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Abstract: Mitogen-activated protein kinases (MAPKs; ERK1/2, p38, JNK, and ERK5) have evolved to
transduce environmental and developmental signals (growth factors, stress) into adaptive and pro-

grammed responses (differentiation, inflammation, apoptosis). Almost 20 years ago, it was discov-

ered that MAPKs contain a docking site in the C-terminal lobe that binds a conserved 13-16 amino
acid sequence known as the D- or KIM-motif (kinase interaction motif). Recent crystal structures

of MAPK:KIM-peptide complexes are leading to a precise understanding of how KIM sequences

contribute to MAPK selectivity. In addition, new crystal and especially NMR studies are revealing
how residues outside the canonical KIM motif interact with specific MAPKs and contribute further

to MAPK selectivity and signaling pathway fidelity. In this review, we focus on these recent studies,

with an emphasis on the use of NMR spectroscopy, isothermal titration calorimetry and small angle
X-ray scattering to investigate these processes.
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Introduction
Protein phosphorylation1,2 is one of the key mecha-

nisms used to communicate external signals from

the membrane to the nucleus. In particular,

mitogen-activated protein kinases (MAPKs; ERK1/2,

p38, JNK and ERK5) have evolved to transduce

environmental and developmental signals (growth

factors, stress) into adaptive and programmed

responses (differentiation, inflammation, apopto-

sis).3,4 The importance of protein phosphorylation by

MAPKs is well-illustrated by the many inherited or

acquired human diseases that stem from abnormal-

ities in MAPK signaling pathways, including Par-

kinson’s, inflammatory disorders and cancer.4,5 As

might be expected, MAPKs are ubiquitously

expressed, making them conceivable but difficult

targets for drug treatments.6 However, MAPK acti-

vation is finely tuned in a cell-type specific and tem-

poral manner, making MAPK regulators much more

attractive targets for drug development.7 These reg-

ulators include: (1) upstream kinases, (2) down-

stream phosphatases, and (3) scaffolding proteins.8,9

The MAPK pathways consist of three compo-

nents: (1) a MAP kinase kinase kinase (MAP3K), (2)

a MAP kinase (MAP2K), and (3) a MAPK.

Abbreviations: DUSP, dual specificity phosphatase; ERK,
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kinase; MAPK, mitogen-activated protein kinase; NMR,
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Stimulation of the pathway results in the eventual

activation of the MAPK by dual phosphorylation of a

threonine and a tyrosine residue (T-X-Y) located in

their phosphorylation loop.10 This activation is con-

trolled by MAP2Ks (e.g. MEK1/2 for ERK; MKK3/6

for p38 and MKK4/7 for JNK). While the kinase cas-

cades that direct MAPK activation appear stereo-

typic, the guidance and fine-tuning that direct cell-

and situation-specific responses are governed by

MAPK-specific phosphatases and scaffolding pro-

teins. For example, MAPKs are dephosphorylated by

dual specificity phosphatases (DUSPs),11 kinase

interaction motif protein tyrosine phosphatases

(KIM-PTPs)12 and serine/threonine protein phospha-

tases (e.g. PP2A). Recently, MAPK scaffolds (e.g.,

KSR) have also been shown to play a key role in

modulating the strength and duration of MAPK acti-

vation.13,14 A comprehensive understanding of how

the activity of MAPKs is finely controlled by MAPK

regulatory proteins can only be obtained by under-

standing how these proteins interact at a molecular

level. In this review, we summarize recent crystallo-

graphic and biomolecular NMR spectroscopy studies

and highlight how these studies provide fundamen-

tal new structural insights into these interactions.

Mitogen-Activated Protein Kinases

Mitogen-activated protein kinases (MAPKs) are ser-

ine/threonine-specific kinases. In mammals, the

MAPKs fall into distinct groups, including the

extracellular signal-regulated kinases 1 and 2

(ERK1/2), c-Jun amino terminal kinases 1-3 (JNK1/

2/3), p38 (isoforms a, b, g, and d) and ERK5.15

MAPKs are also present in lower organisms, such as

yeast (i.e., Fus3).16 MAPKs have a bi-lobed architec-

ture, with a five-stranded b-sheet in the N-terminal

lobe and six a-helices in the C-terminal lobe.17,18

Almost 20 years ago, it was discovered that MAPKs

contain a docking site in the C-terminal lobe that

binds a conserved 13–16 amino acid sequence known

as the D- or KIM-motif (kinase interaction motif).19

The KIM-motif has a well-established consensus

sequence (R/K)2–3-X2–6-UA-X-UB (U is any hydropho-

bic residue; Fig. 1).

The majority of MAPK regulatory proteins

investigated thus far contain KIMs.20–22 For exam-

ple, the MKKs MEK1/2, MKK3/6, MKK4/7, and

STE7, representing the MAP2Ks of ERK, p38, JNK,

and FUS3, respectively, possess a flexible N-

terminal extension, which includes the �15 amino

acid KIM, followed by their dual-specificity kinase

domain [Fig. 1(B), left].23,24 Furthermore, the KIM-

PTPs [Fig. 1(B), center; hematopoietic tyrosine phos-

phatase, HePTP, immune system specific;25

striatum-enriched phosphatase, STEP, brain spe-

cific;26 STEP-like PTP, PTPSL, brain specific27) also

possess an N-terminal unstructured extension,

which includes the KIM, followed by their C-

terminal phosphatase domain (PTP). The KIM-PTPs

regulate the activity of MAPKs by both protein local-

ization (by retaining the MAPKs in the cytosol, the

“resting” state) and dephosphorylation of their active

sites (the “active” state).28 Notably, MAPK scaffold-

ing proteins (JNK-interacting protein, JIP1;29 phos-

phoprotein enriched in astrocytes 15, PEA-1530) and

substrates (Ribosomal protein S6 kinase alpha-1,

RSK1;31 MAP kinase-activated protein kinase 2,

MK2;32 and myocyte enhancer factor 2A, MEF2a33)

