ACSMedicinal

Chemistry Letters

pubs.acs.org/acsmedchemlett

Discovery and Hit-to-Lead Optimization of Non-ATP Competitive MK2

(MAPKAPK2) Inhibitors

Xiaohua Huang,*’+ Gerald W. Shipps, Jr.,! Cliff C. Cheng, Peter Spacciapoli,* Xingmin Zhang,
Mark A. McCoy,* Daniel F. Wyss,” Xianshu Yangﬁ Abdelghani Achab,’ Kyle Soucy, Donna K. Montavon,

Denise M. Murphy, and Charles E. Whitehurst*"

Merck Research Laboratories, 320 Bent Street, Cambridge, Massachusetts 02141, United States

o Supporting Information

ABSTRACT:

cl 0 I ONH

Cl

ALIS Hit

O
Hit to Lead Optimization O D/ N,
o) /O/N\) [ > \ / N

e
N/

Compound 25

A novel series of non-ATP-competitive MK2 inhibitors based on a furan-2-carboxyamide scaffold was discovered through high-
throughput screening using the affinity selection—mass spectrometry-based Automated Ligand Identification System platform.
Medicinal chemistry efforts optimized the initial screening hit to leadlike compounds with significant improvements in biochemical
and cellular potencies, while maintaining excellent kinase selectivity and in vitro pharmacokinetic properties. Biophysical and
biochemical studies confirmed the unique non-ATP-competitive binding mode of this series and suggested that highly selective
inhibitors of MK2 should be feasible by targeting the outside ATP pocket.
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nregulated protein kinase activity is often associated with in-

flammatory diseases, such as rheumatoid arthritis, which is
characterized by autoimmune-mediated cartilage and bone de-
struction that leads to intolerable joint pain and crippling and
afflicts about 1% of the world's population.! Activation of the
p38/mitogen-activated protein kinase-activated protein kinase 2
(MAPKAPK2 or MK2) pathway has been implicated in promot-
ing pro-inflammatory cytokine production and related inflam-
matory diseases.” * However, despite numerous assessments of
potent inhibitors in early stage clinical trials, no p38 MAPK
inhibitors have progressed beyond phase II trials largely because
of dose-dependent toxicities and unimpressive efficacies.”” The
broad involvement of p38c. MAPK and its downstream sub-
strates in diverse cellular processes may be a major cause of related
clinical trial failures.**” To minimize the apparent side effects
caused by directly targeting p38ct MAPK, several discovery teams
have attempted inhibiting targets downstream of p38o. MAPK
that are responsible for its pro-inflammatory cytokine-regulating
properties in macrophages.”” Of these MK2, a serine/threonine
protein kinase that directly associates with p38at MAPK to form a
heterodimer and is phosphorylated and activated by p38o. MAPK
has emerged as the most attractive downstream target.”'* For
example, in studies employing genetically engineered mouse
models wherein MK2, MK3, and MKS genes were knocked out,
it was shown that MK2 is the primary MAPKAPK family member
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required for lipopolysaccharide (LPS)-induced tumor necrosis
factor o (TNFo) and interleukin 6 (IL6) production.''™ "3
Furthermore, MK2-null mice were shown to have reduced joint
damage in a collagen-induced arthritis model and no induction of
asthma in a lung ovalbumin sensitization model.'*" In contrast
to the embryonic lethality associated with knocking out the gene-
encoding p38c. MAPK, MK2-null mice were fertile and healthy,
suggesting that inhibition of MK2 in inflammatory disease states
may provide efficacy comparable to direct p38ct MAPK inhibition
but without debilitating side effects.

Over the past few years, many small molecule MK2 inhibitors,
either extracted from natural products'® or developed from
various research laboratories,'’>' were reported. In particular,
the ATP-competitive MK2 inhibitor from Pfizer, PF-3644022,
showed efficacy in different cell and rodent models.”* From their
study, Pfizer forecasted difficulties trying to use an ATP-compe-
titive approach to inhibiting MK2 in humans due to poor
biochemical efficiency (BE, ratio of binding affinity to target vs
cellular activity). In light of the high cellular concentrations of
ATP (ca.2—S5 mM) and affinity of ATP for P380t-activated MK2
(ATP K, =2 uM), it was suggested that the BE increase in MK2
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inhibitors could be achieved through a different binding mode.
A recent report presented a class of MK2 inhibitors with a mainly
uncompetitive binding mechanism.>®

In general, for kinases with relatively high ATP binding
affinities (K., = 1—20 M), it has been difficult to develop
desirable ATP competitive inhibitors because of problems asso-
ciated with attaining sufficient general selectivity and cellular
activity in addition to required novel patent space. In contrast,
non-ATP-competitive inhibitors can provide distinct advantages
with respect to these issues. Herein, a new series of small
molecules with inhibitory activity against MK2 by virtue of a novel
non-ATP-competitive binding mode are described.

