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c-JunN-terminal kinase 3�1 (JNK3�1) is amitogen-activated
protein kinase family member expressed primarily in the brain
that phosphorylates protein transcription factors, including
c-Jun and activating transcription factor-2 (ATF-2) upon activa-
tion by a variety of stress-based stimuli. In this study, we set
out to design JNK3-selective inhibitors that had >1000-fold
selectivity over p38, another closely related mitogen-activated
protein kinase family member. To do this we employed tradi-
tional medicinal chemistry principles coupled with structure-
based drug design. Inhibitors from the aminopyrazole class,
such as SR-3576, were found to be very potent JNK3 inhibitors
(IC50 � 7 nM) with >2800-fold selectivity over p38 (p38 IC50 >
20 �M) and had cell-based potency of �1 �M. In contrast, inda-
zole-based inhibitors exemplified by SR-3737 were potent
inhibitors of both JNK3 (IC50 � 12 nM) and p38 (IC50 � 3 nM).
These selectivity differences between the indazole class and the
aminopyrazole class came despite nearly identical binding (root
mean square deviation� 0.33 Å) of these two compound classes
to JNK3. The structural features within the compounds giving
rise to the selectivity in the aminopyrazole class include the
highly planar nature of the pyrazole,N-linkedphenyl structures,
which better occupied the smaller active site of JNK3 compared
with the larger active site of p38.

Because the initial reports on the discovery of p38 (1) and
c-Jun N-terminal kinase (JNK)2 (2–6) these mitogen-activated

protein kinase family members have generated great interest as
drug targets. p38 especially has garnered considerable interest,
particularly for the treatment of rheumatoid arthritis and
Crohn disease, and numerous compounds have entered clinical
trials for these indications (7–11). Because most of the p38
inhibitors are competitive versus ATP (12–17), and there are
518 kinases in the genome, it was crucial to develop compounds
that are selective against a broad panel of kinases so that com-
pounds could be advanced to clinical development. Themolec-
ular basis that gives rise to selective p38 inhibitors fromnumer-
ous structural classes has been reported (18–20) and is
centered on amino acid differences at the so-called “gate-
keeper” Thr-106 residue in p38 (Met in all of the JNK isoforms
and Gln in extracellular regulated kinase, the other mitogen-
activated protein kinase family member). Many compounds
have been synthesized that take advantage of this deeper hydro-
phobic pocket in p38, compared with JNK3, and the structures
of the compounds have included trifluoromethyl and other
large moieties, which all contribute to p38 selectivity (21).
In contrast to p38, there have been fewer reports for selective

JNK inhibitors, and the clinical development of JNK inhibitors
also lags that of p38. Despite the paucity of highly selective JNK
inhibitors that have advanced to clinical development, numer-
ous recent reports have begun to emerge that show compounds
from various structural classes (benzothiazole pyrimidines,
aminopyridines, benzothien-2-yl amides, aminopyrimidines,
and quinolines) having selectivity for JNK over p38 (5, 15, 17,
22–24). The well described toxicity of p38 inhibition (7) neces-
sitates this desired selectivity in any JNK inhibitor program.
Interestingly, in 2005 Swahn et al. reported a class of indazole
JNK3 inhibitors that were equipotent against p38 with the
exception of one compound that showed a 300-fold selectivity
for JNK3 over p38 (25). The publications on selective JNK
inhibitors came soon after compelling validation studies utiliz-
ing either knockoutmice or an 11-mer JNK-interacting protein
peptide, which indicted JNK as an attractive drug target for
stroke (26), Parkinson disease (27, 28), and type II diabetesmel-
litus (29).
Many high resolution crystal structures for p38�, JNK3�1,

and JNK1�1 have been solved (18, 30–34). In 1997, Tong et al.
(33) reported the 2.0-Å resolution crystal structure of
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SB-203580, the original pyridinyl imidazole, with p38� high-
lighting the hydrogen bonding interaction of the pyridinyl
nitrogen of the inhibitorwith themain-chain amido nitrogen of
Met-109, a key residue within the ATP binding domain of p38.
In 1998, Lisnock et al. (19) reported that single digit nanomolar
biarylimidazole p38 inhibitors could be rendered inactive (up to
3 �M) on p38 if the Thr-106 residue in p38 was mutated to the
corresponding Met residue found in the JNK isoforms. Wilson
et al. (20) also showed this gatekeeper residue to be essential for
p38 inhibitor selectivity over JNK. In 2003 Scapin et al. (32)
published the first crystal structure of JNK3, which demon-
strated that the glycine-rich loop of JNK3 undergoes a confor-
mational change that locks the small, flat, planar di-aza-phe-
nanthroline inhibitor into the smaller binding pocket of JNK3
making this compound highly selective over p38, which has a
larger ATP binding pocket. This was the first report demon-
strating a structural basis for selective JNK3 inhibition (32).
Given the compelling validation data for JNK as a drug target

