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A B S T R A C T

Apoptosis Signal-Regulating Kinase-1 (ASK1) is a known member of the Mitogen-Activated Protein Kinase Kinase
Kinase (MAP3K) family and upon stimulation will activate the p38- and JNK-pathways leading to cardiac
apoptosis, fibrosis, and hypertrophy. Using Structure-Based Drug Design (SBDD) in parallel with deconstruction
of a published compound, a novel series of ASK1 inhibitors was optimized, which incorporated a saturated
heterocycle proximal to the hinge-binding motif. This yielded a unique chemical series with excellent selectivity
across the broader kinome, and desirable drug-like properties. The lead compound (10) is highly soluble and
permeable, and exhibits a cellular EC50 = 24 nM and Kd < 1 nM. Of the 350 kinases tested, 10 has an
IC50 ≤ 500 nM for only eight of them. This paper will describe the design hypotheses behind this series, key data
points during the optimization phase, as well as a possible structural rationale for the kinome selectivity. Based
on crystallographic data, the presence of an aliphatic cycle adjacent to the hinge-binder in the active site of the
protein kinase showed up in<1% of the>5000 structures in the Protein Data Bank, potentially conferring the
selectivity seen in this series.

Kinases are amongst the most extensively studied protein families
based on the vast number of structures currently available in the
Protein Data Bank (PDB) and continue to be attractive targets in a
variety of diseases. In a 2016 analysis of FDA-approved small molecule
kinase inhibitors, Wu et al. determined that of the 28 approved drugs,
25% were considered “promiscuous” wherein they exhibited less than
20-fold selectivity over more than ten off-targets.1,2 Considering this
and the high structural similarity between the ATP-binding pockets of
different kinases, selectivity can be a challenge when optimizing kinase
inhibitors. For chronic, non-oncology indications, a need for highly
selective kinase inhibitors still exists.

The Mitogen-Activated Protein Kinase Kinase Kinase (MAP3K) fa-
mily mediates a wide array of cellular signaling events and in-
flammatory responses. Within this pathway, Apoptosis Signal-

Regulating Kinase-1 (ASK1 or MAP3K5) is activated by various extra-
cellular stimuli including cytokines, endoplasmic reticulum (ER) stres-
sors, and reactive oxygen species (ROS). In turn, ASK1 will phosphor-
ylate its downstream MAP Kinase Kinase (MKK) effectors, MKK3/6 and
MKK4/7, leading to activation of the p38- and JNK-pathways, respec-
tively (Fig. 1).3,4

Although ASK1 signaling has primarily been of interest in the field
of immunology, there is evidence supporting its role in several other
therapeutic areas.5 The function of ASK1 in the pathophysiology of
ischemia and heart failure has been demonstrated where its over-
expression can lead to cardiac apoptosis, fibrosis, and hypertrophy.6,7

More recently, the pathogeneses of certain cardiovascular diseases,
non-alcoholic fatty liver disease (NAFLD), and non-alcoholic steatohe-
patitis (NASH) have been linked through similar mechanisms
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delineating ASK1 as a suitable target for therapeutic intervention.8

There has also been a renewed interest in targeting ASK1 for cancer
indications, specifically targeting cancer cells with multidrug resistance
(MDR) from over-expression of efflux transporters.9

To help validate the cardioprotective role of inhibiting ASK1, our
initial goal was to generate a potent and selective small-molecule in-
hibitor to profile in key in vivo experiments. Several parallel efforts in
pursuit of novel, potent, and orally bioavailable ASK1 inhibitors to
interrogate therapeutic hypotheses around ASK1 biology have been
disclosed by Takeda, including the discovery of a series containing an
isoindolinone core (1, Fig. 2A). A co-crystal structure of 1 bound in the
ASK1 ATP-binding site confirmed the hydrogen bond to the hinge of the
kinase through the carbonyl of the isoindolinone and the valine residue
(Val757) backbone NeH. The planarity of the hinge-binding motif is
maintained by the adjacent pyridine, while also providing a flat tra-
jectory for the isopropyl-triazole to sit and hydrogen bond to the con-
served catalytic lysine (Lys709). The isopropyl group fills a small hy-
drophobic pocket.10 To-date, one of the most advanced clinical stage
ASK1-targeting compounds is Selonsertib (2, Fig. 2B), which in

February 2019 failed to meet its primary endpoint in a Phase III clinical
study in patients with NASH. However, 2 demonstrates efficacy against
cancer cells with overexpression of ATP-binding cassette (ABC) trans-
porters: ABC1 and ABCG2.9,11,12

