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ABSTRACT: Herein we report the discovery of 2,4-1H-imidazole carboxamides as novel, biochemically potent, and kinome
selective inhibitors of transforming growth factor f-activated kinase 1 (TAK1). The target was subjected to a DNA-encoded
chemical library (DECL) screen. After hit analysis a cluster of compounds was identified, which was based on a central pyrrole-2,4-
1H-dicarboxamide scaffold, showing remarkable kinome selectivity. A scaffold-hop to the corresponding imidazole resulted in
increased biochemical potency. Next, X-ray crystallography revealed a distinct binding mode compared to other TAK1 inhibitors. A
benzylamide was found in a perpendicular orientation with respect to the core hinge-binding imidazole. Additionally, an unusual
amide flip was observed in the kinase hinge region. Using structure-based drug design (SBDD), key substitutions at the pyrrolidine
amide and the glycine resulted in a significant increase in biochemical potency.
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he mitogen-activated protein kinase (MAPK) pathways

consist of multiple conserved kinases, ultimately linking
extracellular signals to crucial intracellular processes, and
deregulation of its members has potential implications in both
inflammatory’ and oncological disorders.”® After first being
reported in 1995," the transforming growth factor S-activated
kinase 1 (TAK1, MAP3K?7) has in fact emerged as a potential
therapeutic target for both inflammatory diseases and cancer.™®
TAKI is activated by transforming growth factor- (TGF- j3)
and facilitates downstream signaling of multiple pro-inflam-
matory cytokines such as TNF-a, TLR ligands, LPS, and IL-
1.77'% Although the complex mechanisms through which
TAK1 activation and signaling are controlled have not been
fully elucidated, it has been recognized that TAKI phospho-
activates members of the MAP2K family, including MKK3/4/
6/7, as well as IKK kinases, both of which are in turn activators
of the downstream MAP kinases p38 and JNK and the
transcription factor NFkB.'' ™" Through activation of these
pathways, TAK1 has a pro-survival role, by inducing expression
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of antiapoptotic proteins and cytokines, thus inhibiting
apoptosis and promoting cell proliferation.'*™"° Specifically,
it has been demonstrated that inhibition of TAKI activity
sensitized tumor cells to TRAIL-induced apoptosis.'” More-
over, the therapeutic potential of TAK1 inhibitors has been
investigated for the treatment of pancreatic,18 ovarian,'” and
breast”™” cancers as well as in inflammatory diseases.”'

The first inhibitors described for TAK1 exploit the active site
cysteine residue found in this kinase, and the most extensively
studied example of these is the natural product 5Z-7-
oxozeaenol 177** (Figure 1). This compound binds to the
hinge with the phenol and reaction of the enone with a
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Figure 1. Structures of TAK1 inhibitors.

cysteine in the active site results in the formation of a covalent
bond leading to irreversible inhibition of the enzyme. The
compound was shown to be active in cells, but as many other
kinases have a similarly located cysteine, the compound may
not be very selective. More recently, both type I ATP hinge-
binding inhibitors and t;gpe II DFG-out inhibitors have been
described. Compound 2°*** is the result of a program pursued
at OSI Pharmaceuticals, where the aminopyridine is binding to
the hinge and the benzothiadiazole is forming an interaction
with the catalytic lysine in the phosphate pocket. The
compound showed good selectivity in a screen against 192
kinases and was found to be active in cells and in a mouse
tumor xenograft model. Another type I inhibitor was
developed by Chugai Pharmaceuticals. Optimization of a
screening hit using SBDD resulted in compound 3.° The
inhibitor showed good activity and excellent selectivity.
Unfortunately, poor cell activity was observed due to poor
permeability. In a very nice display of SBDD using crystal
structure overlays, the compound was converted into both
DFG-out and c-helix-out type II inhibitors.”” The potential
role of a TAKI inhibitor AZ-TAK1 (4)* in mantle cell
lymphoma was described by Bugli et al. The compound was
potent, but it was fairly unselective with an ICs, below 100 nM
for 10 out of 30 enzymes in a small kinase panel. Recently,
Takinib (5)* was described to inhibit TAKI selectively,
resulting in TNF-a induced apoptosis. Finally, type II
inhibitors have also been described for TAK1, such as NG-
25 (6)*° as developed by Gray et al.

