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PAC-1 is an inducible, nuclear-specific, dual-specificity mitogen-activated
protein (MAP) kinase phosphatase that has been shown recently to be a
transcription target of the human tumor-suppressor protein p53 in
signaling apoptosis and growth suppression. However, its substrate
specificity and regulation of catalytic activity thus far remain elusive.
Here, we report in vitro characterization of PAC-1 phosphatase activity
with three distinct MAP kinase subfamilies. We show that the recombinant
PAC-1 exists in a virtually inactive state when alone in vitro, and
dephosphorylates extracellular signal-regulated kinase 2 (ERK2) but not
p38a or c-Jun NH2-terminal kinase 2 (JNK2). ERK2 dephosphorylation by
PAC-1 requires association of its amino-terminal domain with ERK2 that
results in catalytic activation of the phosphatase. p38a also interacts with
but does not activate PAC-1, whereas JNK2 does not bind to or cause
catalytic activation by PAC-1. Moreover, our structure-based analysis
reveals that individual mutation of the conserved Arg294 and Arg295 that
likely comprise the phosphothreonine-binding pocket in PAC-1 to either
alanine or lysine results in a nearly complete loss of its phosphatase activity
even in the presence of ERK2. These results suggest that Arg294 and
Arg295 play an important role in PAC-1 catalytic activation induced by
ERK2 binding.
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Introduction
Mitogen-activated protein kinases (MAPKs) are
key components of the Ras-mediated MAPK
signaling pathways that relay signals from the
cell-surface receptors to the nucleus to activate
gene transcription in response to extracellular
stimulation by growth factors or environmental
stresses.1–3 MAPKs are grouped into three major
Abbreviations used: ERK, extracellular signalregulated kinase; GST, glutathione-S-transferase; JNK,
c-Jun NH2-terminal kinase; KIM, kinase-interaction motif;
MAP, mitogen- activated protein; MAPK, mitogenactivated protein kinase; MKP, MAPK phosphatase;
p-NPP, p-nitrophenyl phosphate; pT, phosphothreonine;
pY, phosphotyrosine.
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ming-ming.zhou@mssm.edu

classes on the basis of their preferential activation
by extracellular stimuli: the extracellular signalregulated kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38.4,5 The biological importance of
MAPKs is underscored by tight control of their
activity via phosphorylation of two different amino
acid residues, i.e. the threonine and tyrosine in a
TXY motif in the activation loop, where X is
glutamate, proline or glycine, respectively, in ERK,
JNK or p38. Phosphorylation of both threonine and
tyrosine residues is required to maintain
high activity of an MAPK.6 Conversely, dephosphorylation of MAPKs rapidly inactivates their
activity.
More than ten mammalian dual-specificity
MAPK phosphatases (MKPs) have been identified
and shown to be capable of dephosphorylating
both phosphothreonine (pT) and phosphotyrosine
(pY) in the activation loop, thus inactivating
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MAPKs.7,8 These dual specificity MKPs all consist
of an amino-terminal kinase-binding domain and a
carboxy-terminal phosphatase domain. The highly
conserved dual-specificity phosphatase domain
contains the tyrosine-specific phosphatase signature sequence HCXXXXXR at the active site, where
cysteine acts as the enzymatic nucleophile and
arginine coordinates the phosphate group of pY or
pT in the dephosphorylation reaction, and X is any
amino acid. The kinase-binding domain of an
MKP recognizes selective MAPKs via its
conserved kinase-interaction motif (KIM) containing the XXRRXXKXXLXV sequence, thus contributing directly to substrate specificity of the MKP.9–14
More strikingly, this direct enzyme–substrate interaction causes catalytic activation of many
MKPs9,11,15,16 that otherwise exhibit very low
phosphatase activity in the absence of substrates.
Structural and biochemical analyses further suggest
that the tightly controlled enzymatic activity of
these MKPs requires structural rearrangement of
the active site residues in a substrate-induced
activation mechanism,11,17,18 which is different
from the auto-inhibition mechanism seen commonly in other protein phosphatases such as the
SHP-2 tyrosine phosphatase. 19 However, the
detailed structural basis of substrate specificity
and MAPK-induced catalytic activation of MKPs
is yet to be determined.
Biological function of MKPs is dependent also on
their subcellular localization and transcriptional
regulation. For example, MKP-3 (Pyst1),20,21 Pyst2,21
MKP-4,22 MKP-5,23 MKP-6, MKP-7,24 and M3/6,25
which are present predominantly in the cytosol, play
an important role in regulating the functions of
MAPKs in signal transduction, receptor tyrosine
kinase endocytosis and stress-induced apoptosis.
On the other hand, MKP-1 (Cl100/3CH134),26,27
MKP-2,28,29 PAC-1,30,31 and B23 (VH3),32,33 which
are exclusively in the nucleus and encoded by
immediate early genes induced by the activated
MAPKs upon nuclear entrance. Indeed, it has been
shown that the nuclear-specific MKPs are induced
rapidly by the extracellular stimuli that also induce
activation of MAPKs, suggesting that these inducible
MKPs function as negative regulators in a feedback
control mechanism that controls the functions of
MAPKs in gene transcription.
Notably, the nuclear-specific PAC-1 has been
shown recently to be a transcription target of the
human tumor suppressor protein p53, and acts as a
critical downstream effector of p53 in initiating
apoptosis to suppress tumorigenesis.34 PAC-1,
which is expressed predominantly in hematopoietic
cells, is absent from quiescent cells, and its
expression is inducible by oxidative stress in a
p53-dependent manner to act as a cell-death
mediator in the cellular response to oxidative
damage or nutritional stress.30,34 PAC-1 was first
discovered as an MKP due to its function in
inactivating ERKs in T-cell activation;30,31 however,
knowledge of substrate specificity and regulation of
PAC-1 is limited.
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In this study, we have examined the substrate
specificity of PAC-1 in vitro using recombinant and
purified substrates of three distinct MAPK subfamilies. Our study shows that the recombinant
PAC-1 is virtually inactive when alone, and can
dephosphorylate ERK2 but not p38a or JNK2
in vitro. ERK2 dephosphorylation by PAC-1 requires
direct association between the amino-terminal
domain of PAC-1 and ERK2 that results in catalytic
activation of the MAPK phosphatase. On the
contrary, PAC-1 forms a stable complex with p38a,
but it does not exhibit any catalytic activation by
p38a; PAC-1 does not interact with JNK2, nor does
it show any catalytic activation by JNK2. Moreover,
our structure-based mutagenesis further reveals
that mutation of the conserved Arg294 or Arg295 in
the phosphothreonine-binding pocket to either
alanine or lysine, which does not affect PAC-1/
ERK2 complex formation, causes a complete loss of
ERK2-induced catalytic activation of the phosphatase. Our findings suggest that both Arg294 and
Arg295 are likely involved in PAC-1 catalytic
activation induced by ERK2 binding.

