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JNK2 and p38a are closely related mitogen-activated protein kinases that regulate various cellular activ-
ities and are considered drug targets for inflammatory diseases. We have determined the X-ray crystal
structure of the clinical phase II p38a inhibitor BIRB796 bound to its off-target JNK2. This shows for
the first time a JNK subfamily member in the DFG-out conformation. The fully resolved activation loop
reveals that BIRB796 inhibits JNK2 activation by stabilizing the loop in a position that does not allow
its phosphorylation by upstream kinases. The structure suggests that substituents at the BIRB796 mor-

JK;?;’OMS: pholino group and modifications of the t-butyl moiety should further increase the p38a to JNK2 potency
P38 ratio. For the design of selective DFG-out binding JNK2 inhibitors, the binding pocket of the BIRB796 tolyl
BIRB796 group may have the best potential.
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Mitogen-activated protein (MAP) kinases play key roles in the
transmission of signals from cell surface receptors to transcription
factors which upregulate the expression of pro-inflammatory cyto-
kines. The MAP kinase p38a plays a key role in the biosynthesis of
TNF-o, IL-1, IL-6 and IL-8, and has been found to induce the produc-
tion of COX-2, MMP-1 and MMP-3.!2 c-Jun N-terminal kinase (JNK),
also a MAP kinase, is involved in the production of phospho-c-Jun
and AP-1 as well as the upregulation of MMP-1, MMP-3 and MMP-
13.34 Redundant and non-redundant functions of the JNK isoforms
JNK1 and JNK2 in the immune system and arthritis have been
described.” Consequently, both p38a and JNK have been targeted
for the discovery of small-molecule therapeutics for inflammatory
diseases.58
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The diaryl urea p38a inhibitor BIRB796 (Fig. 1A, Kp = 0.16 nM)
blocks TNF-o production in cell cultures and it is efficacious in both
collagen-induced arthritis and endotoxin-stimulated TNF-o release
animal models.® BIRB796 also has been shown to be a strong inhib-
itor of TNF-a production in lipopolysaccharide-induced endotoxe-
mia, a model for inflammation in humans.'® Published results of
phase I° and phase 11! clinical trials in Crohn’s disease and rheuma-
toid arthritis have been summarized recently. BIRB796 also binds
with high affinity to JNK2 (Kp = 4.6 nM)'? and with lower affinity
to JNK3 (Kp=62nM), but it shows no significant binding to
JNK1."> In HCA2 cells, BIRB796 at least partially inhibits total activity
of the JNK subfamily at concentrations higher than 1.0 uM.'# It has
been reported that the pharmacological activity of BIRB796 is
mainly due to its p38a inhibitory activity.!> To what extent the
JNK2 activity of BIRB796 is responsible for the potentially drug-re-
lated adverse events observed in clinical trials, for example, infec-
tions and rashes,'” is unclear.

The X-ray crystal structure of p38a in complex with BIRB796
revealed that this inhibitor blocks p38a signaling by stabilizing
the ‘DFG-out’ conformation of p38a,° which makes it a so-called
‘type II' kinase inhibitor. This conformation does not allow ATP
binding to the enzyme, and it is typically associated with slow
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Figure 1. X-ray crystal structure of JNK2 with BIRB796 bound. (A) Structural
formula of BIRB796. (B) Ball-and-stick representation of JNK2 residues (yellow)
within 4 A of BIRB796 (green). Water molecules are displayed in cyan. Protein-
ligand H-bonds are indicated as black hashes. A 2F, — F. electron density map
contoured at 10 is displayed in magenta.

binding kinetics. It has been postulated that protein kinase inhibi-
tors that bind to the DFG-out conformation provide a better start-
ing point for the design of highly selective inhibitors compared to
‘type I inhibitors that bind to the ‘DFG-in’ conformation.'®'® Con-
sequently, different screening methods that allow identification of
DFG-out binders have recently been developed and successfully
deployed for p380.1°2° JNK specific DFG-out inhibitors, however,
have not been reported to our knowledge, and a crystal structure
of JNK in the DFG-out conformation is not available in the public
domain. This prompted us to determine the X-ray crystal structure
of JNK2 in complex with BIRB796. This structure will facilitate the
design of JNK2 selective diaryl urea inhibitors in particular and
DFG-out binders in general. The structural information obtained
also allows the rational design of BIRB796 analogues as p38a
inhibitors with decreased JNK affinity, which may improve the
therapeutic potential for this compound class.

