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Solution Structure of ERK2 Binding Domain
of MAPK Phosphatase MKP-3: Structural Insights
into MKP-3 Activation by ERK2

hormones, growth factors, cytokines, and environmen-
tal stresses leads to rapid phosphorylation and activa-
tion of MAPKs. MAPKs are translocated to the nucleus
upon activation, where they phosphorylate and activate
transcription factors for gene expression. Among early
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genes that MAPKs induce are genes that encode a familyMount Sinai School of Medicine
of MAPK phosphatases (MKPs) that dephosphorylateNew York University
and inactivate MAPKs, thus forming a negative feedbackNew York, New York 10029
mechanism.

The biological importance of MAPKs is manifested by
the tight control of their activity through phosphorylationSummary
on two different amino acid residues, namely the threo-
nine and tyrosine residues in a T-X-Y motif in the activa-MAP kinases (MAPKs), which control mitogenic signal
tion loop, where X is any amino acid (Ahn et al., 1991;transduction in all eukaryotic organisms, are inacti-
Payne et al., 1991; Robbins et al., 1993). Phosphorylationvated by dual specificity MAPK phosphatases (MKPs).
of both residues is required to maintain high activityMKP-3, a prototypical MKP, achieves substrate speci-
(Robbins et al., 1993; Canagarajah et al., 1997). While aficity through its N-terminal domain binding to the
considerable amount is known about the activation ofMAPK ERK2, resulting in the activation of its C-termi-
MAPKs, a transient and reversible process, the molecu-nal phosphatase domain. The solution structure and
lar mechanisms of their downregulation are much lessbiochemical analysis of the ERK2 binding (EB) domain
understood (Clarke, 1994; Keyse, 1994). Recently, aof MKP-3 show that regions that are essential for ERK2
group of dual specificity MKPs has been shown to ex-binding partly overlap with its sites that interact with
hibit distinct substrate specificity toward MAPKs. Forthe C-terminal catalytic domain, and that these inter-
example, MKP-3 and M3-6 (Groom et al., 1996; Mudaactions are functionally coupled to the active site resi-
et al., 1996a, 1996b) are highly selective in inactivatingdues of MKP-3. Our findings suggest a novel mecha-
either ERK2 or JNK/SAPK and p38 MAPKs, respectively,nism by which the EB domain binding to ERK2 is
whereas PAC1 was discovered by its specific inactiva-transduced to cause a conformational change of the
tion of ERKs in T cell activation (Rohan et al., 1993; WardC-terminal catalytic domain, resulting in the enzymatic
et al., 1994).activation of MKP-3.

All MKPs consist of an N-terminal domain and a
C-terminal catalytic domain (Keyse, 1994). Figure 1AIntroduction
shows the organization of functional regions within
MKP-3, a prototypic member of the MKP family. TheRegulation of the activity of mitogen-activated protein
highly conserved C-terminal domains of MKPs containkinases (MAPKs) has profound biological implications
a tyrosine-specific phosphatase signature sequencefor numerous cellular processes, including neuronal
HCXXXXXR at the active site, where cysteine acts asdifferentiation, mitogenesis, oncogenic transformation,
the enzymatic nucleophile and arginine interacts directlyand apoptotic cell death (Cobb and Goldsmith, 1995;
with the phosphate group on phosphotyrosine or phos-Waskiewicz and Cooper, 1995; Kyriakis and Avruch,
phothreonine (Denu and Dixon, 1995; Tonks and Neel,1996; Treisman, 1996; Robinson and Cobb, 1997; Lewis
1996). A highly conserved aspartic acid also participates

et al., 1998). In addition to a host of transcription factors
in the enzymatic catalysis by acting as a proton donor

such as c-Jun, c-Fos, Elk-1, and c-Myc, MAPK sub-
to the phenolic or hydroxyl oxygen of the leaving group

strates include membrane-associated and cytoplasmic (Stewart et al., 1999; Zhou and Zhang, 1999; Fjeld et al.,
proteins such as kinases, cytoskeletal elements, phos- 2000). On the other hand, the noncatalytic N-terminal
pholipase A2, and stathmin (Gupta et al., 1995; Karin, domains are divergent among MKPs, and have recently
1995; Whitmarsh et al., 1995; Cahill et al., 1996; Treis- been suggested to be important for substrate specific-
man, 1996; Wang and Ron, 1996). This diverse set of ity. Specifically, Arkinstall and coworkers have shown
target proteins illustrates MAPKs’ central role in orches- that inactivation of ERK2 by MKP-3 is highly specific,
trating many short- and long-term changes in cell func- and that substrate recognition is achieved via direct
tion as a result of extracellular stimulation. MAPKs are binding of the N-terminal domain of MKP-3 to ERK2
grouped into three major classes based on their prefer- (Camps et al., 1998; Muda et al., 1998). Interestingly,
ential activation by extracellular stimuli and amino acid this interaction results in enhancement of MKP-3 phos-
sequence homology: the extracellular signal-regulated phatase activity by z30-fold (Camps et al., 1998).
kinase (ERK), the c-Jun N-terminal kinase/stress-acti- Downregulation of MAPK activity through direct asso-
vated protein kinase (JNK/SAPK), and p38/RK/CSBP ciation of MKPs is supported by other genetic and bio-
(p38; Cano and Mahadevan, 1995; Gupta et al., 1995, chemical studies. Hyperphosphorylated and thus hyper-
1996; Marshall, 1995). Stimulation of quiescent cells by activated MAPKs, which are associated with a large

fraction of human breast cancers, often contain non-
sense mutations that could induce resistance to MKP* To whom correspondence should be addressed (e-mail: zhoum@

inka.mssm.edu). inactivation (Sivaraman et al., 1997). Further, a gain-of-
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Figure 1. Structural Features of MKP-3 and Sequence Alignment of MKPs

(A) Organization of the MKP-3 polypeptide chain. The N-terminal EB domain used in the structure determination is shown in yellow. The
C-terminal catalytic domain is displayed in orange. Numerals indicate residue numbers at the boundaries of various segments. The domain
boundaries of the catalytic domain are based on its crystal structure (Stewart et al., 1999). Amino acid sequences surrounding the key active
site residues D262, C293, and R299 are depicted.
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function mutation of mammalian ERK2 (D319 to aspara- The backbone and side chain resonances of the protein
were assigned from standard heteronuclear three-dimen-gine), which does not affect ERK2’s basal activity, in-

creases its resistance to MKPs following activation by sional triple resonance NMR spectra (Sattler et al., 1999).
The structure of the EB domain of MKP-3 was deter-the MAPK kinase (Brunner et al., 1994; Chu et al., 1996).