Results
PAC-1 dephosphorylates ERK2 preferentially
To study the structure and function of PAC-1, the
cDNA encoding the full-length PAC-1 was cloned
from a mouse spleen cDNA library. While the
protein sequence of the human PAC-1 is highly
homologous to that of the mouse counterpart, with
about 80% identity, the level of expression of the
former enzyme was extremely low in the bacterial
expression system, thus preventing us from obtaining enough of the recombinant protein for structure–function studies. The recombinant mouse
PAC-1 was expressed in bacterial BL21(DE3) cells
as a soluble glutathione-S-transferase (GST) fusion
protein, purified by glutathione-Sepharose affinity
chromatography followed by a gel-filtration chromatography. The second purification step was used
to remove GST, which likely resulted from nonspecific cleavage of the GST-fusion PAC-1 by
bacterial proteases upon protein expression (Supplementary Data, Figure S1A and B). The purity of
the recombinant GST-PAC-1 protein obtained from
this procedure was estimated to be about 90%, and
the identity of GST-PAC-1 was confirmed by mass
spectrometry analysis, as well as by Western blot
using anti-GST antibody. We further expressed and
purified three distinct MAPKs, ERK2, p38a and
JNK2, using methods described in Experimental
Procedures. All three recombinant MAPKs were
dual-phosphorylated in the activation loop in vitro,
confirmed by Western blot analysis using antibodies specific for the active and dual-phosphorylated forms of these three different MAPKs.
To understand the substrate specificity of PAC-1,
we examined dephosphorylation of these three
different MAPKs by the recombinant PAC-1 in an
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Figure 1. Dephosphorylation of MAPKs by the mouse PAC-1. (a) Western blots (upper three panels) with anti-ACTIVE
ERK2, anti-phosphotyrosine and anti-phosphothreonine MAPK antibodies, showing the phosphorylation state of
phosphotyrosine and phosphothreonine of the dual-phosphorylated ERK2 in a time-course of PAC-1 treatment at 37 8C.
The details of the reaction conditions are described in Experimental Procedures. The lower panel of an SDS-PAGE gel
stained with Coomassie brilliant blue depicts relative equal amounts of the purified GST-PAC-1 (2.5 mM) and the dualphosphorylated ERK2 (2.5 mM) used in each time-point. (b) Western blot analysis of pT-ERK2, pY-ERK2 and ERK2 by
anti-phosphothreonine-MAPK (upper panel) and anti-phosphotyrosine (middle panel) antibodies. An SDS-PAGE gel
(lower panel) shows relatively equal amounts of ERK2 proteins were used in these experiments (2.5 mM). (c) and (d)
Western blots (upper panels) with anti-ACTIVE (pT/pY) p38a and anti-ACTIVE (pT/pY) JNK2 antibodies, illustrating
the phosphorylation state of p38a and JNK2, respectively, during the GST-PAC-1 treatment. (e) and (f) Western blotting
analyses of p38a and JNK2 dephosphorylation by MKP-5.