and the emergence of a few structural classes of JNK selective
compounds that have been reported (15, 17, 22–24), we set out
to investigate whether JNK inhibitor selectivity over p38 could
be established. We started our efforts with an indazole class of
compounds andwere not able to establish significant selectivity
for JNK3 over p38. This roadblock led us to an aminopyrazole
class of compounds that did indeed afford compounds with
�2800-fold selectivity for JNK3 over p38. To do this we utilized
traditional structure-activity relationship principals supported
by homogeneous time-resolved fluorescence-based biochemi-
cal assays and cell-based assays, combinedwith structure-based
drug design. The principal findings of this study were: despite
nearly identical binding (r.m.s.d., 0.33 Å) and enzyme affinity
(IC50), for the indazole-based JNK3 inhibitor (SR-3737, IC50 �
12 nM) compared with the aminopyrazole-based JNK3 inhibi-
tor (SR-3451, IC50 � 25 nM), the two classes of compounds had
significantly different binding affinity to p38 (IC50 � 3.2 nM
(SR-3737) and 3.6 �M (SR-3451)). We attribute the weak p38
inhibition potency of SR-3451 and inhibition selectivity for
JNK3�1 to the highly planar nature of the pyrazole, N-linked
phenyl structures. SR-3451 and its analogs better occupy the
smaller active site of JNK3 compared with the larger active site
of p38.

EXPERIMENTAL PROCEDURES

Expression and Purification of JNK3—The expression con-
struct pDest_JNK339–402 was expressed in Escherichia coli
strain BL21(DE3) (Invitrogen) under the following conditions.
5 ml of a log phase culture grown in Luria broth (Invitrogen)
supplemented with 50 �g/ml ampicillin was transferred to 500
ml of the samemedium and grownwith shaking at 240 rpm and
37 °C. The culture was grown to A600 � 0.4, and the tempera-
ture was reduced to 27 °C and incubated with shaking for 60
min. The culture was then induced with 1.0 mM (final concen-
tration) isopropyl 1-thio-�-D-galactopyranoside (Invitrogen)
and grown with shaking at 240 rpm for a further 5 h and har-
vested by centrifugation 3,000� g at 4 °C. The cell pellet from 1
liter of culture was resuspended in 20 ml of cell lysis buffer (50
mMHEPES, pH 7.0, 100mMNaCl, 10% (v/v) glycerol, and 5mM
tris(2-carboxyethyl)phosphine) and sonicated in three 20-s

bursts on ice. The lysate was clarified by centrifugation at
14,000 rpm for 60min. A 5-ml SP Fastflow column (Amersham
Biosciences) was equilibrated with 5 column volumes of buffer
A (50mMHEPES, pH 7.0, and 10mM �-mercaptoethanol). The
clarified lysate was diluted 10-fold in dilution buffer (50 mM

HEPES, pH 7.0, 10% (v/v) glycerol, and 10 mM �-mercaptoeth-
anol) and loaded onto the SP Fastflow column at 4 ml/min.
After loading the sample the sample was washed with 5 column
volumes of buffer A. The sample was eluted with a 10-column
volume gradient of 0–100% buffer B (50mMHEPES, pH 7.0, 10
mM �-mercaptoethanol, and 1MNaCl), and 1-ml fractionswere
collected and analyzed by SDS-PAGE. Fractions containing
JNK3 were pooled, diluted 10-fold with dilution buffer, and
loaded onto the Mono S column (Amersham Biosciences) at 5
ml/min. The column was washed with 5 column volumes of
buffer A and eluted with a 10-column volume gradient of
0–100%buffer B. 0.25-ml fractionswere collected and analyzed
by SDS-PAGE. Fractions containing JNK3 were pooled and
loaded onto a pre-equilibrated Sephacryl S200 (AmershamBio-
sciences, 50 mM HEPES, pH 7.0, 100 mM NaCl, and 10 mM

�-mercaptoethanol). Fractions containing JNK3 were visual-
ized by SDS-PAGE and estimated to be �95% pure. Peak frac-
tions were pooled and concentrated using an Amicon ultracen-
trifugation filter device, 10K pore size (Millipore) to 10 mg/ml,
and stored at 4 °C.
Generation of ATF-21–115 Construct—The pDest_ATF-