In a program to identify novel and structurally distinct
inhibitors of TAKI1, we subjected the target to a DECL
screen.”’ Briefly, twenty-one different DNA-encoded chemical
libraries were combined and this mixture was incubated with
TAK1-TABI fusion protein. Separate incubations were set up
with no target, TAK1-TABI at 7.8 uM, TAKI-TABI at 1.6
uM, and with TAK1—-TABI at 7.8 uM and 5Z-7-oxozeaenol
(1) at 40 uM. After a 1 h of incubation the mixtures were
captured on the His-Select IMAC matrix, washed, and then
heat-eluted at 85 °C. A second round of selection was
performed using the round-one eluate as input and fresh
proteins and 1 repeating the conditions of the first round. The
encoding DNA in the output of the second round of selection
was amplified, and the amplified sample was submitted for
sequencing using an Illumina 2500 instrument in high-output
mode. Ninety-seven million single-end reads were generated
across all twenty-one libraries for these four selections.
Sequence data were parsed, and each read was assigned to
the library chemical scheme and the specific building blocks
used to synthesize it and the experimental condition it was
subjected to during selection. Statistical and demographic data
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were calculated for all building block combinations. One of the
compounds prioritized for resynthesis was derived from a
library which had been synthesized by installing 940 unique
primary amines onto a DNA-linked aldehyde followed by
reaction with 4,000 capping reagents including carboxylic acids
and other secondary amine-reactive building blocks. This
library contains 3.76 million different compounds, each of
which is encoded by a unique DNA tag combination. This
cluster of structurally related compounds was defined by the
capping building block—(pyrrolidine-1-carbonyl)-1H-pyrrole-
3-carboxylic acid—and was coenriched with a range of 2-
substituted phenyl methanamines with 2-(difluoromethoxy-
phenyl)methanamine being the most enriched. These com-
pounds showed a complete absence of enrichment in the
selection with TAK1-TAB1 and a saturating concentration of
5Z-7-oxozeaenol, consistent with the hypothesis that their
binding sites on the target protein overlap. It was this most
enriched combination of building blocks that was chosen for
resynthesis of the initial hit compound, compound 7 (Figure
2), along with the first few atoms of what during the screen was
the linker to the encoding DNA.
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e} H O>~|:

F
7, TAK1 biochemical IC5¢: 1.3 uM

Figure 2. Primary hit compound 7.

The primary hits were verified by synthesis of the label free
analogs and subjected to a kinase inhibition assay. A
LanthaScreen biochemical kinase inhibition assay using
TAKI-TABI1 fusion protein in the presence of 10 yuM ATP
was used to assess the potency of the compounds. As a positive
control Staurosporine was used and this had an ICs, value of
39 nM. To compare to known TAKI inhibitors, the
biochemical potency of compounds 2 and 3 was determined
under these conditions. Compound 2 was found to have an
IC, value of 10 nM, which is lower than the 28 nM ICy, value
reported,”* where an AlphaScreen biochemical assay was used
in the presence of 100 uM ATP. Compound 3 had an ICy,
value of 30 nM, where an ICj, value of 11 nM was reported”*
using a radiometric biochemical kinase assay. In this assay,
compound 7 (Figure 2) showed a biochemical IC, value of
1.3 uM and it was used as a starting point for interrogating R’
to R* and the pyrrole core in order to generate SAR (Table 1,
compound 8). Although we had no structural information at
this point, we assumed a type I binding mode, based on the
binding modes described for compounds 2 and 3. We
envisioned the pyrrolidine making hydrophobic interactions
in the back of the pocket, the amide ketone and the pyrrole
NH making hydrogen bond interactions with the hinge region
of the kinase, and the N-methyl amide pointing to the solvent
as this was the attachment point for the DNA tag. Indeed,
structural changes at the DNA-linker region R* (compounds
9—12) did not influence potency much, with ICy, values
ranging from 0.9 to 3.5 M. Some additional ortho-substituted
benzyl amine derivatives (R*) were synthesized, but flat SAR

