Catalytic Activation of the Phosphatase MKP-3

by ERK2 Mitogen-Activated Protein Kinase
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MAP kinase phosphatase-3 (MKP-3) dephosphorylates phosphotyrosine and phospho-
threonine and inactivates selectively ERK family mitogen-activated protein (MAP) ki-
nases. MKP-3 was activated by direct binding to purified ERK2. Activation was inde-
pendent of protein kinase activity and required binding of ERK2 to the noncatalytic
amino-terminus of MKP-3. Neither the gain-of-function Sevenmaker ERK2 mutant
D319N nor ¢c-Jun amino-terminal kinase-stress-activated protein kinase (JNK/SAPK) or
p38 MAP kinases bound MKP-3 or caused its catalytic activation. These kinases were
also resistant to enzymatic inactivation by MKP-3. Another homologous but nonselective
phosphatase, MKP-4, bound and was activated by ERK2, JNK/SAPK, and p38 MAP
kinases. Catalytic activation of MAP kinase phosphatases through substrate binding may
regulate MAP kinase activation by a large number of receptor systems.

Signal transduction pathways that lead to
activation of MAP kinases control many
diverse and essential functions in yeast,
worms, flies, and mammals. Extracellular sig-
nal-regulated kinase-1 (ERK1) and ERK2
exemplify one class of MAP kinase that un-
dergoes activation by a range of stimuli in-
cluding growth factors, cytokines, cell adhe-
sion, tumor-promoting photbol esters, and
oncogenes (1). Specific functions assigned to
ERK activity include chemotaxis, neuronal
differentiation, and synaptic changes under-
lying memory and leaming, as well as cellu-
lar mitogenesis and oncogenic transforma-
tion (1, 2).

Full activation of ERK requires phospho-
rylation of threonine and tyrosine residues by
a class of MAP kinase/ERK kinase (MEK)
exemplified by MEK-1 (1, 3). Conversely, an
emerging family of dual-specificity phospha-
tases that act on both phosphotyrosine and
phosphothreonine reverse this process and
also appear to be critical regulators of MAP
kinase activity. CL100/3CH134 or MAP ki-
nase phosphatase-1 (MKP-1) is the arche-
typal member of this gene family and has
high substrate specificity for MAP kinases
(4). Up to nine other mammalian dual-spec-
ificity phosphatases have been identified,
and several of these are under tight transcrip-
tional control and display distinct tissue,
cell, and subcellular expression patterns (5,
6). MKP-3 appears exceptional in that it
specifically inactivates ERK as compared
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with c-Jun NH,-terminal kinases/stress-acti-
vated protein kinases (JNK/SAPK) or p38
MAP kinases (7). We now show that ERK,
but not other MAP kinases, cause substrate-
triggered activation of MKP-3.

We purified various MKP-3 deletion
mutants expressed in Escherichia coli and
found that the NH,-terminal noncatalytic
domain (amino acids 1 to 221) binds tightly
to its target MAP kinases p44 ERK1 and
p42 ERK2 (8). Binding to purified ERK2
(9) stimulates p-nitrophenyl phosphate (p-
NPP) phosphatase activity of full-length
MKP-3 by up to 30-fold (Fig. 1A) (10).
Both glutathione-S-transferase  (GST)-
ERK2 and ERK2 caused similar activation
of either the fusion protein GST-MKP-3,
His-tagged MKP-3, or free MKP-3 (11).
Activation of MKP-3 was dose-dependent
and saturable with half-maximal effect de-
tected in the presence of 5 g (~0.5 uM)
of ERK2 (Fig. 1B). No increase in phospha-
tase activity was detected upon binding of
ERK2 to a catalytically inactive MKP3 mu-
tant in which Cys-293 is substituted by Ser
(C293S) (Fig. 2, A and B). Consistent with
ERK2 binding to MKP-3 through its NH,-
terminus (8), the purified MKP-3AN cata-
lytic core (residues 153 to 381) was insen-
sitive to enzymatic activation by ERK2 (Fig.
2C). Moreover, enzymatic activation of
full-length MKP-3 by ERK2 was inhibited
(half-maximal inhibition at ~ 1 puM) in the
presence of the purified noncatalytic NH,-
terminus of MKP-3 (MKP-3AC; amino ac-
ids 1 to 221) (Fig. 2D). Addition of the
catalytically  inactive MKP-3 mutant
C293S also inhibited ERK2-dependent ac-
tivation of wild-type (WT) MKP-3 (Fig.
2D). Because both MKP-3AC and MKP-3
C293S bind ERK2 tightly (8), this inhibi-
tion probably reflects competition for ERK2

binding to WT MKP-3.