21–115 was constructed from the full-length ATF-2 cDNA (pur-
chased by Scripps Florida from Open Biosystems as part of the
MGC collection). Nucleotides 1–345 of ATF-2, corresponding
to amino acids 1–115, were subcloned into pEntrSD/Dtopo
(Invitrogen) using the primer sequences 5�-CACC GAT TAC
AAG GAT GAC GAC GAT AAG AAA TTC AAG TTA CAT
GTG AAT TCT GCC AGG-3� and 5�-TTA TGC AAG AGG
GGA TAA ATC-3�. Standard PCR conditions using Pfu DNA
polymerase (Stratagene) and cloning techniques were used.
Next, the fusion construct was subcloned into pET104Dest
(Invitrogen) using Clonase II according to the manufacturer’s
instructions (Invitrogen).
Expression and Purification of ATF-2—The expression con-

struct pDest_ATF-2bio1–115flag together with a construct con-
taining the birA gene (Avidity) was expressed inEscherichia coli
strain BL21(DE3) (Invitrogen) in Luria broth supplemented
with 50 �g/ml ampicillin and 50 �g/ml chloramphenicol
(Sigma) at 30 °C. At A600 � 0.6 D-biotin was added to the cul-
ture (50 �M final concentration), and the culture was induced
with 0.5 mM (final concentration) isopropyl 1-thio-�-D-galac-
topyranoside (Invitrogen) and grown at 30 °C for a further 2 h.
The cell pellet was lysed, centrifuged, and diluted 10-fold with
buffer B (20mMHEPES, pH 7.0, 150mMNaCl) and applied to a
5-ml monomeric avidin column (Pierce). The column was
washed with 10 column volumes of buffer B and eluted via
competition with biotin. Purified protein was loaded onto a
2-ml FLAGM2 column (Sigma). The column was washed with
10 column volumes of buffer B and eluted via competition with
the FLAG peptide (100 �g/ml). Fractions containing ATF-2
were visualized by SDS-PAGE and estimated to be �90% pure.
Further details provided on request.
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Homogeneous Time-resolved Fluorescence Assay—Enzyme
inhibition studies were performed in 384-well polystyrene
homogeneous time-resolved fluorescence plates (Grainier) for
15 min at ambient temperature (�22 °C) with 0.2 �M biotiny-
lated FL-ATF-2, 1 �M ATP, 0.3 nM activated JNK3�1 (with a
control in the absence of kinase for determining the basal sig-
nal) in 10-�l volumes containing the final concentrations of the
following: 50 mM Hepes, pH 7.0, 2.5 mM MgCl2, 0.1 mg/ml
bovine serum albumin, 1 mM DL-dithiothreitol, 0.01% Triton
X-100 (all from Sigma-Aldrich), and 5% DMSO (with or with-
out compound). A 10-point titration of all compounds was car-
ried out in 3-fold dilutions from10 pM to 2000 nM.After 15min,
the kinase reaction was terminated by addition of 10 �l of
quenching solution (50 mM Hepes, pH 7.0, with 14 mM EDTA,
0.01%Triton X-100, 400mMKF (all from Sigma-Aldrich)). The
detection reagents, streptavidin-xlAPC (200 nM) and europium
cryptate-labeled rabbit polyclonal anti-phospho-ATF-2 (0.43
ng/well), were from Cis-Bio. The homogeneous time-resolved
fluorescence signal was detected using a viewlux plate reader
(PerkinElmer Life Sciences) 1 h post-quenching. The data from
four different experiments were averaged and presented as the
mean � S.D. IC50 values were determined by fitting the data to
the equation for a four-parameter logistic. p38 enzyme inhibi-
tion assays were performed identically to the JNK3 assays with
the exception that the reaction time was 30min, ATP� 11 �M,
and p38 (Millipore) � 0.625 nM.
Cell-based AssaysMeasuring JNKActivity—INS-1�-pancre-

atic cells were plated in a 96-well tissue culture plate at 3.5 �
104 cells/well (Corning) in a media containing RPMI 1640 (�
glutamine (2mM)) and 10% fetal bovine serum (Invitrogen) and
incubated overnight at 37 °C in 5% CO2. An assay plate was
prepared by coating a 96-half-well plate (Costar) with 50
�l/well p-c-Jun capture antibody (Cell Signaling). Cells were
incubated with 4 mM streptozotocin containing various con-
centrations of potential inhibitor dissolved in DMSO for 3 h at
37 °C in 5% CO2. After treatment the media was removed, and
the cells were washed in ice-cold phosphate-buffered saline.
The phosphate-buffered saline was removed, and the cells were
lysed in ice-cold lysis buffer (100 �l/well) containing 1� prote-
ase (Roche Applied Science) and 1� phosphatase inhibitors
(Sigma). Lysates were transferred to the corresponding well of
the blocked assay plate, covered tightly, and incubated 16 h at
4 °C. The c-Jun detection antibody (100� dilution), and the
secondary anti-mouse coupled horseradish peroxidase (1000�
dilution) were purchased from Cell Signaling. Inhibition of sig-
nal was quantified using TMB substrate (BioFX Laboratories)
and read on a microplate reader at an absorbance of 450 nm.
IC50 values were determined using a four-parameter logistic
and a 10-point dilution curve for each of the inhibitors covering
four orders of magnitude of inhibitor concentration.
Synthesis of Indazoles andAminopyrazoles—The synthesis of

