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Abstract

Map kinases are drug targets for autoimmune disease, cancer, and apoptosis-related diseases. Drug discovery efforts have developed MAP
kinase inhibitors directed toward the ATP binding site and neighboring “DFG-out” site, both of which are targets for inhibitors of other protein
kinases. On the other hand, MAP kinases have unique substrate and small molecule binding sites that could serve as inhibition sites. The substrate
and processing enzyme D-motif binding site is present in all MAP kinases, and has many features of a good small molecule binding site. Further,
the MAP kinase p38α has a binding site near its C-terminus discovered in crystallographic studies. Finally, the MAP kinases ERK2 and p38α
have a second substrate binding site, the FXFP binding site that is exposed in active ERK2 and the D-motif peptide induced conformation of MAP
kinases. Crystallographic evidence of these latter two binding sites is presented.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

MAP kinase cascades confer switch-like responses to ex-
tracellular hormonal and stress stimuli that lead to cell fate
decisions such as differentiation, proliferation, apoptosis [1,2]
and senescence [3]. The modules are comprised of a Ser/Thr
kinase MAP3K that doubly phosphorylates a dual-specificity
MAP2K, which in turn doubly phosphorylates, through a phos-
photyrosine intermediate, a proline-directed Ser/Thr MAPK.
The sigmoid response behavior is thought to be a consequence
of the dissociative nature of these two double phosphoryla-
tion reactions [4]. Different MAP kinase modules respond to
distinct extracellular stimuli. The extracellular signal regula-
ted kinases 1 and 2 (ERK1/2) are activated by mitogens and
Abbreviations: CD-domain, Common docking domain; D-Motif, Docking
motif or docking site in MAP kinase substrates and MAP kinase processing
enzymes; DFG-out, unusual conformation in well conserved DFG in subdomain
VII; ED, hydrophobic docking groove (that is flanked by D and E residues);
ERK, Extracellular response kinase; JNK, c-Jun N-terminal kinase; MAPK,
Mitogen activated protein kinase; MAP2K, Mitogen activated protein kinase
kinase; MAPKAP kinase, Mitogen activated protein kinase activated protein
kinase
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growth hormones, while the c-Jun N-terminal kinases (JNKs)
and p38 MAP kinases are activated by bacterial liposacchrides,
interleukine-1, tumor necrosis factor-α, and cellular stresses
such as osmotic shock and UV radiation [5]. ERK5 is activated
by both classes of stimuli [6,7]. Given these central regulatory
roles, it is not surprising that three out of four of these best
studied MAP kinases have received very significant attention as
drug targets [8].

The p38 MAP kinase pathway is a therapeutic target for in-
flammatory diseases such as psoriasis, rheumatoid arthritis and
chronic obstructive pulmonary disease [9,10]. JNKs are drug
targets for apoptosis related diseases such as Alzheimer's di-
sease, Parkinson's disease, type II diabetes, hearing loss, and
also for autoimmune diseases [11,12]. ERK2 pathway compo-
nents are drug targets for proliferative diseases, notably MEK1 / 2
and Raf isoforms [13,14].

Search for anti-inflammatory agents lead to the discovery of
p38α as a potential drug target [15]. A very significant effort by
the drug industry has produced many more inhibitors of p38α
[16]. The vast majority of these compounds have proved to be
competitive with ATP, binding to the active site (reviewed for
example in [10,17]). A few inhibitors have also been found that
bind to a site adjacent to the active site. This neighboring site has
been termed the “DFG-out”-site, because binding at this site is
always associated with conformational changes in the conserved

mailto:Elizabeth.Goldsmith@UTSouthwestern.edu
http://dx.doi.org/10.1016/j.bbapap.2007.09.016


49R. Akella et al. / Biochimica et Biophysica Acta 1784 (2008) 48–55
DFG sequence (subdomain VII) [16,18] (Fig. 1). The existence of
this site relies on the conformational flexibility of the activation
loop of these protein kinases, and a similar site was identified in
the development of the inhibitors of MAP/ERK kinase 1 and 2
(MEK1/2) [19], c-Abl [20] and other protein kinases [21,22].