also contain linear KIM domain, which mediates

MAPK binding in the cell. MAP Kinase Phospha-

tases (MKPs, members of the dual specificity phos-

phatase, or DUSP, family) are a second family of

phosphatases that regulate MAPK activity.11,34 How-

ever, unlike the KIM-PTPs, the DUSPs/MKPs have

two structured domains: an N-terminal MAPK bind-

ing domain (MKBD) and a C-terminal dual specific-

ity phosphatase domain [Fig. 1(B), right].11,34 In

DUSPs/MKPs, the KIM is not a linear peptide but

instead part of the structured MKBD domain35–37

and thus is much more constrained than that of e.g.

MKKs or KIM-PTPs.

While the KIM is required for binding,38,39 mul-

tiple reports have shown that residues outside the

KIM contribute to both binding and specificity.40,41

Recent crystal structures of MAPK:KIM-peptide

complexes are leading to a precise understanding of

how KIM sequences contribute to MAPK selectivity.

In addition, new crystallographic and NMR studies

are revealing how residues outside the canonical

KIM motif interact with specific MAPKs and con-

tribute further to MAPK selectivity and signaling

pathway fidelity. Here, we focus on these recent

studies, with an emphasis on the use of NMR spec-

troscopy, isothermal titration calorimetry (ITC) and

small angle X-ray scattering (SAXS) to investigate

these processes.

Figure 1. MAPKs and MAPK regulatory proteins. (A) Cartoon

of the MAPK KIM binding domain (KIMBD); p38 bound to the

MEF2A KIM peptide (PDBID 1LEW). (B) Cartoons of MAPK

regulatory proteins, including MAP2Ks (left), KIM-PTPs (mid-

dle) and DUSPs (right).
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Crystallographic Studies of MAPKs with KIM
Peptides and Regulatory/Substrate Proteins

The first crystal structures of a MAPK, p38, bound

to a KIM peptide (MEF2A, a substrate, and MKK3b,

an activating kinase) were described in 2002 by the

Goldsmith laboratory.42 These ground-breaking

structures revealed the initial insights into the

molecular determinants that direct MAPK-KIM pep-

tide interactions. Since then, an additional 29

MAPK:KIM-containing peptide or protein complexes

have been determined of various MAPKs (ERK2,

p38a, JNK1, JNK3, Fus3, ERK5) bound to KIM-

containing peptides or proteins from activating

kinases (MEK2,43,44 MKK5,45 MKK6,46 MKK3b,42,47

STE748), deactivating phosphatases (HePTP,44

Msg5,48 DUSP10/MKP535) and substrates/scaffolds

(DCC,49 MEF2a,42 TAB1,50 JIP1,51,52 NFAT2,46

SAB,52 AFT2,52 Far1,48 PEA15,53 RSK1,43,46

MNK1,46 MK254,55). The available crystal structures

of MAPK:KIM-containing peptide or protein com-

plexes are listed in Table I and the overlays of the

KIM peptides, along with their sequences, are

shown in Fig. 2 (MAPK:peptide/MAPK:protein com-

plexes overlaid using the C-terminal cores of the

MAPK domains; C-terminal cores of the MAPK

domains identified using procedures outlined in

Page et al.56; the residues used for the alignments

and the resulting RMSDs are listed in Table II). The

MAPK KIM peptide binding pockets are labeled

using the nomenclature in Garia et al.46 The KIM

Table I. Crystallographic Studies of MAPK Complexes

MAPK complex Orient MAPK organism P-loop visiblea Res (Å) PDB Typeb Ref

MAPK:peptide
ERK2

ERK2:MKP360–76 N!C Rat Partial 2.50 2FYS P 82
ERK2:MEK21–16 N!C Rat 2.00 n/a K 44
ERK2:HePTP16–31

c N!C Rat Y 1.90 2GPH P 44
ERK2:DCC1140–1166 N!C Rat Partial 1.95 3O71 Su 49
ERK2:RSK1712–735

c C!N Human Partial 2.40 3TEI Su 46
ERK2:RSK1712–735

c C!N Human Partial 2.30 4H3P Su 43
ERK2:Synth–revD C!N Human Y 2.10 4FMQ – 46
ERK2:MEK24–16

c N!C Human Y 2.20 4H3Q K 43
ERK2:MNK1434–451 C!N Human Y 1.55 2Y9Q Su 46

p38a
p38a:MEF2A2–11 N!C Mouse N 2.30 1LEW Su 42
p38a: MKK3b8–15

c N!C Mouse Partial 2.30 1LEZ K 42
p38a:MK2370–393 C!N Human N 2.00 2OKR Su 54
pTpY–p38a:MKK3b8–18

c N!C Mouse N 2.30 3P4K K 47
p38a:MKK64–17 N!C Human N 1.95 2Y8O K 46
p38a:TAB1395–415 N!C Mouse N 2.71 4KA3 Su 50

JNK1
JNK1:JIP1154–163 N!C Human N 2.35 1UKH Sc 51
JNK1:NFAT4141–154 N!C Human N 1.33 2XRW Su 46
JNK1:NFAT4141–154 N!C Human N 2.60 2XS0 Su 46

JNK3
JNK3:SAB341–350 N!C Human Y 2.08 4H3B Su 52
JNK3:AFT248–55 N!C Human Y 3.00 4H36 Su 52
JNK3:JIP1158–167 N!C Human Partial 1.99 4H39 Sc 52

Fus3
Fus3:STE79–20

c N!C Yeast Partial 1.55 2B9H K 48
Fus3:Msg525–38

c N!C Yeast Partial 2.50 2B9I P 48
Fus3:Far172–82

c N!C Yeast Partial 2.30 2B9J Su 48
MAPK:protein
ERK2

ERK2:PEA–151–96 Human Partial 1.80 4IZ7 Sc 53
T185E–ERK2:PEA–151–130 C!N Human Y 3.19 4IZ5 Sc 53
pTpYERK2:PEA–151–96 Human Y 1.93 4IZA Sc 53

ERK5
ERK5:MKK52–126 N!C Human Y 2.60 4IC7 K 45

p38a
p38a:MKP5/DUSP10139–288 Mixed Mouse N 2.71 3TG1 P 35
p38a:MK22–406 C!N Human N 4.00 2ONL Su 54
p38a:MK21–356 C!N Mouse Partial 2.70 2OZA Su 55

aPartial indicates P–loops for which either the activation Thr or Tyr (or both) residue is visible, but other residues from
the loop are still missing.
bK, kinase, P, phosphatase, Su, substrate, Sc, scaffold.
cMutations in either the protein/peptide for optimal crystal formation.
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binding groove has four hydrophobic pockets: UA

and UB (the first hydrophobic pockets identified), UL

(L, lower; sometimes also referred to as UA-2) and UU

(U, upper; also referred to as UH
44). The KIM bind-

ing groove also has two electrostatic interaction sites

(collectively also known as the CD site22): WU (U,

upper) and WL (L, lower).

Figure 2 readily illustrates that the mechanism

of KIM engagement is not conserved among these

interacting peptides. Some KIMs only interact with

the hydrophobic pockets (i.e., MKK6), some only

engage a subset of hydrophobic pockets (i.e., STE7,

NFAT2, JIP1), while others occupy all pockets

(RSK1, MNK1). In addition, while the structure of

Figure 2. Structure-based sequence alignment of KIM peptides bound to MAPKs. (A) Left, structure-based sequence alignment

of KIM peptides that bind the MAPK KIM binding pocket in the N!C direction; phosphatases on a yellow background, sub-

strates/scaffolds on a grey background and kinases on a green background. Key interaction residues are colored. Positively

charged amino acids that bind the electrostatic pocket are labeled WU and WL and colored blue; hydrophobic amino acids that

bind the UA-X-UB binding groove are labeled UA and UB and colored orange; hydrophobic amino acids that bind the UL (also

known as UA-2) and the UU (also known as UH) pockets are labeled and colored beige. The identities of the MAPKs present in

the MAPK:KIMpeptide/protein complex structures are indicated to the right in italics. Right, MAPK:KIMpeptide/protein complexes

superimposed using residues that optimally align the MAPK KIM docking grooves (Table II). MAPK surface is in grey, with the

electrostatic binding pockets in light blue, the UA-X-UB binding groove in orange and the UL and UU binding pockets in beige.

The bound KIM residues are shown as ribbons with the key interacting residues (WU, WL, UU, UL, UA, UB) shown as sticks. The

ribbons are colored according to the MAPK interacting protein listed in A. B. Same as A, except KIM peptides bind in the

C!N direction. C. Same as A, except bound KIM is part of a structured domain, the MAPK binding domain, and binds pre-

dominantly in the C!N direction. DUSP16 makes an additional interaction in a pocket below UL, which is indicated by H.
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p38 bound to its substrate, the MAPKAP-2 (MK2)

kinase was the first structure to show that p38 is

capable of binding KIM peptides bi-directionally54,55

(that is, in a C-to-N, versus the more common N-to-

C direction; Figs. 2(A,B)), a number of recent studies

have shown that ERK is also capable of binding

KIM peptides/proteins bi-directionally (i.e., RSK1

and PEA-15)46,53 and that DUSPs/MKPs, in which

the KIM is not a linear peptide but instead part of

the folded MKBD, actually bind MAPKs using a

“mixed” directionality in which two separate sequen-

ces within the DUSP MKBD engage the KIM bind-

ing groove35,57 [Fig. 2(C); these “noncanonical”

interactions are further discussed later]. So how do

these interactions of KIM peptides contribute to

MAPK selectivity? In a recent study by Garia et al.,

the authors showed that the charge and distance

between the electrostatic and hydrophobic grooves

facilitates the ability of KIM-motifs to discriminate

between MAPKs.46 That is, KIM-motif residues that

do not bind directly to the KIM-motif binding pocket

contribute directly to the affinity and specificity of

MAPK:KIMpeptide interactions. Furthermore, in

the case of the MAPK-binding domains of DUSP10/

MKP5 and DUSP16/MKP7, which share a core

interaction motif, binding of additional structural

elements of DUSP16/MKP7 lead to an extended

interaction surface and thus stronger binding.57

These MAPK:KIM-peptide structures have not only

revealed that the KIM binding pocket of p38, ERK,

and potentially other MAPKs, is bi-directional bind-

ing competent but has also shown how both linear

and structured domains engage the KIM binding

groove and revealed the importance of intervening

residues in the KIM in MAPK selectivity. Taken

together, these structures have shown the MAPK

KIM binding pocket is a very “adaptable” binding

pocket that can bind a large variety of complemen-

tary sequences.

KIM Peptides Readily Discriminate Between

JNK and p38/ERK but Discriminate Comparably

Poorly Between p38 and ERK
Recent, systematic efforts to quantify the binding

affinities of MAPK regulatory/substrate proteins for

their respective MAPK has revealed that while the

KIM-motifs from these proteins readily discriminate

between JNK and p38/ERK, they discriminate com-

parably poorly between p38 and ERK. For example,

in a recent study JNK-specific KIM peptides were

only specific to JNK, with no detectable binding of

these JNK-specific peptides by p38/ERK. In contrast,

KIM peptides specific for either p38 (i.e., MKK3) or

ERK (i.e., MEK1) exhibited discrimination factors of

Table II. RMSD of C-Terminal Core Domains Within and Between a MAPK Families

MAPK C-terminal core Moving PDB RMSD (Å2) MAPK residues
ERK2 (3TEI)

residues RMSD (Å2)

ERK2 (3TEI) 108–173 2FYSa 1.04
190–201 2GPHa 0.60
207–254 3O71a 0.59
258–326 2Y9Q 0.96

4FMQ 1.04
4H3Q 0.57
4H3P 0.58
4IZ5 0.60

p38 (2Y80) 109–117 1LEW 0.30 109–113 108–112
123–171 1LEZ 0.40 123–169 122–168 0.65
185–321 2OKR 0.31 298–315 303–320

3P4K 0.38
4KA3 0.40
3TGI 1.10

JNK1 (2XRW) 111–170 1UKH 0.51 111–115 108–112
199–250 2XS0 0.52 125–170 123–168 1.12
267–281 311–328 303–320
288–334

JNK3 (4H39) 149–207 4H3B 0.48 149–153 108–112
222–319 4H36 0.55 163–208 123–168 1.02
326–371 349–366 303–320

FUS3 (2B9H) 96–163 2B9I 0.37 98–100 110–112
180–319 2B9J 0.24 111–156 123–168 0.46

299–316 303–320
ERK5 (4IC7) 140–143 n/ab n/ab 140–143 108–111

156–199 156–199 123–166 0.54
319–346 319–346 285–312

aMouse/rat ERK2 isoform; C-terminal core residues corresponding to the human isoform are 106–171, 188–199, 205–252,
256–324.
bOnly 1 ERK5 complex available.

1702 PROTEINSCIENCE.ORG Molecular Basis of MAP Kinase Regulation



less than 4-fold between p38 and ERK.46 There was

no detectable binding of these p38 and ERK specific

peptides to JNK. Indeed, we have observed the same

behavior of KIM peptides/proteins using ITC; i.e.,

the discrimination factor of DUSP16/MKP7 (a p38/

JNK specific DUSP) for p38 versus ERK is only

0.7.57,58 Our unpublished ITC data shows that this

behavior is consistent between the majority of p38

and ERK binding proteins.

Recent structures of MAPK:KIM-peptide com-

plexes, compared to those previously determined,

highlight the differences between the JNK, p38, and

ERK KIM binding pockets, providing new insights

into this selectivity. All four hydrophobic pockets

(UA, UB, UL, UU) are present in ERK, p38, and FUS3

(Fig. 3) and each pocket is often, but not always,

engaged by a single interacting KIM (e.g., compare

FUS3:Msg5, where all four pockets of FUS3 are

engaged by Msg5, with FUS3:Far1, where only three

are engaged, Fig. 2). In contrast, only three hydro-

phobic pockets (UA, UB, and UL) are present in JNKs

[Fig. 2(A)].46,51,52 Similarly, while both electrostatic

pockets (WL, WU) are present and occupied by differ-

ent KIM peptides in ERK, p38, and FUS3, only the

WL pocket is engaged by KIM peptides that bind spe-

cifically to JNKs [Fig. 2(A)]. These differences

between ERK/p38/FUS3 and the JNKs families arise

primarily from two residue changes: ERK residues

E81/D321 and corresponding JNK1 residues K83/

E329 [compare Figs. 3(D,E)]. Namely, the WU inter-

action site does not exist in JNK1 because the nega-

tively charged E81 residue in ERK is replaced by an

oppositely charged K84 residue in JNKs and the lon-

ger side chain of E329 in JNKs, whose position is

Figure 3. KIM binding pockets. (A) MAPKs listed in Table I aligned using the C-terminal cores described in Table II and dis-

played as cartoons; ERK2 shown as a transparent grey surface. Locations of KIM binding pockets labeled. (B) UA and UB bind-

ing pockets. ERK2 (grey; PDBID 3TEI), p38 (bright pink; PDBID 2Y8O), JNK1 (cyan, PDBID 2XRW), JNK3 (coral, PDBID 4H39),

FUS3 (light pink, PDBID 2B9H); RSK1 KIM peptide in yellow (PDBID 3TEI). MAPK residues shown as sticks with ERK2 residues

labeled; UA pocket residues underlined, UB pocket residues in italics. C. UL pocket, colored as in B. Residues that are also part

of other KIM binding pockets underlined. D. UL, WU, WL pockets of ERK2, p38 and FUS3; colored as in B, labeled as in C. E.

WL pocket of JNK1 and JNK3; colored as in B, labeled as in C, except JNK1 residues labeled. F. Sequence alignment of the

MAPKs; residues that make up the KIM binding pockets highlighted in green (ERK2 residue numbers above alignment).
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stabilized by K83, occludes the UU pocket. Neverthe-

less, other MAPK residues that define these pockets

are largely but not perfectly conserved among the

MAPKs, ensuring that the rest of the pocket stays

intact (Fig. 3). Thus, these crystallographic studies

are leading to a coherent understanding of how dif-

ferences in both KIM peptide sequences and the res-

idues in MAPKs that define the KIM peptide

binding pockets contribute to MAPK selectively and,

in turn, MAPK signal fidelity.