SR-3737 and its analogs followed the same general protocol. A
full experimental protocol for the synthesis of SR-3737 can be
found in the supplemental materials. Starting with commer-
cially available 5-nitroindazole (Sigma-Aldrich), the indazole
was N-arylated with ethyl 3-bromobenzoate (Sigma-Aldrich)
using standard Ullman procedures (35, 36). Reduction of the
nitro group via hydrogenation, followed by Buchwald arylation

of the 5-amino group (37, 38) afforded the bis-aryl indazole.
Finally, ester hydrolysis and amide coupling afforded the final
products.
The compounds in the pyrazole series weremade in a similar

fashion. A detailed experimental protocol for SR-3451 can be
found in the supplemental materials, but other analogs were
made following the general protocol herein. Pyrazole (Sigma-
Aldrich) was nitrated in fuming sulfuric acid to give the known
4-nitropyrazole after re-crystallization (39). Ullman coupling
with ethyl 3-bromobenzoate, followed by ester hydrolysis and
amide coupling, afforded the 4-nitro-N-arylated pyrazole
amide.Hydrogenation of the nitro group to the amine, followed
by reaction with the appropriate aryl isocyanate, gave the final
urea product. All final products were purified either by silica gel
chromatography, reversed-phase preparative high-perform-
ance liquid chromatography, or re-crystallization and were
�95% pure as judged by analytical high-performance liquid
chromatography analysis.
Crystallization of JNK3—The 10 mg/ml JNK3 sample was

mixed with 1 mM AMP-PCP, 2 mMMgCl2, 0.4 mM Zwittergent
3-14, and 10% ethylene glycol prior to crystallization and incu-
bated on ice for 30 min. JNK3 was screened against commer-
cially available sparse matrix screens using a vapor diffusion
experiment with the best crystals seen within 1 week in JCSG�
Suite (Qiagen) condition #92 (0.2MNaCl, 0.1MBis-Tris, pH5.5,
and 25% polyethylene glycol 3350). Grid screen optimization
using a 0.5-�l protein plus 0.5-�l precipitating solution micro-
batch drop produced diffraction quality crystals in 0.2 M NaCl,
0.1 M Bis-Tris, pH 5.5, and 28–31% polyethylene glycol 3350.
Crystals were seen within 24 h and reached sufficient size by
days 3–7. 100mM stock solutions of SR-3451 and SR-3737were
made in 100% DMSO, and 0.1 �l was injected into the micro-
batch drop using a Hamilton syringe where the compounds
were soaked into the crystals over 36 h. Crystals were mounted
in loops on copper-based Hampton Research style pins and
plunged into liquid nitrogen for storage.
Data Collection and Structure Solution of JNK3—Liquid

nitrogen-cooled crystals were loaded into an SSRL cassette for
shipping. Data were collected remotely at SSRK on beamline
9-1 (40). Datasets were indexed and scaled to the orthorhombic
space group C2221 using HKL2000 (41). Molecular replace-
ment and subsequent refinement was carried out using PHE-
NIX (42) while using COOT (43) for visualization and model
building. The MOLPROBITY web server was used for geo-
metric analysis and clash monitoring (44). Structure files for
SR-3737 and SR-3451 ligands were generated using the
Dundee PRODRG server (45) and placed into difference
density. The final refined structures were deposited into the
Protein Data Bank (PDB ID 3FI3 and 3FI2 for SR-3737 and
SR-3451, respectively).

RESULTS

JNK3/p38 SAR for Indazole-based Inhibitors—Supplemental
Tables S1 and S2 present the IC50 data for the indazole-based
inhibitors of JNK3, JNK1, and p38. The parent compound from
this class, SR-3737, was a potent JNK3 and p38 inhibitor show-
ing 4-fold greater potency for p38 over JNK3. Of the 15 inda-
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zoles synthesized, only one, SR-4186, had �20-fold selectivity
for JNK3 over p38, and thus this series was not pursued further.
JNK3/p38 SAR for Aminopyrazole-based Inhibitors—Be-

cause we were unable to establish a structure-activity relation-
ship (SAR) for the indazole series that maintained JNK3
potency and simultaneously achieved selectivity over p38, we
investigated the potential selectivity of aminopyrazole urea-
based inhibitors. The aminopyrazole urea-based inhibitors
described in Table 1 are similar in structure to the indazole-
based inhibitors of supplemental Tables S1 and S2. The side
chains are basically the same, but they bear different cores
(bicyclic for the indazoles and monocyclic for the pyrazoles).
Five of the nine compounds presented in Table 1 showed �50-
fold selectivity for JNK3 over p38. This is a lower limit estimate
for the selectivity, because we did notmeasure p38 inhibition at
concentrations�20�M. SR-3576 in particular was a 7 nM JNK3
inhibitor having �2800-fold selectivity over p38 (Table 1).
Although 2- and 3-substitution on the N-phenyl-linked urea
had little effect on JNK3 inhibition potency (compare SR-3451
with SR-3582 and SR-3576), 4-substitution (SR-3583)
decreased JNK3 potency by 19-fold (Table 1). Like the inda-
zoles, many of the more potent aminopyrazoles (e.g. SR-3582
and SR-3576) showed 24-fold selectivity for JNK3 over JNK1
(Table 1).
Cell-based JNK Inhibition for Aminopyrazole-based

Inhibitors—Given the �2800-fold biochemical selectivity of
compounds such as SR-3576 for JNK3 over p38, we tested the
cell-based activity of these compounds in INS-1 cells. In this
assay several compounds showed IC50 values of near 1 �M for
the inhibition of c-Jun phosphorylation (Table 2). The assay
was robust with signal-to-background in the range of 6- to
8-fold with Z� values � 0.77.
Crystallography of JNK-Inhibitor Complexes—The struc-

tures of SR-3737- and SR-3451-soaked JNK3 crystals were
solved at 2.20 Å and 2.29 Å, respectively, and refined to final
Rwork/Rfree of 18.03/24.88 for SR-3737 and 18.05/26.71 for
SR-3451 with further refinement statistics found in Table 3. In
the SR-3451 structure, five amino acids between the Tyr-363
and Asp-381 break were built in as polyalanines, because the

sequence could not be determined due to lack of side-chain
density. Those five amino acids were assigned as unknown res-
idues and numbered 500 to 505. Because SR-3451 differed by
only �3-fold in potency from SR-3576, and the SR-3451 struc-
ture was solved before the SAR evolution generated SR-3576,
we felt SR-3451 was a good structural representation for the
class. Fig. 1 presents the overlay of SR-3737 (magenta) and
SR-3451 (cyan) in JNK3 (green). The r.m.s.d. between the two
structures is 0.33 Å. The hydrogen bond formed between the
pyrazole N2 of SR-3451 and main-chain atoms of Met-149 in
JNK3 and the hydrogen bond formed between the indazole N2
of SR-3737 and main-chain atoms of Met-149 in JNK3 are
shown as black dotted lines. Similarly, the hydrogen bond
between the main-chain atoms of Met-149 in JNK3 and the
amide nitrogen atom of SR-3451 or SR-3737 is also shown as a
black dotted line. Other key active site residues are shown,
including the gatekeeper Met-146 residue, Val-196, Asn-152,
and Ile-70. The distance between C5 on the indazole- and pyra-

TABLE 1
SAR for aminopyrazole inhibitors
n � 4 for JNK3 and n � 2 for p38 and JNK1. All standard deviation � 20%.

TABLE 2
Cell-based inhibition for aminopyrazole inhibitors
n � 2 for p-c-Jun inhibition. All standard deviation � 50%.

TABLE 3
Crystallographic data and refinement statistics

SR-3737 SR-3451
Space group C2221 C2221
Unit cell a � 82.86 b � 124.11

c � 69.52
a � 82.69 b � 124.53

c � 69.01
Resolution range (Å) 48.94–2.20 46.23–2.29
No. of unique observations 17,506 14,193
Completeness (%) 93.79 85.86
Rsym (%)a 4.9 5.7
I/� (I) 31.15 (2.62) 26.24 (2.03)
Refinement
Average Wilson B (Å2) 38.66 38.55
Rcryst (%)b 18.03 18.05
Rfree (%)b 24.88 26.71
r.m.s.d. bonds (Å) 0.007 0.008
r.m.s.d. angles (°) 1.13 1.19
Coordinate error
(ML-based) (Å)

