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MK?2 is a Ser/Thr kinase of significant interest as an anti-inflammatory drug discovery target. Here we
describe the development of in vitro tools for the identification and characterization of MK2 inhibitors,
including validation of inhibitor interactions with the crystallography construct and determination of
the unique binding mode of 2,4-diaminopyrimidine inhibitors in the MK2 active site. Use of these tools

in the optimization of a potent and selective inhibitor lead series is described in the accompanying Letter.
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Tumor necrosis factor-o. (TNFat) is a potent pro-inflammatory
cytokine with a crucial signaling role in the cellular pathogenic
mechanisms of rheumatoid arthritis (RA) and related autoimmune
diseases.! TNFa-binding biologics such as etanercept, infliximab,
and adalimumab demonstrate dramatically enhanced safety and
efficacy in RA and related diseases compared to prior treatments.?

Inhibition of TNFa production and signaling mechanisms with
oral drugs may also be efficacious in RA. Prominent among these
is the p38 mitogen-activated protein kinase. Many p38 inhibitors
with promising preclinical properties have been reported, but none
have achieved clinical success.> The Ser/Thr kinase Mitogen Acti-
vated Protein Kinase Activated Protein Kinase 2 (MAPKAP-K2 or
MK2) is a p38 substrate whose activity may fully account for the
pro-inflammatory effects of p38.*> MK2-deficient mice are viable
and fertile, and defective in TNFo production.® Splenocytes from
these animals are defective in TNFa, IL-6, and IFNy production,®
and the animals are resistant to collagen-induced arthritis.” Dosed
orally in rats, MK2 inhibitors can block acute systemic induction of
TNFa by lipopolysaccharide® and can reduce paw swelling in the
streptococcal cell wall arthritis model.®
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Few potent and specific inhibitors of MK2 have been described.
None to our knowledge have been tested clinically. Here we de-
scribe in vitro tools to characterize MK2 inhibitors and enable
structure-based lead design. In the accompanying Letter,'® we de-
scribe structure-based optimization of the enzymatic and cellular
inhibition properties of a series of 2,4-diaminopyrimidine MK2
inhibitors.

To prepare active MK2 for inhibitor profiling, we phosphory-
lated recombinant human MK2 by incubation with recombinant
p38a and ATP.!! Using a kinase activity assay,'>!®> we confirmed
that full MK2 catalytic activity required phosphates at Thr222,
Ser272, and Thr334 as reported.® MK2(36-400) had the greatest
activity and was used for inhibitor screening. MK2(47-366) and
MK2(41-364) were about 100- and 1000-fold less active than
MK2(36-400) after p38a activation, respectively. These losses
may be due to exposure of the auto-inhibitory sequence (residues
328-364) in the absence of the nuclear export signal (364-368)
and the C-terminal nuclear localization sequence (373-389).1>16
For MK2(47-366), Thr222Glu or Thr334Glu ‘activating’ mutations
gave no activity boost.

Our best crystallization was with MK2(41-364) and MK2(47-
366)Thr222Glu, both nonphosphorylated and so catalytically inac-
tive.!> We could not crystallize any active, phosphorylated con-
struct. Since crystallized constructs were inactive, we could not
validate ligand binding using enzyme inhibition, and so could not
be sure that structure-based optimization would lead to better
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Figure 1. MK2 ATP competition binding assay. (A) [8->H] ATP titration of phosphorylated MK2(36-400). Specific binding (a), total binding (®), non specific binding with
5 mM ATP (M), Kp = 4.8 uM. B, [8->H] ATP binding competition by unlabeled ATP. Phosphorylated MK2(36-400) (®), nonphosphorylated MK2(36-400) (M), nonphosphor-

ylated MK2(41-364) (a). ICsq values are shown in Table 1.

enzyme inhibitors. The ATP sites of inactive protein kinases are
commonly distorted or blocked. For example, the ATP site of insu-
lin receptor kinase is occluded by its unphosphorylated activation
loop, blocking entry of ATP site-directed inhibitors.!” To correlate
ligand binding to inactive MK2 constructs with enzyme inhibition,
we developed a radioligand binding assay to measure MK2 ligand
binding directly. Inhibitor competition with ATP was measured in
a Scintillation Proximity Assay (SPA), in which MK2-bound
[8-2H]ATP capture to a glutathione-conjugated scintillant bead
reports MK2 ATP site ligand binding.'® Figure 1A shows the ATP
binding isotherm for activated MK2(36-400); competition with
unlabeled ATP is shown in Figure 1B. SPA also worked well for non-
phosphorylated MK2(36-400) and MK2(41-364) (Fig. 1B). All as-
says had good Z' values (Table 1). The phosphorylated enzyme
ATP affinity, as measured by ATP Kp or ICso, was similar to the
ATP Ky Also, the MK2 ATP affinity changed only modestly in the
nonphosphorylated enzymes or with C-terminal truncation, indi-
cating preservation of the ATP binding site in all cases. Competitive
binding ICso values for a series of ATP-competitive MK2 inhibi-

Table 1
MK2 ATP competition assay parameters

Parameter Phospho-MK2 MK2(36-400) MK2(41-364)
(36-400) SPA SPA
HTRF SPA
z 0.9 0.70 0.40 0.70
ATP Ky (UM) 1.9 N.A. N.A. N.A.
ATP Kp (uM) N.A. 4.8 N.D. 26
ATP I1Cso (LM) N.A. 2.8 6.3 12
Staurosporine ICso (LM)  0.70 0.66 1.7 3.4

N.A., not applicable; N.D., not determined.
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tors!® aligned well with activity assays (Fig. 2A). The MK2 inhibitor
affinities for nonphosphorylated MK2(36-400) (Fig. 2B) or
MK2(41-364) (not shown) were also preserved.