https://dx.doi.org/10.1021/acsmedchemlett.0c00547
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Table 1. In Vitro Biochemical Potency Data for Initial Derivatives of Compound 7
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Sol: 30 uM (PBS buffer, pH 7.4)
S9 Microsomal stability (H/M/R): t1, >2 h
Caco2 (A>B/B>A): 1/20 (10 cms™)

o}
F
8 22, TAK1 biochemical IC5y: 0.6 uM, Kd: 52 nM
Compd RY, >N R} R* XY, Z TAKI ICq,*
9 1-pyrrolidinyl 2-(OCHF,)benzyl 2-amino-2-oxoethyl N, CH, CH 0.9
10 1-pyrrolidinyl 2-(OCHF,)benzyl 2-(isopropylamino)-2-oxoethyl N, CH, CH 1.7
11 1-pyrrolidinyl 2-(OCHF,)benzyl oxazol-2-ylmethyl N, CH, CH 32
12 1-pyrrolidinyl 2-(OCHF,)benzyl methyl N, CH, CH 3.5
13 1-pyrrolidinyl 2-(OMe)benzyl 2-(methylamino)-2-oxoethyl N, CH, CH 2.8
14 1-pyrrolidinyl 2-(OEt)benzyl 2-(methylamino)-2-oxoethyl N, CH, CH 2.6
15 1-pyrrolidinyl (3,4-dihydro-2H-benzo[ b][1,4]dioxepin-6-yl)methyl 2-(methylamino)-2-oxoethyl N, CH, CH 34
16 1-pyrrolidinyl (1H-indol-4-yl)methyl 2-(methylamino)-2-oxoethyl N, CH, CH 1.8
17 N,N-dimethyl 2-(OCHF,)benzyl 2-(methylamino)-2-oxoethyl N, CH, CH 26
18 1-piperidinyl 2-(OCHF,)benzyl 2-(methylamino)-2-oxoethyl N, CH, CH 1.8
19 N-ethyl 2-(OCHF,)benzyl 2-(methylamino)-2-oxoethyl N, CH, CH >100
20 1-pyrrolidinyl 2-(OCHEF,)benzyl 2-(methylamino)-2-oxoethyl N, N, CH 59
21 1-pyrrolidinyl 2-(OCHF,)benzyl 2-(methylamino)-2-oxoethyl NMe, CH, CH >100

“Biochemical Lanthascreen assay with TAK1—TABI1 fusion protein in the presence of 10 yM ATP, mean ICg, values in yuM, n = 2.

Scheme 1. Synthetic Routes (A, B) for the Synthesis of 2,4-1H-Imidazole Carboxamides”
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“Reagents and conditions: [i] LiOH, THF/H,0O, RT, 16 h; [ii] pyrrolidine, HATU, DMF, RT, 16 h, 36% over two steps; [iii] formic acid, CHCl;,
2 h, reflux, 95%; [iv] amine, HATU, Et;N, DMF, RT, 16 h, 20—67%; [v] R°NH,, R°CHO, methylisocyanide, MeOH, RT, 16 h, 9—64%; [vi]
formic acid, CHCL,, 2 h, reflux, 88%; [vii] 2-((2-(difluoromethoxy)benzyl)amino)-N-methylacetamide, HATU, Et;N, DMF, RT, 16 h, 77%; [viii]
LiOH, THF/H,0, 40 °C, 16 h, 98%; [ix] R'R*NH, HATU, Et;N, DMF, RT, 16 h, 18—80%.