0.33 0.38

aRsym � �hkl �i �Ii(hkl)� 	 (I(hkl))�/�hkl �i(�Ii(hkl)�).
bRcryst and Rfree � �(�Fo� 	 �Fc�)/�(�Fo�), where Rfree represents a 10% subset of the
total reflections that are excluded from refinement. Values in parentheses are for
the highest resolution shell.
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zole-linked phenyl groups Val-196 in JNK3 was 3.79 Å. Simi-
larly the distance between this position in SR-3451 or SR-3737
and Ile-70 of JNK3 was 4.01 Å. The trimethoxyphenyl ring of
both compounds stacked against the side chain of Ile-147,
whereas the other face of the ring was exposed to solvent. Due
to the nature of the compoundwrapping itself around the hinge
region, the limited contacts allowed the P-loop to be flexible in
the crystal to the point that residues 71–75 in beta strand 1were
untraceable at 1 sigma electron density contour level. This flex-
ibility and break in the chain have been seen in previous JNK3
structures (15, 22, 25, 32, 34, 46).
SR-3737 and SR-3451 bound in the ATP pocket of JNK3 in a

very similar and well defined fashion. Both compounds caused
movement of the “gatekeeper” Met-146 side chain, maintained
the conserved hydrogen bond with the main-chain nitrogen of
Met-149, and formed a new electrostatic interaction with the
main-chain oxygen of Met-149. The three phenyl rings in both
compounds overlaid very well in terms of position and angle
with the greatest deviation being 0.66 Å in the nitrogens form-
ing the conserved hydrogen bond with Met-149. This was
accomplished by a greater dihedral angle between the indazole
N-linked phenyl ring and the indazole ring of SR-3737 (36.50°)
compared with the angle formed with the pyrazole and the
N-linked phenyl ring of SR-3451 (27.95°). The other structural
differences between the two scaffolds were facing into the open
space of the ATP binding pocket and did not form any specific
interactions explaining their similar level of JNK3 inhibition.
In an attempt to understand the binding mode of SR-3737 to

p38,we overlaid it onto the structure for p38 (r.m.s.d.� 2.33Å).
Fig. 2 shows SR-3737 overlaid onto p38 and superimposed
upon the crystal structure of a dihydroquinazolinone (com-

pound 14e) inhibitor complexed with p38 taken from Stelmach
et al. (18). Compound 14e, like SR-3737, is a 3 nM inhibitor of
p38. The figure showed significant overlap for many of the
structural features between the two small molecule inhibitors.
For example, the difluorophenyl group of compound 14e
(orange) overlapped nicely with the 2-fluorophenyl moiety in
SR-3737 (magenta). Similarly, the indazole ring of SR-3737
(magenta) overlaid nicely with the 3,4-dihydropyrido[3,2-
d]pyrimidin-2(1H)-one of compound 14e (orange) (Fig. 2).
While distorted, the N-linked phenyl group of SR-3737 over-
lapped reasonably well (1.35 Å apart) with theN-linked dichlo-
rophenyl groupof compound14e. The unique trimethoxyl phe-
nyl group of SR-3737 did not appear to contribute any binding
affinity to p38 compared with compound 14e given that their
IC50 values were the same at 3 nM. Key residues for the p38
protein are given.
To better compare the structural similarities and differences

between JNK3 and p38 with the previously described com-
pounds bound we overlaid JNK3, p38, and the three com-
pounds (Fig. 3). Fig. 3A shows the total protein structure of
JNK3 (green), p38 (blue), along with SR-3737 (magenta),
SR-3451 (cyan), and compound 14e (orange) from Stelmach et
al. (18). Fig. 3B shows the close-up view of the inhibitor binding
pocket with all three inhibitors. Fig. 3C shows the close-up view
of the inhibitor binding pocketwith SR3737 and compound 14e
(orange) from Stelmach et al. (18). Fig. 3D shows the close-up
view of the inhibitor binding pocket with SR-3451 and com-
pound 14e (orange) from Stelmach et al. (18).

DISCUSSION

The overarching goal of this work was to design JNK inhibi-
tors that were selective over p38 and to understand what the
structure-activity relationships were within the JNK inhibitors
that described this selectivity. To do this we employed tradi-

FIGURE 1. Overlay of SR-3737 (magenta) and SR-3451 (cyan) structures.
JNK3 (green) is shown as a schematic ribbon diagram with important residues
highlighted in stick format and labeled. Hydrogen bonds between the com-
pounds and the main-chain atoms of Met-149 are shown as black dotted lines.
The figures was generated by using PyMOL.