To examine whether ERK2 enzymatic
activity is necessary for binding and cata-
lytic activation of MKP-3, we purified an
inactive GST-ERK2 mutant in which Lys-
52 is changed to Ala (K52A) (9). Like WT
MAP kinase, ERK2 K52A bound (12) to
MKP-3 and increased phosphatase activity
(Fig.- 3, A and B). GST-ERK2 K52A did
not phosphorylate myelin basic protein
(MBP) (Fig. 3C), demonstrating that
MKP-3 activation is independent of MAP
kinase activity.

In both in vitro and in cell transfection
studies, low concentrations of MKP-3 inac-
tivate ERK but not JNK/SAPK or p38 MAP
kinases (7), which also fail to bind directly
to MKP-3 (Fig. 3A). Furthermore, activa-
tion of MKP-3 appears to be limited strictly
to the ERK class of MAP kinase because
neither SAPKa (JNK2), SAPKB (JNK3),
or p38 induced an increase in phosphatase
activity (Fig. 3B). All MAP kinases tested
appeared to be folded correctly and to be
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Fig. 1. Activation of MKP-3 by ERK2. Phospha-
tase activity was measured as p-NPP hydrolysis
at 25°C monitored at an absorbance of 405 nm
(Asos) (10). Full-length GST-MKP-3 and GST-
ERK2 were expressed in E. coli and purified on
glutathione-Sepharose. ERK2 was further puri-
fied by ion-exchange chromatography (9, 70).
(A) Time-dependent hydrolysis of p-NPP by 5 ug
of GST-MKP-3 either alone (O ng) or in the pres-
ence of the indicated amounts of ERK2. Linear
reaction rates are indicated by lines of best fit.
Ten micrograms of ERK2 stimulated phospha-
tase activity by 25.5-fold. (B) Activation of the
indicated amounts of GST-MKP-3 by purified
ERK2. Incubations were for 30 min. Maximal
ERK2-dependent activation with 10 png of
MKP-3 was 35 times the basal phosphatase ac-
tivity. Data points are the mean of duplicate de-
terminations and are representative of three in-
dependent experiments.
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active as indicated by phosphorylation of an
appropriate substrate protein (9) (Fig. 3C)
and activation of the MKP-3 homolog,
MKP-4 (see below).

Genetic analysis in Drosophila suggests
that the ERK MAP kinase rolled is a critical
component of the Sevenless signal trans-
duction pathway (13). A dominant gain-of-
function mutation of the rolled MAP kinase
gene, termed Sevenmaker, (ylsevenmaker)
contains a single amino acid substitution
of Asn for Asp-334 (D334N) and activates
several developmental pathways (14). The
analogous mutant of mammalian ERK2 is
also more sensitive to activation in vivo
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Fig. 2. Requirement of the

and appears to be resistant to inactivation
by dual-specificity phosphatases in trans-
fected cells (15). We tested the mamma-
lian ERK2 Sevenmaker D319N mutation
and found that it bound MKP-3 only
weakly (Fig. 4A). Moreover, ERK2
D319N stimulated MKP-3 phosphatase
activity only 10 to 15% as well as WT
MARP kinase (Fig. 4B). This deficiency in
its ability to trigger MKP-3 activation does
not reflect misfolding of the purified Sev-
enmaker protein, which phosphorylated
MBP as effectively as WT ERK2 (Fig. 4C).
This observation suggests that one critical
consequence of the ERKZ D319N muta-

MKP-3 catalytic Cys-293
and binding to the MKP-3
NH,-terminus for ERK2-de-
pendent activation. Phos-
phatase activity was mea-
sured as described (Fig. 1).
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with the indicated concentra-
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absence of ERK2. Data represent the mean of two identical experiments each performed in triplicate.
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SAPK (JNK3) (0), or GST-p38 MAP kinase (). (C) Substrate phosphorylation by MAP kinase proteins used
in (B). MAP kinases were incubated in kinase buffer in the presence of [y -22P)ATP (9) together with either MBP
(GST-ERK2 or GST-ERK2 K52A), GST—¢-Jun (1-79) [GST-SAPKa (JNK2) or GST-SAPKB (JNK3)], or GST-
ATF-2 (19-96) (GST-p38) before separation by SDS—polyacrylamide gel electrophoresis (15% gel), drying,
and autoradiography. These experiments were performed three times with identical results.
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tion is an inability to bind and trigger
catalytic activation of MKP-3.

To examine whether this deficiency is
paralleled by resistance to inactivation, we
next measured MKP-3-dependent inhibi-
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Fig. 4. Deficient binding and activation of MKP-3
by the ERK2 D319N Sevenmaker mutation. (A)
GST-ERK2 or GST ERK2 D319N immobilized on
glutathione-Sepharose beads (9) were incubated
with His-tagged MKP-3, and binding was as-
sessed as described (Fig. 3). His-tagged MKP-3
(7 ng) was used as a positive control. (B) Hydroly-
sis of p-NPP by MKP-3 in the presence of the
indicated concentrations of GST-ERK2 (@), GST-
ERK2 D319N Sevenmaker (O), or GST alone (4).
(C) MBP phosphorylation by WT GST-ERK2 and
Sevenmaker ERK2 D319N after incubation in ki-
nase buffer in the presence of [y -*2PJATP (9).
Proteins were separated and detected as de-
scribed (Fig. 3).
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Fig. 5. Resistance of ERK2 D319N Sevenmaker
to inactivation by MKP-3. Wild-type ERK2 (A and
C)or ERK2 D319N (B) (0.5 wg) were incubatedin
vitro in the absence (lane 1) or presence (all other
lanes) of 0.1 ug of constitutively active MEK1
(S217E S221E) (16) and with the indicated con-
centrations (0.01 to 10 wg) of full-length MKP-3
(A and B) or MKP-3AN (amino acids 153 to 381)
(C). Figure shows autoradiograms of MBP phos-
phorylation by activated MAP kinases. Experi-
ments were repeated three times with identical
results.
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tion of WT and Sevenmaker ERK2 acti-
vated in vitro by the constitutive MAP
kinase kinase MEK1 in which Ser-217 and
Ser-221 are changed to glutamate (S217E
and S221E) (16). MKP-3 potently inacti-
vated WT ERK2, but more than 10 times
as much MKP-3 was required to inhibit
MBP phosphorylation by the ERK2 Sev-
enmaker mutant (Fig. 5, A and B). Similar
observations were also made in mammali-
an cells transfected with WT ERK2 or
ERK2 D319N together with a range of
MKP-3 plasmid concentrations (17). Epi-
dermal growth factor (EGF)-stimulated
ERK2 D319N activation was inhibited
only partially at levels of MKP-3 expres-
sion that abolished WT ERK2 activity
(Fig. 6A). Taken together, these observa-
tions indicate that the Sevenmaker muta-
tion interferes with binding to MKP-3
and, as a consequence, prevents a sub-
strate-dependent increase in MKP-3 phos-
phatase activity, resulting in less-effective
ERK2 inactivation. Impaired catalytic ac-
tivation of MKP-3 may thereby underlie
the gain-of-function phenotype of the
ERK2 Sevenmaker mutation.

These observations suggest that muta-
tions in MKP-3 that interfere with bind-
ing to ERK2 may also lead to MAP kinase
resistance to inactivation. Consistent with
this prediction, the purified catalytic core
of MKP-3 (MKP-3AN; amino acids 153 to
381), which failed to bind ERK2 (8) or to
undergo enzymatic activation by this
MAP kinase (Fig. 2C), was ~1/10th as
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Fig. 6. Inactivation of ERKD319N and WT ERK
MAP kinases by MKP-3 or MKP-3AN in mam-
malian cells. COS-7 cells were transfected with
gither Myc-ERK2 D319N (A), WT Myc-ERK2
(B), or WT hemagglutinin A (HA)-ERK1 (C) to-
gether with the indicated concentrations of
MKP-3 or MKP-3AN plasmid (77). After culture
for 40 hours, cells were incubated for 2 hours in
serum-free medium and either untreated (lane 1)

effective at reversing in vitro ERK2 acti-
vation by MEK-1 (S217E and S221E) (Fig.
5C). Also in mammalian cells (17), EGF-
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Fig. 7. MKP-4 binding and activation by ERK2,
SAPKB (JNK3), and p38 MAP kinases. (A)
COS-7 cells transfected with Myc-MKP-3 or
Myc-MKP-4 (17) were lysed and incubated with
immobilized MAP kinases as described (Fig. 3).
MKP-3 and MKP-4 bound to GST-ERK2, GST-
SAPKB (JNK8), and GST-p38 was measured by
protein immunoblotting with monoclonal anti-
body to Myc (72). The control represents crude
lysates from cells transfected as indicated. (B)
Purified MKP-4 p-NPP phosphatase activity
measured in the presence of the indicated con-
centrations of GST-ERK2 (@), GST-SAPKB
(UJNKB3) (A), GST-p38 MAP (O), or GST (A). Data
points are the mean of duplicate determinations
and are representative of three independent
experiments.
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or stimulated with EGF (10 nM) for 10 min (all other lanes). Subsequent MAP kinase immunoprecipitation,
immune complex assays, and protein immunoblotting were performed as described (77). (A) ERK2 D319N
is resistant to inactivation by MKP-3 in COS-7 cells. (Top) Autoradiographs of MBP phosphorylation by
EGF-stimulated ERK2 or ERK2 D319N in the absence and presence of various amounts of coexpressed
WT MKP-3. (Middle) Protein immunoblotting of corresponding immunoprecipitated ERK2 or ERK2
D319N. (Bottom) Levels of immunodetected MKP-3 in crude cell lysates. (B and C) ERK2 and ERK1 are
resistant to inactivation by MKP-3AN. (Top) Autoradiographs of MBP phosphorylation by EGF-stimulated
ERK2 (B) or ERK1 (C) in the absence or presence of MKP-3 or MKP-3AN as indicated. (Bottom) Protein
immunoblotting of corresponding immunoprecipitated ERK2 (B) or ERK1 (C). In (B) and (C), indistinguish-
able levels of MKP-3 and MKP-3AN protein expression were detected for each corresponding plasmid
concentration (77). Each experiment was performed twice with identical results.
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stimulated ERK2 activity was resistant to
inactivation by MKP-3AN as compared
with WT MKP-3 (Fig. 6B). As anticipated
by binding of ERK1 to the NH,-terminus
of MKP-3 (8), this closely related MAP
kinase isoform was also resistant to inac-
tivation by MKP-3AN in mammalian cells
(Fig. 6C).

MKP-4 is a homologous dual-specificity
phosphatase displaying low sequence iden-
tity with MKP-3 within its NH,-terminus.
MKP-4 also appears functionally distinct
from MKP-3 in that it displays relatively
nonselective inactivation of ERK, JNK/
SAPK, and p38 MAP kinases (6). Consis-
tent with these differences and unlike
MKP-3, MKP-4 bound ERK2, SAPKB
(JNK3), and p38 and underwent dose-
dependent p-NPP phosphatase activation
by all three MAP kinase isoforms (Fig. 7,
A and B). As with MKP-3, ERK2 D319N
failed to bind or trigger catalytic activa-
tion of MKP-4 (11).