The resistance of the ERK2 D319N mutant to MKP-3- mined from a total of 2540 NMR-derived distance and
torsional angle restraints. Figure 2A depicts the back-mediated dephosphorylation has recently been shown

to be due to its substantially reduced binding of the phos- bone atoms (N, Ca, and C9) of 20 low-energy structures
that were derived from the NMR experimental data. Allphatase (Camps et al., 1998). These studies strongly sug-

gest that the physical association of MAPKs and MKPs structures exhibit good geometry, with no violations of
distance restraints greater than 0.5 Å, and no dihedralas well as the MAPK substrate–induced MKP activation

provides a critical regulatory mechanism that enables angle violations larger than 58 (Table 1). The atomic root-
mean-square (rms) deviations about the mean coordi-the two proteins to keep each other in check, and

thereby guarantees the fidelity of signal transduction. nate position of the backbone and all heavy atoms for
the protein residues 10–152 are 0.79 6 0.12 Å and 1.29 6In an effort to understand the detailed molecular

mechanism of ERK2 inactivation by MKP-3, we have 0.12 Å, respectively. Except for a few terminal residues,
the overall structures are well defined (Table 1).determined the high-resolution solution structure of the

N-terminal ERK2 binding (EB) domain of MKP-3. Struc-
tural and biochemical analyses were used to investigate Structure Overview

The MKP-3 EB domain consists of an open twisted five-the EB domain interactions with ERK2 and the catalytic
domain, and to gain novel insights into the ERK2- stranded b sheet surrounded by a helices (a1-a5) on

both sides, characteristic of a classic Rossmann foldinduced enzymatic activation mechanism of MKP-3.
(Figures 2B and 2C). Particularly, two right-handed b-a-b
motifs (b2-a2-b3 and b4-a4-b5), which are the mostResults and Discussion
conserved parts of the protein, are joined together with
b1 into a five-stranded parallel b sheet, giving an overallStructure Determination

To identify a suitable EB domain construct for structural strand-folding topology of 13x, 11x, 22x, and 21x (Fig-
ure 1C). Additionally, a two-stranded small antiparallelanalysis (Figure 1B), we characterized a series of MKP-3

N-terminal fragments with nuclear magnetic resonance b sheet is formed between b39, a region connecting b3
and a3 with b6, the C-terminal region of the protein. The(NMR) spectroscopy and biochemical binding assays.

Specifically, overall domain foldedness and structural two b sheets (b1-b5-b4-b2-b3 and b39-b6) are oriented
nearly perpendicular to each other. The conservation offeatures of the N- and C-terminal boundaries of the

MKP-3 protein of various constructs were assessed amino acid sequences implies a similar a/b twisted open
sheet structure for the N-terminal domains of the largebased on chemical shift dispersion of backbone amide

resonances in two-dimensional (2D) 15N heteronuclear family of MKPs (Figure 1B).
This open b sheet structure of the conserved Ross-single quantum coherence (HSQC) spectra. These MKP-3

proteins were further analyzed for ERK2 binding by a mann fold, which is frequently seen in many enzymes,
has a variety of folding topologies. The two b strandsGST pulldown or enzymatic assay. In the latter experi-

ment, the N-terminal fragments competed with the full- joined by a crossover connection such as in the b-a-b
motif need not be adjacent in the b sheet, and there canlength MKP-3 in the ERK2 binding, resulting in the reduc-

tion of enzymatic activation of MKP-3 (Figure 1C). The also be antiparallel b strands joined with the central
parallel b strands (Richardson, 1981). Despite such vari-phosphatase activity of MKP-3 in the presence of ERK2

and a specific N-terminal MKP-3 protein can be mea- ations, positions of enzymatic active sites can often be
predicted to reside at topological switch points in thesured as p-nitrophenyl phosphate (pNPP) hydrolysis,

monitored by absorbance at 405 nm. From these stud- a/b structures, where connections from the carboxyl
ends of two adjacent b strands go in opposite directions.ies, a fragment consisting of residues 1–154 in MKP-3

was defined as the minimal EB domain, which contains In a structure such as that of the MKP-3 EB domain,
functional residues would then be predicted to be lo-conserved sequences in the MKP family (Figure 1B).

For NMR structural studies, various isotopically (2H, cated in the b2-a2 or b4-a4 loop regions (Figure 1C).
This prediction is correct for the cell cycle control phos-13C, and 15N) labeled protein samples of the MKP-3 EB

domain were overexpressed in bacteria and purified to phatase CDC25A that adopts a similar a/b structure, in
which a phosphatase signature sequence HCXXXXXRhomogeneity, as described in Experimental Procedures.