FIGURE 2. Overlay of SR-3737 (magenta) with compound 14e (orange)
from PDB ID 1M7Q (32). p38 (blue) is shown as a schematic ribbon dia-
gram with homologous JNK3 highlighted residues from Fig. 1 in stick for-
mat and labeled using p38 numbering. The figure was generated by using
PyMOL.
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tional medicinal chemistry principles and supplemented this
approach with structure-based drug design. Structure-based
drug design has been extremely helpful in the development of a
number of FDA-approved drugs such as the carbonic anhy-
drase inhibitor, dorzolamide (47), and many HIV protease
inhibitors, including indinavir (48, 49) and nelfinavir (50, 51).
X-ray crystallography also proved invaluable in explaining the
mechanism of action for imatinib, the first FDA-approved
kinase inhibitor by illuminating the critical observation that
imatinib bound to the inactive conformation of the enzyme
(52). Conversely, numerous crystal structures of p38 com-
plexed with various inhibitors have been published (18, 30, 33),
but the SAR for p38 inhibitor selectivity (18, 21) and themolec-
ular basis for this selectivity based on site-directedmutagenesis
studies (19, 20) had already been established prior to the publi-
cation of these structures leaving the crystallography data only
to confirm what the SAR and mutagenesis studies had already
elucidated. The latter set of observations could also be stated
about our current study for JNK selectivity.

In this particular study we had to
rely slightly more on traditional
medicinal chemistry principles to
optimize JNK selective compounds
than on insights from the structural
data. As an example, much data are
not presented surrounding SAR on
either ends of the molecules (R or
R2). Although modifications to
either ends of the molecules (R or
R2) in either series (indazoles or
pyrazoles) did affect JNK3/1 and
p38 activity, these changes had little
effect on JNK3/p38 selectivity.
Thus, the only modifications that
had any implications on JNK3/p38
selectivity came frommodifications
at R1 on the central phenyl ring
attached to either the indazole or
pyrazole nitrogen atom. This will be
the basis of the discussion below.
JNK3/p38 SAR for Indazole-based

Inhibitors—It is well established in
the literature that the inhibitor
binding pocket in p38 is larger and
more accommodating than that in
JNK3 (18, 32–34). Although thiswill
be the basis for much of the discus-
sion concerning selectivity, it does
not account for all the data in Table
1 supplemental Tables S1 and S2.
Most of the indazoles did not show
any selectivity for JNK3 over p38
likely due to the orientation of the
central indazole-linked N-phenyl
ring. Indeed, twists in the indazole-
linked N-phenyl ring increased the
three-dimensional space occupied
by these compounds thereby favor-

ing the larger p38 active site.
One compound that showed more selectivity for JNK3 over

p38 was SR-4186, which had a trifluoromethyl group that was
quite large and may have non-bonded interactions within the
active sites that could explain the drop-off in p38 activity.
Indeed, the C5 position of theN-linked phenyl ring of the inda-
zoles was only 3.79 fromVal-196 in JNK3. This residue is Ala in
p38. The findings of this study showing that SR-4186 was com-
pletely impotent as a p38 inhibitorwere likely due to the smaller
Ala residue present at this position. JNK3, on the other hand
has Val at this position and can likely pack tighter with the
5-trifluoromethyl substitution. Lisnock et al. (19) showed
that, when the Ala residue in p38 is mutated to the larger Val
residue found in JNK3, triarylimidazole inhibitors of p38
become 10-fold more potent against p38. Thus it is likely
that the larger Val residue in JNK3 coupled with the 5-trif-
luoromethyl substitution allowed for remaining JNK3 inhi-
bition, with concomitant loss of all p38 inhibition due to the
smaller Ala.

FIGURE 3. Overlay of SR-3737, SR-3451, and p38 with compound 14e. A, JNK3 (green) and p38 (blue) super-
imposed in schematic ribbon format (only the SR-3737 JNK3 is shown). Ligands for SR-3737 (magenta), SR-3451
(cyan), and compound 14e (orange) (32) are shown in stick format. B, close-up of the ATP binding pocket
showing the overlapping ligands with the highlighted JNK3 amino acids from Fig. 1 in stick format. C, close-up
of the ATP binding pocket showing the overlap of SR-3737 and compound 14e with the highlighted JNK3
amino acids from Fig. 1 in stick format. D, close-up of the ATP binding pocket showing the overlap of SR-3451
and compound14e with the highlighted JNK3 amino acids from Fig. 1 in stick format. The figure was generated
by using PyMOL.
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JNK3/p38 SAR for Aminopyrazole-based Inhibitors—A
strategy used to eliminate the offending in-plane interac-
tions observed in the indazole series would dictate removing
the indazole phenyl ring altogether. This approach led us to
a series of N-phenyl-linked pyrazoles (Table 1). To maintain
the same position of the indazole 5-anilino group in this
series and its occupation of hydrophobic pocket I, we used a
urea group to link the pyrazole and aryl ring. We postulated
that the conjugated sp-2-like nature of the urea would main-
tain a planer arrangement, much like the indazoles, and limit
free rotation. Fortunately, this approach proved viable,
because SR-3451 showed only a 2-fold drop in JNK3 potency
yet a 1000-fold drop in p38 activity relative to SR-3737.
Although SR-3451 was itself only 150-fold selective for
JNK3/p38, other analogs showed even more selectivity
against p38 with SR-3576 nearly 3000-fold selective. Now
that the indazole phenyl ring had been removed, there were
no in-plane steric interactions with the pyrazole N-linked
phenyl ring. We hypothesize that, in this series, the pyrazole,
its N-linked phenyl ring, as well as the urea side chain can all
achieve co-planarityminimizing its three-dimensional require-
ment for binding space. This arrangement more favorably
binds the smaller JNK3 active site, hence, the observed selectiv-
ity. Although the crystal structure of SR-3451 in JNK3 showed a
slight deviation from planarity between the pyrazole and its
N-linked phenyl ring, the urea certainly does maintain a rigid,
planer orientation placing the urea phenyl ring into hydropho-
bic pocket I as anticipated.
In this particular study the x-ray crystallography data (see