To discover novel MK2 inhibitors, we employed affinity
selection—mass spectrometry (AS-MS)-based high-throughput
screening using the Automated Ligand Identification System
(ALIS)** and recombinant purified MK2 protein. We employed
a protein construct consisting of the minimal kinase domain of
MK2 from amino acid GIn41 to Thr338. In this construct, amino
and carboxy termini were truncated to both facilitate expression
and slightly decrease thermal stability of the kinase domain. It
was shown previously that the carboxy terminus of MK2 from
residues Thr334 to Arg 364 forms an O-helical peptide that
regulates MK2 nuclear localization and embeds into a substrate
binding cavity on the kinase domain surface.”®~*’ This interac-
tion is thought to stabilize the kinase domain;**? therefore, we
surmised that removing this carboxy terminal peptide region by
truncation at Thr338 would reduce thermal stability and in turn
may increase kinase domain accessibility and in the specific
context of ALIS screening may increase the probability of binding
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Figure 1. ALIS hit 1 profiling.

small molecule ligands with novel binding modes from the
screening libraries. Compound 1 emerged as the leading hit
from the ALIS screening of a mixture-based combinatorial library
with the desired profile in biochemical and cell-based potency,
kinase selectivity (see the Supporting Information for kinase
abbreviations), DMPK (drug metabolism and pharmacokinetics),
and toxicity window (Figure 1). Compound 1 showed essentially
no potency shift when tested by enzyme assay at low versus high
ATP concentrations (2 and 100 uM).

To further characterize the binding mode, saturation-transfer-
difference (STD) NMR studies using ATP as an active site
marker were conducted to test the binding of 1 to MK2.*® In
these experiments, a 2 h reference data set was first acquired
using 2.5 uM MK2, 225 uM ATP, and 5 mM MgCl,. The
addition of 50 #M 1 resulted in a strong set of peaks for 1 but had
no effect on the intensity of ATP STD NMR peaks (Figure 2A,B).
These experiments demonstrated non-ATP competitive binding
of 1 to MK2. '"H/"*N-heteronuclear single quantum coherence
(HSQC) studies were carried out to ensure that the observed
binding was site-specific. Comparison of "H/"*N-HSQC spectra
collected on a sample of 50 uM MK2 with and without 1
(Figure 2C) showed that 1 binds site specifically and affects
different residues than those observed for ATP binding. These
NMR data provided compelling evidence that the binding of 1 to
MK?2 was site-specific and non-ATP competitive.

Determination of the mode of inhibition of MK2 by com-
pound 1 with respect to peptide substrate, Acam peptide (see the
Supporting Information), was made by analysis of MK2 activity
in the presence of saturating ATP and varying concentrations of
peptide substrate and the inhibitor (Figure 3). The data obtained
were globally fit to various kinetic models of inhibition with
goodness of fit evaluated by use of the Akaike information criteria
(AIC,), which permits direct comparison of models of inhibition
of varying complexity.>’ The results identified a noncompetitive
inhibition model as the most likely mechanism. Mixed inhibition,
wherein inhibitor 1 binds preferentially to the peptide substrate-
free form of MK2, is 2-fold less likely. In contrast, competitive
and uncompetitive models of inhibition were, respectively, 10°
and 10" times less likely.

A medicinal chemistry effort was carried out to optimize this
encouraging hit into a lead by improving biochemical and cell-based
potency, demonstrating a favorable in vitro pharmacokinetic (PK)
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Figure 2. NMR characterization of binding of 1 to MK2. (A) ATP binds to the active site of MK2 and gives a large STD-NMR signal in the presence of
2.5 uM MK2. (B) The addition of S0 #M 1 results in the appearance of new STD peaks for 1 but has no effect on ATP binding. (C) A comparison of
"H/"SN-HSQC spectra for apo-MK2 (black) and MK2-1 complex (red) shows that the binding of 1 affects specific MK2 residues. All NMR data were
collected at 27 °C on a Bruker Avance DRX 500 spectrometer equipped with a S mm TXI cryoprobe.
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profile and retaining the non-ATP-competitive binding mode. A
series of analogues, 2—8, with variation at the left-hand side (LHS)

MK2 Noncompetitive Inhibition Analysis
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Figure 3. Enzymatic analysis of mode of inhibition by ALIS hit 1 (2.5
nM MK2, 100 uM ATP, 0—200 uM peptide substrate, K, = 35 uM).

of the molecule were prepared following Scheme 1. S-Bromofur-
an-2-carboxylic acid was reacted with aniline to give amide.
S-Aryl-furan-2-carboxamide was obtained by Suzuki cross-cou-
pling. The removal of Boc protecting group using TFA provided
the final compound.