(B) Structure-based sequence homology alignment of the N-terminal domains of MKPs. Accession numbers of the proteins are indicated
along with the protein sequences. Secondary structure assignments from our MKP-3 EB domain structure are shown as colored rectangles
(a helices) and arrows (b strands) above the aligned sequences. Asterisks highlight residues in the MKP-3 protein that were subjected to site-
directed mutagenesis. Absolutely or highly conserved residues among the N-terminal domains of MKPs are shown in red and blue, respectively.
(C) Binding of the linker sequence to ERK2. ERK2-induced activation of MKP-3 phosphatase activity was measured as pNPP hydrolysis with
or without the MKP-3 C293S mutant or the various N-terminal fragments of MKP-3 that contain the EB domain and linker sequences of
different lengths (see Experimental Procedures). Data for the enzymatic activity measurements represent an average of three independent
experiments.
(D) Topology of the EB domain of MKP-3. Strands and helices are represented by arrows (yellow) and cylinders (green), respectively. Numerals
indicate residue numbers at the boundaries of secondary structural elements. The two right-handed b-a-b motifs are boxed in dashed lines
(red), and the b2-a2 and b4-a4 loops representing topological switch points in a Rossmann fold are indicated by arrows.
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Figure 2. Overview of the MKP-3 EB Domain Structure

(A) Stereoview of the backbone atoms (N, Ca, and C9) of 20 superimposed NMR-derived structures of the MKP-3 EB domain (residues 10–152).
The terminal residues, which are structurally disordered, are omitted for clarity. The secondary structural elements of a helices and b strands
are colored in green and orange, respectively. These figures were produced using InsightII.
(B) Ribbon depiction of the averaged minimized NMR structure of the EB domain. The orientation of the protein structure in (B) is as shown
in (A). The color-coding scheme for a helices and b strands is the same as that used in (A).
(C) Ribbon diagram of the EB domain structure, rotated z908 from the orientation in (B) as indicated in the figure. These figures were prepared
using Ribbons (Carson, 1991).

is located precisely in the region between b4 and a4. facilitate characterization of MKP-3 binding to ERK2,
we employed a recently developed NMR technique ofThis 8-residue enzymatic sequence in CDC25A is re-
2D 15N-edited transverse relaxation-optimized spectros-placed by an unrelated 15-residue sequence in MKP-3
copy (TROSY; Pervushin et al., 1997, 1998), with a uni-(residues 99–113).
formly 15N/2H-labeled EB domain and unlabeled ERK2.
A representative region of the 15N-TROSY spectra is

ERK2 Binding and Mutagenesis depicted in Figure 3A, where backbone amide signals
To test whether this 15-residue b4-a4 loop in MKP-3 is of some MKP-3 residues showed ligand concentration-
important for its binding to ERK2, we performed NMR dependent chemical shift changes and line broadening
titration of the EB domain (18 kDa) with ERK2 (42 kDa). upon ERK2 binding. These perturbations are likely to be
Phosphorylation of ERK2, which is important for nuclear due to the formation of a more slowly tumbling complex
localization of ERK2 in cells, has been shown to promote and chemical exchange. The latter effect is consistent
its protein dimerization (Khokhlatchev et al., 1997; Cobb with the protein–protein interaction (KD , 5 mM) in a
and Goldsmith, 2000). The dissociation constants (KD) slow-to-intermediate exchange on the NMR timescale.
for homodimerization of the phosphorylated or unphos- Surprisingly, the residues that exhibited major chemical
phorylated ERK2 were reported to be about 7.5 nM and shift perturbations upon ERK2 binding were located on
20 mM, respectively (Khokhlatchev et al., 1997). Thus, one side of the molecule largely in a region connecting
at the protein concentration of z0.3 mM in our NMR b3 and a3, rather than in the predicted b2-a2 or b4-a4
study, ERK2 exists as a homodimer. The complex of the loop (Figures 3B and 3C). The MKP-3 EB domain binding
MKP-3 EB domain and ERK2 is therefore z120 kDa, to ERK2 was not dependent upon ERK2 phosphorylation

in our NMR titration experiments, consistent with thewhich poses a challenging task for the NMR study. To
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Table 1. NMR Structural Statistics of the EB Domain of MKP-3

Total experimental restraints 2540
NOE distance restraints 2430

Manually assigned 1903
ARIA assigned 443

Total ambiguous 84
Total unambiguous 2346
Intraresidue 1113
Interresidue

Sequential (ui–ju 5 1) 509
Medium

(i, i 1 2) 105
(i, i 1 3) 115
(i, i 1 4) 63

Long range (ui–ju . 4) 441
Hydrogen bond restraints 80
Dihedral angle restraints 30
Final energies (kcal mol21)

ETOT 285.2 6 21.5
ENOE 83.3 6 11.5
EDIH 0.2 6 0.2
ELJ

a 2683.1 6 27.9
Cartesian coordinate RMSDs (Å)b N, Ca, and C9 all heavy atoms
Residues 10–152 0.79 6 0.12 1.29 6 0.12

a The Lennard-Jones potential was not used during any refinement stage.
b None of these final structures exhibit NOE-derived distance restraint violations greater than 0.5 Å or dihedral angle restraint violations greater
than 58.

previous study of MKP-3 and ERK2 binding with a GST that electrostatic interactions are critical in protein bind-
ing. To identify key MKP-3 residues for ERK2 associa-pulldown assay (Camps et al., 1998).