MAP kinase modules utilize docking interactions to link
module components and bind substrates (reviewed in [23–25]).
Docking interactions may account for the pathway specificity
among MAP kinase modules. Linear peptide docking motifs in
substrates, MAP2Ks, and phosphatases bind to sites in MAPKs
outside the kinase active site [26]. MAP2Ks have been shown
recently to utilize other docking interactions withMAP3Ks [27].
The best studied docking interactions are those between MAP
kinases and “D-motifs” (originally named δ-domains, but also
referred to as D-sites, D-domains, DEJL, D-boxes, kinase inter-
action motifs, or KIMs), linear sequences with substrates and
other interacting proteins. D-motifs were identified initially in
JNK substrates [28], and were later found in MAP2Ks [25] and
in MAP kinase phosphatases [29]. Each of the MAP kinases
p38s, JNKs and ERKs [24] and ERK5 [30] bind D-motifs. In
Fig. 1. The structure of inactive p38α with substrate and small molecule binding site
binding site, and backside site are indicated as violet ellipsoids. Helices are cyan, β−st
Scientific, San Carlos, CA).
addition, transcription factor substrates and phosphatases of
the MAP kinase ERK2 and p38α have a second docking mo-
tif, named FXFP [23,31,32], for the sequence in the docking
motif. The binding sites for these motifs may have potential
for making specific inhibitors of MAP kinases. The idea of
making substrate based inhibitors is established for protein
kinases [33], but new for MAP kinases [33–36]. Here we dis-
cuss the “druggability” of the MAP kinase docking motif bin-
ding sites for D-motifs and FXFP, and present data on the
existence of a novel small molecule binding site in p38α ter-
med the Backside site (Fig. 1).

2. D-motif binding site

The D-motifs are probably the main specificity determinant
that distinguishes among different MAP kinases [25]. In D-motif
swapping experiments among MAPKAP isoforms that are dif-
ferentially activated by ERK2 and p38α, the D-motif conferred
pathway specificity [37]. Also, peptides derived from the D-motif
of c-Jun interacting protein (JIP), which bind to the docking
s indicated. The ATP binding site, the DFG-out site, CD-docking groove, FXFP
rands magenta, and loops deep salmon. Figures generated using PyMOL (Delano
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groove of JNK inhibit JNK activation [38] and are neuropro-
tective in animal models for Parkinson's disease [39], appa-
rently blocking apoptotic signaling through JNK. D-motifs can
have different lengths. The longest have the consensus sequences
X-∅H-X2-(Arg/Lys)1-2-(X)2-6-∅A-X-∅B (where ∅A, ∅B and
∅H are hydrophobic residues (Leu, Ile, or Val), while shorter
motifs can be missing the first four residues [24]. The D-motif
binding site on MAP kinases is complex, and is formed of acidic
patch in the C-terminal extension from the kinase core known as
the ”CD domain” (for Common Docking)[26] and hydrophobic
docking groove [40,41] (also referred to as “ED”[42]). The exis-
tence of two subsites may allow separate or overlapping speci-
ficities to evolve in MAP kinase substrates [43]. Crystallographic
studies of p38α [41] and JNK1 [44] revealed the hydrophobic
groove to be near helices D and E. Recent data on ERK2 dock-
ing interactions [45,46] and on the yeast MAP kinase Fus3 and
Kss1 [47] has revealed interactions in the CD domain. The CD
domain is an electrostatic surface depression [45] to which the
∅H and basic residues bind.

2.1. The Hydrophobic Docking Groove

The hydrophobic docking groove appears to have the grea-
test potential for drug development since it has a significant
hydrophobic pocket [45]. The docking groove spans across
Fig. 2. Docking groove interactions between p38α and pepMEF2A induced conform
∅-2 through∅B of pepMEF2A is shown in green and all atom colors. The p38α/pepM
gray. The side chains of I116, C119, Q120, H126, F129, L130, V158, and C162 and
Dotted lines denote hydrogen bonds (2.6-3.2 Å). The surface of unliganded p38α in t
peptide.
helices D and E in a crevice formed between these helices and
β7-β8 reverse turn (Fig. 2). The hydrophobic pocket is occu-
pied variably by two to three hydrophobic residues in different
MAP kinases. In p38α, the ∅A makes van der Waals contacts
with the side chains of Ile116, Leu122 in helix D, Val158 in β7