MK2 is closely related in structure and mechanism to cAMP-
dependent protein kinase (PKA)'® and Ca?*/calmodulin dependent
protein kinase (cAMK).2® These kinases feature unusual regulatory
elements: a C-terminal segment (MK2), an additional subunit
(PKA), or a separate protein (cAMK). In inactive MK2, the C-termi-
nal autoinhibitory a-helix occludes substrate binding, but does not
block ATP binding site access. Our binding data confirm preserva-
tion of both the ATP binding site (Fig. 1) and the structure-activity
relationship (SAR) of a series of ATP-competitive inhibitors across
MK2 constructs. The SPA assay could also be useful for accurate
measurement of inhibitor potency toward a nonphosphorylated
tyrosine kinase, for which auto-phosphorylation during activity as-
says may complicate potency determination.

Several forms of recombinant MK2 were crystallized with
inhibitors. These methods were described in a recent study in
which pseudoactivating mutations were introduced into the pro-
tein scaffold to obtain novel crystal forms.!? Our first MK2 crystal
structure was determined using such a construct (MK2(47-
366)Thr222Glu). Subsequent structures were determined using a
previously reported construct under novel crystallization condi-
tions (MK2(41-364)).'%2!

Inhibitor optimization started with 2-amino-4-(4-hydroxy-
phenyl)aminopyrimidine (1) (Fig. 3). Given the many reports of
diaminopyrimidines as potent hinge binding elements for many ki-
nases (e.g., CDK?? or FAK?3), and the lack of reports of phenols as
hinge binding elements (we are aware only of reports of polyhydr-
oxyaromatics such as flavopiridol?* as kinase inhibitors), we ex-
pected that the diaminopyrimidine ring system would make
typical hinge interactions with MK2. In particular, the 2-amino
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Figure 2. (A) Validation of SPA method with HTRF assay. For linear fit, y = 0.65x + 1.9, r* = 0.67. (B) Validation of unphosphorylated MK2 construct with SPA assay. For linear

fit, y = 0.69x + 1.6, 2 = 0.57.
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Figure 3. 2,4-Diaminopyrimidine MK2 inhibitors.

group and the ring N3 nitrogen atom were expected to form a do-
nor-acceptor pair with hinge residues Glu139 and Leu141. In this
model the phenol of 2 or 3, respectively, would lie near the DFG
motif.

Our structures of indazole 2 (co-crystal) and phenol 3 (soaked
crystal) bound to MK2(41-364) and MK2(41-364)Thr222Glu,
respectively,?® revealed an unanticipated reversed binding mode,
with several interesting features (Fig. 4).

SAR indicated that both pyrimidine nitrogen atoms were crucial
to potency (not shown). The MK2(41-364)Thr222Glu/3 complex
crystal structure revealed an intricate hydrogen-bonding network
between the N1 and N3 atoms of the inhibitor and MK2 residues
Lys93 (catalytic lysine) and Thr206 (precedes DFG motif)
(Fig. 4b). The Thr206 side chain rotated to engage the N3 atom.
Also, a well-ordered water molecule was bound in the hydrophilic
pocket behind Met138. This water was tetrahedrally coordinated
by Glu104 (aC), His108 (aC), the backbone NH of Asp207 (DFG),
and the inhibitor 2-amino group (Fig. 4b).

Both indazole 2 and phenol 3 made additional hydrogen-bond-
ing interactions with the Leu141 backbone NH, in the center of the
hinge region (Fig. 4a and c). In the indazole series, an additional
hinge hydrogen bond was seen between the indazole and the
Leu141 backbone carbonyl (Fig. 4c). The indazole 7- or phenol 2-
substituents were in van der Waals contact with the distal hinge
region. Phenol 3 made an interaction between the amide NH and
the hinge residue Asp142 side chain (Fig. 4a). In the MK2/2 co-crys-
tal structure, the glycine-rich loop adopted a conformation typical
of ‘active’ MK2. In contrast, the loop adopted an ‘inactive’ confor-
mation in the (soaked) MK2/3 structure. It is unclear whether this
flexibility is driven by inhibitor binding or crystallization. As seen
in other MK2 structures, this region of MK2 displays significant
mobility and may be a key area for inhibitor design.

Figure 4c shows active site regions targeted to improve inhibi-
tor potency. Indazole 7-substituents were varied near the distal
hinge. Due to the proximity to solvent, alterations here might also
permit modulating solubility and pharmacokinetic properties. In
many MK2/inhibitor complexes, a water molecule was tetrahe-
drally coordinated in the hydrophobic pocket behind Met138.
Replacement of this water would allow an MK2 inhibitor access
beyond the gatekeeper residue. Another region of optimization
was the glycine-rich loop, with the goal of engaging the loop in
hydrogen-bond interactions to stabilize its flexibility. Several
MK2 structures, determined as both active and inactive forms,
have demonstrated the plasticity of this loop.?!*® Inhibitor design
could clamp the loop in place and prevent this conformational
change.?® Another region was the ribose pocket, to engage
Glu145 and Glu190.

Structural study and in vitro analysis of MK2 inhibitor potency
permitted understanding of inhibitor binding modes and identified
key interaction points in the active site. A comprehensive struc-

Glu104

Figure 4. (a) MK2/phenol 3 complex. The phenol hydrogen bonds to Asp142 and
hinge residue Leul41. (b) The diaminopyrimidine interacts with Lys93, Thr206,
Glu104, His108, and a bound water molecule. (c) MK2/indazole 2 complex, showing
the conserved binding mode including hinge interactions with Leu141. Inhibitor
optimization regions are identified.

ture-based design strategy was developed based on these observa-
tions and is presented in Part I.!°
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