To confirm the ERK2 binding sites on the MKP-3 EB tion, we used site-directed mutagenesis to alter the argi-
nine residues in this region to alanine, and mutated thedomain, we performed an NMR titration of the EB do-

main with a peptide derived from ERK2 containing resi- other residues that displayed significant NMR reso-
nance perturbations upon ERK2 binding (Figure 3D). Thedue D319 (EQYYDPSDEPIAEA), which when substituted

by asparagine constitutes a gain-of-function phenotype resulting mutants of MKP-3 were analyzed for ERK2
binding with GST pulldown assays. While mutation ofknown as the sevenmaker mutant (Brunner et al., 1994;

Chu et al., 1996). The EB domain residues that showed most of the selected residues to alanine did not signifi-
cantly affect protein interactions, substitution of L63,major chemical shift changes upon binding to the ERK2

peptide are a subset of those residues identified upon R64, or R65 by alanine completely eliminated EB domain
binding to ERK2 (Figure 3E). The importance of thesefull-length ERK2 binding (Figures 3B), indicating that the

D319-containing sequence is indeed directly involved two arginine residues of MKP-3 for ERK2 binding has
also been implicated in a recent study (Tanoue et al.,in MKP-3 binding. The affinity of the peptide binding to

the EB domain (KD . 200 mM) is much weaker than 2000).
Notably, a significant portion (40%) of this b3-a3 re-that of the full-length ERK2 (KD , 5 mM); substitution of

asparagine for D319 caused a noticeable reduction in gion (residues 56–79) consists of bulky hydrophobic and
aromatic amino acids, namely, I58, I61, M62, L63, L66,affinity. These data suggest that in addition to D319,

other sites in ERK2 are also involved in interactions with L71, V73, L76, and F77 (Figure 1B). Almost all of these
residues participate in the formation of a hydrophobicthe EB domain, thus providing specificity for MKP-3 and

ERK2 recognition. These results agree with the observa- core between this segment and the central b sheet,
resulting in a well-defined loop conformation in thetions that this ERK2 D319N mutant can be activated

upon phosphorylation by the upstream MAPK kinase structure. On the contrary, L63, like the other two func-
tionally important residues R64 and R65, is exposed toand has normal MAPK activity, but is resistant to inacti-

vation by MKPs (Brunner et al., 1994). Collectively, these solvent; its mutation to alanine did not significantly affect
the loop conformation, as supported by NMR spectralresults strongly argue that functionally important resi-

dues in the MKP-3 EB domain are structurally unique, comparison to the wild type. These results imply that in
addition to electrostatic interactions involving R64 andand are located in a region removed from the conserved

topological crevices commonly used as enzyme active R65, hydrophobic contacts are also critical for MKP-3
binding to ERK2. Interestingly, the absolutely conservedsites in the a/b structures.

The side of the EB domain molecule containing the b3- residues in the N-terminal domains of various MKPs are
localized on the side of the EB domain molecule thata3 region (residues 56–89) is highly positively charged,

comprising 8 of 11 arginine residues in the protein (Fig- also hosts residues important in ERK2 binding (Figure
1B), suggesting a possible similarity in structure or func-ures 1B and 5A). This marked structural feature agrees

with our observation that MKP-3 binding to ERK2 is tion. However, local conformation of the functionally
important b3-a3 region may be quite different, due tosensitive to the ionic strength of the buffer, suggesting
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Figure 3. ERK2 Recognition by the EB Domain of MKP-3

(A) Superposition of a representative region of the two-dimensional 15N-TROSY spectra of the MKP-3 EB domain in the free (black) and ERK2-
bound form (red).
(B) Plots showing backbone amide chemical shift changes of the amino acid residues of the MKP-3 EB domain upon binding to the full-length
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the high degree of variation in the protein sequences. 15N-labeled MKP-3 EB domain and monitored the titra-
tion with a series of 2D 15N-HSQC spectra. The interac-In addition to the highly conserved G69, the b3-a3 se-
tions between the N- and C-terminal domains were spe-quence of MKP-3 also contains nonconserved residues
cific, but much weaker (KD z100 mM) than that of theP59, G60, and P72, which together with the hydrophobic
EB domain binding to ERK2 (KD , 5 mM). The formerand aromatic residues form a well-ordered conformation
binding is likely to be much stronger in the full-lengthin the protein. These structural differences may explain
MKP-3 due to intramolecular interactions. The NMR ti-how another member of the MKP family, MKP-4, is non-
tration study showed that the residues exhibiting majorselectively activated by ERK2, JNK/SAPK, or p38
resonance shifts are situated on the side of the moleculeMAPKs (Camps et al., 1998).
containing the b3-a3 region as well as the C-terminal
a5, which partly overlaps with the regions for ERK2

Functional Coupling Between binding (Figures 3C and 4B). These results imply that the
N- and C-Terminal Domains EB domain utilizes overlapping regions for interactions
How does ERK2 binding of the EB domain stimulate with either its C-terminal catalytic domain or ERK2, and
MKP-3 phosphatase activity? Our new structure of the that ERK2 binding can alter the interactions between
EB domain provides insights into the activation mecha- the N- and C-terminal domains of MKP-3.
nism. Notably, the C-terminal segment of the EB domain To further understand how the EB domain interaction
(residues 145–147) tethers to the other ERK2 binding with the catalytic domain affects the enzymatic activity of
sites with an antiparallel b sheet involving R65, L66, MKP-3, we performed an NMR titration of the 15N-labeled
and Q67 (Figure 1D), as supported by cross-stranded PAC1 catalytic domain with the unlabeled MKP-3 EB
backbone and side chain NOEs. These residues in the domain. The PAC1 catalytic domain contains a compact
C-terminal segment also displayed chemical shift per- a/b structure consisting of a central five-stranded mixed
turbations upon ERK2 binding. In addition, in our ERK2 b sheet with a folding topology of 12x, 12x, 21x, and
binding study, the EB domain constructs that contain 22x, which is sandwiched by four a helices on one side
the linker sequence between the N- and C-terminal do- and one helix on the other (Figures 4D and 4E). The con-
mains exhibited higher binding affinity than that of the served phosphatase active site sequence HCXXXXXR is
minimal EB domain in the order of 1–381 . 1–221 . located in the b5-a3 loop; the catalytically important
1–179 . 1–154 (Figure 1C), suggesting that the linker D226 (equivalent to D262 in MKP-3) resides in the b4-
sequence is also involved in ERK2 binding. While the a2 loop. The NMR titration results show that the residues
linker sequence is not a part of the EB domain as sup- that underwent major chemical shift perturbations upon
ported by the NMR data, its functional coupling to the EB domain binding are located in proximity to the active
EB domain in ERK2 binding may constitute a key com- site as well as at the C-terminal end of the enzyme.
ponent in the substrate-induced activation mechanism Unlike the EB domain, the majority of the most signifi-
for MKP-3. cantly perturbed residues in the catalytic domain are