and Cys162 in β8. The ∅B residue contacts the side chains of
Ala111 and Ile116 in helix D and Val158 inβ7. A leucine residue
in the position ∅A-2 is in the groove, making contacts with
Phe129 and Leu130 in helix E. The interaction also involves
several hydrogen bonds. In p38α, four hydrogen bonds are made
to the peptide by Gln120, His126 and the carbonyl of Glu160
(in theβ7-β8 reverse turn). In contrast to the docking groove, the
CD domain is a surface depression that requires the D-motif to
be folded into a 2-turn helix to bind [45].

2.2. Similarities and differences among MAP kinase docking
grooves

The hydrophobic docking grooves are significantly different in
p38α, ERK2 and JNK's (discussed in [45]). For example, in
ERK2, ERK2/Thr108 replaces p38α/Ala111, and the larger side-
chain completely blocks the site occupied by ∅B in p38α. In
addition, ∅B of ERK2-binding peptides occupy the pocket held
by∅A in p38α. JNK/Ala111 binds to∅A and∅B like p38α. But
the site lacks∅A-2 site, which is blocked by an arginine unique to
ational changes. Cartoon of p38α docking groove; residues 110-129 + 157-163.
EF2A is shown in cyan and all atom colors, and uncomplexed p38α is shown in
backbone of E160 p38α/pepMEF2A are displayed in ball and stick rendering.

he docking groove is shown to reveal the full size of the pocket in the absence of
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JNK (Arg127). These differences may be contributing to the
success in making specific peptide-based inhibitors of JNKs
[48]. Another feature of the hydrophobic docking groove is the
presence of cysteine residues. p38α has two cysteine residues
that face the pocket, Cys119 and Cys162. Both ERK2 and JNK
possess one cysteine, ERK2/Cys159 and JNK/Cys163. Thus,
development of covalent inhibitors directed toward cysteine [49]
becomes a possibility. Also, tethering, the use of mild thiol
reagents to enhance affinities of compounds in fragment and
small molecule libraries [50] can potentially be used to search for
inhibitors targeted to the docking groove.

2.3. D-motif induced conformational changes

D-motif peptides induce conformational changes in p38α
and ERK2, and possibly in JNK. The changes involve the ac-
tivation loop in each case, which becomes disordered in p38α and
adopts a new structure in ERK2. These conformational changes
may promote greater access to the activation loop phosphoryla-
tion sites when activating MAP2Ks or phosphatases are bound
in the D-motif binding site. In p38α and ERK2, the changes are
known because structures are available for the unbound and
peptide-bound conformations for the identical protein (rat ERK2
and murine p38α) [41,45]. The induced conformational chan-
ges are unique. In p38α the changes occur near helices D and
Fig. 3. ERK2/pepHePTP reveals electron density near the FXFP binding site and pe
0.9 σ) near the helix G and the MAP kinase insertion. Although the D-motif peptide (n
electron density is observed near helix G in ERK2. Ribbon diagram of the ERK2/p
L198, Y231, L232, and Y261 are shown in ball and stick. Uncomplexed ERK2 is sho
pocket is available in ERK2/pepHePTP but not in ERK2.
E (Fig. 2). The movement appears to be required in order to
simultaneously form all of the observed hydrogen bonds made
to the peptides, especially the interactions of Gln120 with resi-
due X in (∅A-X-∅B) and the interaction of His126 with the
docking site peptide backbone. In ERK2, the hydrophobic dock-
ing groove is preformed. Instead, conformational changes occur
near the CD domain in ERK2 [45] (not shown).

The affinities for docking peptides to MAP kinases are sub-
micromolar to micromolar. Can more tightly bound inhibitors
be found? The peptide induced conformational changes likely
absorb intrinsic binding energy [45]. Thus an inhibitor that fits in
without inducing structural rearrangements may have a better
binding constant. The amount of energy absorbed by conforma-
tional changes has not been measured in MAP kinases, but is
3 kcal or more in allosteric enzymes [51]. Since the D-motif
induced conformational changes are different in p38α, ERK2,
and JNK, the changes probably contribute to specificity among
these kinases and may be a factor to specific inhibitor binding.

3. FXFP binding site in ERK2

The MAP kinase ERK2 has a second binding site utilized by
transcription factor substrates and phosphatases, the FXFP bin-
ding site [24,52]. This site was identified by changes in deute-
rium exchange profiles, and is near the MAP kinase insertion
ptide induced conformational changes. Electron density (|2Fo-Fc|, contoured at
ot shown) binds in the same docking groove asMEF2A binds to p38α [45], extra
epHePTP (displayed between 176-203+225-263 is in cyan. The side chains of
wn in gray, and F181 and L182 are shown in ball and stick. Note that this binding



Table 1
X-ray Data Collection Parameters and Refinement Statistics

p38+Sulindac p38+PD98059

Diffraction data
Space group P212121 P212121
Unit cell (Å) a=45.59 a=45.71

b=85.54 b=84.57
c=124.26 c=125.34

Wavelength (Å) 1.5418 1.5418
Resolution (Å) 2.5 2.2
No. of measurements 275364 264392
Unique reflections 14546 25889
Completeness(%)(last shell) 89.1(78.9) 86.5(67.0)
Rmerge (%) (last shell) 5.6(32.4) 4.8(37.5)

Refinement
Resolution (Å) 20-2.6 20-2.4
No. of reflections (FN2σ) 12448 15196
Rcryst/Rfree (%) 21.7/25.9 21.1/24.1
No. of waters 98 91

Ramachandran Plot
Most favoured 77.3 81.1
Additional allowed 19.2 17.0
Generously allowed 3.5 1.9
Disallowed 0 0
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and helix G [32]. Mutational studies showed that Tyr231 and
Tyr261, when mutated affected FXFP binding to doubly phospho-
rylated ERK2 (ERK2-P2) [32,53]. We have obtained crystallo-
graphic evidence of the location of this site in studies of D-motif
peptides bound to ERK2 [45]. The refined structure of ERK2 in
complex with a D-motif peptide derived from a tyrosine phos-
phatase revealed an extra tubular electron density near Tyr231
(Fig. 3). The electron density was modeled with 3 residues de-
rived from the D-motif peptide used in the study and is inclu-
ded in the PDB file 2GPH. The electron density is between the
MAP kinase insertion and helix G. In low activity ERK2 (PDB
file 1ERK) [54], this site is occupied with activation loop resi-
dues Phe181 and Leu182. The tyrosine phosphatase peptide and
MEK2 derived peptide both induced conformational changes that
caused the activation loop to exit this site. This binding site is
hydrophobic, and lined by Leu198, Tyr231, Leu232, Leu235,
Ala258 and Tyr261. Hydrogen bonding potential is available from
Asn255 and Lys257. This site is adjacent to the active site, and
could potentially be accessed by inhibitors simultaneously with
the active site.

4. Backside binding pocket

In an effort to visualize protein kinase inhibitors, we soaked
inhibitors for other kinases into crystals of p38α, as a model
protein kinase. We anticipated that most of the kinase inhibitors
tested would bind to the ATP binding site, as was the case for the
p38 inhibitors SB203580 and related comounds [7]. However,
two compounds, PD98059 and sulindac sulfide, bind to a site
outside the active site. TheMAP2KMEK1/2 inhibitor PD98059
(1-(2′-amino-3′-methoxyphenyl)-oxanaphthalen-4-one), is a
flavonoid that binds to the inactive form of MEK1 non-competi-
tively with respect to ATP [55]. The IĸB kinase inhibitor su-
lindac sulfide (cis-5-fluoro-2-methyl-1-[p-(methylsulfinyl)
benzylidene]indene-3-acetic acid, is a non-steroidal anti-inflam-
matory drug [56]. Previous studies have indicated that sulindac
sulfide and PD98059 do not inhibit p38α activity [55,56].
However, we did find that these compounds bind p38α with
IC50′s of 19 μM and 24 μM, respectively, as measured by
binding-induced changes in absorbance (at 365 nm and 329 nm,
respectively). Crystals of p38α prepared as described previously
[57,58] were soaked with 1 mM sulindac sulfide or PD98059,
soaked for 45 min. The structures were solved using 2.6 Å data
and refined to R-factors of 21% or better (Table 1). Both sulindac
sulfide and PD98059 bind p38α near the hinge point between
the two domains of the kinase, where the C-terminal helix
unique to MAP kinases contacts the kinase core. We refer to this
site as the Backside binding site.

4.1. Sulindac sulfide

The sulfur atom of sulindac sulfide was especially visible,
with a 3.5σ electron density pinpointing the sulfur atom, and the
Fig. 4. Electron density of map with coefficients (|2Fo-Fc|) contoured at 0.7 σ for p3
sulindac sulfide is yellow, fluorine orange, oxygen red, and nitrogen blue. Residues fo
stick. Residues R136 and D316 in the CD domain are also displayed. Location of D
entire molecule is visible as contoured (Fig. 4A ). The indene
moiety of sulindac sulfide is held between the His107 and
Lys165, with ring stacking link between the indene and the His
107 side-chain. The carboxylate group in the sulindac sulfide
contacts the backbone atoms Met78O, His80 N, and the car-
boxylate of Glu81 in the linker between helix C and β-4. The
benzyledene forms van der Waals contacts with the C-termi-
nal residues Leu353 and Asp354. The indene fluorine atom in
sulindac is hydrogen bonded (2.9 Å) to Lys165Nɛ. Thus there
are several specific hydrogen bonds as well as hydrophobic
interactions.

Although there are no known inhibitors targeted to this site,
an inhibitor developed at Boehringer Ingleheim Pharmaceuticals
(called CMPD1) [59] shows deuterium exchange protection
profiles that include His107 and Lys165, among other residues,
suggestive of potential binding to this site.

A major question of course is whether the target of sulindac
sulfide binds; IĸB kinase binds the inhibitor similarly. IĸB
kinase does have homology with MAP kinases in this region,
including the C-terminal helix that walls the binding pocket.
Thus the possibility that sulindac sulfide binds Iκβ in this site
cannot be ruled out.

4.2. Pd98059

PD98059 binds to the same site as sulindac sulfide. The
carbonyl of oxanaphthalen-4-one ring of PD98059 contacts the
backbone of Met78O as with sulindac sulfide. Otherwise the
interactions and the orientation are different, with PD98059
8α crystals soaked in A) sulindac sulfide, and B) PD98059. The sulfur atom of
rming contacts, K79, E81, H107, K165, P351 and L353 are displayed in ball and
-motif docking groove shown in magenta.
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binding closer to Lys79 and Glu81 (Fig. 4B). The structure of
inactive MEK1/2 is available (PDB file 1S9J) and no similar site
is present [19], so PD98059 is very unlikely to bind to MEK1/2
in this region.

4.3. Proximity of the Backside site to the CD domain

It is interesting that Backside binding site is very near the CD
domain. Glu81 that contacts the inhibitors is involved in an
extended ionic network that includes Arg136 and Asp316, in
the CD domain defined by [26] (Fig. 4A). This raises the
possibility of making inhibitors that target both the Backside
and docking groove. CMPD1 [59] mentioned above is an
inhibitor of p38α that affects binding and phosphorylation of
MAPKAPs but not transcription factor substrates. It is
intriguing that MAPKAPs have the long variety of D-motifs,
making more extensive interactions near the CD domain
whereas transcription factors usually have the shorter variety
[24], suggestive that the inhibitor does indeed bind the Backside
site.

5. Conclusions and perspectives

Although MAP kinase drug discovery so far has identified
inhibitors primarily to the ATP site and DFG-out site, other
substrate and small molecule binding sites may prove useful
in the future for the development of novel and specific inhibi-
tors of MAP kinases. We think the allosteric effects in MAP
kinases offer an especially interesting opportunity for drug de-
velopment, because of the chance of binding an inhibitor that
binds more tightly than the docking peptide. Also, D-motif
binding site directed inhibitors could inhibit the pathway both
by substrate and MAP2K binding, and also by inhibiting con-
formational changes. The sites discussed here are all smaller
than the ATP binding site and DFG-out site, and thus it appears
likely that strategies that block the ATP site may be needed to
find inhibitors to these smaller sites.
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