was observed for compounds 13—16, indicating that there was
some room for larger substituents at that position. Next, the
pyrrolidine moiety was varied. Interestingly, the corresponding
dimethyl analog 17 showed a 20-fold drop in potency, while
the piperidine amide 18 retained significant potency, which
suggested steric repulsion. The more polar primary amide 19
was completely inactive, possibly caused by hydrophobic
repulsion. Apparently, this amide is involved in positioning key
interactions with the target kinase. Finally, some changes to the
core pyrrole were made. The pyrazole derivative 20 showed a
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large drop in potency. Methylation of the nitrogen gave
derivative 21, which was inactive. Interestingly, imidazole 22
resulted in a 2-fold increase in potency. This steep SAR
suggested that the core is of prime importance for inhibitory
activity, rather than just being a scaffold with orientation
function for the peripheral R-groups and would be consistent
with the assumption it was making hydrogen bond interactions
with the hinge of the kinase. As the imidazole showed
promising potency, additional assay data were collected. The
K, was determined to be 55 nM (KdELECT, DiscoverX). The

https://dx.doi.org/10.1021/acsmedchemlett.0c00547
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compound had a 30 uM solubility in PBS buffer and showed
good metabolic stability in microsome assays. A Caco-2 assay
showed low A to B permeability and an efflux ratio of 20. Most
striking was the selectivity profile of imidazole 22. Upon
screening at 10 M in a 468 kinase panel containing 453
human and 403 wildtype kinases (KINOMEscan, DiscoverX),
only 4 additional kinases were inhibited >65%: ABL1(H369P),
EIF2AK1, TNK2, and YANKI. No other kinases in the TKL
subfamily were inhibited. As we were expecting the selectivity
to change during the optimization of the compound, we did
not further investigate these off-targets. Assuming a type I
binding mode, it is hard to explain this selectivity as the
molecule is relatively small. At that point, 22 became our front-
runner compound.

As the imidazole core was readily accessible and easily
amenable to synthetic derivatization, a targeted library
approach was initiated to further explore the potential of
compound 22 (Scheme 1). For this purpose, the diester 23
was synthesized on multigram scale as an advanced
intermediate.’” The orthogonally protected esters conveniently
allowed for stepwise derivatization and synthesis of a plethora
of analogs. Two routes were devised toward the desired
products. Basic hydrolysis of the ethyl ester, followed by
pyrrolidine coupling and acid induced deprotection, afforded
key building block 24. The carboxylic acid was then converted
to amides 25 by coupling with an amine or via an Ugi
multicomponent reaction (Route A). Alternatively, the tBu
ester was deprotected and converted into the amide, followed
by hydrolysis of the ethyl ester to afford intermediate 26. This
was then converted into the amide to afford products 27
(Route B).

With the chemistry set up, a closer look was taken at the N-
benzyl group (R?) and the glycine (R®) moiety (Table 2) and a
small diversity set was made. Introduction of an a-methyl on
the benzyl (28) abolished the activity, possibly caused by

Table 2. In Vitro Potency Data for Compounds 28—41

\
NH

OO:S\Rs
Qg e
T

25
Compd R} R® TAKI IC4,”
28 a-methyl-2-(OCHF, )benzyl H >10
29 benzyl H >10
30 3-(OCHEF, )benzyl H >10
31 2-(OCHE,)-3-(OMe)benzyl H >10
32 2-(OHCF,)-4-(OMe)benzyl H >10
33 2-(OCHE,)-5-fluorobenzyl H >10
34 2-(OCHEF,)-S-chlorobenzyl H >10
35 2-(OCHF,)-6-fluorobenzyl H >10
36 2-(OCHE,)-6-chlorobenzyl H >10
37 2-(OCHEF,)benzyl Me 0.5
38 2-(OCHF,)benzyl Et 1.0
39 2-(OCHEF,)benzyl iPr >10
40 2-(OCHF,)benzyl R-Me 0.3
41 2-(OCHF,)benzyl S-Me 4.5

“Biochemical Lanthascreen assay with TAK1—TABI fusion protein in
the presence of 10 uM ATP, mean ICs, values in uM, n = 2.
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changing the orientation of the benzyl group. Removal of or
shifting the OCHF, group (29, 30) also rendered the
compound to be inactive, indicating that this group makes
an essential interaction. While keeping the 2-OCHF, on the
benzyl in place, additional substitution on the benzyl ring was
investigated. It turned out the phenyl ring was sensitive toward
further substitution. Introduction of a methoxy group on the 3-
(31) or 4-postion (32) as well as fluorination or chlorination
on the 5- (33, 34) or 6-position (35, 36) resulted in inactive
compounds, suggesting steric occlusion. Next, substitution on
the glycine carbon was investigated. Introduction of a methyl
was allowed and the compound retained potency (37), while
larger groups like an ethyl (38) or 2-propyl (39) resulted in
loss of potency. The enantiomers of 37 were synthesized
separately, and it was found that the R-enantiomer 40 was
considerably more active than the S-enantiomer 41, effectively
increasing the potency of compound 22 by a factor of 2. This
difference was hard to explain without structural information,
but suggested limited room at that position with the S-methyl
making an unfavorable interaction. As the pyrrolidine amide
was also found to be sensitive to changes in the first hit
expansion campaign, this moiety was further probed. First, the
ring size was investigated (Table 3). Change of the pyrrolidine