The structure—activity relationship (SAR) at LHS of this
series proved to be challenging (Table 1). While an ortho-Cl
substituent (2) led to a slight decrease in potency, the meta-Cl
analogue (3) was inactive. Adding an ortho substitutent with
either a Cl (4) or a Me group (S) to the para-Cl substitution
afforded analogues with comparable affinity to compound 1. The
replacement of a para-Cl group with either an electron-with-
drawing CF; group (6) or electron-donating methoxy group (7)
decreased the potency by about 4-fold. The phenyl group could
be replaced with a thiophene (8) with the same level of potency.

Initial efforts to improve affinity through right-hand side
(RHS) changes to the series were not encouraging (Table 2).
Whereas a fluorine substitution in the phenyl ring (9) reduced the
affinity slightly, potency loss was observed in CFj substitution (10).

Scheme 1. Synthesis of 5-Aryl-N-(4-(piperazin-1-yl)phenyl)furan-2-carboxamide”
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“Reagents and conditions: (A) HATU, DIEA, DMF, rt; (B) ArB(OH),, Pd(PPhs),, Dioxane/H,O (3/1), 100 °C; (C) TFA; (D) RX,

NaH, DMFE.

Table 1. Variation of the 5-Aryl Group of Furan on the LHS of the Molecule

o P N/\/J\ NH
Ar 1C50 = M EC50 = uM CC50 = uM
c d#
W”Q ompoun (100 uM ATP)? (pHSP27)? (Toxicity)?®
cl
@ 2 8 >8 15
cl
@ 3 >20 >5 13
cl
C'@ 4 76 16 8.1
Me
C'\@ 5 59 14 8.8
FaC
6 20 >77 >15
MeO
. 7 22 8 ND
cl
y S 8 6.9 >8 >20

“ Biochemical and cell-based data represent the average values of duplicates or triplicates. ”ND, not determined.
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Table 2. Variation of N-Substitution in Furan-2-carboxamide on the RHS of the Molecule

cl o
0 C d# 1C50 = M EC50 = uM CC50 = uM
%N’R ompoun: (100 uM ATP)? (pHSP27)3b (Toricity)?
H
F —~
ON\)NH i 67 >34 16
FaC. 7 NH
@,N\// 10 >20 o8 s
N
@lN\// " 6 20 ND
OH
O/N 12 >20 ND ND
[~ "NH
13 2.1 1.3 6.5
OY\
NH 14 s o "

“Biochemical and cell-based data represent the average values of duplicates or triplicates. ” ND, not determined.

Table 3. Variation of Furan with Other Heterocycles

IC50=pM  EC50=uM CC50=puM
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“Biochemical and cell-based data represent the average values of
duplicates or triplicates.

Compound #

Opportunistic changes to the piperazine group at the RHS of
molecule were also undertaken. Capping the distal NH group
with a methyl group (11) exhibited no improvement in potency.
Removal of the distal NH group and introduction of an exocyclic
OH group (12) resulted in aloss of potency. The anilinic N in the
piperazine ring was replaced with an sp” carbon (13). While a
potency improvement of 2-fold was observed in 13, this compound
suffered from high toxicity. The change of N-arylated piperazine to
N-arylated lactam (14) yielded a much less potent compound.
Attempts to replace the furan ring with other heterocycles
such as thiophene (15), thiazole (16), isooxazole (17), and pyridine
(18) were undertaken (Table 3). These compounds, 15—18,
were prepared by analogy to those in Table 1 by starting with
the bromo-heterocyclic carboxylic acid. Compounds generally showed
a 1—2-fold reduction in affinity. In the cases of thiazole (16) and
isooxazole (17) replacement, high toxicity was also observed.