Biomolecular NMR Spectroscopy is Necessary
to Understand the Regulation of MAPKs

While X-ray crystallography has provided essential

insights into the regulation of MAPKs by their inter-

acting proteins, over the last �10 years biomolecular

NMR spectroscopy has also been used to comple-

ment and critically expand these efforts (Table

III).57–61 This contribution was accelerated by new

protein labeling techniques, new, more sensitive

NMR spectrometers as well as novel NMR techni-

ques.62 To overcome the broad line-widths that are

characteristic of proteins �35 kDa, MAPKs must be

expressed in D2O-based medium and TROSY ver-

sions of all 2D and 3D experiments must be recorded

using high field NMR spectrometers (800–1000 MHz
1H Larmor frequency).62 Still, central regions of

their spectrum exhibited overlapping peaks, thereby

complicating resonance assignment. To overcome

spectral overlap, single amino acid labeled (e.g. 15N-

Leu, 15N-Tyr, 15N-Phe, or 15N-Val) samples can be

used.63,64 Interestingly, the quality of the 2D

[1H,15N] TROSY spectra of MAPKs are significantly

different from one another, with often many fewer

peaks detected than expected, despite their nearly

identical 3D structures.58,61,65 Peaks in NMR spectra

can be missing due to: (1) fast solvent (H2O) amide

exchange on the NMR time scale, (2) lack of D2O

back exchange after protein growth in D2O-based

expression medium, especially for amino acids in the

hydrophobic core of an enzyme, or (3) intermediate

Table III. Solution (NMR, SAXS, DXMS) Studies of MAPK Complexes

MAPK complex MAPK organism Tech BMRBa Type Ref

ERK2b

pTpY-ERK2:ELK1311–327 rat DXMS – Su 66
pTpY-ERK2:ELK1391–399 rat DXMS – Su 66
ERK2:MKP3 rat DXMS – P 66
ERK2:STE72–19 rat NMR 17748 K 65
ERK2:ELK1311–327 rat NMR 17748 Su 65
ERK2:ETS1 rat NMR 17748 Su 65
ERK2:PEA-15 rat NMR 17748 Sc 65
ERK2:HePTP15–31 rat NMR 17748 P 59
ERK2:HePTP15–56 rat NMR 17748 P 59
ERK2:HePTP15–339 rat NMR 17748 P 59
ERK2:HePTP15–339 rat SAXS – P 71
pTpYERK2:HePTP15–339 rat SAXS – P 71

p38ac

p38a:MKK3b15–32 mouse DXMS – K 66
p38a:MKK3b mouse NMR 6468 K 47
p38a:HePTP15–31 human NMR 17471/6468 P 58
p38a:HePTP15–56 human NMR 17471/6468 P 58
p38a:HePTP15–339 human NMR 17471/6468/15680 P 58
p38a:STEP214–229 human NMR 17471/6468 P 60
p38a:STEP214–256 human NMR 17471/6468 P 60
p38a:STEP214–539 human NMR 17471/19046/6468 P 60
p38a:PTPSL332–348 human NMR 17471/6468 P 60
p38a:PTPSL332–373 human NMR 17471/6468 P 60
p38a:PTPSL332–655 human NMR 17471/6468 P 60
p38a:STEP/PTPSLchimera human NMR 17471/6468 P 60
p38a:MKP5/DUSP10 human NMR 17471/19330 P 57
pTpYp38ad:MBP94–102 human NMR 17940 Su 69
p38a:HePTP15–339 human SAXS – P 58
p38a:STEP214–539 human SAXS – P 60
p38a:PTPSL332–655 human SAXS – P 60
p38a:STEP/PTPSLchimera human SAXS – P 60
p38a:MKP5/DUSP10 human SAXS – P 57

aBMRB references 646861, 1568083, 1747158, 1774865, 1794069, 1904663, 1933057.
b65% of all expected resonances assigned.
c82% of all expected resonances assigned.
d56% of all expected resonances assigned.
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conformational exchange which broadens the peak

line-widths beyond detection. The latter point seems

to be especially critical for MAPKs and the differences

in their NMR spectra (spectra quality of MAPKs

tested by the authors is p38a>ERK2�JNK1)58,61,65

are providing the first indications that dynamics

likely plays a key role in their biological function.

This supports the results of earlier H/D-MS studies

from the Ahn laboratory that show the dynamics

of key loops are affected be the interactions of

MAPKs with peptides and ligands.66 A number of

NMR studies focused on the DFG in/out loop equilib-

rium as well as the hinge region, showing that these

regions change dynamics upon ligand (inhibitor)

binding. 67,68

The basis of any NMR spectroscopy analysis is

the sequence-specific backbone assignment, which

has been achieved for p38a47,58,61 (82%), activated

pTpYp38a69 (56%) and ERK265 (65%) and include

key MAPK regulatory elements, especially the KIM

binding pockets (93%/95% for p38a/ERK2) the

glycine-rich loops (100%/100% for p38a/ERK2) and

the activation loops (83%/none for p38a/ERK2).

Chemical shift perturbation (CSP) mapping experi-

ments, in which the local environment of each HN/N

pair of a protein (the MAPK, labeled, NMR active)

are followed upon the addition of a peptide or pro-

tein (MAPK peptide/protein, unlabeled, NMR inac-

tive), are subsequently used to identify MAPK

residues that interact with MAPK regulatory/sub-

strate proteins [Fig. 4(A), left]. These NMR experi-

ments can be used to validate models of

MAPK:MAPK regulatory/substrate protein interac-

tions generated using alternative methods, such as

molecular modeling, as was done for the pTpYER-

K2:ETS-1 complex.70 More importantly, the results

of NMR CSP experiments can also be used to gener-

ate new models of MAPK:MAPK regulatory/sub-

strate protein complexes. This procedure is

illustrated in Fig. 4(A). Specifically, the first set of

CSP titration studies are used to identify MAPK res-

idues that interact directly with a particular MAPK

regulatory/substrate protein. Reverse NMR CSP

titration experiments are then performed to detect

the interaction residues on the MAPK regulatory/

substrate protein. These are similar to the CSP

Figure 4. Interactions Outside the MAPK KIM Binding Groove. (A) Schematic illustration showing how NMR spectroscopy,

using chemical shift perturbation (CSP) experiments, coupled with small angle X-ray scattering (SAXS) can be used to deter-

mine the structures of large (�80 kDa) protein:protein complexes in solution. (B) p38:MAPK regulatory protein complexes. p38

shown in orange, the KIM residues of the MAPK regulatory proteins are shown in green and the KIS sequence of HePTP/STEP

shown in pink. Structures determined using the procedures highlighted in A shown on a grey background while crystal struc-

tures are shown on a light green background (p38 in the same orientation in all figures). Left, p38:HePTP resting state complex

(HePTP, light blue); upper middle, p38:MK2 (MK2, dark pink, PDBID 2OZA); upper right, p38:DUSP10 (DUSP10, pink, PDBID

3TG1); lower middle, p38:STEP (STEP, blue); lower right, p38:DUSP16 (DUSP16, purple). (C) ERK:MAPK regulatory protein

complexes: ERK shown in beige while the KIM residues of the MAPK binding proteins are shown in green and the KIS

sequence of HePTP shown in pink. ERK in the same orientation in all figures. Structures determined using the procedures high-

lighted in (A) shown on a grey background while crystal structures are shown in a light green background. Left, ERK:HePTP

resting state (HePTP, light blue); upper middle, T185E-ERK:PEA-15 (PEA-15, red, PDBID 4IZ5); upper right, ERK5:MKK5

(MKK5, yellow; PDBID 4IC7); lower middle, pTpY-ERK:HePTPSTM (HePTPSTM, light blue); lower left, ERK:Ets-1 (Ets-1, dark

blue).

Peti and Page PROTEIN SCIENCE VOL 22:1698—1710 1705



experiments performed on the MAPKs, except now

the local environment of each HN/N pair of the

MAPK regulatory/substrate protein (labeled, NMR

active) is followed upon the addition of the MAPK

(unlabeled, NMR inactive). This allows the comple-

mentary interaction site—that is, the MAPK regula-

tory/substrate protein residues that interact directly

with the MAPK—to be determined. However, these

experiments have one requirement: the sequence-

specific backbone assignment of the MAPK regula-

tory/substrate protein must also be known. As these

are often large proteins, this can be a time consum-

ing, expensive, and even technical challenge. These

NMR spectroscopy studies can subsequently be com-

plemented by SAXS measurements, also performed

in solution, to provide a model (“envelope”) of the

MAPK:MAPK regulatory protein complex. SAXS

data can then either be used in conjunction with

NMR as well as other constraints to generate a

structure (co-refinement) or it can be used to con-

firm a model that was generated using NMR con-

straints. Models for the MAPK:MAPK regulatory/

substrate protein are then obtained using EROS

(ensemble refinement of SAXS),71,72 EROS-NMR

(ensemble refinement of SAXS in which NMR CSP

are used as local energy constraints),58 HAD-

DOCK57,73 or similar programs.

Thus far, the interactions between MAPKs (p38,

pTpY-p38 and ERK2) and MAPK scaffolds (Ets-

1,65,70 PEA-1565), kinases (MKK3b,47 STE765), sub-

strates (ELK1,65 MBP69), and phosphatases

(HEPTP,58,59,71 STEP,60 PTPSL,60 DUSP16/MKP757)

have been studied using these techniques and have

allowed us to determine additional structures of full

MAPK:MAPK regulatory protein complexes, which

are providing new and unexpected insights into

MAPK selectivity not only at the KIM binding

pocket, but especially at binding pockets outside of

it [Fig. 4(B), p38 complexes; Fig. 4(C), ERK2 com-

plexes]. For example, the SAM domain of Ets-1

binds the FRS or FxF docking site on ERK2, which

is located �15 Å away from the ERK2 KIM binding

groove [Fig. 4(C), lower right].70,74 Similarly, previ-

ous studies showed that PEA-15 binds the ERK2

KIM binding groove in the non-canonical C->N

direction [Fig. 2(B)].75 Subsequently, NMR CSP

studies of Piserchio et al.,65 which probed the inter-

action of PEA-15 on ERK2, revealed that PEA-15

KIM binding is mediated primarily by the hydropho-

bic binding pockets of the KIM binding groove with

very little interaction at the electrostatic (CD) sites.

Both aspects of PEA-15 binding on ERK2 were sub-

sequently confirmed by the PEA-15:ERK2 crystal

structure Fig. 4(C), upper middle].53 Unique interac-

tions outside the MAPK KIM binding groove have

also been identified using these solution-based meth-

ods, especially the combination of NMR spectroscopy

and SAXS. Specifically, NMR studies of p38 with the

KIM containing family of PTPs have unequivocally

demonstrated that while the KIM peptides of these

proteins bind p38 via quite similar mechanisms,

they interact with p38 outside of the KIM binding

groove very differently explaining their different bio-

logical activities. These distinct interactions are

described in detail in the next section.

Interactions Outside the KIM Binding Pocket
using NMR Spectroscopy: the Differential

Interactions of KIM-Containing PTPs with p38

and ERK
The KIM-PTPs are a small family of tyrosine-

phosphatases that include HePTP, STEP and STEP-

like PTP (PTPSL). Each phosphatase possesses a C-

terminal catalytic domain (the PTP domain) and an

N-terminal unstructured extension that contains the

�15-amino-acid KIM. Despite their high sequence

similarity, it has been shown that these three phos-

phatases regulate/deactivate p38 with different effi-

ciencies.76 Although crystallographic data for p38/

ERK and their interactions with various KIM pep-

tides (including the ERK2:HePTP KIM-peptide com-

plex44) provided key insights into KIM binding, a

full understanding of the atomic-level interactions

between this family of MAPK regulatory proteins

both within and outside the KIM binding pockets

has only recently been obtained, by combining NMR

spectroscopy with SAXS and EROS/EROS-NMR/

HADDOCK.58–60,71

These experiments showed that while there are

similarities, there are also key differences in the

mechanism of binding of HePTP, STEP, and PTPSL

with p38.58,60 First, while the mode of KIM binding

to p38 is largely conserved among the KIM-PTP

family, with the KIMs from PTPSL/STEP and

HePTP engaged residues within all four hydrophobic

both electrostatic pockets of the MAPK KIM binding

groove, they perturb it differently, especially in the

UA and UB hydrophobic pockets. Differential engage-

ment of these pockets in ERK2 by ERK-specific scaf-

folds (ETS, PAE-15) and substrates (Elk-1) have also

been observed.65 Second, residue L108 from p38,

which functions as a hinge connecting the p38 N-

and C-terminal lobes, experiences CSPs with HePTP

and PTPSL, but not STEP. The adjacent residue in

ERK has also been shown to experience chemical

shifts upon KIM peptide binding.65 Third, HePTP,

but not PTPSL or STEP, also interacts with p38 via

its kinase specificity sequence (KIS; the HePTP

KIMKIS is composed of residues 15–56), resulting in

the CSP of residues outside the p38 KIM binding

groove. This observation, coupled with SAXS experi-

ments that showed that the p38:HePTP complex is

elongated in solution and reverse titrations that

allowed us to unequivocally define which HePTP

residues bind p38, led to the development of new

computational procedure, ensemble refinement of

SAXS (EROS)-NMR. This allowed the relative

1706 PROTEINSCIENCE.ORG Molecular Basis of MAP Kinase Regulation



orientation of p38 and HePTP that best fits both the

NMR CSP constrains and the experimental SAXS

data to be determined [Fig. 4(A)].58 The ensemble

model showed that the catalytic domain of HePTP is

localized below the p38 KIM-binding groove and

fluctuates in a fan-like motion below p38; explaining

why the crystallization of this complex has proven

intractable [Fig. 4(B)]. Notably, this structural

arrangement of p38:HePTP was similar to the con-

formation determined for the ERK:HePTP complex

using SAXS data and subsequent EROS refine-

ment,71 although in this case the HePTP KIS did

not engage ERK;59 that is, the HePTP catalytic

domain was localized below the KIM binding groove

[Fig. 4(C)]. By comparison, the structure of the

trapped “catalytically active” state pTpY-

ERK2:HePTPm complex (ERK2 phosphorylated on

T183 and Y185, pTpY-ERK2, bound to a catalytically

inactive mutant of HePTP, HePTPm) that was deter-

mined using similar procedures, revealed that the

HePTP catalytic domain rotates by more than 65 Å

in order to bind and dephosphorylate the ERK2 acti-

vation loop.71

Fourth, while the p38:HePTP and p38:PTPSL

complexes are elongated in solution, the p38:STEP

complex is compact. NMR experiments showed,

unexpectedly, that STEP binding to p38 leads to

multiple additional perturbed residues on p38 (these

residues are not perturbed by HePTP or PTPSL),

including D177/M179/V183/A190 (activation loop),

L247/K248/S254/R256 (MAPK insert) and E328 (aI-

aL16 loop).60 Thus, despite of the fact that the KIM

sequences of PTPSL and STEP are identical, the

proteins bind p38 very differently. Reverse NMR

titration studies, which required the completion of

the sequence-specific backbone assignment of

STEP,63 coupled with NMR-constrained docking

using HADDOCK led to a model of the full

p38:STEP complex [Fig. 4(B)].60 This structure

showed that the STEP catalytic domain binds p38 at

the MAPK-specific insert, near the p38 activation

loop, which was experimentally further confirmed by

mutagenesis studies combined with ITC measure-

ments. Critically, additional studies of the trapped

“activated” pTpYp38:STEPm complex (STEP is cata-

lytically inactive and thus unable to dephosphoryl-

ate dually phosphorylated p38) showed that the

orientation of the STEP catalytic domain in the

p38:STEP resting-state complex is not conducive to

dephosphorylation of the tyrosine residue in the p38

phosphorylation loop and a significant rotation of

the STEP catalytic domain is necessary to properly

position the active site of STEP for catalysis.

Together, these data provide a structural explana-

tion for the increased dephosphorylation efficiency of

both HePTP and PTPSL for p38 over STEP and,

more importantly, provide atomic resolution evi-

dence that residues outside the MAPK KIM binding

pocket are important for regulatory protein binding

and specificity.

KIM-Containing DUSPs Bind and Regulate

MAPKs using a Structured KIM Domain that
Binds MAPKs using a “Mixed” Directionality

DUSPs dephosphorylate both serine/threonine and

tyrosine residues using an enzymatic mechanism

conserved with that of tyrosine phosphatases in

which a conserved catalytic cysteine residue

(HCxxxxxR) functions as a nucleophile.34,77,78 How-

ever, the DUSP active site is shallow11,34—more sim-

ilar to the depth of the active sites of serine/

threonine specific phosphatases79–81—when directly

compared with that of tyrosine phosphatases,38

which allows for phosphorylated serine/threonine

and tyrosine residues as substrates. Twenty-five

genes encode for DUSPs in the human genome, with

DUSP24 and DUSP27 lacking enzymatic activity.12

Ten DUSPs contain a MAPK binding domain

(MKBD) with a KIM interaction sequence that is

required for a direct interaction with MAPKs. These

10 DUSP are also known as typical DUSPs or

MKPs, which are commonly divided according to

their cellular locations (nuclear, cytosolic or both)

and their ability to recognize specific MAPKs.11,34

The domain architecture of typical DUSPs/

MKPs is highly similar with a modestly conserved

N-terminal MKBD domain and the more highly con-

served C-terminal catalytic domain (DUSP8 and

DUSP16/MKP7 also have a C-terminal PEST

domain while DUSP10/MKP5 also has an N-

terminal disintegrin domain).11 The lower sequence

conservation of the MKBD likely contributes to the

difference in MAPK substrate specificity. It is inter-

esting to note that binding of the MKBD to MAPKs

can further activate the phosphatase activity of the

DUSP. However, a molecular basis for this activation

has not been identified, although it was suggested

that this could be due to an intramolecular interac-

tion of the MKBD and the catalytic domain that

changes upon MAPK binding.36

The MKBDs of DUSP6/MKP336 (NMR spectros-

copy), DUSP10/MKP537 (X-ray crystallography) and

DUSP16/MKP735 (X-ray crystallography) have been

structurally characterized. All adopt a common

mixed a/b-fold that is highly similar to that of sul-

furtransferases (rhodaneses) and the DUSP Cdc25A.

�5 a-helices fold around central b-sheet that itself

consists of �5 parallel b-strands. The MKBD of

DUSP10/MKP5 and DUSP16/MKP7 are highly simi-

lar,35,57 but there are larger structural differences in

the MKBD from DUSP6,36 which also has the cen-

tral 5-membered b-sheet but the surrounding a-

helices and connecting loops adopt significantly dif-

ferent conformations.

It was hypothesized that the KIM sequences

that contain conserved basic and hydrophobic
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residues, and are part of the well-folded MKBD of

the typical DUSPs, engage the common complemen-

tary KIM-binding groove in MAPKs.41,44 This was

only recently confirmed, when a crystal structure of

the complex between the MKBD of DUSP10/MKP5

and p38 was reported35. Surprisingly and interest-

ingly, this interaction is significantly different to the

interaction of KIM-peptides from KIM-PTPs,

MAPKKs, and other substrates/scaffolds. First, as

predicted, it does not bind as a linear peptide, but

instead maintains the MKBD fold when bound to

p38. Second, it was immediately apparent that

DUSP10/MKP5 engages the KIM-binding groove in

a predominantly C-to-N terminal direction, versus

the more typical N-to-C direction. Specifically, the

N-terminal helix a2 of the DUSP10/MKP5 MKBD

binds in the hydrophobic pocket and the more C-

terminal helix a3 binds at the electrostatic (CD)

site. Previous NMR spectroscopy analysis of the

DUSP6 MKBD with ERK2 showed that the protein:-

protein interface was also mainly centered on resi-

dues belonging to the b3-a3 region of the DUSP6

MKBD.36 Most recently, we showed that while the

interaction between the DUSP16/MKP7 MKBD with

p38 also binds in a similar mostly C-to-N direction,

it is also different from that of DUSP6 and DUSP10/

MKP5, as it includes not only helix a2 and a3

(largely identical to the interaction of DUSP10/

MKP5 MKBD) but also helix a4 [Figs. 2(C), 4(B)].57

Thus, with these additional structures, it is becom-

ing apparent that while the overall interactions of

DUSP/MKP MKBDs with MAPKs are somewhat

structurally conserved, there is significant fine tun-

ing, i.e. fewer and/or more additional interactions

that likely alter the duration of MAPK activity and

thus are a powerful regulatory component of the

MAPK signaling pathways.

Conclusion

During the last few years, the structural biology of

MAPKs and thus our understanding of the regula-

tion of these essential enzymes has made significant

progress—from the pioneering work of the Gold-

smith laboratory and others to recent studies of the

first structures of MAPKs:regulatory protein com-

plexes. Some of these advancements have been pro-

pelled by the inclusion of solution techniques,

especially biomolecular NMR spectroscopy and

SAXS, as well as novel methods that combine all of

the information to obtain accurate structural mod-

els. These studies are also showing the importance

of protein dynamics for the regulation of MAPKs,

both locally, e.g. gating of the active site by inhibi-

tors, as well as globally. It will be very interesting to

follow these new results during the next few years

in order to see how these novel structural and

dynamics data will lead to improved, specific drug

design—it seems that MAPKs have their best years

ahead.
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