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Abstract

Many diseases are believed to be driven by pathological levels of reactive oxygen species (ROS) and
oxidative stress has long been recognized as a driver for inflammatory disorders. Apoptosis signal-
regulating kinase 1 (ASK1) has been reported to be activated by intracellular ROS and its inhibition leads
to a down regulation of p38- and JNK-dependent signaling. Consequently, ASK1 inhibitors may have the
potential to treat clinically important inflammatory pathologies including renal, pulmonary and liver
diseases. Analysis of the ASK1 ATP-binding site suggested that GIn756, an amino acid that rarely occurs
at the GK+2 position, offered opportunities for achieving kinase selectivity for ASK1 which was applied
to the design of a parallel medicinal chemistry library that afforded inhibitors of ASK1 with nanomolar
potency and excellent kinome selectivity. A focused optimization strategy utilizing structure-based
design resulted in the identification of ASK1 inhibitors with low nanomolar potency in a cellular assay,
high selectivity when tested against kinase and broad pharmacology screening panels, and attractive
physicochemical properties. The compounds we describe are attractive tool compounds to inform the

therapeutic potential of ASK1 inhibition.

Introduction

The mitogen-activated protein kinase (MAPK) pathway is an important intracellular signaling system that
regulates diverse cellular functions, such as proliferation, differentiation, and apoptosis." Apoptosis
signal-regulating kinase 1 (ASK1), also known as mitogen-activated protein kinase kinase kinase 5
(MAP3KS5), is an ubiquitously expressed member of MAPK kinase kinases regulating Jun N-terminal
kinase (JNK) and p38 signaling.>* ASK1 is preferentially activated in response to various stimuli including
reactive oxygen species (ROS), lipopolysaccharide (LPS), tumor necrosis factor-a (TNF-a), mitochondrial
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dysfunction and endoplasmic reticulum (ER) stress.”” The redox regulation of ASK1 occurs via

thioredoxin (TRX) which is covalently bound to the N-terminal region of ASK1 through a disulfide bond.’



Under conditions such as oxidative stress, ROS induced liberation of TRX from ASK1 leads to ASK1
homodimerization'® and the phosphorylation of the critical threonine residue (Thr838) in the activation
loop of ASK1.M

A number of studies using ASK1-deficient mice suggest that ASK1 has important functions in oxidative
stress-related diseases. ASK1”~ mice display a protective phenotype in multiple disease models including

¥ 1 inflammatory™, and

asthma®, acute kidney injury®®, neurodegenerative disorders®, cardiovascular
metabolic disorders'’. Thus, it is thought that small molecule compounds inhibiting ASK1 could be used
for the treatment of these pathologies. Recent studies suggest that ASK1 inhibitors may be protective in
rodent models of ischemia-reperfusion injury,*® dilated cardiomyopathy,*® diabetic nephropathy,” and
hepatotoxic liver injury.”

Several ASK1 inhibitors have been disclosed in the public domain (Figure 1). Imidazopyridine 1 was
recently reported to inhibit ASK1 with an 1Cs, of 14 nM.*? Subsequently, additional ASK1 inhibitors have
been described in the patent literature with compounds 2** and 3** as representative examples from
their respective filings, while analog 4 was the sole compound reported in a patent application® and

was recently reported to be in clinical trials as GS-4997/selonsertib for diabetic kidney disease and

nonalcoholic steatohepatitis (NASH).?®
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Figure 1: Representative ASK1 inhibitors 1-4 from the literature.



Structural Analysis

We sought tool compounds with selective inhibition of ASK1 to help build our understanding of the
pharmacology of ASK1. An analysis of the ATP binding site of ASK1 was conducted to identify unique
structural features in order to enhance the kinome selectivity of new compounds. Targeting distinctive
kinase features such as binding pockets or side chains in the design of kinase inhibitors is a strategy to

increase kinome selectivity.

Figure 2: Protein crystal structure of literature compound 1 (PDB 3VW6)* reveals an unusual GIn756 at
the GK+2 position of the hinge which engages in an intra-protein hydrogen bond with the backbone
carbonyl of 1le706.

