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ABSTRACT: We describe the identification and characterization o " S Mﬂm: P
of a series of covalent inhibitors of the C-terminal kinase domain %\(Q% %\(Qh\g ¢ . L/ﬂv
(CTKD) of MSKI. The initial hit was identified via a high- NY‘N N NY‘N =N A Ly |
throughput screening and represents a rare example of a covalent e m 5 ,?""‘Ygf I
inhibitor which acts via an SyAr reaction of a 2,5-dichloro- oH Cys440 S S e

pyrimidine with a cysteine residue (Cys440). The covalent Css40 &

mechanism of action was supported by in vitro biochemical

experiments and was confirmed by mass spectrometry. Ultimately, the displacement of the 2-chloro moiety was confirmed by
crystallization of an inhibitor with the CTKD. We also disclose the crystal structures of three compounds from this series bound to
the CTKD of MSK], in addition to the crystal structures of two unrelated RSK2 covalent inhibitors bound to the CTKD of MSKI.
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( : ovalent inhibitors of kinases have become popular in of MSK1 has been studied in detail. Briefly, phosphorylation

recent years, with several marketed compounds exerting by p38 or ERK results in activation of the CTKD which,
their activity by this mode. These inhibitors form a covalent following autophosphorylation, results in activation of the
bond with a non-catalytic cysteine residue in the orthosteric NTKD, which in turn phosphorylates substrates.'""
binding site and, in general, employ a reactive group such as an Several substrates of MSK1 have been published, such as
acrylamide or propynamide which reacts with the cysteine CREB and ATF1,"® histone H3 and high-mobility-group
residue.’ Mapping of the kinome to ascertain which kinases protein 14 (HMG-14),"* and Ataxin-1."> Due to its substrates
this modality can be applied to has revealed that there are and position in the inflammatory kinase cascade, MSK1 has
multiple family members with targetable cysteines, which are been linked to various diseases,'® including psoriasis,”
located in several sub-regions of the ATP binding pocket.2_° colorectal cancer,'® gastric cancer,"” and spinocerebellar ataxia
While most covalent warheads for non-catalytic cysteines type 1 (SCA1)." Furthermore, it has been implicated in the
involve reactive functional groups such as a,f-unsaturated modulation of IL-17 levels” and downstream signaling of IL-
amides, there are very few examples of halogenated aromatic 17,?* which could associate it with various inflammatory

heterocycles; however, recent reports on, e.g, HCV NSSA
inhibitors from Merck® and FGFR4 inhibitors from Novartis,”
are noteworthy. In addition, dichloropyrimidines have been

disorders.
Due to the association with various diseases and the paucity
i ” ; of known inhibitors, we initiated a project to identify novel
studied as proteome activity p }'ol?es but were found to be inert, selective inhibitors of MSK1. To date, the best-characterized
whereas analogous d1ch19rot;1a21nes were found to 1.react w1th inhibitor of MSKI is SB-747651-A,>> which binds to the
lysine rather than cysteine.” Interestingly, these dichlorotri- NTKD.** To enable the identification of inhibitors covering
azines displayed different reactivity in solution, compared to ltiol des of acti includi h . .
. ! . . multiple modes of action, including orthosteric (at either
the proteome, as in solution they prefer cysteine over lysine. kinase domain) and allosteric, we set up a biochemical cascade

knlc:/[‘/\iztlfgzrgbi)zc(l)r;t;le ;S;Z:et::lag%dkli)rizzzhallﬁfj:ize(;{I(’lg/ésléis})s,ailssz assay. To this end we incubated compounds for 1 h with full-

nuclear kinase that is activated by upstream kinases such as p38 ] —

or ERK.? The RPS6KA family contains six members, MSK1,2 Received: March 22, 2022 ety letters
and RSK1—4, all of which are unusual in that they contain two Accepted: June 9, 2022 :
kinase domains: a C-terminal kinase domain (CTKD) and an Published: June 25, 2022
N-terminal kinase domain (NTKD).'® The NTKD belongs to

the AGC family, while the CTKD belongs to the calcium/

calmodulin-dependent protein family. The activation cascade
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length MSK1 in its inactive form and then activated in situ by
the addition of ERK2. High-throughput screening (HTS) was
conducted in this format (25 yuM ATP) using the Caliper
technology to detect phosphorylation of a novel substrate (see
Supporting Information for details).”® Initial hits were
confirmed via dose—response and cross-screening against
ERK?2, to remove ERK?2 inhibitors. This resulted in numerous
hits with different modes of action. A similar screen was
conducted for MSK2, and compounds generally showed a
similar level of activity at MSK2, as highlighted for selected
examples. In this Letter, we describe the identification and
characterization of novel 2,5-dichloropyrimidines which we
found to act via covalent reaction with Cys440 on the P-loop
of the CTKD of MSK1.

