay buffer
containing 100 mM sodium acetate, pH 5.0, 1.6 mM dithio-
threitol, 10 mM pNPP and enzyme at 30 ◦C for 10 min. Reactions
were terminated by the addition of 500 µl of 0.5 M NaOH, and
the absorbance at 410 nm was measured. An assay using phos-
phorylated MBP (myelin basic protein) was performed in 30 µl
of assay buffer containing 50 mM imidazole, pH 7.5, 0.1 %
2-mercaptoethanol, GST–LDP-3 and 15 µl of either Ser/Thr(P)-
MBP or Tyr(P)-MBP at 30 ◦C for 10 min. Reactions were ter-
minated and released 32P was measured as previously described
[14].

Cell culture and transient transfection

COS-7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium containing 10 % (v/v) fetal bovine serum at 37 ◦C under 5 %
CO2. Cells were co-transfected with pFLAG-LDP-3, pFLAG-
LDP-3CS, pFLAG-LDP-3DA, pFLAG-VHR, pFLAG-MKP-2
or pFLAG-MKP-5 together with pSRα-HA-ERK2, pSRα-HA-
JNK1, pMT3-HA-p38α, pcDNA-HA-MKK4KR or pcDNA-
HA-MKK6KA using Fugene-6 (Roche Diagnostics, Mannheim,
Germany). For ERK activation, at 18 h after transfection cells
were maintained without serum for 18 h and then stimulated with
50 ng/ml EGF (epidermal growth factor) for 15 min or 0.4 M
sorbitol for 30 min. For activation of JNK and p38, cells were
stimulated 36 h after transfection with one of the following:
0.4 M sorbitol for 30 min, 50 µM H2O2 for 30 min, 25 J/m2

UV-C, heat shock at 42 ◦C for 30 min, 100 ng/ml TNF-α (tumour
necrosis factor-α) for 30 min, 0.4 M mannitol for 30 min, 0.4 M
glucose for 30 min or 0.4 M glycine for 30 min.

Detection of expressed proteins

Transfected cells were lysed in MAPK lysis buffer, as described
previously [9]. Cell lysates were centrifuged at 20000 g for
10 min, and the resulting supernatants were used as cell extracts.
Each sample was separated by SDS/PAGE and then transferred
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Figure 1 Predicted amino acid sequences of human and mouse LDP-3

(A) Alignment of amino acid sequences of mouse LDP-3 (mLDP-3) and human LDP-3 (hLDP-3). (B) Alignment of the amino acid sequence of human LDP-3 (LDP-3) with those of other DSPs.
Conserved Asp, Cys and Arg residues in the catalytic centre are boxed. Asterisks denote amino acid identity and dots denote amino acid similarity.

to a nitrocellulose membrane. The phosphorylation status of
HA–MAPKs and HA–MAPKKs (MAPK kinases) was monitored
with anti-ACTIVE JNK (Promega, Madison, WI, U.S.A.), anti-
phospho-p38 (Cell Signaling Technology, Beverly, MA, U.S.A.)
or anti-phospho-ERK (Cell Signaling Technology) antibody,
and anti-phospho-MKK4 (Cell Signaling Technology) or anti-
phospho-MKK3/6 (Cell Signaling Technology) antibody, fol-
lowed by horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
U.S.A.). The expression levels of HA-tagged kinases and FLAG-
tagged phosphatases were monitored with anti-HA monoclonal
antibody (12CA5; Roche Diagnostics) and anti-FLAG M2
monoclonal antibody (Sigma) respectively. Signals were detected
by enhanced chemiluminescence using the ECL® reagent
(Amersham Biosciences).

In vitro kinase assay

To assess the kinase activity of epitope-tagged JNK and p38,
in vitro kinase assays were performed as described previously
[18].