To understand how the N-terminal EB domain inter- located in the loops that connect the secondary struc-
acts with the C-terminal catalytic domain in MKP-3, we tural elements. Because it contains a cluster of amino
performed NMR binding studies of these two protein acid residues affected by EB domain binding, the region
domains. We used the catalytic domain from the MKP comprising the C-terminal ends of a4 and a5 is possibly
PAC1 in the NMR titration to take advantage of its three- one of the key contact points for the EB domain associa-
dimensional solution structure that we have recently tion. It is important to note that in the NMR structure of
determined (G. C. and M.-M. Z., unpublished data). Con- the PAC1 catalytic domain, the a4-a5 loop is closely
sistent with their high sequence homology (51% identity packed against the b5-a3 loop that contains the active
plus 19% similarity), the NMR structure of the PAC1 site sequence. This structural feature agrees with a hy-
catalytic domain is very similar to the crystal structure drogen bond observed between the N and Nd2 atoms
of the catalytic domain of Pyst1 (MKP-3; Stewart et al., of N333 in the a4-a5 loop and the Og atom of S298 of
1999), suggesting that these two proteins are closely the active site sequence in the crystal structure of the
related in structure and function. Specifically, we added MKP-3 catalytic domain (Stewart et al., 1999). The func-

tional importance of this cross-loop interaction is under-an unlabeled PAC1 catalytic domain to a z0.5 mM

ERK2 (molar ratio 1:1, upper panel) and the ERK2 peptide containing D319 (molar ratio 1:3, lower panel). The results reflect the sum of the
chemical shift changes (Dd) of the backbone amide 1H and 15N resonances upon binding to either the ERK2 protein or peptide, as observed
in the two-dimensional 15N-TROSY and 15N-HSQC spectra, respectively. The dashed lines indicate categorization of the extent of chemical
shift perturbations used in ribbon depiction in (C). The secondary structural elements of b strands (yellow arrows) and a helices (green
cylinders) of the EB domain are shown along the protein sequence at the top of the plot.
(C) Ribbon representation of the EB domain showing amino acid residues that underwent backbone amide resonance changes upon ERK2
binding. Residues of the protein are categorized into three groups according to the extent of their chemical shift perturbation, as indicated
by the dashed lines in (B). These amino acid residues are color coded: red, large resonance shifts ($0.40 ppm); gold, medium changes (,0.40
and $0.20 ppm); and blue, small or no changes (,0.20 ppm).
(D) Ribbon diagram of the EB domain depicting side chains of the amino acid residues that were subjected to site-directed mutagenesis. The
three residues L63, R64, and R65 that are essential for ERK2 binding are shown in red, whereas the other residues are in yellow.
(E) Effects of point mutations of the MKP-3 EB domain on interactions with ERK2, determined by using a GST pulldown assay as described
in Experimental Procedures. Western blots show the amounts of protein in the binding assay and the extent of interactions of MKP-3 proteins
with ERK2. The various MKP-3 proteins used in this binding study include GST-fusion proteins of the wild-type and active site C293S mutant
of the full-length MKP-3, as well as the wild-type and mutants of the N-terminal EB domain of MKP-3.
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lined by the observation that the mutation of the several alone (without the EB domain) has very low phosphatase
activity, comparable to that of the full-length MKP-3 inconserved residues in the a4-a5 loop (SPNF; residues

331–334) to alanine resulted in a total loss of MKP-3 the absence of ERK2, and it cannot be activated by
ERK2 (Camps et al., 1998; A. F. and M.-M. Z., unpub-activation by ERK2 (Stewart et al., 1999). Together, these

data strongly suggest that alteration of interactions be- lished data). These observations argue that the role of
the EB domain is not simply to suppress the enzymatictween the EB and catalytic domains due to ERK2 binding

can allosterically trigger conformational change of the activity of MKP-3, and suggest that the intimate coupling
between the N- and C-terminal domains is required forlatter protein, resulting in a spatial reconfiguration of

residues at the enzymatic active site. an allosteric effect on the active site conformation of
MKP-3.

The need for such an allosteric effect was hinted atA Model for MKP-3 Activation
The surface of the MKP-3 EB domain molecule is elec- by the crystal structure of the MKP-3 catalytic domain

(Stewart et al., 1999). On the basis of enzyme kineticstrostatically polarized (Figure 5A). The positively and
negatively charged residues are clustered on opposite and mutational analyses of MKP-3, it was suggested

that D262 is required for enzymatic catalysis by actingsides of the protein. The highly positive cluster con-
sisting of a majority of arginine residues in the protein as a proton donor to the phenolic or hydroxyl oxygen

of the leaving group (Stewart et al., 1999; Zhou andresides around the regions where many amino acid resi-
dues underwent NMR resonance perturbations upon Zhang, 1999; Fjeld et al., 2000). In the structure of the

MKP-3 catalytic domain, this enzymatically critical resi-ERK2 binding (Figures 3C and 5A). Similarly, ERK2 also
has a unique electrostatic surface distribution. A highly due located in a loop, however, is nearly 10 Å away from

the nucleophilic cysteine and arginine at the active site,negatively charged region containing D319, which is
important for MKP-3 binding, is situated opposite a posi- suggesting that the loop must undergo conformational

rearrangement in the activated enzyme. The disen-tively charged side that hosts the enzymatic activation
loop containing phosphotyrosine and phosphothreo- gagement of D226 in PAC1 (equivalent to D262 in MKP-3)

from the other enzymatic active site residues is alsonine (Figure 5B). These distinct electrostatic properties
of two clusters of oppositely charged residues on the observed in the NMR structure of the catalytic domain

(Figures 4D and 4E). E231 (highlighted by an asterisktwo proteins suggest that the interaction between the
MKP-3 EB domain and ERK2 is driven by electrostatic in Figure 4C), which is one of the most significantly

perturbed residues upon EB domain binding, is locatedforces. While the negatively charged region containing
D319 in ERK2 was implicated to be a conserved docking in the b4-a2 loop that hosts D226. Residue E225 in

the same loop also showed significant chemical shiftsite in MAPKs common to substrates, activators, and
regulators (Tanoue et al., 2000), our NMR titration stud- change. Furthermore, a4 and a5, which have been sug-

gested to be key contact sites for EB domain associationies of the EB domain with the full-length ERK2 or the
D319-containing ERK2 peptide suggest that other parts based on our NMR titration results, are located in prox-

imity to the b4-a2 loop. These observations suggest thatof ERK2 also contribute to MKP-3 recognition. Together,
these interactions determine binding specificity be- the EB domain binding to ERK2 can affect its association

with the catalytic domain, which in turn triggers the b4-tween ERK2 and MKP-3.
The ERK2-induced enzymatic activation of MKP-3 re- a2 loop to undergo a rigid body rotation hinging on the

backbone atoms of E225 and E231, thus positioningquires its N-terminal EB domain. The catalytic domain

Figure 4. Interactions between the EB Domain and the Catalytic Domain

(A) A plot depicting backbone amide chemical shift changes of the MKP-3 EB domain residues upon binding to the catalytic domain of PAC1
(molar ratio 1:2). The results reflect the sum of the chemical shift changes (Dd) of the backbone amide 1H and 15N resonances upon binding
to the catalytic domain, as observed in the 2D 15N-HSQC spectra. The dashed lines indicate categorization of the extent of chemical shift
perturbations used in ribbon depiction in (C). The secondary structural elements of b strands (yellow arrows) and a helices (green cylinders)
of the EB domain are shown along the protein sequence at the top of the plot.
(B) Ribbon diagram of the N-terminal EB domain of MKP-3 illustrating amino acid residues that underwent chemical shift perturbations upon
addition of the C-terminal catalytic domain of the MKP PAC1, as observed in the NMR titration experiment. Residues of the protein are
categorized into three groups according to the extent of their chemical shift perturbation, as indicated by the dashed lines shown in (A). The
residues are color coded: red, large resonance shifts ($0.16 ppm); gold, medium changes (,0.16 and $0.12 ppm); and blue, small or no
changes (,0.12 ppm).
(C) A plot showing backbone amide chemical shift changes of amino acid residues of the PAC1 catalytic domain upon binding to the MKP-3
EB domain (molar ratio 1:2). An asterisk marks residue E231 in the b4-a2 loop that also contains D226. The results reflect the sum of the
chemical shift changes (Dd) of the backbone amide 1H and 15N resonances of the PAC1 catalytic domain upon binding to the corresponding
protein, as observed in the 2D 15N-HSQC spectra. The dashed lines indicate classification of the extent of chemical shift perturbation used
in ribbon depictions in (D) and (E). The secondary structural elements of b strands (yellow arrows) and a helices (green cylinders) of the PAC1
catalytic domain are shown along the protein sequence at the top of the plot.
(D) Ribbon stereoview of the structure of the C-terminal catalytic domain of the MKP PAC1, illustrating residues that underwent chemical
shift perturbations upon addition of the N-terminal EB domain of MKP-3. Residues of the protein are classified as three groups according to
the extent of chemical shift perturbations, as indicated by the dashed lines shown in (C). The corresponding residues are color coded: red,
large resonance shifts ($0.30 ppm); gold, medium changes (,0.30 and $0.20 ppm); and blue, small or no changes (,0.20 ppm). Side chains
of the key amino acid residues at the enzymatic active site are depicted in blue, namely, D226, C257S, and R263. Note that the enzymatic
nucleophile C257 was changed to serine in the PAC1 catalytic domain for the NMR structural analysis.
(E) Ribbon stereoview showing another side of the structure of the C-terminal catalytic domain of the MKP PAC1, rotated z1808 from the
orientation in (D), as indicated in the figure.
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Figure 5. Electrostatic Potential Surface Representations of the MKP-3 EB Domain and ERK2

(A) Electrostatic potential map of the MKP-3 EB domain. Negatively and positively charged residues are shown in red and blue, respectively.
Orientation of the molecular surface representation is shown in Figure 3C, rotated clockwise by z608 about the vertical axis. Numerals indicate
specific amino acid residues of the protein.
(B) Electrostatic potential map of ERK2. Negatively and positively charged residues are shown in red and blue, respectively. Numerals indicate
locations of functionally important amino acid residues of the protein, including D319 as well as T183 and Y185 in the activation loop.

D226 to be closer to the other key active site residues. domain. This conformational effect, along with the cata-
lytic domain binding to ERK2, allosterically triggers theTogether, these data demonstrate that the enzymatic

activity of MKP-3 is controlled by a mechanism of sub- MKP-3 active site residues to reconfigure to an enzymat-
ically active conformation (high-activity state), therebystrate-induced activation rather than autoinhibition.