Table 3. In Vitro Potency Data for Compounds 42—52

\
NH
o)
(0]
o N{L N
R? Nr& ) \\Q
o H Q
-
27 F
Compd R'R*N TAK1 ICS0°
42 1-azetidinyl 2.6
43 1-piperidinyl 12
44 1-azepinyl 2.9
45 1-(2-methylpyrrolidinyl) 57
46 1—(3—methylpyrrolidiny1) 0.9
47 1-(3-fluoropyrrolidinyl) 1.2
48 1-(3-phenylpyrrolidinyl) 2.3
49 1-(3-(OMe)-pyrrolidinyl) >10
50 1-(3-(N-Ac)-pyrrolidinyl) >10
S1 1-isoindolinyl 0.3
S2 1-octahydro-1H-isoindolinyl 3.4

“Biochemical Lanthascreen assay with TAK1—TABI fusion protein in
the presence of 10 uM ATP, mean IC;, values in uM, n = 2.

for a smaller azetidine resulted in a 4-fold drop in potency
(42). Ring expansion to a 6- (43) or 7-membered ring (44)
resulted in a slight drop in potency, indicating limited room as
was also observed for the pyrrole analogs 17 and 18. As the
pyrrolidine 22 showed the best biochemical potency,
substitution on the five-membered ring was probed.
Introduction of a 2-methyl resulted in a large drop in potency
(45) indicating steric congestion, but substitution on the 3-
position of the pyrrolidine was tolerated. Lipophilic groups like
fluoro, methyl, or phenyl groups retained potency (46—48),
but more polar moieties like a methoxy (49) or an N-acetyl
(50) resulted in loss of potency, which is consistent with the
hydrophobic nature of the residues in the back part of the
pocket. Interestingly, an isoindoline (51) yielded a 2-fold
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increase in potency, but the corresponding fully reduced form
lost 10-fold in activity (52), again indicating steric congestion.

Having made only moderate gains in potency, further
guidance for compound optimization needed to be obtained
from structural information. At this point a crystal structure of
compound 22 bound to TAKI was acquired (Figure 3, top).

Figure 3. (Top) Detailed view of compound 22 bound to the ATP
binding site of TAKI. (Bottom) Overlay of several X-rays of TAK1
with type-I binding compounds (gray) (PDB ID codes: 2EVA, 4L53,
SJGD, and SVSN) and compound 22 structure (green).

The structure confirmed binding to the hinge in a type-I
fashion and showed the imidazole and the carbonyl to bind as
a donor—acceptor pair with the backbone functionalities of
Alal07. As envisioned, the pyrrolidine is pointing to the back,
and now the SAR observed for this moiety can be rationalized.
There is no room for substitution of the 2-position, and it is
clear why substitution at the 3-position is allowed, with more
lipophilic residues (46—48, S1) retaining potency as this part
of the pocket contains mainly aliphatic residues. The glycine
carbonyl makes an interaction at the edge of the pocket with
the amine hydrogen of Ser111. Finally, the orientation of the
benzyl group is observed to be perpendicular to the imidazole
core with the OCHF, moiety nicely filling up a small lipophilic
subpocket and the phenyl group making a lipophilic
interaction. This explains the steep SAR observed for
compounds 28—36 as removal of the OCHF, or substitution
of the phenyl would thwart these interactions. Additionally, the
difference observed between the R- and S-enantiomers 40 and