Also efficacious in a mouse ischemia/reperfusion model, 2 led to a
dose-dependent reduction in infarct size (31% for 10 mg/kg
(P < 0.001) and 60% for 30 mg/kg (P < 0.001)) and preservation of
left ventricular systolic function.13,14 Although this compound lacked a
crystal structure and its profile was not suitable for our purposes, it
guided an integrated lead generation strategy around public/in-house
crystal structures and structure-based drug design (SBDD). Despite the
lack of structural data for 2, hypotheses regarding its potential binding
mode supported an integrated approach to novel lead discovery. De-
construction of 2 illustrated the different contributions of the scaffold
constituents to its overall potency and is shown in Fig. 2B. Pairing this
information with an overlay of the crystal structure of 1 and a model of
2 highlighted the varying importance on activity of two specific inter-
actions with ASK1: the glycine in the solvent-exposed region (Gly759)
and Lys709. When the cyclopropyl imidazole was removed, potency
decreased by 18-fold, 3. From modeling, it seemed possible that the
cyclopropyl imidazole was π-stacking over the NeH of Gly759 — an
interaction Takeda previously published in crystal structures from two
different ASK1 inhibitor series.15,16 Removal of the isopropyl-triazole
(4) resulted in a 2000-fold loss in potency to an IC50 of 6.0 µM, which
was accompanied by an expected decrease in the ligand efficiency
(LE = −ΔG/HAC ~ -RTln(IC50)/HAC; the free energy of binding di-
vided by heavy atom count) and the lipophilic ligand efficiency
(LLE = pIC50-cLogD, where cLogD is the calculated logarithm of the
octanol/water partition coefficient measured at pH of 7.4.17,18 Essen-
tially, removing the hydrogen bond to Lys709 removes most ASK1 ac-
tivity.

The severe drop in potency resulting from removal of the isopropyl
triazole of 4 focused optimization toward other regions of the molecule.
The co-planar, ring system served as an attractive starting point because
of the ability to manipulate and mimic this type of shape—or lack
thereof. Numerous strategies were used to imitate this conformation

Fig. 1. MAPKKK (MAP3K) signaling pathway. Inhibition of ASK1 could at-
tenuate cardiac inflammation.

Fig. 2. (A) A crystal structure of 1 bound in the ASK1 ATP site to a resolution of 2.95 Å (PDB: 5UP3). Enzymatic/cellular potency is shown with ligand efficiency (LE)
and lipophilic ligand efficiency (LLE). (B) Deconstruction around Gilead Sciences Phase III inhibitor, Selonsertib or 2. A model of 2 (in orange) was overlaid with the
crystal structure of 1 (magenta). The figures were generated using Pymol®.
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while modulating physical properties through ring modifications and
substitutions, specifically retaining the stabilized hinge-binding ben-
zamide while providing a vector towards Gly759.

An interesting compound that emerged from this exercise in-
corporated a non-aromatic ether group adjacent to the hinge amide (6,
Fig. 3A). This substitution showed only a moderate decrease in potency
relative to a comparator, 5. A co-crystal structure of this compound
bound to ASK1 was acquired and confirmed the anticipated binding
mode (Fig. 3A). An overlay of the crystal structure of 6 with the model
of 2 showed the inhibitors had a high degree of overlap, with the tet-
rahydropyran sitting in similar chemical space to the phenyl group,
with a clear vector to grow towards Gly759 (Fig. 3B).

Compound 6 showed improved selectivity compared to 1 when
tested in a kinase selectivity mini-panel (Table 1), which supported

further optimization of this scaffold.
Summarized in Fig. 4A, replacement of the tetrahydropyran with a

morpholine ring (7), although less potent than 6, had a higher LLE
value representing a more compelling starting point with a lower
cLogD. Modeling of 7 alongside 2 suggested extending from the mor-
pholine nitrogen could provide a vector to engage Gly759, thus pro-
viding an opportunity to increase potency while also modulating the
basicity of the amine in an area of the active site where polarity is not
typically tolerated. The addition of the phenyl group provided a modest
increase in enzymatic potency to 130 nM (8). By adding a nitrogen to
the ring, clogD was lowered while the potency increased by 4-fold (9),
resulting in an almost two log unit increase in LLE. The addition of a
cyclopropyl further increased potency and, by isolating the more active
enantiomer, a novel lead compound (10) was identified with a cellular
EC50 = 24 nM and a Kd < 1 nM. Based on the model of 10 bound in
the ASK1 active site (Fig. 4B), and its cellular activity, it was concluded
the pyridine was stacking over Gly759.

