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Abstract

MAP kinase phosphatases (MKPs) have crucial roles in regulating the signaling activity of MAP kinases
and are potential targets for drug discovery against human diseases. These enzymes contain a catalytic
domain (CD) as well as a binding domain (BD) that help recognize the target MAP kinase. We report
here the crystal structures at up to 2.2 A resolution of the BD and CD of human MKP5 and compare
them to the known structures from other MKPs. Dramatic structural differences are observed between
the BD of MKP5 and that of MKP3 determined previously by NMR. In particular, the cluster of
positively charged residues that is important for MAP kinase binding is located in completely different
positions in the two structures, with a distance of 25 A between them. Moreover, this cluster is a-helical
in MKPS5, while it forms a loop followed by a (-strand in MKP3. These large structural differences
could be associated with the distinct substrate preferences of these phosphatases, but further studies are
needed to confirm this. The CD of MKPS5 is observed in an active conformation, and two loops in the

active site have backbone shifts of up to 5 A relative to the inactive CDs from other MKPs.
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Mitogen-activated protein kinases (MAP kinases) have
crucial roles in a large number of cellular signaling
processes (Davis 2000; Chang and Karin 2001; Pearson
et al. 2001; Johnson and Lapadat 2002). These enzymes,
including ERK, p38, and JNK, are activated in response
to a variety of signals, through phosphorylation of the Thr
and Tyr residues in the Thr-X-Tyr motif in the activation
loop.

MAP kinase phosphatases (MKPs) are important reg-
ulators of MAP kinase signaling, by dephosphorylating
activated MAP kinases (Camps et al. 1999; Theodosiou
and Ashworth 2002; Farooq and Zhou 2004; Martin et al.
2005; Dickinson and Keyse 2006). These enzymes are
interesting targets for drug discovery against many human
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diseases. MKP5-deficient mice have increased JNK
activity and elevated production of proinflammatory
cytokines during innate immune responses (Zhang et al.
2004; Dickinson and Keyse 2006). Mice lacking MKP1
have elevated p38 activity and a hyperresponsive innate
immune system (Dickinson and Keyse 2006). They are
resistant to diet-induced obesity, as MKP1 also regulates
JNK and ERK, but become glucose intolerant on a high
fat diet (Dickinson and Keyse 2006).

MKPs belong to the larger family of dual specificity
protein phosphatases (DUSPs or DSPs), as they can
remove the phosphate group on both Thr and Tyr residues
in MAP kinases. MKPs contain a phosphatase domain (or
catalytic domain [CD]) in their C termini, and a MAP
kinase binding domain (BD) at their N termini (Fig. 1A).
MKPS5 is unique among the MKPs in possessing an
additional segment at the N terminus (Fig. 1A), although
the function of this segment is not known. The CDs of the
MKPs are highly conserved, with the catalytic Cys resi-
due located in the phosphatase motif HCXXGXXR(S/T)
(Fig. 1B). In comparison, the sequence conservation of
the BDs is weaker (Fig. 1B), and this sequence diversity
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Figure 1. Sequence alignment of human MKPs. (A) Domain organization of human MKPS. The MAP kinase binding domain (BD)
and the catalytic domain (CD) are indicated. (B) Sequence alignment of human MKP5, MKP3, and MKP1. The secondary structure
elements in MKPS5 (S.S.) are labeled, and those in the NMR structure of the BD of MKP3 (Farooq et al. 2001) are shown at the bottom
of the alignment. The start of the BD and CD are indicated in red. Residues not observed in our structures are shown in italic, and

residues identical between MKP5 and MKP1 or MKP3 are shown in magenta.

may help define the distinct substrate preferences of the
MKPs as well as their different localizations in the cell.
For example, MKP3 prefers ERK as the substrate, and
MKPS5 prefers p38 and JNK, while MKP1 can regulate all
three MAP kinases. A cluster of positively charged resi-
dues in the BD mediates interactions with the target MAP
kinases (Farooq et al. 2001; Tanoue et al. 2002; Dickinson
and Keyse 2006; Zhou et al. 2006).

We report here the crystal structures of the MAP kinase
BD and the CD of human MKP5 and compare them to the
known structures from other MKPs (Stewart et al. 1999;
Farooq et al. 2001, 2003; Farooq and Zhou 2004; Jeong
et al. 2006). We observed dramatic structural differences
between the BDs of MKP5 and MKP3, and these differ-
ences may be the molecular basis for the different sub-
strate preferences of these enzymes.

Results and Discussion

Structure determination

The crystal structure of the MAP kinase BD (residues
148-287) of human MKP5 has been determined at 2.2 A
resolution by the selenomethionyl single-wavelength anom-
alous diffraction (SAD) method (Hendrickson 1991). The
crystal structure of the CD (residues 315-482) of human
MKP5 has been determined at 2.8 A resolution by the
selenomethionyl multiple-wavelength anomalous diffrac-
tion (MAD) method (Hendrickson 1991).

The refined structures have excellent agreement with
the crystallographic data and the expected bond lengths,
bond angles, and other geometric parameters (Table 1).
The majority of the residues are in the most favored region
of the Ramachandran plot, and none of the residues are in the
disallowed region. The two molecules of BD in the asym-
metric unit have essentially the same conformation, with
RMSD of 0.46 A among their 130 equivalent Ca atoms.

Table 1. Summary of crystallographic information

Binding domain Catalytic

Structure (BD) domain (CD)
Maximum resolution (A) 2.2 2.8
Number of observations 110,084 35,216
Rinerge (%)* 5.0 (26.3) 4.7 (33.5)
ol 22.1 (3.4) 26.3 (3.2)
Resolution range used for refinement 20-2.2 30-2.8
Number of reflections® 28,451 8690
Completeness (%) 90 (71) 89 (65)
R factor (%)° 23.2 (26.8) 21.3 (29.8)
Free R factor (%) 28.9 (31.2) 24.8 (33.4)
RMSD in bond lengths (A) 0.006 0.007

RMSD in bond angles (°) 1.2 1.4
PDB accession code 20UC 20UD

*Ruerge = 2, 0 [Ini — {In) /3. Y Ini- The numbers in parentheses are for the
W Wi

highest resolution shell.
°The number for the binding domain includes both Friedel pairs.

R=Y|F - F|/S .
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Both the BD and the CD are monomeric in solution, based
on our static light scattering studies (data not shown).

Structure of the MAP kinase binding domain

The structure of the MAP kinase BD of human MKP5
contains a central, fully parallel five-stranded [3-sheet
with helices on both faces (Fig. 2A). In addition, there is a
small, two-stranded (-sheet involving residues 186—188
and 284-287 at the C terminus of the domain. The first
residue observed in our structure (Lys148) is located just
prior to the first B-strand. An additional nine N-terminal
residues (139-147) in our expression construct appear to
be disordered, as we did not observe any electron density
for them. In addition, residues 162-171, in the loop
connecting the first helix with the second [-strand
(Fig. 2A), are also disordered.

The structure of BD is remarkably similar to that of
sulfurtransferases (rhodaneses) (Bordo and Bork 2002).
The closest homologs include bovine liver rhodanese

(Fig. 2B; Ploegman et al. 1978a,b), Escherichia coli
GIpE (Spallarossa et al. 2001), Azotobacter vinelandii
rhodanese (Bordo et al. 2000), Leishmania major
3-mercaptopyruvate sulfurtransferase (Alphey et al.
2003), Thermus thermophilus single-domain rhodanese
(Hattori et al. 2006), and Wolinella succinogenes poly-
sulfide-sulfurtransferase (Lin et al. 2004). Interestingly,
Cdc25A, a dual specificity phosphatase that has an
important role in cell cycle control, also has the same
backbone fold (Fig. 2C; Fauman et al. 1998). The RMSD
is ~2.3 A for roughly 100 equivalent Ca atoms between
the BD and these other structures, but the sequence
identity is only about 20%, calculated with the program
Dali (Holm and Sander 1993).

While the overall structures of the BD and these
sulfurtransferases and Cdc25A are similar, there are also
significant differences among them. Most importantly,
these other enzymes contain a catalytic cysteine residue,
located just after strand B4 (Fig. 2B,C). In BD, however,
this residue is replaced by an Asp (Fig. 2A), and therefore

Figure 2. Structure of the MAP kinase binding domain of MKPS5. (A) Schematic representation of the structure of the binding domain
of MKP5. (B) Structural overlay of the MKP5 BD (in color) with the catalytic domain of bovine rhodanese (in gray) (Ploegman et al.
1978b). The catalytic Cys residue of rhodanese is shown in black and indicated with the red star. The equivalent residue in MKPS5 is an
Asp. (C) Structural overlay of the MKP5 BD with Cdc25A (in gray) (Fauman et al. 1998). Produced with Ribbons (Carson 1987).
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the BD cannot have the same catalytic activity. Several of
the rhodaneses contain two structurally homologous
domains, but only one of them is catalytically active
(Ploegman et al. 1978a,b; Bordo et al. 2000; Alphey et al.
2003). The equivalent residue in the inactive domain of
these enzymes has also been mutated. In fact, it is an Asp
in bovine rhodanese (Ploegman et al. 1978a,b).

Besides the catalytic residue itself, the loop containing
this residue, connecting strand 34 and helix a4, is much more
extended in the structure of BD (Fig. 2A), whereas it is much
shorter in the sulfurtransferases and Cdc25A (Fig. 2B,C). In
addition, three small helices are in the crossover connection
between (33 and 4 in BD (Fig. 2A), whereas only one helix
is present here in the other enzymes (Fig. 2B,C).

Large structural differences with the BD of MKP3

The structure of the BD from MKP3 has been determined
in solution by NMR (Farooq et al. 2001). The two BD
sequences share 28% identity (Fig. 1B). However, there
are dramatic differences in many of the surface loops and
helices between the two structures (Fig. 3A), even though
their central B-sheets have a similar conformation (Fig.
3B). As a consequence, the molecular surfaces of the two
domains are entirely different (Fig. 3C,D). Most remark-
ably, the cluster of positively charged residues that is
important for interacting with the target MAP kinases has
completely different conformations in the two structures,
separated by ~25 A (Fig. 3B). Residues Leu63—Arg—
Arg65 in MKP3 are located in a loop followed by a small
B-strand, whereas their sequence equivalents (Arg202—
Arg—Arg204) in MKP5 are located in a helix (a3"), on the
opposite face of the central B-sheet (Fig. 3A). Therefore,
these motifs are located at completely different positions
on the surface of these domains (Fig. 3B,C). For the
structure of the MKP5 BD reported here, 86.6% of the
residues are in the ‘“‘most-favored’ regions, 12.9% in the
“‘additional allowed” regions, 0.4% in the ‘‘generously
allowed” regions, and 0% in the “‘disallowed’ regions of
the Ramachandran plot (Laskowski et al. 1993). For the
structure of the MKP3 BD (Farooq et al. 2001), the four
regions have 46.7%, 40.7%, 10.4%, and 2.2% of the
residues, respectively. Of the 18 residues in the MKP3
BD structure in the generously allowed and disallowed
regions, four are located near this positively charged
cluster. If these large structural differences are substan-
tiated by further studies, they may be associated with the
distinct substrate preferences of the two enzymes.

Structure of the catalytic domain of MKP5

The structure of CD of MKP5 contains a central, mostly
parallel five-stranded [-sheet that is surrounded by
helices (Fig. 4A). Close structural homologs of this CD
include the dual-specificity protein phosphatase VHR
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Figure 3. Large structural differences with the BD of MKP3. (A)
Structural overlay of the MKP5 BD (in color) and the MKP3 BD
(in gray) (Farooq et al. 2001). The positively charge cluster important for
MAP kinase interactions is shown in red in both structures. Produced with
Ribbons (Carson 1987). (B) Plot of the distance between equivalent Ca
atoms in the structures of MKP5 BD and MKP3 BD. (C) Molecular surface
of the MKP5 BD. (D) Molecular surface of the MKP3 BD, viewed in the
same orientation as panel (C). Produced with Grasp (Nicholls et al. 1991).

(Yuvaniyama et al. 1996), the CDK-interacting protein
phosphatase KAP (Song et al. 2001), the PTEN tumor
suppressor (Lee et al. 1999), and the tyrosine phosphatase
SHP-2 (Hof et al. 1998). The RMSD is ~2.5 A for
~115 equivalent Ca atoms, and the sequence identity
varies from 10% to 35%, as calculated by the program
Dali (Holm and Sander 1993). In addition, our structure is
essentially identical to that reported recently for this
domain (Jeong et al. 2006), with RMSD of ~0.37 A
between 145 equivalent Ca atoms. An exception is the
extended loop at the C terminus of the domain (Fig. 4A),
residues 465-482, which are absent from the expression
construct for the other structure (Jeong et al. 2006).

The catalytic residue, Cys408, is located just after
strand B5 and also near the N-terminal end of helix a3
(Fig. 4A). This side chain is probably activated by the
expected stabilization of the thiolate by the dipole

www.proteinscience.org 883
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Figure 4. Structure of the catalytic domain of MKPS. (A) Schematic
representation of the structure of the catalytic domain of MKP5. The
catalytic Cys408 residue is shown in green. A chloride ion bound in the
active site is shown in gray. (B) Molecular surface of the MKP5 catalytic
domain. The binding mode of phosphotyrosine to PTP1B is shown (Puius
et al. 1997). (C) A closeup of the active site region of the CD of MKPS5.
The side chains of residues His407, Cys408, Arg414, and Asp377 are
shown in green. The chloride ion is shown in gray, and the phosphotyrosine
(pTyr) observed in the structure of PTP1B is shown in black (Puius et al.
1997). Panels (A) and (C) were produced with Ribbons (Carson 1987) and
panel (B) with Grasp (Nicholls et al. 1991).

moment of this helix. The active site is positioned at the
bottom of a shallow depression on the surface of the
enzyme (Fig. 4B). We also observed the binding of a
chloride ion in the active site of CD. It is located 3.3 A
from the Cys408 side chain and has ionic interactions
with the side chain of Arg414 (Fig. 4C). In addition, the
chloride ion is situated at the N-terminal end of helix o3
and should also have favorable interactions with the
dipole moment of this helix. This chloride ion is a mimic
for the phosphate group of the substrate, as revealed by a
comparison with the structure of PTP1B in complex with
phosphotyrosine (Fig. 4C; Puius et al. 1997). The strictly
conserved Arg414 side chain helps recognize the phos-
phate group, and the Asp377 residue, in the B4—a2 loop
(Fig. 4C), protonates the leaving group (MAP kinase after
dephosphorylation) and then functions as the general base
for the hydrolysis of the phosphocysteine intermediate.

884 Protein Science, vol. 16

Most MKPs have low phosphatase activity on their own
and become activated upon binding the target MAP kinase.
Our preliminary data show that the CD of MKPS5 actu-
ally possesses phosphatase activity and can hydrolyze the
p-nitrophenolphosphate (pNPP) model substrate. There are
large structural differences between the MKP5 CD and the
CD from other MKPs (Fig. 5), which have a distorted active
site and are probably in an inactive state (Stewart et al.
1999; Farooq et al. 2003). Most importantly, the B5-a3
loop, which interacts with the phosphate group of the
substrate, and the B4—a2 loop, which contains the catalytic
Asp residue, have large structural differences in the
catalytic domain of Pystl (Fig. 5; Stewart et al. 1999). In
comparison, our studies suggest that the MKP5 CD may be
in an active conformation on its own, and a similar con-
clusion was reached from a different study on this CD (Jeong
et al. 2006). DUSPS5, an ERK-specific MKP, also appears to
be active in the absence of MAPK binding (Mandl et al.
2005), and the structure of the CD of this phosphatase con-
firms that it is in the active conformation (Jeong et al. 2007).

In summary, we have determined the crystal structures
of the MAP kinase binding domain and the catalytic
domain of human MKPS5. Both structures show large
differences from that of BD and CD of other MKPs. The
structural differences for the BD may help define the
substrate preferences of these enzymes, and differences in
the active site region of the CD may be the molecular
basis for its constitutive activity.

Materials and Methods

Protein expression and purification

The MAP kinase binding domain (residues 139-287) and the
catalytic domain (residues 305-482) of human MKP5 were

Figure 5. Structural comparison between the catalytic domains of MKP5
and Pystl. The CD of MKPS5 is shown in color, and that of Pystl in gray
(Stewart et al. 1999). The catalytic Cys408 and Asp377 residues of MKP5
are shown in green. Produced with Ribbons (Carson 1987).
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subcloned into the pET26b vector (Novagen) and overexpressed
in E. coli at 20°C. The recombinant proteins contain a hexa-
histidine tag at the C terminus. After cell lysis, the soluble
proteins were purified by nickel-agarose and gel-filtration
chromatography. The binding domain was concentrated to
25 mg/mL in a buffer containing 20 mM Tris (pH 7.4),
500 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol and stored
at —80°C. The catalytic domain was concentrated to 45 mg/mL
in a buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl,
5 mM DTT, and 5% (v/v) glycerol. The C-terminal His-tag was
not removed for crystallization.

The selenomethionyl protein of the binding domain was pro-
duced in DL41(DE3) cells, grown in defined LeMaster media
supplemented with selenomethionine (Hendrickson et al. 1990).
The selenomethionyl protein of the catalytic domain was pro-
duced in a minimum medium (M9) supplemented with several
specific amino acids to inhibit the endogenous biosynthesis of
methionine (Doublie et al. 1996). The samples were purified
following the same protocol as that for the native proteins.

Protein crystallization

Crystals of the MAP kinase binding domain were prepared by
the sitting-drop vapor diffusion method at 4°C. Initial crystal-
lization conditions for the wild-type protein were identified by
sparse-matrix screening with commercial kits (Hampton
Research). The reservoir solution contained 100 mM sodium
acetate (pH 4.5) and 2.3-2.5 M ammonium acetate. The protein
was at a concentration of 12 mg/mL. Plate-shaped crystals
appeared in about 4-5 d and grew to full size in 2 wk. They were
cryo-protected with a solution containing 100 mM sodium
acetate (pH 4.5), 2.3 M ammonium acetate, and 35% (v/v)
glycerol and flash-frozen in liquid propane for data collection at
100 K.

Crystals of the MKP5 catalytic domain were prepared by the
sitting-drop vapor diffusion method at 4°C. The reservoir
solution contained 100 mM Bis-tris (pH 6.0) and 2.7-3.0 M
sodium chloride. The protein was at a concentration of 15 mg/
mL (diluted 1:2 with 30 mM Tris at pH 7.4 and 3 mM DTT from
the original stock). Bipyramid-shaped crystals appeared over-
night and grew to full size in 3—4 d. They were cryo-protected
with the reservoir solution supplemented with 30% (v/v) ethyl-
ene glycol and flash-frozen in liquid propane for data collection
at 100 K.

Crystals of the binding domain belong to space group P2,
with cell parameters of a =49.3 A, b =522 A, ¢ = 62.3 A, and
3 = 89.4°. There are two molecules of the binding domain in the
asymmetric unit. Crystals of the catalytic domain belong to
space group P3,21, with cell parameters of a = b = 92.5 A and
¢ = 78.1 A. There is one molecule of the catalytic domain in
the asymmetric unit.

Data collection and processing

X-ray diffraction data were collected at 100 K on an ADSC
CCD at the X4A beamline of Brookhaven National Laboratory.
The diffraction images were processed and scaled with the HKL
package (Otwinowski and Minor 1997). A selenomethionyl
singloe-wavelength anomalous diffraction (SAD) data set to
2.2 A resolution was collected for the binding domain, while a
selenomethionyl multiple-wavelength anomalous diffraction
(MAD) data set to 2.9 A resolution was collected for the
catalytic domain. Structure refinement of the catalytic domain

was carried out against a data set collected on the native protein,
to 2.8 A resolution. The data processing statistics are summa-
rized in Table 1.

Structure determination and refinement

For the binding domain, the locations of six Se atoms were
determined with the program SnB (Weeks and Miller 1999).
Reflection phases to 2.2 A resolution were calculated based
on the SAD data and improved with the program SOLVE/
RESOLVE (Terwilliger 2003), which also automatically located
about 40% of the residues in the molecule. For the catalytic
domain, the locations of five Se atoms were qmermined based
on the MAD data, and reflection phases to 2.9 A resolution were
calculated and improved with the program SOLVE/RESOLVE
(Terwilliger 2003).

For both structures, the full atomic model was built into the
electron density with the program O (Jones et al. 1991). The
structure refinement was carried out with the program CNS
(Brunger et al. 1998). The statistics on the structure refinement
are summarized in Table 1.
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