The central role of the EB domain in controlling ERK2 facilitating the catalysis of dual dephosphorylation and
inactivation of ERK2.recognition and enzymatic activation of MKP-3 is illus-

trated in a model for the substrate-induced MKP-3 acti-
vation shown in Figure 6. Upon dual phosphorylation by Conclusions

Almost all of the known protein tyrosine-specific phospha-an upstream MAPK kinase, ERK2 becomes activated
and forms a homodimer. Due to disengagement of its tases and dual specificity tyrosine/threonine phospha-

tases contain a highly conserved sequence HCXXXXXRactive site residues, upon expression, MKP-3 exists in a
conformation that is not optimal for enzymatic catalysis at enzymatic active sites, and possibly possess very

similar catalytic mechanisms. Thus, it is clear that dis-(low-activity state). Binding of the EB domain and its
following linker sequence to the phosphorylated and tinct regulatory mechanisms must have evolved to con-

trol their activities. Comparison of regulatory mecha-activated ERK2 alters their interactions with the catalytic
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Figure 6. Model for MKP-3 Activation and
ERK2 Inactivation

(A) In the unphosphorylated and inactive
state, ERK2 exists in a monomeric state.
(B) Upon phosphorylation of the T183 and
Y185 residues by an upstream MAPK kinase
(MEK), the activated ERK2 undergoes local
conformational reconfiguration largely around
the activation loop containing the two phos-
phorylated residues, resulting in homodimer-
ization. ERK2 phosphorylation and homodi-
merization facilitates its nuclear localization,
leading to activation of transcriptional factors
and consequently, gene expression.
(C) Upon its expression, MKP-3 exists in the

low-activity state, in which its key active site residues in the C-terminal catalytic domain are disengaged for enzymatic catalysis. Binding of
the N-terminal EB domain to ERK2 alters intramolecular interactions between the N- and C-terminal domains of MKP-3. This conformational
change in MKP-3 allosterically causes a structural rearrangement of the catalytic domain to reconfigure its active site residues to an enzymati-
cally active conformation (high-activity state). The activated MKP-3 then catalyzes dephosphorylation of both phosphorylated T183 and Y185
in ERK2, leading to ERK2 inactivation.

deuterated protein sample was prepared by using a medium con-nisms employed in MKP-3 and in the SHP-2 tyrosine
taining 75% 2H2O. The EB domain was purified by affinity chromatog-phosphatase, which consists of two Src homology 2
raphy on a nickel-IDA column (Invitrogen), followed by the removal(SH2) domains and a C-terminal phosphatase domain,
of the His6 tag with thrombin treatment. The cleaved protein was

shows how divergent structural mechanisms produce further purified by ion-exchange chromatography. Synthetic pep-
related regulatory effects. As shown in the crystal struc- tides were prepared on a MilliGen 9050 peptide synthesizer (Perkin

Elmer) with Fmoc/HBTU chemistry. NMR samples contained z0.5ture (Hof et al., 1998), in the absence of a tyrosine-
mM protein in 50 mM imidazole buffer (pH 6.0), 5 mM DTT-d10, 0.5phosphorylated binding partner, the N-terminal SH2 do-
mM EDTA, 100 mM NaCl, and 200 mM urea in H2O/2H2O (9/1) ormain in SHP-2 binds to the phosphatase domain and
2H2O. The low concentration of urea, which did not affect the proteindirectly blocks the active site. Thus, the N-SH2 domain
structure as supported by the NMR spectra, was used to stabilize

acts as a conformational switch by either binding and the protein for the NMR structural study. ERK2 protein was ex-
inhibiting the phosphatase, or binding phosphoproteins pressed and purified by using a procedure described previously

(Canagarajah et al., 1997).and activating the enzyme. The regulation of MKP-3 is
achieved by a very different and possibly more complex

NMR Spectroscopymechanism of substrate-induced activation. In the ab-
All NMR spectra were acquired at 258C on a 600 MHz or 500 MHzsence of the substrate ERK2, the N-terminal EB domain
Bruker DRX NMR spectrometer. The backbone and side chain 1H,

associates with the C-terminal phosphatase domain, 13C, and 15N resonances of the protein were assigned deuterium-
which is in the low-activity state due to disengagement decoupled triple resonance spectra of HNCA, HN(CO)CA, HNCACB,
of the active site residues. Binding of the EB domain to HN(CO)CACB, and (H)C(CO)NH-TOCSY (Yamazaki et al., 1994; Satt-

ler et al., 1999) recorded on a uniformly 15N/13C-labeled and fraction-ERK2 allosterically affects the active site conformation
ally deuterated protein. The side chain assignments were completedin the phosphatase domain, leading to enzymatic activa-
with 3D HCCH-TOCSY (Clore and Gronenborn, 1994) data collectedtion of MKP-3. The new three-dimensional structure of
from a uniformly 15N/13C-labeled protein. NOE-derived distance re-

the EB domain of MKP-3 represents a first step toward straints were obtained from 15N- or 13C-edited 3D NOESY spectra
the structural realization of this novel and important reg- (Clore and Gronenborn, 1994). φ-angle restraints were determined
ulatory mechanism. The structure reveals the unique from 3JHN,Ha coupling constants measured in a 3D HNHA-J spectrum

(Clore and Gronenborn, 1994). Slowly exchanging amide protonsfeatures of the b3-a3 region in the conserved Rossmann
were identified from a series of 2D 15N-HSQC spectra recorded afterfold that enable MKP-3 to functionally couple its sub-
the H2O buffer was changed to 2H2O buffer. All NMR spectra werestrate recognition to substrate-induced upregulation of
processed with NMRPipe/NMRDraw (Delaglio et al., 1995) and ana-

its phosphatase activity in a cooperative manner. Our lyzed by NMRView (Johnson and Blevins, 1994).
results form the foundation for understanding the de- 1H and 15N amide resonance changes of the uniformly 15N/2H-
tailed molecular mechanisms of conformational re- labeled MKP-3 EB domain were monitored upon the addition of the

full-length ERK2 with a series of the sensitivity-enhanced TROSYarrangements necessary for MKP-3 activation and catal-
spectra (Pervushin et al., 1997, 1998).ysis of ERK2 dephosphorylation, which will require

three-dimensional structures of the full-length MKP-3
Structure Calculations

protein, both free and in complex with ERK2. Structures of the MKP-3 EB domain were calculated with a distance
geometry–simulated annealing protocol with the X-PLOR program
(Brünger, 1993). The initial structure calculations were performedExperimental Procedures
by using manually assigned NOE-derived distance restraints. Hydro-
gen bond distance restraints were added at the late stage of struc-Sample Preparation