The physiochemical properties and a subset of ADME (absorption,
distribution, metabolism, and elimination) properties of 10 are sum-
marized in Fig. 4C. Overall, the physiochemical properties of this mo-
lecule are favorable, including three aryl rings and cLogD 2.1. Phar-
macokinetic (PK) studies were performed in rats where the inhibitor
was well absorbed; however, its high clearance led to low oral bioa-
vailability (%F, see Supplementary Data for full ADME and PK profiles).
Selectivity was investigated across an Invitrogen™ panel of 350 kinases
(representing>50% of the predicted human kinome). Compound 10
showed exquisite selectivity where only eight kinases were inhibited
with an IC50 ≤ 500 nM (< 20-fold selective). Full dose-response curves
at a top concentration of 30 µM were generated for those eight kinases,
and their IC50 data is shown boxed in Fig. 5. This data highlights that 10
is a highly selective inhibitor of ASK1.

To help explain the impressive kinome selectivity of 10, we ex-
amined the residues at positions lining the modeled morpholine loca-
tion. Of interest was the “GGSL” sequence containing the Gly759 re-
sidue that, when engaged, appears to enhance ASK1 activity. However,
this sequence was not found to be particularly rare within the human
kinome. Suggestive of a role for the sp3-rich morpholine towards target
selectivity, we mined all human protein kinase crystal structures re-
ported in the PDB using a 3D search of all bound kinase ligands with a
variety of aliphatic 6-membered rings in that region of the ATP pocket
(see Supplementary Material).

Our results (Table 2) indicated that aliphatic ring systems are par-
ticularly rare in this sub-region annexing the hinge, with the morpho-
line appearing in< 1% of the 5,490 kinase structures analyzed. By
contrast, flat, aromatic, 6-membered rings are significantly more pre-
valent— with phenyl, for example, occurring in this sub-region in
31.3% of all kinase structures. While this analysis is limited to the small
region of chemical and protein space covered by crystal co-complexes,
one could speculate that the ASK1 ATP pocket can accommodate both
aliphatic and aromatic groups at this location, with an aliphatic group
imparting increased selectivity for this target. The structural basis for
the selectivity seen in this series could be borne from the conforma-
tional dynamics of the ASK1 pocket, which may be able to form the
cavity required to accept both flat and globular rings.

In summary, a multi-prong lead generation strategy utilizing de-
construction and SBDD resulted in a novel chemical series with desir-
able drug-like properties and exquisite selectivity across the broader
kinome (Fig. 6). Mining the PDB for saturated, cyclic pharmacophores
highlighted how unique a morpholine is in that region of a kinase active
site, appearing in<1% of the 5,490 kinase structures analyzed. The
utility of this approach to parameterized searching of chemical space
for novel functional groups could be a useful strategy for kinase drug
discovery.

Fig. 3. (A) Crystal structure of 6 bound in the ASK1 ATP site to a resolution of
2.65 Å (PDB: 6XIH). (B) An overlay of the ASK1 crystal structure of 6 (in tur-
quoise) and a model of 2 (in orange). The figures were generated using Pymol®.

Table 1
Selectivity of 6 versus 1 against other MAP3K kinases in a binding assay at a
top concentration of 10 µM. Potencies are listed as pIC50 values.

Kinase 6 1

ASK1 6.6 7.9
PRKKA1 <4.7 6.7
p38 <4.7 < 4.7
EGFR <4.7 < 4.7
HER4 <4.7 < 4.7
MER <4.7 6.2
RET <4.7 7.2
ROCK1 <4.7 6.0
ITK <4.7 5.9
ERBB4 <4.7 < 4.7
EPHA3 <4.7 < 4.7
GSK3 6.2 7.4
CDK2 5.5 7.2
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Fig. 5. Selectivity profile of 10 against an Invitrogen™ panel of 350 kinases. The
box highlights the eight kinases the inhibitor exhibited<20-fold selectivity
over, with their potencies listed in the chart.

Table 2
Occurrence of various aliphatic versus aromatic rings in the “morpholine
pocket” of the human protein kinases in the PDB.

Aliphatic Ring System Count 0.7%

Tetrahydropyran 1
Morpholine 7 0.1%
Piperidine 1
Piperazine 3
Cyclohexane 25
Aromatic Ring System Count 34.6%
Phenyl 1,717 31.3%
Pyridine 66
Pyrimidine 116

Fig. 6. A kinome dendrogram selectivity plot of 10 highlights the 8/350 kinases
with IC50 ≤ 500 nM. The larger the circle that more active against that kinase.
Illustration reproduced courtesy of Cell Signaling Technology, Inc. (www.
cellsignal.com).
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Appendix A. Supplementary data

Included are protocols for (1) synthetic procedures for 10, including
NMR and LC/MS spectra, (2) pharmacokinetic (PK) evaluation, (3)
mining the region-of-interest in the ATP-binding site of kinases in the
PDB using MOE®.19 Supplementary data to this article can be found
online at https://doi.org/10.1016/j.bmcl.2020.127405.
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