An analysis of the ATP-binding site revealed that most of the amino acids in each position of the ASK1
active site frequently occur in other kinases as well. For example, 182 of the 442 kinases examined,
including ASK1, share a methionine as the “gatekeeper” residue (Figure 2). In contrast, GIn756 (at the
GK+2 position using the nomenclature of Ghose et al*’) has a very low abundance in this particular
position of the ATP binding site of kinases. Only 3 kinases feature a GIn at the GK+2 position: ASK1
(MEKK5, MAP3K5), TAK1 (MAP3K7), and PIK3R4. Inspection of a crystal structure® of imidazopyridine 1
bound in the active site of ASK1 revealed that the side-chain of GIn756 engages the backbone carbonyl

4



of 11e706 in an intra-protein hydrogen bond. It was speculated that this interaction widens the channel
at the hinge, allowing the t-Bu phenyl moiety of compound 1 to move past the GIn756 side chain and
access space commonly inaccessible.

This distinguishing feature of the ASK1 pocket within the kinome was effectively demonstrated from the
overlay of crystal structures of ~4800 kinase inhibitors from the Pfizer database into the ATP active site
of ASK1 (Figure 3; For clarity Figure 3 was prepared by clustering the 4800 inhibitors to 1000 clusters
and the cluster centers were kept). It was noted that inhibitor 1 emerges from this ensemble of kinase
inhibitors to occupy this unusual selectivity channel adjacent to GIn756. This observation, in addition to
the fact that the GK+2 position is rarely populated by the polar amino acid glutamine led to the design
hypothesis that (1) accessing this unique channel, as observed for compound 1, with small molecules
while simultaneously (2) interacting with GIn756 at the GK+2 position would lead to potent and highly

selective ASK1 inhibitors.
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Figure 3: Protein crystal structure of literature compound 1 (PDB 3VW6)* overlayed with approximately
1000 kinase inhibitor co-crystal structures from the Pfizer database. (A) illustrates the traditional view of
the kinase site with the p-loop labeled. (B) is rotated 180° to illustrate that imidazopyridine 1 occupies
rather unique space across the kinome (red circle).

Analysis of ASK1 crystal structures as well as an investigation of how compound 4 might bind were
undertaken to understand opportunities for engaging GIn756. To this end a docking model derived from
PDB 3VW6* was used to predict the binding mode of amide 4 in the ASK1 active site as shown in Figure
4. Instead of interacting with the hinge through the hydrogen bond donor and acceptor motif of the
amino-pyridine moiety, amide 4 was predicted to act as a single-point hinge binder with its amide
carbonyl engaging the NH of Val757. In light of a recent analysis on kinome selectivity, a single-point
hinge binding motif may be preferable to a two-point hinge binder to increase the probability of

achieving kinome selectivity.”®



In addition to the hinge contact, the docking model suggested a productive interaction of the triazole
with Lys709 and a non-classical hydrogen-bond interaction between the imidazole Cs-H and the carbonyl
of GIn756 (3.3 A). Having identified amide 4 as an inhibitor which features key criteria for its target
engagement such as being a single-point hinge binder and displaying an interaction with GIn756, efforts
were directed toward expanding the chemical space around this compound. Specifically we sought to
maintain the single point hinge binding characteristics while exploring which other moieties might

engage GIn756.
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Figure 4: Docking pose of compound 4 in ASK1. Amide 4 is predicted by the docking model to interact
with the amide carbonyl of Val757 of the hinge through its amide carbonyl, the conserved Lys709
through the triazole N3, as well as a non-classical hydrogen bond between the carbonyl of GIn756 and

the imidazole Cs-H.

Library design

A virtual amide library was enumerated by acylating the iPr-triazole-substituted 2-amino-pyridine
moiety with available carboxylic acids (Figure 6). The goal of this library was to identify ASK1 inhibitors

which would engage either rotamer of the carboxamide side-chain of GIn756, thus targeting either the
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NH, or the C=0 group with a range of functional groups. In addition, substituents were sought that

provided a vector to access the selectivity channel occupied by the tert-butyl phenyl moiety in amide 1.