The HTS campaign, as described, identified compound 1,
Figure 1. Counter-screening at ERK2 revealed no activity,

Cl = N
N N =
Y
cl MSK 1 pIC,, <4

1 MSK 1 NTKD pICy inactive
MSK1 CTKD pIC,,, 6.4 /6.4 (5 uM / 250 uM ATP)
MSK1 CTKD plCs, 4.8 /5.7 (-/+ 1hr preincubation)

ERK2-MSK1 cascade pICs, 6.7 (1 hr preincubation)
ERK2-MSK1 cascade pICy, 5.6 (no preincubation)

ERK2-MSK1 cascade pICy, 7.2 (3 hr preincubation)
ERK2-MSK?2 cascade pICy,, 6.1 (1 hr preincubation)

Figure 1. Structure of HTS hit 1, with biochemical data.

demonstrating that the observed activity was due to MSKI1
inhibition. Due to its potent activity (pICs, 6.7, 200 nM), its
relatively small nature (MW 265 g/mol), and the presence of
the potentially reactive 2,5-dichloropyrimidine, we suspected 1
may be a covalent inhibitor. Initial experiments with a higher
ATP concentration (1 mM) showed no shift in potency (pICs,
6.9), further supporting this hypothesis. Therefore, in order to
ascertain the mode of action of 1, we initiated several parallel
activities: synthesis of analogues, detailed pharmacological
experiments (including time dependency), mass spectrometry,
and structural biology.

At the outset, due to the nature of the cascade assay, we first
attempted to elucidate which region of the protein, ie., the
CTKD or NTKD, the compound bound to. In the first
instance we tested 1 against the active, full-length MSKI,
where only NTKD inhibitors would show activity. In this
assay, 1 showed pICyy < 4 (>100 uM), strongly supporting
that the compound was either an allosteric or a CTKD
inhibitor. The lack of activity at the NTKD was later confirmed
in a NTKD assay, where the compound showed no activity.
Furthermore, in a CTKD assay the compound showed potency
that was consistent with data in the initial cascade assay, Figure
1. In the cascade assay, increasing the pre-incubation time with
1 to 3 h before MSK1 activation resulted in a 3-fold increase in
potency, whereas no pre-incubation diminished the activity 10-
fold (Figure 1), consistent with a covalent mode of action or
conformational change of the protein. Subsequent experiments
in the CTKD assay with higher ATP concentrations showed
no potency shift. Further experiments with the CTKD with no
pre-incubation time showed diminished activity. Finally,
enzyme activity did not recover following wash out, showing
a slow off-rate. Taken together, at this stage of the project,
these results were consistent with either a covalent or tight
binding interaction.
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The hypothesis that the mode of action was covalent was
supported by the synthesis of novel analogues which showed
the requirement of a 2,5-dihalopyrimidine for activity, and
activity decreased sharply without these groups (Table 1).

Table 1. Investigation of the SAR for Replacements of the 2-
and 5-CI Substituents on the Pyrimidine Ring

Yy = N
Ns _N —
Y

X
compd X Y ERK2-MSK1 pICgy*
1 cl Cl 6.7 0.1 (5)
2 H a 49 + 04 (2)
3 F Cl 7.7
4 Br Cl 6.7
S CN Cl S.1
6 Me Cl <4.5
7 SMe cl 475 + 02 (2)
8 al H 58 +02(3)
9 Cl F 5.9
10 Cl Me 4.7

“Data from ERK2-MSK1 cascade assay with 1 h pre-incubation. Data
quoted + standard deviation (SD) and number of replicates in
parentheses when assay performed more than once. Otherwise single
value listed.

Deletion of the 2-Cl-atom (X) led to almost 100-fold
reduction of activity (2). Switching the 2-Cl to F (3) increased
potency 10-fold, whereas Br (4) was equipotent to 1.
Compound 4 also showed similar potency at MSK2 (pICs,
6.2) to MSK1. Other potentially electrophilic groups such as
nitrile (§) reduced activity, while Me (6) and SMe (7) showed
minimal or no activity. Note that neither 3 nor 4 showed any
potency shift in the presence of a 10-fold higher ATP
concentration in the CTKD assay: 3, pICg, 6.7 (low and high
ATP); 4, pICs, 5.7 and 5.8 (low and high ATP). These data
are consistent with a potential SyAr reaction at the 2-position
of the pyrimidine and are supported by the higher activity of
the 2-fluoro analogue 3.

Investigation of replacements of the S-chloro (Y) substituent
showed that deletion of the Cl-atom (8) resulted in almost 10-
fold decrease of activity. The S-F analogue (9) showed similar
activity despite the electron-withdrawing nature of the F-atom,
which could perhaps be attributed to a conformational effect,
i.e., less effect on torsional angle than induced by the Cl-atom
in 1.

The methyl analogue (10) showed minimal activity, again
highlighting the importance of the Cl substituent. The fluoro
derivative (9) did not show any shift in potency in the
presence of higher ATP concentrations in the CTKD assay
(pICso 5.0, low and high ATP), again consistent with an
uncompetitive/allosteric or covalent mechanism.

We also conducted a broader investigation of 2,5-dichloro-
pyrimidine replacements in order to examine the influence of
the reactivity on potency. Data for this area of work are
summarized in Table 2. Surprisingly, the pyridine analogue
(11) was inactive under the same assay conditions, despite its
electron-deficient nature, as were the dichlorophenyl analogue
(12) and the chloropyridine (13), implying that both N-atoms
of the pyrimidine are required. Interestingly, the isomeric

https://doi.org/10.1021/acsmedchemlett.2c00134
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Table 2. Investigation of the SAR for Replacements of the 5-
Dichloropyrimidin-4-yl Ring

—

N
N_/
Ar” \
Cmpd Ar *ERK2-MSKI1 pICso
1 cl 6.7+0.1(5)
N N
Y
cl
11 Cl <4.5
= ‘>
N
cl
12 cl <4.5
cl
13 — <4.5
N
cl
14 N 7.1
- Y
SN
cl
15 N 6.5
2N
N
cl
16 /N\‘( 6.7
FSCJ;(N
Cl
17 N 45
¢
N
18 U 4.7
g

“Data from ERK2-MSK1 cascade assay with 1 h pre-incubation. Data
quoted + standard deviation (SD) and number of replicates in
parentheses when assay performed more than once. Otherwise single
value listed.

monochloropyrimidine (14) displayed slightly enhanced
activity compared to 1, highlighting that the pyrimidine is
required for sufficient electrophilicity. Compound 14 did not
show a potency shift in the presence of higher ATP
concentrations in the CTKD assay, pICs, 6.1 (low and high
ATP), suggesting that the mechanism of action was
unchanged. Substitution ortho to the Cl-atom of 14, such as
15 or 16, resulted in a slight reduction of potency, regardless of
the nature of the group, probably due to steric hindrance of the
reactive site. Again, 16 showed similar activity at MSK2 (pICs,
6.4). Finally, the un-halogenated pyrimidines 17 and 18
showed only residual activity.

Shifting attention to the 4-azaindole of 1, alternatives were
sought on the premise that this group may be interacting with
the hinge region of the CTKD. Shifting the indole N-1 to
provide an HBD, as in azaindole 19 provided little gain,
implying that the potential HBD available on the azaindole was
not optimally positioned or there was a substantial energy
penalty, for example desolvation. Compound 19 showed
slightly weaker activity at MSK2 (pICy, 6.2). Switching to
both N- and C-linked pyrrolopyrimidines, 20 and 21,
respectively, resulted in an almost 10-fold boost in potency
over 1. The fact that 21 was equipotent to 20 again supports
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the lack of HBD interaction, in a similar manner to 1 versus
19.

In line with other compounds, 20 did not show a decrease in
activity with higher ATP in the CTKD assay, pICs, 7.2 (low
and high ATP).

Both 20 (ER2-MSK2 pICy, 7.0) and 21 (ERK2-MSK2
pICyo 7.1) showed similar levels of activity at MSK2.

As the isomeric monochloropyrimidine derivative 14 (Table
2) had shown better potency than 1, we prepared analogues of
14 where the 4-azaindole was replaced with groups identified
in Table 3. The results revealed a similar boost in potency to

Table 3. Investigation of the SAR for Replacements of the 4-
Azaindole

Cl
(H/Ar
~ |
NYN
Cl
Cmpd Ar *ERK2-MSK1 pICso
1 = 6.7+0.1(5
O ®
19 H 7.0+ 0.4 (3)
20 20 Y 7.5+0.3(2)
=N
21 H 7.7+0.1 (4)
=N

“Data from ERK2-MSKI1 cascade assay with 1 h pre-incubation. Data
quoted + standard deviation (SD) and number of replicates in
parentheses when assay performed more than once. Otherwise single
value listed.

that when comparing 1 to 20, and led to the identification of
22 which also demonstrated an almost 10-fold increase in
potency relative to 14 (Figure 2).

Finally, despite the fact that replacement of the chloro-
pyrimidine by chloropyridines, such as 11 and 13 (Table 2),
resulted in complete loss of activity, we were interested to see
if activity could be regained with the newly identified
pyrrolopyrimidine. In addition, we also changed the electron-
withdrawing group on the pyridine and investigated both para-
and ortho-positions relative to the presumed SyAr site. Thus,
compounds 23 and 24 were prepared (Figure 2). Surprisingly,
para-cyano derivative 23 displayed activity equivalent to that of
22 and was 3-fold more potent than the chloropyrimidine
analogue 20; however, the activity was reduced by 10-fold
when the nitrile moiety was shifted ortho to the Cl-atom (24).

In order to further characterize the mode of action, several
compounds were selected for more detailed biochemical
characterization, i.e., jump dilution experiments. Compounds
were pre-incubated with inactive MSK1 at ~20 X ICy, for 3 h
without ATP, after which the complex was diluted into a buffer
solution containing 25 mM ATP and 0.5 mM peptide
substrate. Kinetic analysis of substrate—product formation
was conducted for around 7 h. As can be seen in Table 4,
enzyme activity was fully recovered with a control (non-
covalent analogue) compound,28 whereas compounds 14, 19,

https://doi.org/10.1021/acsmedchemlett.2c00134
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N N/ N N N/ N
Q% — Q%
N ~ N N

cl cl
14 22

ERK2-MSK1 cascade pICs, 7.1
ERK2-MSK2 cascade pICs, 5.5

CN = N
AR
N =N
Cl

23

ERK2-MSKT1 cascade pICs,, 7.9
ERK2-MSK2 cascade pICs,, 7.7

ERK2-MSK1 cascade pICy, 8.0
ERK2-MSK2 cascade pICs, 7.1

ERK2-MSK1 cascade pICs, 6.8
ERK2-MSK2 cascade pICs, 5.5

Figure 2. Replacement of the azaindole in 14 by the pyrrolo-
pyrimidine in 22 results in an almost 10-fold increase in potency.
Chloropyridine 23 shows that it is possible to achieve high potency
with aromatic heterocycles other than pyrimidine, while the isomeric
derivative 24 is approximately 10-fold less active.

Table 4. Residence Time Analysis in ERK2-MSK1
Biochemical Assay by Jump Dilution

max estimated
recovery residence time

compd Ko (579 V, (% control) (min)
control”® 175 x 107" 4.57 x 1073 96 8—14
14 6.65% 107 308 x107* 6 1488—1675
19 828 X 107°  3.84 x 107* 8 1332-1552
20 7.62 %107 5.09 x 107* 11 1457-1561
DMSO 198 X 107 476 x 1073

and 20 showed around 10% recovery of activity, which resulted
in a long residence time, adding further support to a covalent
mode of inhibition. Taken together, the data in Tables 1—4
and Figure 2 are strongly supportive of a covalent mode of
action.

In parallel to the SAR investigations, we also conducted
mass spectrometry experiments, where the CTKD was
incubated with various compounds. Data from these experi-
ments are summarized in Table 5. In addition to the
compounds described herein, we also included two literature
compounds that have been characterized as reversible covalent
inhibitors of the RPS6KA3 (RSK2) kinase, namely 25 and 26
(Figure 3). Compound 25 was described as a reversible
covalent inhibitor of RSK2, whereby the Michael acceptor
forms a covalent bond with Cys436 in the CTKD of RSK2.>
This compound was also described to inhibit MSK1,2 and
RSK3 and was therefore studied. In addition, compound 26
has also been described as a reversible covalent inhibitor of
RSK2 and confirmed to have a similar mode of action.”’

As mentioned previously, RSK2 is a closely related kinase
and has a similarly positioned cysteine to MSK1, and 28§ is
known to cross react with MSK1. Thus, we profiled both
compounds in our biochemical cascade assay, where they
showed strong activity (Figure 3). Furthermore, the activity of
26 was confirmed to be via inhibition of the CTKD, via
biochemical assay (Figure 3). Subsequently, we successfully
solved the structures of both compounds with the CTKD of
MSK1, vide infra.
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Table S. Summary of Native Mass Spectrometry and LCMS
Experiments with MSK1 CTKD

LCMS
1 min: 22% (1:1)
1 h: 81% (1:1)
24 h: 57% (1:1), 31% (1:2), 11%
(1:3)

compd
1 1 min: 29% (1:1)
1 h: 100% (1:1)

native mass spec

14 1 min: 9% (1:1) 1 min: 0%
1 h: 92% (1:1) 1 h: 22% (1:1)
3 h: 100% (1:1) 3 h: 47% (1:1)
24 h: 94% (1:1)
22 1 min: 47% (1:1) 1 min: 0%
1 h: 100% (1:1) 1 h: 97% (1:1)
3 h: 100% (1:1) 3 h: 92% (1:1)
24 h: 100% (1:1)
25 1 min: 54% (1:1) 1 min: 16% (1:1)
1 h: 63% (1:1) 1 h: 10% (1:1)
24 h: 15% (1:1)
26 1 min: 93% (1:1), 7% (1:2)

1 min: 50% (1:1), 32% (1:2), 6%
(1:3)

1 h: 81% (1:1), 16% (1:2), 1h: 6% (1:1), 43% (1:2), 32% (1:3),

2% (1:3) 11% (1:4)
24 h: 24% (1:1), 34% (1:2), 26%
(1:3), 10% (1:4)
H
N
N
Y/ \>
=N
NC 7
y—NH;
o OH
25 26

ERK2-MSK1 cascade pICs;, 9.6 ERK2-MSK cascade pICy, 8.3

MSK1 CTKD pICy, 9.2

Figure 3. Structures and biochemical data for RSK2 inhibitors 25 and
26.

To assess if compounds were covalent inhibitors, MSK1
CTKD (10 uM) was incubated at various times with
compounds (100 xM) and assessed by native mass
spectrometry (binding) and LCMS (covalent binding). Data
from these experiments is summarized in Table S.

The LCMS data in Table S confirm that all compounds
tested covalently modify MSK1 CTKD. For compounds 1, 14,
and 22, the native mass spectrometry data imply all protein
was bound with compounds after 1 h incubation with 1:1
stoichiometry. Similarly, the LCMS data for 1 show near-
complete adduct formation after 1 h, but after 24 h there
appears to be additional labeling, implying a lack of specificity.
Compound 14 appears to form the covalent adduct more
slowly but with higher specificity, whereas compound 22
appears to both react faster and maintain specificity. Thus, the
isomeric monochloropyrimidine present in 14 and 22 appears
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to dampen the reactivity compared to the dichloropyrimidine
in 1, thus increasing specificity, while the pyrrolopyrimidine
can increase reaction rate over the 4-azaindole, 22 versus 14.
Interestingly, with MSK1 compound 25 appears to bind well,
but not all of this binding is covalent, or the covalent bond
formation is reversible under the LCMS experimental
conditions, as the covalent adduct measured is less than
20%. For compound 26, the data suggest that multiple covalent
adducts are formed, implying a lack of specificity.
Furthermore, mass spectrometry data showed a MW
increase of 227 Da for 1, 194 Da for 14, 195 Da for 22, 289
Da for 25, and 450 Da for 26. Taken together, these results are
consistent with the Michael addition to compounds 25 and 26,
and the SyAr reaction with loss of Cl to compounds 1 (loss of
Clin the 2-position of the pyrimidine), 14, and 22, as depicted

in Figure 4 for 1 and 23.
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Figure 4. Proposed reactions of compounds 1 and 23 with Cys440 of
MSK1 CTKD.

A subsequent experiment with 1 with 1 h incubation
followed by tryptic digestion confirmed the covalent attach-
ment to Cys440 (see Supporting Information).

At the time of this work, there were only two crystal
structures of the CTKD in the public domain, one apo (PDB:
3KN6) and one with AMP-PNP (PDB: 3KNS), which had not
changed at the timing of writing.

In order to better understand how the compounds bound to
MSK1 CTKD, several compounds were selected for
crystallography. From these experiments we obtained three
crystal structures with novel compounds described herein, all
of which confirmed covalent bond formation with Cys440 and
the anticipated interaction with the hinge region.

Structures were obtained with 20, its S-bromo-2-chloro-
pyrimidine analogue (27, pICsy 7.5), and the 6-chloro-3-
cyanopyridine derivative 23 (Figures S and 6).

The structure of the CTKD with 20 (Figure Sa, PDB:
7UP4) confirms that the compound binds to the ATP site and
interacts with the hinge region, with the N-atom of the
pyrrolopyrimidine accepting a H-bond from LeuS01. The
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Figure 5. (a) Crystal structure of 20 and the CTKD (PDB: 7UP4),
showing a type I binding mode with a hydrogen-bond-accepting
(HBA) interaction with NH of LeuS01. Covalent interaction with
Cys440 is shown, replacing the chlorine atom attached to the carbon
between the pyrimidine nitrogen atoms. (b) Overlay of the crystal
structures of 20 and 27, showing the same binding mode and
interactions, namely a HBA interaction with NH of LeuS01. Covalent
interaction with Cys440 is shown.

chloropyrimidine is approximately 60° out of plane of the
pyrrolopyrimidine, likely facilitated by the S-Cl-atom, which
positions the ring to allow reaction with Cys440 and form a
covalent adduct as seen in Figure Sa, confirming our
hypothesis. There appear to be opportunities to push out
from the pyrrolopyrimidine toward the gatekeeper Met498,
which may help in designing both affinity and selectivity.

We also obtained a crystal structure with the bromo
analogue of compound 20, i.e., compound 27 (equipotent,
Figure Sb, PDB: 7UP8), which showed a similar binding mode,
as can be seen in Figure Sb, with the overlay of both structures.

The third crystal structure, with 23 (PDB: 7UPS), revealed a
similar interaction between the pyrrolopyrimidine moiety and
the hinge region but an unexpected rotation of the cyano-
pyrimidine ring (Figure 6a). This juxtaposition also positions
the nitrile group toward the DFG motif, where it potentially
makes a weak H-bond with the backbone of Asp565.”

The differences in the binding modes of 20 and 23 are
depicted in Figure 6b, which shows an overlay of both
compounds. Thus, although the electron-deficient aromatic
heterocycles occupy different regions of the pocket, the twist in
both results in the reactive site overlapping in both structures
and facilitates reaction with Cys440. Therefore, only a minor
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Figure 6. (a) Crystal structure of 23 (PDB: 7UPS), showing that the
pyrrolopyrimidine N-atom still accepts a H-bond from the NH of
LeuS01. Covalent interaction with Cys440 is shown. (b) Overlay of
the crystal structures of 20 and 23, highlighting the different binding
modes and the different positions of the covalent traps. The reactive
C-atom is in a similar location, but the aromatic rings are orthogonal
to one another.

rotation of 26° of the Cys 440 side chain is required to
accommodate each of the two compounds 20 and 23. The
nitrile on the pyridine of 23 accepting a H-bond from the
backbone of AspS85 likely results in the “flipped” con-
formation of the pyridyl moiety compared to the pyrimidine in
20.

In addition to the structural biology with the inhibitors from
this series, we successfully solved the structures of both
compounds 25 and 26 with the CTKD of MSK1 (Figures 7
and 8).

The structure of 25 with MSK1 CTKD is depicted in Figure
7a (PDB: 7UP6) and shows a bidentate interaction between
the pyrrolopyrimidine and the hinge region. The NH donates a
H-bond to the carbonyl of Glu499, and the N-atom accepts a
H-bond from the backbone NH of LeuS501. In addition, the
C—H of the pyrimidine potentially forms a weak interaction
with the carbonyl of Leu501. The reactive Michael acceptor is
in a location similar to the reactive center of 23, although the
side chain of Cys440 approaches from a different angle.

Additional interactions between the protein and the ligand
are formed via the amide carbonyl with the hydroxyl of Ser438.
The NH, of the amide interacts with the carboxylate of Asp565
and forms a water-mediated H-bond with the side chain of
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a)

Glu 499

Figure 7. (a) Structure of 25 with the CTKD of MSK1 (PDB: 7UP6)
showing covalent bond formation with Cys440. (b) Overlay of the
structures of 25 and 23, highlighting the similar positioning of the
pyrrolopyrimidine.

Figure 8. (a) Structure of 26 with the CTKD of MSK1 (PDB: 7UP7).
(b) Overlay of the structures of 26 in MSK1 and RSK2 (PDB: 4]JGB).
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AsnS549, and the nitrile forms a water-mediated H-bond with
the side chain of AspS65.

An overlay of 23 and 28§ is shown in Figure 7b and depicts
the similarities and differences in binding modes. This also
highlights that it may be possible to target the covalent
interaction with Cys440 by making analogues of 23 where a
phenyl ring with a cysteine trap is placed in the 7-position of
the pyrrolopyrimidine, rather than the 1-position.

The structure of 26 with the MSK1 CTKD is depicted in
Figure 8a (PDB: 7UP7) and shows that the ligand is
considerably displaced relative to the other structures, due to
the alternative hinge binding motif. The ligand makes several
interactions with the protein, including a hydrogen-bond-
accepting (HBA) interaction with LeuS01 and a hydrogen-
bond-donating (HBD) interaction with Glu499. An additional
suboptimal H-bond can be seen between the terminal hydroxyl
group on the amide moiety and AspS561, while the nitrile
moiety of 26 potentially interacts directly with the NH of
Asp565 in addition to forming a water-mediated H-bond with
the backbone nitrogen of Glu468.

Overall, the structure of 26 with MSK1 is similar to that with
RSK2 (PDB: 4JG8, Figure 8b). The polar interactions of 26
with the carbonyl group of Glu 499 (Glu 494 in RSK2) and
the backbone nitrogen of Leu 501 (Met 496 in RSK2) are
conserved, as is the overall protein environment. The
interactions with Asp561 are not conserved between the two
structures, which is likely due to different interpretations of the
electron density in the two structures.

In addition to the SAR against MSKI1, further character-
ization studies were performed on selected compounds which
highlighted several issues, including low solubility and poor in
vitro metabolic stability. For example, for compound 1, logD =
2.3, MLM CL;, = 131 pL/min/mg protein, and HLM CL,,, =
11.7 uL/min/mg protein. Furthermore, GSH trapping experi-
ments were conducted in the presence and absence of
metabolic activation (HLM), as we were concerned about
the inherent reactivity of compounds from this series. Although
minimal GSH adduct formation was detected in the absence of
metabolic activation (3% for 1), extensive glutathione adduct
formation was detected with metabolic activation (96% for 1)
(Table 6). Assessment of additional compounds in GSH
experiments showed low levels of GSH incorporation in the
absence of metabolic activation (Table 6). The low levels of
GSH adduct formation in solution could be interpreted as the
compounds having low levels of reactivity. However, the mass
spectrometry experiments (LCMS, Table S) show that, in the
protein environment, compounds react rapidly, e.g., 1, which
showed reactivity after 1 min and extensive adduct formation
after 1 h, and which appears to form multiple adducts after 24
h (on the basis of the stoichiometry). Therefore, the use of
solution GSH results to predict proteome cysteine reactivity
should be done with caution.

Unfortunately, structural modifications that reduced inher-
ent reactivity also reduced biochemical inhibition, thus
implying that the activity was largely driven by the covalent
bond formation. Furthermore, the SyAr mechanism would
result in irreversible inhibition, thus resulting in a protein
adduct even upon unfolding or degradation, which raised
concerns about immunological reactivity. As a result of these
data, we shifted our focus to alternative series. However, the
results outlined herein may be useful to other research groups
who identify electron-deficient aromatic heterocycles as hits. It
is also of interest that the compounds are clearly reactive in
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Table 6. Summary of GSH Incorporation Experiments in
the Absence (—) and Presence (+) of Human Liver
Microsomes (HLM)“

Cmpd Structure %GSH - % GSH +
HLM HLM
1 o N 3.0% 96.0%
NYN —
8 - 0.1% 53.5%
AN \
=
e
cl
20 o=\ 2.5% 99.9%
/l\‘(N V4 Y
NYN =N
cl
21 o ] 0% 16.1%
M:\>
Ny
YN
cl
23 CN o 2.8% 49.9%
N \
@ ‘N>
cl

“Compounds (10 uM) incubated with GSH (5 mM) at 37 °C for 30
min in the absence or presence of HLMs.

complex with the protein but are relatively resistant to reaction
with sulfur nucleophiles such as glutathione in the absence of
metabolic activation. If a reactivity screen of this type was used
to filter electrophilic compounds, the underlying mechanism of
action may be missed.