Various DNA sequences encoding the MKP-3 EB domain were tural calculations for residues with characteristic NOE patterns. The
converged structures were then used for the iterative automatedcloned into a pET15b vector (Novagen), which produces the recom-

binant protein with a hexahistidine (His6) sequence at the N terminus. assignment of the NOE spectra by ARIA, which integrates with
X-PLOR for structure refinement. The final structure calculationsThe proteins were overexpressed in Escherichia coli BL21(DE3)

cells. Uniformly 15N- and 15N/13C-labeled proteins were prepared by employed a total of 2430 NOE-derived distance restraints obtained
from the manual and the ARIA-assisted assignments from thegrowing bacteria in a minimal medium containing 15NH4Cl with or

without 13C6-glucose. A uniformly 15N/13C-labeled and fractionally 15N- or 13C-edited NOE data (Nilges and O’Donoghue, 1998; Table 1).
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Additionally, 80 hydrogen bond distance restraints for 40 hydrogen Chu, Y., Solski, P.A., Khosravi-Far, R., Der, C.J., and Kelly, K. (1996).
The mitogen-activated protein kinase phosphatases PAC1, MKP-1,bonds and 30 φ-angle restraints were also used in the calculations.

For the ensemble of the final 20 NMR structures, no distance or and MKP-2 have unique substrate specificities and reduced activity
in vivo toward the ERK2 sevenmaker mutation. J. Biol. Chem. 271,torsional angle restraint was violated by more than 0.5 Å or 58,

respectively. The NOE-derived restraints were categorized based 6497–6501.
on the observed NOE peak intensities. Clarke, P.R. (1994). Switching off MAP kinases. Curr. Biol. 4,

647–650.
Mutagenesis and GST Pulldown Assay Clore, G.M., and Gronenborn, A.M. (1994). Multidimensional hetero-
Site-directed mutant proteins were prepared with the QuikChange nuclear nuclear magnetic resonance of proteins. Methods Enzymol.
kit (Stratagene). DNA sequencing confirmed the mutations. Effects 239, 249–363.
of mutation of the MKP-3 EB domain on its binding to ERK2 were

Cobb, M.H., and Goldsmith, E. (1995). How MAP kinases are regu-characterized in a GST pulldown assay. Briefly, GST fusion proteins
lated. J. Biol. Chem. 270, 14843–14846.of the wild-type and various mutants of the EB domain (residues
Cobb, M.H., and Goldsmith, E.J. (2000). Dimerization in MAP-kinase1–154), the full-length wild-type MKP-3 (residues 1–381), and the
signaling. Trends Biochem. Sci. 25, 7–9.MKP-3 active site mutant C293S, as well as GST alone, were incu-

bated overnight at 48C with an equal amount of ERK2 in the binding Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J., and Bax,
buffer, which contained 50 mM Tris (pH 7.5), 0.1 mM EDTA, 1% A. (1995). NMRPipe: a multidimensional spectral processing system
Triton-100, 10% glycerol, 1 mM PMSF, and 1 mM DTT. The GST based on UNIX pipes. J. Biomol. NMR 6, 277–293.
protein-bound agarose beads were washed extensively with the Denu, J.M., and Dixon, J.E. (1995). A catalytic mechanism for the
binding buffer. The proteins were resolved by SDS-PAGE and ana- dual-specificity phosphatases. Proc. Natl. Acad. Sci. USA 92, 5910–
lyzed by Western blotting for ERK2 with a monoclonal rabbit anti- 5914.
ERK2 antibody (Promega) and anti-rabbit IgG antibodies labeled

Fjeld, C.C., Rice, A.E., Kim, Y., Gee, K.R., and Denu, J.M. (2000).with peroxidase (Promega). The membrane was developed by an
Mechanistic basis for catalytic activation of mitogen-activated pro-enhanced chemiluminescence kit (Amersham).
tein kinase phosphatase 3 by extracellular signal-regulated kinase.
J. Biol. Chem. 275, 6749–6757.

MKP-3 Phosphatase Activity Assay
Groom, L.A., Sneddon, A.A., Aleesi, D.R., Down, S., and Keyse, S.M.Phosphatase activity of MKP-3 was measured as p-nitrophenyl
(1996). Differential regulation of the MAP, SAP and RK/p38 kinasesphosphate hydrolysis in 1 ml of 50 mM Tris buffer (pH 8.0), containing
by Pyst1, a novel cytosolic dual-specificity phosphatase. EMBO J.5 mM DTT and 10 mM pNPP at 228C in the presence of full-length
15, 3621–3632.MKP-3 (0.2 mM) with or without ERK2 (molar ratio 1:1). The reaction
Gupta, S., Campbell, D., Derijard, B., and Davis, R.J. (1995). Tran-was monitored by absorbance at a wavelength of 405 nm. ERK2
scription factor ATF2 regulation by the JNK signal transduction path-binding by various MKP-3 proteins, namely, either the N-terminal
way. Science 267, 389–393.MKP-3 fragments or the full-length MKP-3 C293S mutant, was as-

sessed with an inhibition experiment in which reduction of the ERK2- Gupta, S., Barrett, T., Whitmarsh, A.J., Cavanagh, J., Sluss, H., Deri-
induced activation of MKP-3 phosphatase activity was measured jard, B., and Davis, R. (1996). Selective interaction of JNK protein
in the presence of these various MKP-3 proteins (1.0 mM). kinase isoforms with transcription factors. EMBO J. 15, 2760–2770.
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