A breakthrough in potency improvement was achieved when
the secondary amide was substituted with an alkyl group (Table 4).
The synthesis of analogues, 19—26, follows from Scheme 1.
Deprotonation of the secondary amide using sodium hydride and
subsequent alkylation using alkyl halide provided the tertiary
amide product, which was converted to the final compound after
the removal of Boc protecting group using TFA. An 8-fold
potency improvement in biochemical assay was observed when
a methyl group (19) was attached to the amide. However, the
cell-based potency of this compound was reduced by about
4-fold. Elongation to two carbons (20) further improved po-
tency, not only in a biochemical assay by 40-fold but surprisingly
also in cell-based activity by 2-fold. Continuing elongation to
propyl (21) or iso-propyl (22) or butyl (23) provided analogues
with less potency improvement than ethyl (20) but still better
compounds than the starting ALIS hit 1. Notably, these alkyl-
substituted analogues have shown a favorable separation between
potency and cytotoxicity. Encouraged by these results, other
substituted heterocycles such as imidazole (24) and pyridine
(25 and 26) were explored. Biochemical potency was improved
to ~100 nM in these three analogues. Whereas the N-methyli-
midazole analogue (24) was much less potent in cell-based
activity, N-methyl-ortho-pyridine (25) and N-methyl-para-pyridine
(26) showed significant improvement in cell-based potency while
retaining more than a 10-fold toxicity window.

Compound 25 was profiled for kinase selectivity by screening
against a broad panel of 150 protein kinases at a concentration of
10 uM, and only CK1y3 was significantly inhibited at greater
than 50%. Compound 25 bioavailability was demonstrated in an
oral rat PK experiment, where an AUC of 2300 nM h was deter-
mined after a 10 mg/pk single dose. Compound 25 also demon-
strated no inhibition against a panel of cytochrome P450 (CYP)
enzymes up to 30 uM. Consistent with specific MK2 inhibition,
compound 25 inhibited pro-inflammatory cytokine secretion
from the human THP1 acute monocytic leukemia cell line,
causing dose-dependent inhibition of LPS-stimulated TNFa and
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Table 4. N-Alkylation of Furan-2-carboxamide

“ o. f N//\NH 1C50 = uM EC50 = uM CC50 = M
C d# =u =u =l
\ J N’O ~/ Compoun (100 uM ATP)? (pHSP27)? (Toxicity)?
R
- -Me 19 06 9 >20
—Et 20 0.13 0.8 >8
—Pr 21 0.65 3 >20
—ipr 22 12 27 >20
—Bu 2 0.44 18 19
=N 24 0.1 4 >20
Me—N ~
VA 25 0.11 0.35 >20
b 26 0.09 0.53 >8
=N

“ Biochemical and cell-based data represent the average values of duplicates or triplicates.

IL6 secretion (Figure 4A,B). Compound 25 also dose depen-
dently inhibited IL15-stimulated matrixmetalloprotease (MMP)13
secretion from the SWI1353 chondrosarcoma cell line and
human primary chondrocyte cultures (Figure 4C,D), confirming a
previous report wherein MK2 activity was demonstrated to modulate
secretion of MMP13 from osteoarthritis-derived chondrocytes.*

In summary, a new series of small molecules, N-alkyl-S-aryl-
N-(4-(piperazin-1-yl)phenyl)furan-2-carboxamide, were devel-
oped to be potent inhibitors against MK2 with a non-ATP-
competitive binding mode, enabling a high degree of MK2 selec-
tivity. Hit-to-lead chemistry efforts resulted in significant im-
provements in biochemical and cellular potencies and reductions
in cell toxicities, while maintaining a high degree of MK2
selectivity versus the human kinome. Of note, given its high
degree of selectivity, our data suggest that compound 25 may be
an excellent pharmacologic tool for specifically exploring and
validating MK2 biology. We have also demonstrated another
example where AS-MS screening of mixture-based combinatorial
libraries combined with careful formulation of recombinant
protein targets can result in the discovery of pharmacologically
active compounds showing interesting and novel binding modes.
The unique non-ATP-competitive binding mode, excellent kinase
selectivity, and DMPK profile of this MK2 inhibitor series as
exemplified by compound 25 warrant further development that
may lead to a clinical candidate for inflammation or other
diseases where emerging evidence implicates MK2.
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Figure 4. Dose-dependent inhibition of inflammatory cytokine and
MMP-13 production by compound 25. Treatment of LPS-stimulated
THP1 cells with compound 25 dose dependently inhibits TNFo
(A) and IL6 secretion (B). Treatment of IL1-f-stimulated SW1353
cells (C) and human primary osteoarthritis-derived chondrocytes
(D) with compound 25 dose dependently inhibits MMP-13 secretion.
For all figures, data points and error bars reflect the average and standard
error of duplicate samples.
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