equal molar ratio (2.5 mM) in a time-dependent
manner (Figure 1). While PAC-1 exhibits almost no
detectable phosphatase activity towards the dualphosphorylated p38a or JNK2 (Figure 1(c) and (d)),
it can dephosphorylate ERK2 rapidly; the dualphosphorylated ERK2 is w80% dephosphorylated
after treatment with PAC-1 for 10 min at 37 8C, and
becomes nearly completely dephosphorylated after
60 min (Figure 1(a), top panel). Western blot
analysis of the ERK2 dephosphorylation reaction
by using specific antibodies against phosphotyrosine, and threonine-phosphorylated MAPK
(Figure 1(b)) further demonstrates that PAC-1 can
dephosphorylate both phosphorylated amino acid
residues in ERK2 effectively, and dephosphorylation of phosphotyrosine is slightly faster than that
of phosphothreonine (Figure 1(a), two lower
panels). This observation is consistent with ERK2
dephosphorylation by the cytoplasmic MKP-3.16 To
rule out the possibility that the lack of PAC-1
phosphatase activity towards p38a and JNK2 was
due to incorrect phosphorylation of the MAPKs, we
treated the dual-phosphorylated p38a and JNK2 by
MKP-5, which has been shown to dephosphorylate
p38a and JNK2 in preference to ERK2.23 As shown
in Figure 2(e) and (f), both MAPKs can be depho-

sphorylated rapidly by MKP-5, thus confirming
that p38a and JNK2 were likely phosphorylated
correctly. Taken together, these results demonstrate
that PAC-1 has a highly selective, dual-specificity
phosphatase activity towards ERK2 and is not
active for dephosphorylation of p38a or JNK2.
PAC-1 binds to ERK2 and p38a but not to JNK2
To determine whether phosphatase activity of
PAC-1 towards different MAPKs is dependent on
its ability to interact with MAPKs, we performed
PAC-1/MAPK binding study in a GST pull-down
assay. The purified, dual-phosphorylated Histagged MAPKs were incubated with GST-PAC-1
that was immobilized onto glutathione-Sepharose
beads. The beads were washed extensively with the
binding buffer to remove any non-specific binding
proteins, and the proteins bound to the beads were
separated by SDS-PAGE and analyzed by Western
blot using anti-GST and anti-His-tag antibodies.
Whereas His-tagged ERK2 showed no any detectable non-specific binding to GST, it was brought
down by GST-PAC-1 (Figure 2(A), lane 1). Because
of effective dephosphorylation by PAC-1
(Figure 1(a)), ERK2 treated with PAC-1 is likely
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Figure 2. Direct binding between PAC-1 and MAPKs. Wild-type GST-PAC-1, mutants or GST immobilized to
glutathione-Sepharose beads were incubated with the purified, His6-tagged dual-phosphorylated (a) ERK2; (b) p38a;
and (c) JNK2, and the beads were washed extensively to remove any non-specific protein binding. The direct MAPK/
PAC-1 binding was visualized by Western blot with anti-His6-tag antibody (lower panel). Relatively equal amounts of
GST-PAC-1 (5 mM) and MAPK (10 mM) was used in each experiment, as shown by Western blot using anti-GST antibody
(upper panel). In the control experiments, w30 mM ERK2 (lane 7 in (a)) and p38 (lane 7 in (b)) and w10 mM JNK2 (lane 3
in (c)) were used. (d) and (e) Dephosphorylation of a dual-phosphorylated ERK2 peptide (DHTGFL-pT-E-pY-VATR,
residues 184–196 in ERK2) by PAC-1 in the absence and in the presence of ERK2, as illustrated by reversed-phase HPLC
analysis. The identity of the dephosphorylated products of the ERK2 peptide was confirmed by mass spectrometric
analysis. The concentration of peptide was kept at w1 mM, and reaction was conducted in the phosphate assay buffer
condition as described in Experimental Procedures. (f) The Job plot of PAC-1 activation by ERK2 measured by pNPP
hydrolysis, illustrating a 1:1 stoichiometry of the PAC-1/ERK2 complex.

the dephosphorylated form, which migrates in the
SDS-PAGE gel slightly faster than its phosphorylated form (see below, Figure 3(b)). This confirms
that PAC-1/ERK2 binding is not dependent upon

phosphorylation of the latter protein, and PAC-1
still forms a complex with dephosphorylated
ERK2. PAC-1 binds also to p38a (Figure 2(b),
lane 1), although the binding does not result in

Catalytic Activation of the MAPK Phosphatase

781

Figure 3. Effect of mutations of
the active site residues on the
overall conformation of PAC-1.
(a) Ribbon diagram of the model
structure of the phosphatase
domain of the PAC-1 catalytic
domain in complex with an ERK2
peptide, illustrating location of key
amino acid residues at the phosphotyrosine and phosphothreonine-binding sites. The model was
generated on the basis of the free
form PAC-1 structure and the
putative interactions of phosphotyrosine with R267 and of phosphothreonine with R294 and R295.
(b) Surface representation of the
electrostatic potentials of the PAC-1
phosphatase domain. Positively
and negatively charged amino
acid residues are color-coded blue
and red, respectively. (c) Gel-filtration chromatography profiles of
the wild-type PAC1 and the active
site mutants.

dephosphorylation of p38a (Figure 1(b)). Moreover,
a similar GST pull-down study shows that PAC-1
does not bind to JNK2 (Figure 2(c), lane 1). It is
important to note that all three MAPK proteins are
folded properly, as supported by their gel-filtration
chromatography profiles (data not shown).
It has been shown that MKP-3 interacts selectively with ERK2 via its conserved kinase-interaction motif of the XXRRXXKXXLXV sequence in
the amino-terminal domain.13,35 To understand the
molecular basis of PAC-1 binding to ERK2 and

p38a, we mutated the corresponding residues
Arg60, Arg61 and Arg62 in the KIM region in
PAC-1 individually or collectively to alanine.
Analysis of these mutants shows that alanine
substitution of Arg60 or Arg61 had little, if any,
effect on PAC-1/ERK2 (Figure 2(a), lanes 2 and 3),
whereas the single R62A and the double R61A/
R62A mutants resulted in a complete loss of the
PAC-1/ERK2 binding (Figure 2(a), lanes 4 and 5),
suggesting that Arg62 in the KIM sequence plays an
essential role in PAC-1/ERK2 association. On the
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other hand, all three arginine residues seem to
contribute to PAC-1 binding to p38a in the order:
R62OR61OR60 (Figure 2(b), lanes 2–4). Moreover,
it appears that in addition to these three arginine
residues, other region(s) of p38a may contribute to
PAC-1, although the KIM arginine-mediated interactions are likely to be predominant in PAC-1/p38a
interaction (Figure 2(b), lane 5). Collectively, these
results suggest that PAC-1 likely employs its KIM
sequence to interact with ERK2 or p38a, and that
the former leads to dephosphorylation by PAC-1,
and the latter does not.
Enzymatic activation of PAC-1 by ERK2
To assess whether ERK2 binding affects the
enzymatic activity of PAC-1 directly, we measured
the phosphatase activity on dephosphorylation of a
dual-phosphorylated ERK2 peptide (DHTGFL-pTE-pY-VATR, residues 184–196 in ERK2). The
reaction products were separated by using
reverse-phase HPLC and analyzed by mass spectrometry. The free PAC-1 exhibited little, if any,
catalytic activity on dephosphorylation of the dualphosphorylated pT/pY-ERK2 peptide (Figure 2(d)),
and addition of ERK2 dramatically stimulated
dephosphorylation of phosphotyrosine by
PAC-1 followed by dephosphorylation of
phosphothreonine (Figure 2(e)). PAC-1 catalytic
activation by ERK2 binding is demonstrated by
measurement of its enzymatic parameters towards
hydrolysis of p-nitrophenyl phosphate (p-NPP)
(Table 1). The Job plot analysis of PAC-1 catalytic
activation induced by ERK2 binding further
suggests a stoichiometry of 1:1 of the PAC-1/
ERK2 complex (Figure 2(f)). Neither p38a nor
JNK2 causes catalytic activation of PAC-1 as
measured in p-NPP hydrolysis (Table 1). These
results confirm that binding of the amino-terminal
domain of PAC-1 to ERK2 causes catalytic activation of PAC-1, which in turn results in dephosphorylation of ERK2 by PAC-1. Taken together, the
data presented here suggest that ERK2, but not
JNK2, is likely a physiological substrate for PAC-1
in cell signaling. However, our in vitro data cannot
let us decide whether p38a is a physiological
substrate for PAC-1.

Mutational analysis of the enzyme active site
residues of PAC-1
In our recent structural analysis of the carboxyterminal phosphatase domain of PAC-1 with
NMR,18 we have identified a second phosphoamino acid binding pocket adjacent to the enzymatic active site, as illustrated by a model structure
of the PAC-1 catalytic domain in complex with a
pT/pY-ERK2 peptide (Figure 3(a)). This positively
charged binding concave, which was discovered
from NMR titration with phospho-amino acids and
their chemical analogs and is consistent with the
recently reported crystal structure of VHR/p38
phosphopeptide complex,36 consist of three conserved, positively charged amino acid residues,
Lys292, Arg294, and Arg295 (Figure 3(b)).
To assess the role of these positively charged
residues in PAC-1 function, we performed sitedirected mutagenesis by changing these residues
individually or collectively to alanine. Since all
three residues are located in a flexible loop
connecting a4 and a5 in PAC-1,18 we expected
that such conserved mutations would not cause
significant structural perturbations of the enzyme.
This rationale is indeed supported by the behavior
of the purified wild-type and mutant PAC-1
proteins in gel-filtration chromatography, in which
all PAC-1 proteins showed a symmetric elution
peak with nearly identical elution volume
(Figure 3(c)). As shown in Figure 4(a), alanine
substitution of Lys292 does not affect the overall
ability of PAC-1 to dephosphorylate ERK2,
although while dephosphorylation of pY by the
K292A mutant was not altered, its dephosphorylation of pT appears to be slowed slightly as
compared to those by the wild type PAC-1 (Figures
1(a) and 4(a)). More strikingly, both PAC-1 mutants
of R294A and R295A completely abrogated the
catalytic activity to dephosphorylate ERK2
(Figure 4(b) and (c)). Similarly, change of Arg294
or Arg295 to lysine also resulted in a nearly
complete loss of phosphatase activity of PAC-1 in
hydrolysis of p-NPP (Table 1). This is further
confirmed by a complete loss of PAC-1 activity
towards ERK2 by a triple mutant, in which all three
positively charged residues, Lys292, Arg294 and
Arg295, were changed to alanine (Figure 4(d)).

Table 1. Kinetic parameters of PAC-1 with p-NPP as a substrate

PAC-1
PAC-1CERK2
PAC-1Cp38
PAC-1CJNK2
PAC-1_K292ACERK2
PAC-1_R294ACERK2
PAC-1_R295ACERK2
PAC-1_R294KCERK2
PAC-1_R295KCERK2

Km (mM)

kcat (sK1)

kcat/Km (MK1 sK1)

–
2.13G0.47
–
–
2.43G0.37
–
–

N/A
0.085G0.004
N/A
N/A
0.081G0.003
N/A
N/A
N/A
N/A

–
39.9G1.2
–
–
33.3G1.0
–
–

N/A, no activity towards p-NPP hydrolysis.
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Figure 4. Effects of the active site mutations on dephosphorylation of ERK2 by PAC-1. (a)–(f) Western blots with antiphosphotyrosine and anti-phosphothreonine MAPK antibodies (upper and middle panels) showing a time-course of
dephosphorylation of ERK2 by the treatment of K292A, R294A, R295A, K292A/R294A/R295A, C261S or D230A mutants
of PAC-1, respectively. The lower panels of SDS-PAGE gels stained with Coomassie brilliant blue showing relatively
equal amounts of the purified GST-PAC-1 mutants (w2.5 mM) and the dual-phosphorylated ERK2 (w2.5 mM) used in
each experiment.

The complete loss of the phosphatase activity of these
arginine mutants is similar to that observed with a
PAC-1 mutant with substitution of the enzymatic
nucleophile C261 to serine (Figure 4(e)) or of the
putative general acid D230 to alanine (Figure 4(f)).
A GST pull-down binding study shows that all of
these PAC-1 mutants can form a stable complex
with ERK2 as well as the wild-type PAC-1
(Figure 5(a)), arguing that none of these mutations
at the phosphothreonine binding pocket or at the
enzyme catalytic site affects PAC-1/ERK2 complex
formation, which is accomplished mostly by the
KIM sequence of the amino-terminal domain of
PAC-1. Therefore, these results suggest that both
conserved Arg294 and Arg295, which are involved
in binding to phosphothreonine of the dualphosphorylated ERK2, are essential for effective
dephosphorylation of ERK2 by PAC-1.
The role of Arg294 and Arg295 in ERK2-induced
enzymatic activation of PAC-1
To further understand effects of mutations of the
phosphothreonine-binding residues on the catalytic

activity of PAC-1, we examined ERK2-induced
enzymatic activation of the PAC-1 mutants in the
p-NPP hydrolysis assay. As expected, K292A
mutant exhibited an ERK2 dose-dependent catalytic activation, almost exactly the same as that of
the wild-type PAC-1 (Figure 5(b)), consistent with
K292A’s nearly full dual-specificity phosphatase
activity in ERK2 dephosphorylation (Table 1).
Both R294A and R295A mutants appeared to be
completely inactive enzymes, with no response
to ERK2 stimulation, in a manner similar to that of
the inactive active-site mutant C261S.
Because PAC-1 effectively dephosphorylates
ERK2, ERK2-induced catalytic activation of PAC-1,
as measured by p-NPP hydrolysis, is not dependent
on phosphorylation of ERK2, agreeing with that
of MKP-3.9 Moreover, PAC-1 is capable of
dephosphorylating mono-phosphorylated ERK2
(Figure 1(a), and data not shown). Thus, the
complete loss of catalytic activation of PAC-1 by
alanine or lysine mutation of Arg294 or Arg295
cannot be explained as merely due to a loss of
the phosphothreonine binding. Rather, it is possible
that ERK2-induced structural rearrangements of
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Figure 5. Effects of the active site mutations on ERK2 binding and ERK2-induced catalytic activation of PAC-1.
(a) Western blotting analysis showing binding of the wild-type GST-PAC-1 and the active site mutants to the dualphosphorylated His6-tagged ERK2. PAC-1/ERK2 binding was visualized by Western blot using anti-His6-tag antibody
(lower upper). Relatively equal amount of GST-PAC-1 proteins or GST used in each experiment was shown by Western
blot using anti-GST antibody (upper panel). (b) Effects of PAC-1 mutations on its catalytic activation by ERK2. The
phosphatase activity of the wild-type PAC-1 or the active site mutants was measured in p-NPP hydrolysis in the
presence of the indicated amount of the purified ERK2 for w2 h at 37 8C, as described in detail in Experimental
Procedures.

the phosphatase active site, required for the
catalytic activation of PAC-1, are altered as a result
of the point mutation of Arg294 or Arg295. This
hypothesis is consistent with our NMR structural
analysis of the PAC-1 phosphatase domain,18 which
revealed that the a4/a5 loop harboring Arg294 and
Arg295 is highly flexible in the free form
(Figure 3(a)), suggesting that this region of the
enzyme undergoes conformational exchange.
Therefore, these results together with those
described above argue that, in addition to coordination of the phosphothreonine in the dualphosphorylated ERK2, the conserved Arg294 and
Arg295 likely participate in restructuring of the
enzyme active site residues required for the ERK2induced catalytic activation.

Discussion
Proper regulation of MAPK inactivation is as
important as that for its activation in cell growth
and differentiation, as well as in cell-growth
suppression and apoptosis. Recent studies show
that, unlike many other protein phosphatases,
catalytic activity of the dual-specificity MAPK
phosphatases is controlled by their ability to
recognize selective MAPKs and by catalytic activation upon binding to their physiological MAPK
substrates.9 Such a direct coupling of inactivation of
an MAPK to activation of an MKP provides a tightly
balanced regulatory mechanism that enables these
two key enzymes to keep each other in check, thus
guaranteeing high fidelity of MAPK-mediated cell
signaling. Because of their biological importance in
cell signaling, gene expression of MKPs is regulated
tightly in cells. For instance, it is known that
expression of nuclear-specific MKPs is controlled
by immediately early genes induced by activated
MAPKs upon nuclear entrance. A recent study has

demonstrated that PAC-1 is also transcriptionally
induced by the human tumor-suppressor protein
p53 in the cell’s response to oxidative stress and
thus acts as a key downstream effector of p53
function to suppress the MAPK cascade and to
induce cell-growth suppression and apoptosis.34
Here, we have characterized the MAPK substrate
specificity of PAC-1 with recombinant and purified
proteins according to three key criteria that are
important for structure–function of MKPs: (1)
MAPK/MKP binding; (2) MAPK-induced catalytic
activation; and (3) dephosphorylation of both the
phosphotyrosine and phosphothreonine of an
MAPK. Our results suggest strongly that ERK2 is a
physiological substrate for PAC-1, because it meets all
three criteria. Particularly, ERK2 forms a tight
complex with PAC-1 (Figure 2) through its interaction
with the amino-terminal domain of PAC-1, as the
carboxy-terminal phosphatase domain alone would
not be able to form a stable complex with ERK2.18 The
amino-terminal domain of PAC-1 interacts with
ERK2 through the conserved KIM sequence, as
mutation of the absolutely conserved Arg62 in this
sequence abrogated PAC-1/ERK2 association completely (Figure 2(a)). Formation of the PAC-1/ERK2
complex with 1:1 stoichiometry causes catalytic
activation of PAC-1, as illustrated by p-NPP hydrolysis (Table 1 and Figure 2(f)), which is required for its
dual-specificity phosphatase activity for dephosphorylation of ERK2. These characteristics of
selective substrate binding and catalytic activation
of PAC-1 by ERK2 are reminiscent of those of the
cytosolic MKP-3 by ERK2,9 further supporting that
ERK2 is a physiological substrate for PAC-1. Our
conclusion is, therefore, consistent with the original
discovery of PAC-1 as an MKP in inactivating ERK1/
2 in T-cell activation.30,31
From our in vitro study presented here, it is clear
that JNK2 is not a physiological substrate for PAC-1,
as it does not interact with or stimulate the catalytic
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activity of the phosphatase (Figure 2), nor was JNK2
dephosphorylated after extensive treatment of
PAC-1 (Figure 1). Our results agree with a
previously reported in vivo cell transfection study,
which shows the inability of PAC-1 to inactivate the
ability of JNK2 to phosphorylate the kinase’s
substrate c-Jun in NIH3T3 and HeLa cells.37 On
the other hand, our in vitro results for PAC-1 with
p38a are intriguing. PAC-1 can form a stable
complex with p38a (Figure 2(b)), which is accomplished collectively by three arginine residues
(Arg62, Arg61 and Arg60) in the KIM sequence
(with relative contributions to the affinity of ERK2
binding in the order of Arg62OArg61OArg60).
However, this direct binding does not result in
dephosphorylation of p38a by PAC-1 (Figure 2(b)),
nor could it cause any catalytic activation of PAC-1,
as assessed by the p-NPP hydrolysis assay (Table 1).
A similar behavior of p38a has been reported in a
recent study with another nuclear-specific MKP-2.10
In that study, it was shown that p38a could form a
tight complex with MKP-2 through binding to the
amino-terminal domain, but could not stimulate
any significant catalytic activation of MKP-2.
In contrast to the inability of PAC-1 to dephosphorylate p38a effectively in vitro, it has been
shown that transfection of PAC-1 in NIH3T3 and
HeLa cells could cause inactivation of p38a activity
to phosphorylate its substrate ATF2,37 suggesting
that perhaps PAC-1 could dephosphorylate p38a
in vivo. One possibility to reconcile our in vitro
PAC-1 results with the previously reported in vivo
data is that p38a dephosphorylation and inactivation by PAC-1 might be assisted by another
protein that co-associate with them in vivo. This
hypothesis might be consistent with the notion that
catalytic activities of MKP3 and PP2A are regulated
by its interaction with protein kinase CK2a.38,39
Alternatively, the lack of PAC-1 activity towards
p38 could be due to the fact that the concentration of
the dual-phosphorylated p38 is much lower than its
Km by PAC-1.
Our mutational analysis supports the suggestion
that the conserved Arg294 and Arg295 of PAC-1 are
important for binding to the phosphothreonine of
ERK2.18 While these conservative mutations did not
cause any significant structural perturbations of the
enzyme (Figure 3(c)) or reduce the affinity of the
PAC-1/ERK2 binding (Figure 5(a)), mutations of
these Arg residues to alanine or lysine, either
individually or collectively, result in a nearly
complete loss of ERK2-induced catalytic activation
of PAC-1 (Table 1 and Figure 5(b)) and its ability to
dephosphorylate ERK2 (Figure 4(b)–(d)). These
results argue that, in addition to phosphothreonine
recognition, these two Arg residues may play an
important role in substrate-induced structural
rearrangement of the phosphatase active site that
is required for the optimal phosphatase activity.
Indeed, structural analyses of the carboxy-terminal
phosphatase domains of PAC-118 and MKP-317
show that these MKPs, in their free form, exist in
a low-activity state because of disengagement of the

active site residues. Particularly, the catalytically
important general-acid residue Asp230 in PAC-1 or
Asp262 in MKP-3 is separated spatially from the
other catalytic residues by as much as 10 Å,
suggesting that a major conformational change
would have to take place in order to bring the
catalytic residues together for full enzymatic
activity in catalysis. Moreover, our recent NMR
binding study shows that the a4/a5 loop of PAC-1
harboring the two Arg residues is involved directly
in interactions with the inter-domain sequence of
the MKP, which has been implicated to be
important for ERK2 binding.11,13
In conclusion, our results imply that amino acid
residues located at the phospho-amino acid binding
sites in the free PAC-1 are structurally disoriented
for catalysis, and binding of a specific MAPK restructures the phosphatase active site geometry that
is required for PAC-1 optimal catalytic activity for
dephosphorylation of the substrate MAPK. Such
cooperative pairing of substrate recognition
and catalytic activation of an MKP, as seen here in
PAC-1, may provide another level in regulation that
controls the catalytic activity of an MKP for
dephosphorylation and inactivation of a selective
MAPK, thereby guaranteeing the fidelity of MAPK
functions in cell signaling.

Experimental Procedures
DNA constructs
cDNA encoding the full-length mouse PAC-1
consisting of 318 amino acid residues was amplified
by PCR from a mouse spleen cDNA library
(Invitrogen), and subcloned into a bacterial
expression
vector
pGEX4T1
(Amersham
Bioscience) between BamHI and XhoI sites. All
vectors expressing mutant PAC-1 proteins were
prepared with a QuikChange site-directed mutagenesis kit (Stratagene). The plasmid co-expressing
His6-tagged ERK2 and a constitutively active
MEK1-R4F, which phosphorylates ERK2 upon
expression, was received as a generous gift from
Melanie Cobb. Mouse p38a cDNA was amplified
from HA-p38a in pcDNA3 and subcloned into a
modified pET32a vector between BamHI and XhoI
sites. The resulting recombinant p38a would
contain two extra amino acid residues, Gly-Ser, at
the N terminus when the His-tag is cleaved by
thrombin. The cDNA encoding human JNK2 was
prepared from a HA-JNK2 construct by inserting a
PCF fragment between NdeI and BamHI sites of a
pET15b expression vector (Novagen). Three extra
amino acid residues, Gly-Ser-His, would be added
at the N terminus of JNK2 after the N-terminal Histag in the recombinant protein is removed with
thrombin treatment. The HA-p38a plasmid and the
HA-JNK2 constructs were kindly provided by
Mitchell Goldfarb and Ze’ev Ronai, respectively.
Human MKP-5 is cloned between BamHI and
EcoRI sites of the bacterial expression pGEX4T1
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vector. All cDNA constructs generated in this study
were confirmed by sequencing.
Preparation of recombinant proteins
The recombinant full-length wild-type or mutant
PAC-1 proteins were expressed in Escherichia coli
BL21(DE3) cells grown in LB medium at 37 8C for
3–4 h. Protein expression was induced at 18 8C
overnight with w0.4 mM isopropylthio-b-D-galactopyranoside (IPTG). The GST-PAC-1 was purified
with glutathione-Sepharose affinity resin (Amersham
Biosciences), followed by gel-filtration chromatography. The His6-tagged MAPK proteins were
expressed in E. coli BL21(DE3) cells and purified by
affinity chromatography on a Hi-Trap nickel column
(Pharmacia). The recombinant ERK2 was dualphosphorylated upon expression by the co-expressed
constitutively active MEK1-R4F.6,40 Phosphorylation
of p38a and JNK1/2 was achieved by incubating an