Transcription of many dual-specificity
phosphatases is regulated in response to
growth and differentiation factors or cell
stresses (4—6). Our results indicate that
their catalytic activation through binding
substrate MAP kinases may represent a
secondary posttranslational mechanism
for control. ERK-specific MKP-3 activa-
tion through binding of its noncatalytic
NH,-terminus may indicate that sequence
diversity of dual-specificity phosphatases
within this region (6) enables their selec-
tive activation through binding different
repertoires of substrate MAP kinases. This
may provide a mechanism for targeted in-
activation of selected MAP kinases.
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Requirement for yv6 T Cells in Allergic Airway
Inflammation

Claudia Zuany-Amorim,* Claude Ruffi¢, Solomon Hailé,
B. Boris Vargaftig, Pablo Pereira, Marina Pretolaniti

The factors that contribute to allergic asthma are unclear but the resulting condition is
considered a consequence of a type-2 T helper (T,2) cell response. In a model of
pulmonary allergic inflammation, mice that lacked v3 T cells had decreases in specific
immunoglobulin E (IgE) and 1gG1 and pulmonary interleukin-5 (IL-5) release as well as
in eosinophil and T cell infiltration compared with wild-type mice. These responses were
restored by administration of IL-4 to v3 T cell-deficient mice during the primary immu-
nization. Thus, v& T cells are essential for inducing IL-4-dependent IgE and IgG1 re-
sponses and for T,,2-mediated airway inflammation to peptidic antigens.

Allcrgic asthma is a chronic inflammatory
disease associated with a predominant T;2
response, IgE synthesis, airway infiltration
by inflammatory cells, particularly eosino-
phils, and bronchial hyperreactivity (1).
Identification of the mechanisms involved
in the in vivo commitment of naive T cells
to a Ty;2 phenotype will aid our under-
standing of the initiation and maintenance
of tissue inflammation. IL-4 drives T2 re-
sponses and promotes IgE synthesis (2), but
the nature of the cells that provide this
cytokine after in vivo interactions among
peptidic antigens, antigen-presenting cells,
and T, cells remains largely elusive.

A subset of ¥8 T cells can produce Ty2-
type cytokines (3, 4) which suggests their
possible participation in the development
of T;2 responses and, thus, in the onset of
pulmonary allergic reactions. To address
this question, we backcrossed 6-week-old
mice that were genetically deficient in the 3
chain of the T cell antigen receptor (TCR)
and developed no v T cells (5) to BALB/c
mice for 10 generations. These ¥ T cell-
deficient {(y87/7) and BALB/c wild-type
(¥y87/*) mice were repeatedly immunized
intraperitoneally with soluble ovalbumin

(OVA) and then challenged intranasally
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with OVA or saline (6). We analyzed air-
way infiltration by inflammatory cells (7),
cytokine release in the bronchoalveolar la-
vage (BAL) fluid (8), bronchopulmonary
hyperreactivity to inhaled methacholine
(9), and OV A-specific IgE and 1gGI titers
in the serum (10).

Repeated intranasal OVA challenges in
immunized y3%/* mice resulted in a signif-
icant increase in the number of eosinophils
and of CD4*"and CD8" T lymphocytes in-
filtrating the bronchial tissue (Fig. 1, A, D,
and G). Eosinophils and T cells were locat-
ed in the bronchial submucosa and around
the blood vessels (Fig. 1, B, E, and H).
Antigen-induced eosinophilia also occurred
in the blood, BAL fluid, and bone marrow
(11, 12). Unlike ¥3*"* mice, OVA-chal-
lenged v8 ™/~ mice showed only a moderate
increase in the number of eosinophils in
bronchial tissue, BAL fluid, blood, and
bone marrow; no significant changes in T
cell counts in lung tissue were observed
(Fig. 1) (12).

Airway eosinophilia in OVA-chal-
lenged y8*/* mice paralleled IL-5, but not
interferon-y (IFN-y), production in the
BAL fluid (Fig. 2), a finding consistent
with selective induction of a T2 response
in the airways. In contrast, ¥y8~/~ mice
failed to release IL-5 in response to intra-
nasal administration of OVA (Fig. 2A)
and the amounts of [FN-y remained very
low in both saline- and OV A-challenged
animals (Fig. 2B). High concentrations of
IL-4 were detected in the BAL fluid of
saline-challenged v8*/* and ¥8~/~ mice
(445.6 + 98.9 and 280.8 = 42.9 pg/ml,
respectively). These quantities decreased
slightly after intranasal OV A challenge in
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