Untagged JNK2o kinase domain comprising amino acids 1-364,
the JNK3 chimera mutations D3K, C6V, S8N and Q14E, and the sur-
face mutations K203A, E204A, K250A and K251A was over-ex-
pressed in Escherichia coli and purified following a protocol
described previously.?! These amino acid exchanges occur at least
12 A away from the binding site of the BIRB796 molecule and
therefore do not affect its binding to JNK2. Remarkably, the set of
JNK2 surface mutations required for the co-crystallization of
BIRB796 is different from that used to co-crystallize the indazole
inhibitor furan-2-carboxylic acid {3-[5-(4H-[1,2,4]triazol-3-yl)-
1H-indazol-3-yl]-phenyl}-amide.?! The mutant JNK2 protein at a
concentration of 10 mg/ml (25 mM HEPES (pH 7.5), 0.1 M sodium
chloride, 0.01 M magnesium chloride, 5% glycerol, 1 mM TCEP,
0.02% Octyl-B-glucopyranoside) was incubated with 0.1 mM
BIRB796 and 5% DMSO. The protein-ligand complex was crystal-
lized by vapor diffusion in hanging drops at 20 °C. Protein solution
(0.7 ul) was mixed with 0.7 ul of 0.1 M HEPES (pH 7.5), 0.1 M

sodium chloride and 1.6 M ammonium sulfate. Crystals were trans-
ferred to a buffer containing 30% sucrose, 1.8 M ammonium sulfate,
0.1 M HEPES (pH 7.5), 0.1 M BIRB796 and 5% DMSO for cooling in li-
quid nitrogen. X-ray diffraction data were collected by Reciprocal
Space Consulting, LLC (Oakland, California, USA) at the synchrotron
beam line 9-2 of the Stanford Synchrotron Radiation Laboratory
(Palo Alto, California, USA) using an ADSC Quantum 315R CCD detec-
tor. The diffraction images were processed using DENZO and the
intensities were scaled using SCALEPACK?2 to 2.35 A resolution with
good statistics: completeness = 99.9% (100% in highest resolution
shell), I/a(I)=11.1 (2.1), Reym = 8.4% (56.9%), R/R¢rec = 21.4/25.4%.
Molecular replacement was performed with the program PHaser?3
using the crystal structure of JNK2 complexed with the indazole
inhibitor furan-2-carboxylic acid {3-[5-(4H-[1,2,4]triazol-3-yl)-
1H-indazol-3-yl]-phenyl}-amide (PDB accession number 3E70)?!
as search model. The solution found was a JNK2 dimer in space group
P2:212; (a=76.2A, b=923 A, c=112.1 A). This new crystal form
should allow the co-crystallization of JNK2 with DFG-out binding
inhibitors in general. The model was refined against the experimen-
tal data and electron density maps were calculated using REF-
MAC5.2% The electron density for BIRB796 was well defined and it
could be fitted unambiguously (Fig. 1B). The structure model was
built with the graphics software moroc?” and illustrations of the final
crystal structures were created using pymoL (http: //www.pymol.org/).
Coordinates and structure factor amplitudes have been deposited to
the Protein Data Bank with accession number 3NPC.

The crystal structure described in this manuscript shows how
BIRB796 binds to the DFG-out conformation of JNK2 (Fig. 2). The
entire activation loop (amino acids 172-188) and the adjacent
DFG sequence are resolved. D169, F170 and G171 swing out and
open a pocket adjacent to helix C for the t-butyl-pyrazole moiety
of BIRB796 (amino acids 64-79). The activation loop is stacking
against the Gly-rich loop (amino acids 30-42) thereby shielding
BIRB796 from solvent.

The secondary structure elements around the ATP binding pocket
in the crystal structure of JNK2 complexed with BIRB796 adopt
conformations distinctly different from those observed for JNK2 com-
plexed with the indazole inhibitor furan-2-carboxylic acid {3-[5-(4H-
[1,2,4]triazol-3-y1)-1H-indazol-3-yl]-phenyl}-amide (Fig. 3).2! The
Gly-rich loop in the indazole-bound structure is positioned as much
as 5A higher and away from the bound ligands than in the

Figure 2. Ribbon representation of JNK2 around the BIRB796 binding site.
Cyan: Gly-rich loop, orange: helix C, dark blue: DFG, magenta: activation loop.
BIRB796 is shown in ball-and-stick and molecular surface representation in green.
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Figure 3. Superposition of the JNK2 crystal structures with the DFG-out binding
BIRB796 (magenta) and a DFG-in binding indazole inhibitor (cyan, PDB accession
number 3E70) bound. The protein structure surrounding the ligand binding sites is
shown in ribbon representation and the activation loop side chains that are
phosphorylated upon activation are shown in ball-and-stick representation.