Cell staining

COS-7 cells were cultured on coverslips treated with VITROGEN
100 (COHESION, Palo Alto, CA, U.S.A.) diluted 30-fold.
Cells transfected with FLAG–LDP-3 and cultured for 36 h were
fixed in PBS containing 3.7% (v/v) formaldehyde for 10 min,
permeabilized with PBS containing 0.25% Triton X-100 for
10 min, and then washed three times with PBS. After blocking
with 3% (w/v) BSA in PBS for 2 h at room temperature,
cells were incubated with anti-FLAG M2 antibody (Sigma) in

PBS containing 3% BSA overnight at 4 ◦C and washed three
times with PBS, followed by incubation with Alexa488-conju-
gated anti-rabbit IgG secondary antibody (Chemicon) in PBS
containing 3% BSA for 30 min at 37 ◦C. After three washes with
PBS, coverslips were mounted with 90% (v/v) glycerol in PBS.
For staining of nuclei, transfected cells were treated with 500 ng/
ml RNase A for 30 min after permeabilization, followed by stain-
ing with 500 ng/ml propidium iodide for 30 min at 37 ◦C. Fluor-
escence was visualized under a fluorescence confocal microscope
(Olympus). Sequential slices were taken at 0.2 µm depth incre-
ments along the optical Z-axis. Three-dimensional images were
reconstructed with X–Y stacks of images.

RESULTS

Identification and characterization of a novel DSP, LDP-3

We searched the human dbEST database (National Center for Bio-
technology Information EST database) with a conserved nucleo-
tide sequence derived from the DSP active-site domain and
identified one clone, AA159215, which contains sequences en-
coding a novel DSP. This clone was sequenced and contained a
450 bp open reading frame with an in-frame termination codon
upstream of the initiation ATG. This cDNA encoded a small pep-
tide containing the catalytic-site motif VXVHCXXGXXRXXT-
XXXXYL, which is conserved in the DSP family. Since pre-
viously isolated small DSPs were designated LDP-1 and LDP-2,
we named this novel DSP LDP-3. The mouse LDP-3 orthologue
was identified after searching the mouse dbEST database. The
amino acid sequences of human and mouse LDP-3 are shown in
Figure 1(A). Comparison of these sequences shows an amino acid
identity of 95%, with seven of 150 amino acids differing. The
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Figure 2 Phosphatase activity of recombinant LDP-3

The phosphatase activity of GST-LDP-3 in the presence (�) or absence (�) of 1 mM vanadate
was determined. Shown is the dose-dependent dephosphorylation of 10 mM pNPP (A), 15 µM
Tyr(P)-MBP (B) and 15 µM Ser/Thr(P)-MBP (C) by increasing amounts GST–LDP-3. Data
shown are the means from duplicate experiments.

region between residues 69 and 114 contains the catalytic motif
and is completely conserved between mouse and human (Fig-
ure 1A). Recently we reported that there are two MAPK-docking
domains in MKPs, one in the rhodanese domain and the other
in the catalytic domain [12]. The latter has a conserved LxL
motif between Pro and Gly, followed by a hydrophobic domain.
The sequences of the catalytic domains of small DSPs and those
of MKPs were compared (Figure 1B), and the LxL motif was
present in LDP-1, LDP-2, VHR and JSP-1 (JNK stimulatory phos-
phatase-1). By contrast, LDP-3 does not exhibit the corresponding
LxL motif, although Pro and Gly residues following the hydro-
phobic region are present. Such structural differences suggest that
LDP-3 has a unique function in the MAPK pathway.

Figure 3 Expression of LDP-3 mRNA in mouse tissues

(A) Poly(A)+ RNAs (3 µg) obtained from several mouse tissues were separated on a 1 %
(w/v) agarose gel, transferred to a nitrocellulose membrane, and hybridized with a 32P-labelled
mouse LDP-3 cDNA. The membrane was reprobed with 32P-labelled β-actin cDNA. (B) Reverse
transcription (RT)–PCR amplification was carried out using specific primer sets for LDP-3 and
β-actin.

To determine if LDP-3 possesses phosphatase activity, recombi-
nant LDP-3 was produced as a fusion protein with GST in bac-
teria and purified. GST–LDP-3 was utilized in a phosphatase
assay using pNPP as a substrate (Figure 2A). Recombinant LDP-3
dephosphorylated pNPP with a specific activity of 5.3 nmol/µg,
depending on the amount of enzyme added. GST alone did not de-
phosphorylate pNPP (results not shown). Sodium vanadate
(1 mM), a specific inhibitor of PTPs, completely inhibited the
phosphatase actvity of LDP-3 towards pNPP. Recombinant
LDP-3 dephosphorylated both Tyr(P)-MBP and Ser/Thr(P)-MBP,
with specific activities of 11 pmol/µg and 0.0073 pmol/µg re-
spectively. Sodium vanadate (1 mM) inhibited LDP-3 activity
towards both Tyr(P)-MBP and Ser/Thr(P)-MBP (Figures 2B and
2C), while 1 µM okadaic acid or 40 µM Microcystin LR, an in-
hibitor of protein phosphatases 2A and 1, did not (results not
shown). These data indicate that LDP-3 exhibits the biochemical
activity of a DSP.

The expression of LDP-3 mRNA in various tissues from adult
mouse (5 weeks postnatal) was determined by Northern blot. As
shown in Figure 3(A), a 1.6 kb transcript was detected in heart,
liver, spleen and testis. Since expression of LDP-3 mRNA in
other organs appeared low, its expression was further examined
by reverse transcription–PCR. LDP-3 transcripts were amplified
not only in heart, liver, spleen and testis, but also in other organs
examined (Figure 3B). Therefore we conclude that LDP-3 is ex-
pressed in most tissues, but is more abundant in heart, liver, spleen
and testis.

To determine the subcellular localization of LDP-3, COS-7
cells were transiently transfected with pFLAG-LDP-3 and stained
using an anti-FLAG antibody. Examination of single cells (Fig-
ure 4, top) showed that FLAG–LDP-3 staining was localized to
the cytoplasm but not to the nucleus or perinuclear area (Figure 4,
middle). X–Z cross-sections indicated that FLAG–LDP-3 was
distributed in an apical submembrane area rather than through-
out the cytoplasm (Figure 4, bottom).

LDP-3 enhances the activation of JNK and p38 in COS-7 cells

We next asked whether LDP-3 has phosphatase activity towards
MAPKs. To address this question, we determined the effects
of FLAG–LDP-3 on the activation of HA–JNK1 by sorbitol
(Figure 5A), on HA–p38α activation by sorbitol (Figure 5B), on
HA–ERK2 activation by EGF (Figure 5C) and on HA–ERK2 ac-
tivation by sorbitol (Figure 5D). Co-transfection of pFLAG-VHR,
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Figure 4 Subcellular localization of FLAG–LDP-3

COS-7 cells were transfected with 1.5 µg of pFLAG-LDP-3 and cultured for 36 h. Cells were
stained with anti-FLAG M2 antibody, followed by Alexa488-conjugated anti-mouse IgG and
propidium iodide. The top panel shows a differential interference contrast image. The middle
panel shows confocal microscopy of FLAG–LDP-3 stained with anti-FLAG M2 antibody, followed
by Alexa488-conjugated anti-mouse IgG and propidium iodide. The bottom panel shows an
X–Z cross-section.

pFLAG-MKP-2 and pFLAG-MKP-5 decreased the phosphoryl-
ation levels of HA–MAPKs (Figures 5A–5D, lanes 8–10), as has
been reported [19,20]. By contrast, under the same conditions co-
transfection of pFLAG-LDP-3 enhanced the levels of phosphoryl-
ation of HA–JNK1 and HA–p38α induced by sorbitol (Fig-
ures 5A and 5B, lane 7), but did not affect the phosphorylation
level of HA–ERK2 following activation by EGF or sorbitol
(Figures 5C and 5D, lane 7). Overexpression of FLAG–LDP-3
alone did not induce the phosphorylation of JNK and p38
(Figures 5A and 5B, lane 2). These observations suggest that
LDP-3 selectively up-regulates levels of phosphorylation of JNK
and p38 induced by sorbitol.

We next examined the effects of LDP-3 on JNK and p38
activities using an in vitro kinase assay. Enzyme activities of JNK
and p38 towards c-Jun and ATF2 (activating transcription factor 2)
were not detected in the absence of sorbitol, but were apparent
following sorbitol treatment (Figures 6A and 6B, lane 6). Whereas
VHR, MKP-2 and MKP-5 suppressed the activities of JNK
and p38, LDP-3 up-regulated the activities of both (Figures 6A
and 6B, lane 8). These results strongly suggest that LDP-3

Figure 5 Phosphorylation of JNK and p38 upon sorbitol treatment is
enhanced by LDP-3

COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 (A), pMT3-HA-p38α
(B) or pSRα-HA-ERK2 (C and D) together with 1.5 µg of pFLAG-CMV, pFLAG-LDP-3,
pFLAG-VHR, pFLAG-MKP-2 or pFLAG-MKP-5. After 36 h, transfected cells were stimulated
with 0.4 M sorbitol for 30 min (A, B and D) or 50 ng/ml EGF for 15 min (C). Phosphorylated
HA–JNK1, HA–p38α and HA–ERK2 were detected by anti-ACTIVE JNK, anti-phospho-p38α
and anti-phospho-ERK antibodies respectively. The expression levels of HA–MAPKs (HA–JNK1,
HA–p38α and HA–ERK2) and FLAG-tagged phosphatases (FLAG–LDP-3, FLAG–VHR,
FLAG–MKP-2 and FLAG–MKP-5) were assessed by immunoblot using anti-HA (12CA5) and
anti-FLAG M2 antibodies respectively.
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Figure 6 Activation of JNK and p38 upon sorbitol treatment is enhanced by
LDP-3

COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 (A) or pMT3-HA-p38α
(B) together with 1.5 µg of pFLAG-CMV, pFLAG-LDP-3, pFLAG-VHR, pFLAG-MKP-2 or
pFLAG-MKP-5. After 36 h, transfected cells were stimulated with 0.4 M sorbitol for 30 min.
The kinase activity of HA–JNK1 and HA–p38α was determined by an in vitro kinase assay
using GST–c-Jun (A) and GST–ATF2 (B) respectively as substrates. The expression levels
of HA–MAPKs (HA–ERK2, HA–JNK1 and HA–p38α) and FLAG-tagged phosphatases
(FLAG–LDP-3, FLAG–VHR, FLAG–MKP-2 and FLAG–MKP-5) were assessed by immunoblot
using anti-HA (12CA5) and anti-FLAG M2 antibodies respectively.

selectively enhances the phosphorylation and activation of
JNK and p38 following activation by sorbitol.

The dose dependency of FLAG–LDP-3 was also examined
(Figure 7). Co-transfection of 0.3 µg of pFLAG-LDP-3 expres-
sion plasmid enhanced the phosphorylation levels of HA–JNK1
and HA–p38α, and further enhancement was observed in a dose-
dependent manner up to 1.5 µg of plasmid (Figures 7A and 7B).
In contrast, FLAG–LDP-3 at the amounts indicated did not affect
the phosphorylation level of HA–ERK2 (Figure 7C).

Inactive LDP-3 enhances the activation of JNK and p38
in COS-7 cells

We then tested the effects of two inactive LDP-3 mutants, C95S
and D65A, on the phosphorylation state of JNK and p38 in cells
following stimulation by 0.4 M sorbitol (Figure 8). The phos-
phatase activities of the C95S and D65A mutants of LDP-3
expressed in COS-7 cells were determined using pNPP. Neither
mutant exhibited phosphatase activity in this assay (results not
shown). The expression levels of FLAG–LDP-3 wild type and
FLAG–LDP-3 C95S and D65A mutant proteins were similar.
Both mutant proteins enhanced phosphorylation of HA–JNK1
and HA–p38α to the same extent as did the wild-type protein.

LDP-3 enhances the activation of MKK4 and MKK6 in COS-7 cells

To determine whether hyperphosphorylation of JNK and p38
in the presence of LDP-3 is due to the activation of upstream

Figure 7 Dose-dependent effects of LDP-3 on JNK and p38 activation

COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 (A), pMT3-HA-p38α (B) or
pSRα-HA-ERK2 (C) together with 0.3, 0.6, 0.9, 1.2 or 1.5 µg of pFLAG-LDP-3. The total
amount of DNA in each transfection was adjusted to 1.5 µg with pFLAG-CMV. At 36 h after
transfection, cells were stimulated with 0.4 M sorbitol for 30 min (A and B) or 50 ng/ml EGF for
15 min (C). Phosphorylated HA–JNK1, HA–p38α and HA–ERK2 were detected by anti-ACTIVE
JNK, anti-phospho-p38α and anti-phospho-ERK antibodies respectively. The expression
levels of HA–MAPKs (HA–ERK2, HA–JNK1 and HA–p38α) and FLAG-tagged phosphatases
(FLAG–LDP-3, FLAG–VHR, FLAG–MKP-2 and FLAG–MKP-5) were assessed by immunoblot
using anti-HA (12CA5) and anti-FLAG M2 antibodies respectively.

Figure 8 Activation of JNK and p38 by inactive mutants of LDP-3

COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 (A) or pMT3-HA-p38α
(B) together with 1.5 µg of pFLAG-CMV, pFLAG-LDP-3, pFLAG-LDP-3CS or pFLAG-LDP-3DA.
After 36 h, cells were stimulated with 0.4 M sorbitol for 30 min. Phosphorylated HA–JNK1 and
HA–p38α were detected by anti-ACTIVE JNK and anti-phospho-p38 antibodies respectively.
The expression levels of HA–JNK1 and HA–p38α were determined by immunoblot with
anti-HA (12CA5) antibody. The expression levels of wild-type FLAG–LDP-3 (WT) and the
mutants FLAG–LDP-3CS (CS) and FLAG–LDP-3DA (DA) were determined by immunoblot with
anti-FLAG antibody.

kinases, we analysed the effects of LDP-3 on the phosphorylation
levels of MAPKKs (Figure 9). For this purpose, HA–MKK4KR
and HA–MKK6KA, both of which have a mutation at the ATP
binding site, were used. Forced expression of LDP-3 wild type and
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Figure 9 Effects of LDP-3 on MKK4 and MKK6 activation

COS-7 cells were co-transfected with 0.5 µg of pcDNA-HA-MKK4KR (A) or
pcDNA-HA-MKK6KA (B) together with 1.5 µg of pFLAG-CMV, pFLAG-LDP-3, pFLAG-LDP-3CS
or pFLAG-LDP-3DA. After 36 h, cells were stimulated with 0.4 M sorbitol for 30 min. Phosphory-
lated HA–MKK4KR and HA–MKK6KA were determined by immunoblot with phospho-SEK1/
MKK4 and phospho-MKK3/MKK6 antibodies respectively (SEK is stress-activated protein
kinase/ERK kinase). The expression levels of HA–MKK4KR and HA–MKK6KA were determined
by immunoblot with anti-HA antibody. The expression levels of FLAG-tagged wild-type LDP-3
(WT) and its CS and DA mutants were assessed by immunoblot using anti-FLAG antibody.

the C95S and D65A mutants enhanced phosphorylation levels of
HA–MKK4KR and HA–MKK6KA. Enhancement of MAPKK
activation by LDP-3 is similar to that seen with MAPKs, sug-
gesting that enhanced phosphorylation of JNK and p38 by LDP-3
results from the activity of their respective upstream kinases.

Specific enhancement by LDP-3 of osmotic stress-induced JNK and
p38 activation

We next asked whether LDP-3 enhances JNK activation when
cells are treated with other stimuli, including H2O2, UV-C, heat
shock and TNF-α. As shown in Figure 10(A), these external stim-
uli induced phosphorylation of HA–JNK1 to similar levels. Under
these conditions, LDP-3 showed an enhancing effect on JNK1
activation only when cells were treated with sorbitol (Figure 10A,
lane 4). Similar results were observed for p38α activation (results
not shown). We then analysed the effects of other osmotic stresses,
such as mannitol, glucose and glycine (Figure 10B). FLAG–
LDP-3 enhanced the activation of JNK1 induced by mannitol,
glucose or glycine as well as sorbitol. These results suggest that
enhancement of JNK1 and p38α activation by LDP-3 is specific
to osmotic stress.

Time course of the enhancement of JNK and MKK4 activation
by LDP-3

We examined the time courses of JNK1 and MKK4 activation
induced by 0.4 M sorbitol with or without LDP-3 (Figure 11). In
the absence of LDP-3, JNK1 activation reached a maximum level
within 15 min. By contrast, increased phosphorylation of JNK1 in
the presence of LDP-3 was observed after 15 min, and the value
continued to increase, reaching an approx. 10-fold increase at
45 min (Figure 11A). Similarly, phosphorylation of MKK4 in the
absence of LDP-3 reached a maximum level at 10 min, whereas
phosphorylation of MKK4 in the presence of LDP-3 continued
to increase, reaching an approx. 6.5-fold increase at 45 min (Fig-
ure 11B).

Figure 10 Enhancing effect of LDP-3 on JNK is selective for osmotic stress

(A) COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 together with 1.5 µg of
pFLAG-CMV (lanes 1, 3, 5, 7, 9 and 11) or pFLAG-LDP-3 (lanes 2, 4, 6, 8, 10 and 12). After
36 h of culture, cells were not treated (Cont.; lanes 1 and 2), or treated with 0.4 M sorbitol for
30 min (lanes 3 and 4), 50 µM H2O2 for 30 min (lanes 5 and 6), 25 J/m2 UV-C (lanes 7 and 8),
heat shock at 42 ◦C for 30 min (lanes 9 and 10) or 100 ng/ml TNF-α for 30 min (lanes 11 and
12). (B) COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 together with 1.5 µg
of pFLAG-CMV (lanes 1, 2, 4, 6 and 8) or pFLAG-LDP-3 (lanes 3, 5, 7 and 9). After culture for
36 h, cells were not treated (lane 1), or treated with 0.4 M sorbitol for 30 min (lanes 2 and 3),
0.4 M mannitol for 30 min (lanes 4 and 5), 0.4 M glucose for 30 min (lanes 6 and 7) or 0.4 M
glycine for 30 min (lanes 8 and 9). Phosphorylated HA–JNK1 was detected by anti-ACTIVE JNK
antibody. The expression levels of HA–JNK1 and FLAG–LDP-3 were assessed by immunoblot
using anti-HA and anti-FLAG antibodies respectively.

DISCUSSION

The present study demonstrates that LDP-3 is a novel member
of the small DSP family, which also contains VHR [6], LDP-1/
TMDP (testis- and skeletal-muscle-specific DSP). [14], LDP-2/
SKRP1/LMW-DSP3 [9,10,21], DUSP-18 [22], and JSP-1/VHX
(VHR-related MKPX)/LMW-DSP2 and its splice variant, JKAP
(JNK pathway-associated phosphatase) [11,23–25]. In vitro
characterization of the enzyme activity of bacterially expressed
LDP-3 revealed its preferential dephosphorylation of tyrosine
residues in proteins, as reported previously for LDP-2, DUSP-
18 and JSP-1 [9,21,23].

Some small DSPs have been shown to be involved in negative
regulation of the MAPK pathway [7–10]. However, the function
of one of these, JSP-1/VHX/LMW-DSP2/JKAP, in the MAPK
pathway remains controversial. VHX has been shown to possess
a higher dephosphorylation activity than VHR [24], and LMW-
DSP2 can dephosphorylate JNK and p38 in vitro and in vivo [11].
By contrast, overexpression of JKAP or JSP-1 results in activ-
ation of JNK in the absence of stimuli, but phosphatase-dead
mutants do not show such effects [23,25]. A deficiency of JKAP
abolishes JNK activation [25]. These results indicate that
JKAP/JSP-1 acts as a positive regulator of the JNK pathway and
that its phosphatase activity is required for this effect. On the other
hand, overexpression of SKRP1 activates the JNK pathway, but
its enzyme activity is not required for such an effect [26]. Co-
immunoprecipitation experiments suggest that SKRP1 positively
activates the JNK pathway, possibly as a scaffold protein, by
interacting with JNK2, MKK7 and ASK1 (apoptosis signal-regul-
ating kinase 1). In the present study, we showed that LDP-3 is a
positive regulator of the JNK and p38 kinase pathways. Since
JNK and p38 respond to a variety of cell stresses, we undertook
a detailed analysis of the specificity of LDP-3 function with
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Figure 11 Time courses of JNK and MKK4 activation in the presence or
absence of LDP-3 upon sorbitol stimulation

COS-7 cells were co-transfected with 0.5 µg of pSRα-HA-JNK1 (A) or pcDNA-HA-MKK4KR
(B) together with 1.5 µg of pFLAG-CMV or pFLAG-LDP-3. After 36 h of culture, cells were
treated with 0.4 M sorbitol and incubated for the indicated times. Phosphorylated HA–JNK1
and HA–MKK4KR were detected by anti-ACTIVE JNK and phospho-SEK1/MKK4 antibodies
respectively (SEK is stress-activated protein kinase/ERK kinase). The levels of expression of
HA–JNK1 and HA–MKK4KR were determined by immunoblot with anti-HA antibody. Expression
levels of FLAG–LDP-3 were assessed by immunoblot using anti-FLAG antibody. Signals were
detected with a Fuji LAS 1000 image analyser and quantified. The graph shows the relative
intensity of phosphorylated JNK and MKK4 in the absence (�) or presence (�) of LDP-3,
at various time points. Intensities relative to that seen in cells stimulated with 0.4 M sorbitol
for 30 min without forced expression of FLAG–LDP-3 are presented. Data are representative of
three independent experiments.

regard to JNK and p38 activation. Overexpression of LDP-3 in
the absence of stimuli did not induce activation of JNK or p38,
showing that overexpression of LDP-3 in itself does not constitute
a stress that induces JNK and p38 activation (Figures 5A and 5B).
However, overexpression of LDP-3 significantly enhanced the
phosphorylation of JNK and p38 induced by 0.4 M sorbitol,
mannitol, glucose or glycine (Figures 5A, 5B and 10B). Such an
enhancing effect of LDP-3 on the JNK and p38 pathways was not
observed when cells were treated with oxidative stress, heat shock,
UV irradiation or TNF-α (Figure 10B). Therefore we conclude

that LDP-3 is a specific enhancer of osmotic stress-induced JNK
and p38 activation.

Two potential mechanisms for how LDP-3 enhances activation
of the JNK pathway induced by osmotic stress are possible. One
is that LDP-3 functions as a scaffold protein, enabling efficient
MAPK activation driven by osmotic stress; the other is that
LDP-3 functions as an inhibitor of negative regulators of this path-
way. Observations derived from the time course experiment
(Figure 11) provide support for the latter mechanism. Since the
time course of MKK4 activation in the presence of LDP-3 is
similar to that of JNK1, target(s) of LDP-3 could be either
MAPKKs or targets upstream of MAPKKs. In the absence of
LDP-3, levels of activation of MKK4 were maximal at 10 min and
constant until 60 min, suggesting the activity at 10 min of a neg-
ative regulator that blocks the hyperactivation of MKK4. Interest-
ingly, LDP-3 did not enhance activation of MKK4 until
10 min, suggesting that LDP-3 does not amplify physiological
positive regulation. Enhancement was apparent only after 10 min,
suggesting that LDP-3 inhibits negative regulation upstream of
MKK4 by dephosphorylating unidentified protein(s). Figures 8
and 9 show that the C95S and D65A mutants of LDP-3 enhanced
the activation of JNK and p38 pathways in the same manner
as the wild-type protein. It has been reported that both C95S and
D65A mutants can function as substrate-trapping mutants [27,28],
and that misexpression of these mutants can promote the same
phenotypes as the wild-type protein in certain pathways [29,30].
Therefore it is likely that the C95S and D65A mutants of LDP-3
also inhibit the negative regulation of MAPKs induced by osmotic
stress by associating with a putative substrate(s). Alternatively, it
is possible that LDP-3 functions as a competitor of a negative
regulator(s). If this were the case, the phosphatase activity of
LDP-3 would not necessarily be essential.

Although the substrates of LDP-3 are not known, FLAG–LDP-3
was shown here to be cytoplasmic and localized predominantly in
the submembrane fraction. Recently it was reported that Rac,
MEKK3 (MEK kinase 3) and OSM (osmosensing scaffold
for MEKK3) localize to actin ruffles, and that osmotic stress is
transmitted to the MAPK cascade via Rac GTPases [31]. It is im-
portant, therefore, to determine whether LDP-3 interacts with this
signalling complex.
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