AN o ]
{H-bond donor or acceptor’)J\N \N _N,
to engage GIn756 H N\//N
Virtual Library

Figure 5: Library design to identify ASK1 inhibitors targeting GIn756.

To this end, a virtual library of more than 14,000 amide analogs was enumerated and docked into the
ATP-binding site of ASK1 using a docking model derived from 1 (pdb code 3VW6) wherein each of the
two GIn756 rotamers were sampled. This effort led to the prioritization of 29 chemically diverse analogs

for synthesis which were expected to deliver highly potent and selective ASK1 inhibitors.

Synthesis of Potential Inhibitors

The compounds in Tables 1-3 were prepared by amide bond coupling of the appropriately substituted
benzoic acid fragments with 6-(4-isopropyl-4H-1,2,4-triazol-3-yl)pyridin-2-amine (5). Preparation of the
substituted benzoic acid fragments not commercially available is outlined in Schemes 1 and 2. 2-
Methoxy-5-(methylcarbamoyl)benzoic acid (9) was prepared by the amide coupling of 3-bromo-4-
methoxybenzoic acid (6) with methylamine to afford 7. Palladium catalyzed carbonylation of 7 under 50
psi CO in methanol / DMF (1:1) provided ester 8. The ester hydrolysis was accomplished using lithium
hydroxide in agueous methanol to give compound 9 (Scheme 1). 2-Methoxy-4-methyl-5-
sulfamoylbenzoic acid (12) was prepared by treatment of 10 with thionyl chloride and chlorosulfonic
acid to afford 11. The sulfonyl chloride was dissolved in ammonium hydroxide and acidified to give 12

(Scheme 2). 16 was prepared by treating 11 with acetic acid at 90°C followed by reduction with tin



metal in hydrochloric acid at 45°C to give the thiol 13. The thiol was alkylated with iodomethane in
acetone with potassium carbonate as base to afford the thioether 14. The thioether was oxidized with
potassium permanganate in a biphasic reaction to give 15 followed by ester hydrolysis to provide 16

(Scheme 2).

Scheme 1. Synthesis of Intermediate 9°
O O o] (0] (0] O
HO Br i SN Br ii N o iii ~N OH
— ™ H ~ H H
7 7 i 9
6 7 8 9

®Reagents and conditions: (i) EDCI, HOBt, diisopropylethylamine, methylamine hydrochloride, DCM, rt,

18 h, 100%. (ii) trimethylamine, palladium acetate, 1,3-bis(diphenylphosphino)propane, DMF, MeOH, CO

50psi, 80°C, 16 h, 91%. (iii) lithium hydroxide, MeOH, water, rt, 1 h, 78%.

Scheme 2. Synthesis of Intermediates 12 and 16°
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®Reagents and conditions: (i) CISOsH, DCM, thionyl chloride, -5 to -20°C, 5 h, 61%. (ii) NH,OH, 0°C, 5 min.,

43%. (iii) AcOH, 90°C, 10 min, Sn, HCl, 45°C-60°C, 2 h, 99%. (iv) Mel, K,COs, acetone, 50°C, 16 h, 26%. (v)



benzoic acid, benzyltriethylammonium chloride, DCM, KMnO,, water, 20°C, 3 h, 75%. (vi) LiOH

monohydrate, THF, water, EtOH, 20°C, 5 h, HCI, 100%.

Compounds 18-21 were synthesized by conversion of the appropriate acid to the acid chloride using
oxalyl chloride and subsequent addition of 5 in pyridine (Scheme 3). Compounds 25-27 were
synthesized in a library format by coupling the commercially available acids with 6-(4-isopropyl-4H-
1,2,4-triazol-3-yl)pyridin-2-amine using propylphosphonic anhydride (T3P) with triethylamine at 100°C

(Scheme 4).

Scheme 3. Synthesis of Compounds 18-21°

(0] o = |
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1
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R2 \(
| L I
17, R' = SO,NH,, R?= H HN™ N N/\,}N 18, R' = SO,NH,, R2= H
9, R'= CONHMe, R?=H 5 \< 19, R' = CONHMe, R2=H
12, R' = SO,NH,, RZ= