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RESULTS

Interaction of p38a with KBD of MKP5
MKPs are crucial inhibitors of MAPK signaling because they dephospho-
rylate both phosphotyrosine and phosphothreonine in the activation loop of
MAPKs. The MKPs constitute a structurally distinct subfamily of 10
catalytically active enzymes within the larger family of dual-specificity pro-
tein phosphatases (DUSPs) encoded in the human genome (16). On the basis
of sequence similarity, protein structure, substrate specificity, and subcellular
localization, the MKP family can be further divided into three groups (17).
The first group is composed of four inducible nuclear MKPs: MKP1,
MKP2, PAC1, and hVH3. The second group contains three closely related
cytoplasmic ERK-specific phosphatases: MKP3, MKP4, and MKPX. The
third group is composed of MKP5, MKP7, and hVH5, which selectively
inactivate the stress-activated MAPKs JNK and p38. All MKPs share a com-
mon structure comprising a C-terminal catalytic domain and an N-terminal
KBD (18). Despite sequence divergence within KBD, a conserved KIM is
present in the N-terminal region of all these MKPs. The KIM is character-
ized by a region rich in basic amino acids, followed by a FA-X-FB motif
(whereF is Leu, Ile, or Val), and plays an important role in MAPK substrate
recognition and binding (Fig. 1A).

MKP5, which belongs to the MKP family, preferentially inacti-
vates p38 and JNK but not ERK (table S1) (19, 20). MKP5 is unique
among the MKPs in that it has an additional segment of unknown
function at the N terminus (Fig. 1B). Deletion of the KBD in MKP5
leads to a 400-fold increase in Km (Michaelis constant) for p38a sub-
strate, but it has little effect (1.5-fold) on kcat, suggesting that the KBD
of MKP5 is critical for p38a binding and efficient p38a dephospho-
rylation by MKP5 (21). To test whether isolated KBD of MKP5 and
p38a could form a stable binary complex in solution, we analyzed the
binding of KBD with unphosphorylated and phosphorylated p38a by
size exclusion chromatography (Fig. 1C). The chromatographic profiles
of unphosphorylated and phosphorylated p38a showed that both proteins
eluted with a similar retention time, corresponding to a molecular mass
of 43.5 kD as determined from the protein calibration curve. When 5 mo-
lar equivalents of KBD were mixed with 1 molar equivalent of p38a, a
small amount of KBD was shifted to earlier fractions, forming stable
complexes, and the excess amount of KBD was eluted from the size ex-
clusion column as a monomer.

We used competitive binding assays to measure the binding affinity of
the KBD of MKP5 for phosphorylated p38a. The initial rates of MKP5-
catalyzed reaction were measured in the presence of various concentra-
tions of p38a substrate and four different fixed concentrations of KBD.
The initial velocity of MKP5 catalysis depended on the p38a concentra-
tion, and the KBD inhibited the MKP5 activity in a concentration-
dependent manner (Fig. 1D). Because the KBD of MKP5 binds p38a
tightly, this inhibition probably reflects competition for p38a binding to
full-length MKP5. The data sets of initial velocities were analyzed with
a kinetic equation by global fitting procedure. The binding affinity of the
KBD of MKP5 for phosphorylated p38a had a Ki (inhibition constant) of
1.01 ± 0.01 mM.

Structure of p38a in complex with the KBD of MKP5
We solved the structure of the binary complex of unphosphorylated
p38a bound to the KBD of MKP5 by molecular replacement (Fig.
2A). The model of the heterodimer was refined at 2.7 Å resolution to
an R factor of 21.6% (Rfree of 26.0%) with good stereochemistry (Table
1). When bound to p38a, the KBD of MKP5 covers a contiguous surface
area situated opposite of the p38a active site (Fig. 2B). The docking site
on p38a contains the previously identified (negatively charged) CD re-
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gion and hydrophobic groove between helices aD and aE and the b7-b8
reverse turn (9, 22, 23). We found that the interaction of the KBD of
MKP5 with p38a mainly involved two helices, a2 and a3′, from the
KBD. In the p38a-KBD complex, the conformation of KBD is similar
to that of the isolated KBD of MKP5 (24), except several residues local
to the binding region undergo conformational changes upon binding (fig.
S1). However, the structure of p38a in the present complex has some dif-
ferences from the apo-p38a structure. The p38a structure of the present
heterodimer superimposed on the apo-p38a (25, 26) with a root mean
square deviation (RMSD) of 1.2 Å for equivalent Ca atoms. The two lobes
are rotated by 5.6° toward one another in p38a of the complex (Fig. 2C).
The activation loop exhibits perhaps the largest change on binding of the
KBD. In the present complex structure, many of the residues of the activa-
tion loop, including Thr180 and Tyr182, are crystallographically disordered
(no electron density was visible for residues 170 to 183), suggesting that
flexibility in the p38a activation loop caused by docking to the KBD
could release this loop for binding to the active site of MKP5 and aid
in dephosphorylation of p38a. Similar observation of enhanced disorder
Fig. 1. The KBD of MKP5 forms a stable heterodimer with p38a. (A)
Sequence alignment of kinase interaction motifs (KIMs), which are pro-
posed to mediate MAPK recognition by the 10 human MKPs. On the
basis of sequence similarity, protein structure, substrate specificity,
and subcellular localization, the MKP family can be further divided into
three groups, indicated by the colored backgrounds. Identical and simi-
lar residues are colored orange and blue, respectively. The conserved
basic residues (++) and hydrophobic residues (FA and FB) in the KIM
sequence are proposed to be important for MAPK recognition. Abbre-
viations for the amino acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
(B) Domain organization of human MKP5. NT, N-terminal domain; KBD,
MAPK binding domain; CD, catalytic domain. (C) The KBD of MKP5
binds either unphosphorylated p38a or phosphorylated p38a. Gel filtra-
tion profiles for unphosphorylated p38a or phosphorylated p38a alone,
KBDMKP5 alone, and a mixture of the two. (D) Inhibition of MKP5-catalyzed
phosphorylated p38a dephosphorylation by the KBD of MKP5 (KBDMKP5).
As assessed by the competitive binding assay, the KBD of MKP5 binds
phosphorylated p38a with a dissociation constant of 1.01 mM to form a
1:1 complex. The assay was performed for MKP5 by varying the con-
centrations of both phosphorylated p38a and KBDMKP5 as indicated
at 25°C.
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in the activation loop was reported previously by Chang et al. (9) and
Zhou et al. (12), and they suggested that the disorder may be important
for the action of the docking peptide.

The crystal structure of ERK2 in complex with the KIM peptide
from the KBD of MKP3 (KIMMKP3, residues 60 to 74) has been re-
ported (11). Like other known docking peptide complexes, such as
p38a-KIMMKK3b and p38a-KIMMEF2A, the ERK2-KIMMKP3 complex
reveals that this KIM peptide binds ERK2 in an extended conformation
(Fig. 2D). The FA-X-FB motif Leu

71′-Pro72′-Val73′ (the residues of MKP3
or MKP5 are indicated by apostrophes after their residue numbers) in
KIM of MKP3 binds to the hydrophobic groove, and the basic residues
Arg64′ and Arg65′ interact with Asp316 and Asp319 in the CD site in ERK2.
Compared to ERK2-KIMMKP3, the docking site in the p38a-KBDMKP5

complex overlaps with the binding surface of the MAPK that interacts
with the canonical docking motif. The nature of the interaction, however,
is completely different. The KBD of MKP5 binds to p38a in the opposite
www.S
polypeptide direction compared to how the KIM sequence of MKP3
binds to ERK2. The FA and FB residues in the proposed KIM of
MKP5 do not participate in the interaction between p38a and MKP5. In-
stead, the KBD interacts with p38a in a bipartite manner, such that two
distinct helical regions of KBD engage the p38a docking site situated on
the back of the p38a active site.

The solution structure of the KBD (residues 1 to 154) from MKP3
has been determined by nuclear magnetic resonance (27). Distinct struc-
tural differences are observed between the KBD of MKP5 and that of
MKP3 (24, 27). The KIM sequence that is important for ERK2-MKP3
interaction lies within different structural elements and is located at differ-
ent positions in the two structures. The residues of KIM sequence in
MKP3 are located in a flexible region connecting b3 and a3, whereas their
sequence equivalents (residues 199 to 213) in MKP5 are located in a helix
(a3′) and following loop region, on the opposite face of the central b
sheet. Thus, the large structural differences may explain why the bind-
ing of MKP5 to p38a adopts an interaction mode different from that of
other KIM peptides.

Mutational analysis of the p38a-MKP5 docking interface
On the basis of the crystal structure, we found that the KBD of MKP5
buries a total surface area of ~920 Å in p38a. The KBD of MKP5 in-
teracts with p38a through two major contact areas (Fig. 3A). The first
area is composed of the helix a3′ and the following a3′-a3 loop in the
KBD of MKP5 and CD domain in p38a, an acidic patch involving Asp313,
Asp315, Asp316, and Glu81 (Fig. 3B). The side chain of Arg203′ in KBD forms
four hydrogen bonds with the carboxylates of Asp316 and Glu81 in p38a,
and the side chain of Arg204′ is hydrogen-bonded to Asp316, Tyr132, and
Tyr311 of p38a. These charge-charge interactions are similar to those ob-
served in the ERK2-KIMHePTP complex (fig. S2) (12). In addition, Ile200′
contacts the residues Phe129 and Tyr132 of p38a through hydrophobic
interactions, and the side chain of Lys209′ forms a salt bridge with Asp313

of p38a. The second area involves the helix a2 of the KBD and the
Fig. 2. Overall structure of p38a in complex with the KBD of MKP5. (A)
Ribbon diagram of p38a (cyan and blue) in complex with KBDMKP5

(magenta). Dotted lines indicate the disordered activation loop. (B) Sur-
face representation of p38a in complex with KBD of MKP5 (KBDMKP5,
magenta), colored by electrostatic potential. (C) Superimposition of the
uncomplexed p38a (PDB ID 1P38; yellow, and activation loop in or-
ange) and the p38a (cyan and blue) from p38a-KBDMKP5 complex with
corresponding Ca atoms within the C lobe. The Ca atoms from resi-
dues 112 to 172, 202 to 242, and 269 to 309 were used to superimpose
the two p38a molecules with an RMSD of 0.59 Å. (D) Surface representa-
tion of ERK2 in complex with KIM peptide of MKP3 (KIMMKP3, yellow),
colored by electrostatic potential (PDB ID 2FYS).
Table 1. Data collection and refinement statistics.
Crystal
CIENCESIGNALING.org
p38a-KBDMKP5
20 December 2011 Vol 4
KBDMKP7
Data collection

Space group
 P41212
 P1

Cell dimensions
a, b, c (Å)
 72.4, 72.4, 226.1
 40.5, 47.5, 64.5

a, b, g (°)
 90, 90, 90
 91.2, 97.3, 96.8
Resolution (Å)
 50–2.70 (2.80–2.70)*
 50–2.67 (2.72–2.67)

Rsym (%)
 7.8 (35.9)
 7.3 (33.0)

I/sI
 20.58 (2.58)
 8.60 (2.54)

Completeness (%)
 98.6 (93.3)
 95.0 (93.0)

Redundancy
 6.8 (5.0)
 1.9 (1.9)

Refinement

Resolution (Å)
 36.21–2.70
 28.04–2.67

Number of reflections
 16,942
 11,549

Rwork/Rfree (%)
 21.6/26.0
 23.9/28.8

Number of atoms
Protein
 3,740
 3,948

Water
 15
 86
B-factors

Protein
 88.9
 44.4

Water
 64.2
 30.2
RMSD

Bond lengths (Å)
 0.008
 0.010

Bond angles (°)
 1.254
 1.194
*Highest-resolution shell is shown in parentheses.
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hydrophobic groove of p38a (Fig. 3C). The side chains of Phe180′ and
Met181′ on helix a2 are nestled in a hydrophobic pocket formed by the
side chains of Ile116, Cys119, Leu122, Leu130, Val158, and Cys162 and the
aliphatic portions of Gln120 and His126. By comparing the current structure
with previous ones (9–11, 13–15), we find that the hydrophobic pocket,
which accommodates the binding of the FA residue in ERK2-KIMMKP3

and other MAPK-KIM complex structures, is plugged into by two in-
tervening residues, Phe180′ and Met181′, whereas the hydrophobic patch
filled by the FB residue is unoccupied in the p38a-KBDMKP5 complex
(Fig. 3D). Although MK2 binds to the p38a hydrophobic groove in the
same polypeptide direction as KBDMKP5, the docking mode of MK2 is
more similar to other known KIM peptides binding in the opposite direc-
tion, such as KIMMEF2A and KIMMKK3b, than KBDMKP5 (14) (fig. S3). Thus,
the docking of the KBD of MKP5 to p38a represents a previously un-
recognized docking class.

To validate the binding mode between KBDMKP5 and p38a, we first
examined the effects of KBDMKP5-p38a interaction on the p38a activity
toward both peptide substrate [epidermal growth factor receptor (EGFR)
peptide] and KIM-containing substrate (ATF2D109). The initial velocity
of the p38a-catalyzed reaction depends on the concentration of KBDMKP5

when ATF2D109 is used as substrate (fig. S4). As expected, the enzyme
activity of p38a for ATF2D109 decreased with increases in the concentra-
tion of KBDMKP5, whereas KBDMKP5 had no effect on the p38a activity
for EGFR peptide substrate because the EGFR peptide does not have a
KIM domain. Using gel filtration assays, we also performed competitive
binding experiments and found that KBDMKP5 disrupted the p38a-
ATF2D109 and p38a-MKK6 complexes (fig. S5). Together, our biochem-
ical results suggest that the physical association of KBDMKP5 with p38a
www.S
may generate a steric block that prevents binding of the KIM-containing
partners.

To assess the importance of the aforementioned interactions, we
generated a series of point mutations in the KBD of MKP5 and exam-
ined their effect on the MKP5-catalyzed p38a dephosphorylation (Fig.
3E). When the hydrophobic residues Phe180 and Met181 on the a2 of the
KBD were individually replaced by Ala, the catalytic efficiencies (kcat/Km)
of the F180A and M181A mutants for p38a dephosphorylation decreased
four- and twofold, respectively. Compared to wild-type MKP5, replace-
ment of both Phe180 and Met181 with an Ala led to an eightfold drop in
the kcat/Km value. However, mutating these hydrophobic residues to charged
Asp (F180D, M181D, or F180D and M181D) led to marked enzymatic in-
activation (8- to 30-fold) (table S2). Similarly, when the two basic residues,
Arg203 and Arg204, on the a3′ of KBD were individually replaced by an
Ala, the catalytic efficiencies (kcat/Km) of the mutants were decreased
more than 10-fold, and substitution of both these Arg residues with Ala
resulted in a further decrease (~150-fold) in kcat/Km, comparable to that
observed in a mutant lacking the whole docking domain (MKP5DN319)
(Fig. 3E and table S2). In addition, forms of MKP5 with mutations in
crucial residues on the KBD interface, I200A and K209A, had decreased
catalytic efficiencies. Mutations in the KBD of MKP5 caused an increase
in Km but had a modest effect on kcat (table S2), supporting the notion that
the major function of the KBD in MKP5 is to increase the effective con-
centration of the pT-X-pY motif in the vicinity of the active site of MKP5
for dephosphorylation. We also made mutations of two hydrophobic resi-
dues corresponding to FA and FB in the KIM sequence, I210A and
V212A, as negative controls, and assessed their effect on catalytic function
(Fig. 3E and table S2). As expected, these two mutants did not show
Fig. 3. A new docking interaction mode
between p38a and the KBD of MKP5. (A)
Surface representation of p38a in complex
with the KBD of MKP5 (KBDMKP5, magenta),
colored by electrostatic potential. Right, close-
up view of interactions between KBDMKP5 and
C lobe of p38a. The side chains of residues
in helix a3′ and a2 of KBDMKP5, involved in
p38a binding, are shown in stick represen-
tation. (B and C) Detailed interactions be-
tween KBDMKP5 (magenta) and the C lobe
of p38a (blue). Ion-pair and hydrogen-
bonding interactions are presented by black
dashed lines. (D) Superimposition between
p38a in complex with KBDMKP5 (magenta)
and ERK2 in complex with KIMMKP3 (yellow).
For clarity, only residues Phe180-Lys209 of
KBDMKP5 are shown. The overlaid MAPK
proteins are colored gray. Right, cartoon of
MAPK docking surface comparing p38a-
KBDMKP5 complex with ERK2-KIMMKP3 com-
plex. (E) Comparison of kcat/Km values of
dephosphorylation reactions of phosphoryl-
ated p38a catalyzed by MKP5 [wild type
(WT) and the indicated mutants].
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altered catalytic efficiencies. Collectively, these data indicated that both the
hydrophobic and the charged residues in the KBD of MKP5 are required
for its high-affinity binding to the MAPK p38a.

Comparison of docking interactions among MKPs
MKP7 is specific for p38 and JNK but not ERK, and its unique struc-
tural feature is that it contains an additional sequence at the C terminus
that is rich in prolines, glutamates, serines, and threonines (PEST) (Fig.
4A) (28, 29). Compared with MKP5, however, deletion of the N-terminal
domain had only a modest effect on the phosphatase activity of MKP7
(~14-fold in kcat/Km) (table S3). Thus, it would be of interest to know
whether the KBD of MKP7 can form a tight physical complex with
p38a. To address this issue, we analyzed the interaction of unphos-
phorylated p38a with the KBD of MKP7 (residues 5 to 138) by gel
filtration analysis and competitive binding assays. Gel filtration analy-
sis indicated that p38a formed a stable heterodimer with the KBD of
www.S
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MKP7 in solution (Fig. 4B). Consistent with MKP7 binding to p38a
through its KBD, the enzymatic activity of MKP5 toward p38a substrate
was inhibited in the presence of isolated MKP7 KBD (Fig. 4C). The
binding affinity of the MKP7 KBD for phosphorylated p38a had a Ki

of 0.74 ± 0.13 mM.
To gain a structural understanding of the interaction mode between

p38a and MKP7, we crystallized the MKP7 KBD (residues 5 to 138)
and determined its three-dimensional structure at 2.7 Å resolution (Fig.
5A). There were four molecules of MKP7 KBD in each asymmetric unit;
these four molecules exhibited identical structure and were super-
imposable with one another (fig. S6). The compact structure comprised
a central b sheet of five parallel b strands, which was surrounded by three
a helices on the other sides. In addition, there was a small, two-stranded b
sheet involving residues 41 to 43 and 136 to 138 at the C terminus of the
domain.

The KBD of MKP7 shares 35% and 32% sequence identity with that
of MKP3 and MKP5, respectively. Although the KBDs of MKP7 and
MKP3 have greater sequence similarity, differences in KBD structures
do not fall strictly on MKP7 compared to MKP3 and MKP5 lines. The
KBD structure of MKP7 is more similar to MKP5 (RMSD, 1.5 Å) than to
MKP3 (RMSD, 8.0 Å) (Fig. 5, B and C). There are differences in many of
the surface loops and helices between the KBD structures of MKP3 and
MKP7 (Fig. 5B). The positively charged residues andFA-X-FB motif that
are important for MAPK binding are located in different positions in the
two structures. In contrast to MKP3, the KBD structure of MKP7 (resi-
dues 5 to 138) closely resembles that of MKP5 (Fig. 5C). In particular, the
key residues on the helices a2 and a3′ are well conserved between these
two domains, suggesting a possible similarity in the interaction mode be-
tween MKP7 and p38a (Fig. 5D). To further test this hypothesis, we gen-
erated forms of the MKP7 KBD bearing mutations corresponding to those
we made on MKP5 on the basis of sequence and structural alignment and
examined their effects on MKP7 phosphatase activity (Fig. 5E and table
S3). As expected, the V63A and I65A MKP7 mutants showed little or no
difference in phosphatase activity, whereas the other mutants showed re-
duced specific activities of MKP7. Thus, MKP7 binds p38a in a docking
mode similar to that of MKP5, and the interaction model can be generated
by superimposition of KBDMKP7 to the corresponding domain of MKP5
in the complex (Fig. 5F). Given the relatively higher sequence identity
(40%) between MKP7 and hVH5 (also known as M3 or M6) (30), and
because residues involved in the protein-protein interaction are highly con-
served (Fig. 5G), it is reasonable to postulate that the new binding mode is
conserved in this cytoplasmic and p38- and JNK-specific MKP subgroup
(MKP5, MKP7, and hVH5).

DISCUSSION

The p38a MAPK signaling pathway plays an important role in inflamma-
tion and many other physiological processes. It has been the subject of
extensive efforts in both basic research and drug discovery to make spe-
cific inhibitors of p38a for the treatment of inflammatory diseases such
as psoriasis, rheumatoid arthritis, and chronic obstructive pulmonary dis-
ease (31–33). Many adenosine 5′-triphosphate (ATP)–competitive small-
molecule inhibitors directed against p38a have been described and tested
(34). Although some of these inhibitors show anti-inflammatory effects
in animal models, the side effects have limited their clinical utility. The
repeated failure of the current p38a inhibitors in clinical trials raises the
need for additional modes of specifically interfering with kinase activity.
MAPK docking sites are emerging as possible targets for drug design,
because MAPKs use docking interactions to link module components
and bind substrates. Docking site–directed inhibitors could block the
Fig. 4. KBD of MKP7 forms a stable heterodimer with p38a. (A) Domain
organization of human MKP7. KBD, MAPK binding domain; CD, catalytic
domain; PEST, C-terminal sequence rich in prolines, glutamates, serines,
and threonines. (B) The KBD of MKP7 binds unphosphorylated p38a.
Gel filtration profiles of unphosphorylated p38a alone, KBDMKP7 alone,
and a mixture of the two. (C) Inhibition of MKP5-catalyzed phosphorylated
p38a dephosphorylation by KBD of MKP7 (KBDMKP7). As assessed by the
competitive binding assay, the KBD of MKP7 binds phosphorylated p38a
with a dissociation constant of 0.74 mM to form a 1:1 complex. The assay
was performed for MKP5 by varying the concentrations of both phosphoryl-
ated p38a and KBDMKP7 as indicated at 25°C.
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function of a specific MAPK pathway by inhibiting both MAPKK binding
and substrate binding. This strategy has opened a new way for the devel-
opment of protein kinase inhibitors targeting substrate-specific docking
sites, rather than the highly conserved ATP binding sites.

Here, we report the crystal structure of the MAPK p38a in com-
plex with the KBD of the phosphatase MKP5. Our structure reveals
that the binding mode of p38a to its cognate phosphatase is distinct
from that observed for the recognition of ERK2 by the KBD of MKP3.
The KBD of MKP5 also binds in the p38a docking groove, but the
major difference with the ERK2-KIMMKP3 complex is the reversed di-
rection of the peptide backbones of MKP5 compared to MKP3. Ac-
cordingly, although both p38a and ERK2 use a cluster of highly
conserved basic residues to bind to their respective KBDs, the reverse
orientations in each case imply the involvement of a whole new set of
hydrophobic residues. Indeed, although such hydrophobic residues are
located C-terminal to the cluster of basic residues in MKP3, they are
found N-terminal to the corresponding cluster in MKP5. Additionally,
the region within the KBD of MKP3 that directly docks onto ERK2
adopts an extended conformation, whereas the regions within the
www.S
KBD of MKP5 in contact with p38a adopt a-helical conformations,
resulting in a different interacting mode. We also determined the crystal
structure of the KBD of MKP7, another member of the cytoplasmic
and p38- and JNK-specific MKP subgroup. The KBD structure of MKP7
closely resembles that of the MKP5 KBD, suggesting that the mech-
anism of molecular recognition by the KBD of MKP5 is conserved
in this MKP subgroup. Biochemical data provide further support to this
notion.

In summary, our finding sheds new light on the molecular basis of
MAPK-MKP interactions, helps to better understand the regulation of
MAPKs, and may provide invaluable information to exploit highly selec-
tive p38a inhibitors for innate and adaptive immune diseases.
MATERIALS AND METHODS

Protein expression and purification
Expression and purification of N-terminally (His)6-tagged unphosphoryl-
ated p38a was performed as previously described (21). For the KBD of
Fig. 5. Structural differences among the
KBDs of MKP3, MKP5, and MKP7. (A) Rib-
bon diagram of the KBD of MKP7. (B) Struc-
tural overlay of KBDMKP3 (yellow; PDB ID
1HZM) and KBDMKP7 (orange). Residues
of KIMMKP3 involved in contacts with ERK2
(Arg64, Arg65, Leu71, and Val73) are shown
as gray sticks. The equivalent residues in
MKP7 (Arg56, Arg57, Val63, and Ile65) are
shown as cyan sticks. (C) Structural overlay
of KBDMKP5 (magenta; PDB ID 2OUC) and
KBDMKP7 (orange). Residues of KBDMKP5

involved in contacts with p38a (Phe180,
Met181, Ile200, Arg203, Arg204, and Lys209)
are shown as gray sticks. The equivalent
residues in MKP7 (Phe34, Met35, Leu53,
Arg56, Arg57, and Lys62) are shown as cyan
sticks. (D) Structure-based sequences of
MKP3 (Gln42-Val72 in KBD), MKP5 (Phe180-
Val212 in KBD), and MKP7 (Phe34-Ile65 in
KBD). Residues of MKP3 and MKP5 in-
volved in hydrophobic and hydrophilic con-
tacts with MAPKs are colored in cyan and
blue, respectively. Potential residues of
MKP7 involved in p38a binding are un-
derlined. (E) Comparison of kcat/Km values
of MKP7 (WT and the indicated mutants)–
catalyzed phosphorylated p38a dephos-
phorylation reaction. (F) Superimposition of
apo KBDMKP7 (orange) and KBDMKP5 in the
p38a-KBDMKP5 complex (color-coded as in
Fig. 2A). (G) Amino acid sequence align-
ment of KBD of cytoplasmic p38- and JNK-
specific MKPs including MKP5, MKP7, and
hVH5. Identical and similar residues are
shaded orange and purple, respectively.
Residues of KBDMKP5 involved in hydro-
phobic and hydrophilic contacts with p38a

are marked with cyan and blue triangles, respectively.
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