To assess kinome selectivity, compounds 1 and 23 were
profiled in a kinase diversity panel (65 targets, see Supporting
Information), where they showed little inhibition of any of the
tested targets up to 10 M. This panel included RSK1,2 and
PLK3, which have cysteines at a similar position to MSKI1
CTKD,’ therefore demonstrating that specificity for MSK1 is
achievable. In addition, compounds 21 and 22 were profiled in
a panel of 468 kinases™ at a concentration of 10 uM (see
Supporting Information). This panel includes all 11 kinases
with a Cys at a similar position (MAP3K1, PLK1,2,3, RIPKS,
RSK1,2,34, and MSK1,2 CTKD).” Of these, other than
MSK1,2, only PLK2 and RSK1 were inhibited, thus
demonstrating that this series of compounds can achieve
selectivity even over kinases that have a similarly positioned
cysteine. The fact that RSK1 was not inhibited by 1 or 23 is
likely due to assay differences and serves as a note of caution
when interpreting selectivity data. In terms of overall kinome
selectivity, 22 shows a much better profile than 21; S35 = 0.03
and S10 = 0.005 for 22 versus S35 = 0.146 and S10 = 0.04S for
21, likely due to the hinge binding motif, rather than the higher
reactivity of the dichloropyrimidine present in 21, based on the
selectivity over the 11 kinases with a cysteine in the same
location. For 22, the targets inhibited at >65% were AAK1
(77%), FLT3 (74%), HASPIN (75%), MAP4K2 (69%),
MEKS (78%), PI3KCB (79%), PLK2 (82%), RIPK4 (69%),
RSK1 (73%), VRK2 (85%), and YSK4 (96%), in addition to
MSK1 (86%) and MSK2 (96%). Thus, compounds such as 21
demonstrate that kinome selectivity is feasible, even over
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kinases with a similarly positioned cysteine, and highlight the
potential of these chloro-aromatic heterocyclic derivatives as
covalent probes.

Compounds were prepared as outlined in Schemes 1 and
2.>"%* Briefly, reaction of the requisite Cl-substituted aromatic
heterocycle, e.g,, 28, with an azaindole derivative, e.g., 29, in
the presence of a base, such as NaH, exemplified by compound
1, or K,CO; exemplified by compound 2, delivered the
desired compounds. Compound 1 could be transformed into
analogues such as 3, 4, and S as outlined in Scheme 1.

Scheme 1. Representative Syntheses of N-Substituted
Azaindoles®

Cl

N c = =
G Vi > a) e ¢)ord) N_/ r\<
N ‘N + | _ [E—— 2 \ e Z
ﬁ/ N No N = N N =
cl he e
c 1 X
28 29 3:X=F,4:X=Br
X\
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cl = c =
N
%K‘(C' ath b /K(N 7N %\(N 7N
Noe N 5 N —_— 73 _ ) _
e H N N N N
2

Y
CN 5

30 29

“Reagents and conditions: (a) NaH, DMF, rt, 33%. (b) K,CO,,

DMF, rt, 55%. (c) KF, MeCN, 18-crown-6, 40 °C, 29%. (d) AcOH,
HBr, 80 °C, 3%. (¢) KCN, DABCO, DMSO—H,0 (3:1), 60 °C, 15%.

C-linked derivatives 19 and 21 were prepared as described
in Scheme 2. A palladium-mediated coupling of trichloro-
pyrimidine 28 with 31 directly yielded 19. Tosyl derivative 32
underwent reaction with 28 to give the tosyl-protected
intermediate, which provided 21 upon hydrolysis of the tosyl

group.

Scheme 2. Representative Syntheses of C-Substituted
Azaindole and Pyrrolopyrimidine”

cl O N H
3 “ /| A a) . ‘/ '\\‘
NN 7 NN E—— i _
N N
L oA Y
7/\ o cl 19
28 31
5
cl O-p’ o N
/\/CI Vg b), ) | )—N
| + | _— =z \>
NN NN NN =N
17 Ts Y
Cl 21
28 32

“Reagents and conditions: (a) Na,CO;, Pd(dppf)Cl,, H,O, dioxane,
80 °C, microwave, 7%. (b) Na,CO,, Pd(PPh,),, H,O, dioxane, 80 °C,
microwave, 42%. (c) DCM, 1 M TBAF in THF, rt, 44%.

In summary, we have detailed the identification of a novel
chloropyrimidine/chlorocyanopyridine series of inhibitors of
MSK1 CTKD, which act via covalent labeling of Cys440. This
adds to the scant literature focused on covalent inhibitors
acting via an SyAr reaction with a non-catalytic cysteine. This
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information and characterizing data should be of broad utility
to those involved in drug discovery.
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