MAPK with a GST-fusion MKK4 in a 25 mM Tris–HCl
buffer (pH 8.0), containing 0.62 mM EGTA, 10 mM
MgCl2, 0.25 mM DTT and 1 mM ATP at room
temperature for 20 h. GST-MKK4 was removed
by mixing the reaction solution with glutathioneSepharose beads. The phosphorylation state of the
MAPKs was confirmed by Western blot analysis
using antibodies specific against dual-phosphorylated ERK2, p38a or JNK1/2.
GST pull-down assay
PAC-1 and MAPK binding was assessed in a GST
pull-down assay. Briefly, the GST-fusion wild-type
or mutant PAC-1 proteins (5 mM) immobilized on
the glutathione-Sepharose beads was incubated
with a purified and dual-phosphorylated MAPK
(10 mM) in a binding buffer of pH 7.3, containing
140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl,
1.8 mM KH2PO4, 2 mM DTT and 2 mM EDTA at
25 8C for 30 min. The glutathione-Sepharose beads
(10 ml) were washed extensively with the phosphate-binding buffer. Proteins eluted from the
Sepharose beads were separated by SDS-PAGE,
and visualized by staining with Coomassie brilliant
blue or by Western blotting using anti-GST antibody
(Amersham) or anti-histidine tag antibody
(Amersham), and alkaline phosphatase-conjugated
donkey anti-mouse IgG (Amersham). The dualphosphorylation state of MAPKs was confirmed by
Western blotting using anti-pY, anti-pT MAPK,
anti-ACTIVE ERK1/2, anti-ACTIVE p38 and antiACTIVE JNK antibodies (Promega).
Phosphatase assays
Dephosphorylation of MAPKs by PAC-1 or MKP5 was performed by incubating an MAPK (2.5 mM)
with PAC-1 or MKP-5 (2.5 mM) in a reaction buffer
of 50 mM Tris–HCl (pH 7.5), containing 10 mM
MgCl2 and 5 mM DTT at 37 8C for 0–60 min as
indicated in the Figure legends. The amounts of
each protein and phosphorylation state of MAPKs
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were assessed by Western blot analysis using
specific antibodies as described above. PAC-1
phosphatase activity was measured in a p-nitrophenyl phosphate (p-NPP) hydrolysis assay. Briefly,
10 mg of a GST-fusion PAC-1 protein was incubated
with various amounts of MAPKs with a molar ratio
of PAC-1 to MAPK from 1:0 to 1:5 in a 280 ml
reaction mixture in a 50 mM Tris–HCl (pH 7.1),
containing 100 mM NaCl, 1 mM DTT, 1 mM EDTA
and 30 mM p-NPP for 2 h at 37 8C. The p-NPP
hydrolysis reactions were stopped by adding 800 ml
of 1 M NaOH, and the reaction product of
p-nitrophenyl oxide was measured by absorbance
at 405 nm. The reverse-phase HPLC analysis of the
ERK2 peptide reaction products was conducted
with an HP 1050 instrument equipped with a diode
array detector. The HPLC analysis was conducted
with an ODS-Hypersil column (Keystone Scientific)
of 250 mm!4.6 mm using a gradient of 5%–60%
acetonitrile/water in the presence of 0.1% (v/v)
trifluoroacetic acid. The flow rate was 1.00 ml/min
and the signals were detected with l at 214 nm. The
ERK2 peptides were obtained from PeptidoGenic
Research, Inc. (Livermore, CA). Mass spectrometry
analysis was performed at the Protein Core Facility
at Columbia University.
Preparation of pY-ERK2, pT-ERK2 and ERK2
To prepare pY-ERK2, pT-ERK2 and ERK2, pTpYERK2 (0.5 mg in 500 ml) was treated by either serine/
threonine phosphatase PP2A (10 ml, 1.3 units)
(Upstate) and/or 10 ml of tyrosine-specific HePTP
(final concentration 5 mM) (generously provided by
Dr Thomas Mustelin) for 1 h at 30 8C. The PP2A and
HePTP-treated pTpY-ERK2 yielded pY-ERK2,
pT-ERK2 and ERK2, respectively, which were confirmed by Western blot using anti-phosphotyrosine,
anti-pT-MAPK and anti-active MAPK antibodies
(Promega).
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