BIRB796-bound structure. The orientation of helix Cin the two JNK2-
ligand complex structures is also markedly different. The indazole
inhibitor is a DFG-in binder and the activation loop in that crystal
structure is stabilized by the MAP kinase insert in a position incom-
patible with phosphorylation by upstream kinases.?! The MKK4 sub-
strate Y185 is buried inside the protein and access to the MKK7
substrate T183 is sterically hindered. In the JNK2-BIRB796 crystal
structure, phosphorylation of the activation loop is also hindered,
but for different structural reasons. The T183 side chain is pointing
into the ATP binding site preventing phosphorylation by MKK7
(Fig. 3). The side chain of Y185 is solvent exposed, yet the observed
rotamer likely evades phosphorylation for steric reasons. Conse-
quently, BIRB796 not only prevents ATP binding to the active site
but it also stabilizes JNK2 in a conformation that prevents activation
by upstream kinases. This provides the structural rationale for the
observation that BIRB796 inhibits JNK activation in HEK293 cells.2®
In analogy, BIRB796 has been shown to prevent MKK6-dependent
activation of p38a.’

Figure 4. Superposition of the crystal structures of JNK2 (green) and p38a (yellow,
PDB accession number 1KV2) with BIRB796 bound. Selected amino acids that differ
between the two proteins in type or structural conformation are displayed. (The
phenol moiety of the p38a residue Y35 is not part of the structure model.)

BIRB796 forms multiple hydrophobic and polar interactions
with the JNK2 protein (Fig. 1B). The morpholino oxygen accepts
an H-bond from the M111 backbone NH in the hinge region (amino
acids 109-113) of the ATP binding site which connects the N- and
C-terminal kinase lobes. In addition, the morpholino group makes
lipophilic contacts with the side chains of residues 132 (Gly-rich
loop), M108, L110 and M111 (all hinge region). The ethylene linker
of BIRB796 interacts favorably with the side chains of I32 (Gly-rich
loop) and F170 (activation loop). The BIRB796 naphthalene moiety
is positioned in the so-called ‘back pocket’ sandwiched between
the side chains of K55, 186, L106, M108, L168 and F190. The adja-
cent urea forms three H-bonds with the [NK2 protein: the oxygen
interacts with the backbone NH of the D169 side chain (DFG) and
both nitrogens interact with the side chain of the highly conserved
residue E73 (helix C). The BIRB796 pyrazole moiety is positioned
between the side chains of L74 (helix C) and D169 (DFG). Its orien-
tation allows the 3-t-butyl group to fill a pocket formed by the side
chains of Q37 (Gly-rich loop), R69, R72, E73, L76 (all helix C) and
D169 (DFG). The 1-tolyl substituent occupies a highly lipophilic
pocket formed by the side chains of L76, 185, 186, L142 and H149.

The superposition of the BIRB796 crystal structures bound to
JNK2 and p38a° (Fig. 4) suggests a path towards the rational design
of BIRB796 analogues that lack unwanted JNK2 activity. Firstly,
small substituents at the 2-position of the BIRB796 morpholino
group should be tolerated in p38a but have the potential to create
steric clashes with the side chains of the JNK2 residues 132 (Gly-
rich loop), L110 (hinge) and/or perhaps T183 (activation loop)
(Fig. 3). The latter could potentially destabilize the phosphoryla-
tion-incompatible conformation of the activation loop observed
in the JNK2-BIRB796 crystal structure. Secondly, small substituents
at the morpholine 3-position could fill a small pocket bordered by
the gate keeper residue T106 in p38a (Fig. 4). This pocket does not
exist in JNK2 due to the larger M108 side chain. 3-Substituents also
have the potential to enter a hydrophobic p38a selectivity pocket
adjacent to A157'" (V158 in JNK2). Thirdly, the difference in depth
of the t-butyl pockets between JNK2 and p38a caused by the
respective L142/1141 amino acid difference (Fig. 4) should allow
the design of BIRB796 analogues with a significantly increased
p38a to JNK2 potency ratio.

The superposition of the JNK2-BIRB796 and p38o-BIRB796°
crystal structures (Fig. 4) also provides guidance for the rational
design of selective JNK2 inhibitors that capitalize on the DFG-out
binding conformation. Sequence and structural differences around
the tip of the Gly-rich loop (Y35 in p38a, Q37 in JNK2) indicate that
this region could be used to achieve differential binding between
JNK2 and p38a. We propose to test this hypothesis by adding
polarity to the BIRB796 tolyl group, possibly by replacing it with
heterocycles or 5,6 ring systems. However, the partial lack of order
in that region of the p38u-BIRB796 crystal structure makes struc-
ture-based design challenging.

In conclusion, the X-ray crystal structure of J]NK2 with the p38a
inhibitor BIRB796 bound demonstrates that this DFG-out binding
compound inhibits JNK2 activation by stabilizing the activation
loop in a conformation that is not compatible with phosphoryla-
tion by upstream kinases. We propose that modifications of the
BIRB796 morpholino and t-butyl moieties have the potential to re-
duce JNK2 off-target activity. Based on the structure we suggest
that the JNK2 subpocket which binds the BIRB796 tolyl moiety is
a region where the design of selective DFG-out binding JNK2 inhib-
itors might be most effective.
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