Figs. 2 and 3) did not provide great insight as to why the
indazoles as represented by SR-3737 did not have selectivity
for JNK3 where the aminopyrazoles, as represented by
SR-3451 did. One possible explanation is that all of the crys-
tal structures for JNK3 and p38 with compounds bound
come from the unphosphorylated, inactive state of the
enzyme. The enzyme inhibition data of course use the active,
phosphorylated enzyme. Perhaps differences in structure
between the active and inactive forms of a particular enzyme
(say JNK3 or p38) can be attributed to these differences.
Alternatively, despite the fact that p38 and JNK3 have very
similar structures in the inactive form, perhaps p38 and JNK
assume different active conformations, and these different
active conformations contribute to the selectivity. Solution
of active conformation structures would be needed to test
these hypotheses.
JNK3/JNK1 SAR for Aminopyrazole- and Indazole-based

Inhibitors—Both the indazoles and pyrazole series displayed
a roughly 10-fold to 20-fold selectivity for JNK3 versus JNK1.
From the crystal structures of SR-3737 and SR-3451, it was
clear that both structural series bound in an induced fit man-
ner within JNK3. In the indazoles, it was the 5-anilinophenyl
substituent, and the N-phenyl urea group in the pyrazoles
that bound into hydrophobic pocket I, the so-called selectiv-
ity pocket. The gatekeeper methionine residue moved to
accommodate the ligand in both instances. Given that the
selectivity pocket is lined with different amino acids in JNK3
versus JNK1, the induced fit binding appeared to be more
favorable for JNK3 and hence the observed selectivity. This

observation is in accord with several literature accounts that
also note the movement of the gatekeeper residue and bind-
ing to the hydrophobic pocket results in modest JNK3/JNK1
selectivity (22, 25, 32, 34).
Cell-based JNK Inhibition for Aminopyrazole-based

Inhibitors—The purpose of this cell-based assay is to determine
if the compounds we designed were cell permeable and to see
what the cell-based potency was. Unlike a biochemical assay,
which measures individual JNK isoform activity, the cell-based
IC50 values reported for JNK activity in the INS-1 cells is reflec-
tive of total JNK activity in the cell. Most of this JNK activity is
comprised from JNK1 and JNK2, because INS-1 cells are
derived from rat pancreas. It is unknown if this transformed cell
line contains JNK3, because there are no studies that have
looked for JNK3 expression in this cell line, but, given the
expression patterns in humans for JNK3, it is likely that most of
the activity measured in this cell line will be from JNK1 and
JNK2. Formost of the aminopyrazoles presented in Table 2, the
cell-based IC50 was within 2- to 8-fold compared with that for
the JNK1 biochemical IC50. These results suggest that the
aminopyrazoles are cell-permeable JNK inhibitors and that the
potency is not greatly shifted in cells. Given this observation,
one can speculate that, if there was a cell-based assay for neu-
ronal cells that couldmonitor only JNK3 activity in the cell, and
therewere no other impacting factors, the IC50 in cells for JNK3
would be 
100 nM for compounds such as SR-3451 and
SR-3576.
In summary, through a series of SAR modifications we

have been able to develop a class of aminopyrazole inhibitors
that are very potent JNK3 inhibitors with �2800-fold selec-
tivity over p38 and have cell-based potencies within 2- to
8-fold of the biochemical JNK1 potency. The structural fea-
tures within the compounds giving rise to the selectivity in
the aminopyrazole class include the highly planar nature of
the pyrazole, N-linked phenyl structures, which better
occupy the smaller active site of JNK3 compared with the
larger active site of p38.Modest selectivity (�24-fold) for the
aminopyrazoles was also found for JNK3 over JNK1. Further
SAR studies along with detailed site-directed mutagenesis
and x-ray crystallography experiments (particularly with
complexes of p38 with these inhibitors) may elucidate struc-
tural features that may help enable the design of highly selec-
tive JNK isoform-selective inhibitors.
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