41 can be explained. The R-methyl would fit, whereas the S-
methyl would result in a steric clash with the protein. As the
most striking observation, an overlay of the structure with
some examples of crystal structures of other type-I TAKI
inhibitors showed this to be a unique binding mode for TAK1
(Figure 3, bottom). In the hinge region a peptide flip occurs
between Glul08 and Glyl09, thereby moving the backbone
trace of the hinge when compared to the structures of other
type-I inhibitors bound to TAKI. These conformational
differences of the TAKI protein induced by compound 22
potentiallz contribute to the observed selectivity in the kinase
panel.***" With the structure in hand, a rational design
campaign was enabled. For compounds 2 and 3, structures
were reported and both papers stated a jump in potency was
reached by targeting the Lys63-Aspl75 pair. An overlay of
these structures with the compound 22 structure (Figures 4

Figure 4. Overlay of the structures of compound 22 (orange and
green) with 2 (gray and cyan, PDB ID code: 4LS3). Key lysine
residue depicted.

and S-1) suggested we should be able to target this interaction
from the pyrrolidine. Docking indicated the isoindoline 51 to
be a suitable platform for this and compound 353 was
synthesized (Figure S).

Gratifyingly, a >100-fold jump in biochemical potency
compared to 22 was obtained. Additionally, selectivity was

TAK1 IC5¢?
NH, \
NH 53, R=H 0.005 uM

o o ,
:‘S\ 54,R=R-Me 0.002 uM
Q R
N N Compound 54:
Nw/a \ \\Q Sol: 5 uM (PBS buffer, pH 7.4)
N

S9 (H/M/R): t1;2 24/29/19 min.
o H O
>_ Caco2 (A>B/B>A):

F 0.1/6 (108 cms™)

Figure 5. Compounds 53 and 54. * Biochemical Lanthascreen assay
with TAK1-TABI1 fusion protein in the presence of 10 uM ATP,
mean ICy, values in yM, n = 2.
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maintained; in a screen at 1 #M in a 468 kinase panel, apart
from TAKI, only 6 additional kinases were inhibited >65%:
CSNK2A1, SCNK2A2, FLT3(D835 V), PECDPK1, PIK3CD,
and PIPSKIC. Interestingly, none of these kinases were
inhibited by compound 22 and selectivity in the TKL family
was retained. Finally, addition of the privileged R-methyl group
onto the glycine resulted in compound 54, with a 2 nM TAK1
biochemical ICy, value, which marks the detection limit of the
biochemical assay. A crystal structure was obtained for
compound 54 that confirmed the binding mode (Figure 6).

Figure 6. Detailed view of compound 54 bound to the ATP binding
site of TAKI.

The isoindoline carboxamide showed a dual interaction with
Lys63 as well as the Aspl175. Again, the hinge was moved as
was observed in the first structure. To assess the potency in a
cellular context, TNF-a stimulated HCT-15 cells were treated
with compound $4 to determine its effect on cell viability, but
no effect was observed using concentrations up to 10 uM,
whereas control compound 1 showed an ECj, value of 2 nM.
Some additional ADME parameters were collected for 54.
Compared to 22, the solubility of 54 had dropped 6-fold and
introduction of additional substituents resulted in a decrease in
metabolic stability as observed in the S9 microsome stability
assay. Finally, the permeability was checked using a Caco-2
assay and A to B permeability had dropped to 0.1 X 107
cms ™}, which could explain the results observed in the cell
based assay.

In conclusion, a DECL library hit against TAK1 was found
and partially optimized by a library approach. Next, the
binding mode was determined by X-ray and the potency was
improved using SBDD. The resulting compound 54 has good
biochemical potency and kinome selectivity, but the physchem
properties need further optimization, which will be reported in
due course.
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necrosis factor alpha; TLR, Toll-like receptor; LPS, lip-
opolysaccharide; IL-1, interleukin 1; TAB, TAKI-binding
protein; MAP, mitogen-activated protein; NFkB, nuclear
factor-kB; TRAIL, TNF-related apoptosis-inducing ligand;
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ATP, adenosine triphosphate; SAR, structure—activity relation-
ship; RT, room temperature; HATU, (1-[Bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate; Et;N, triethylamine
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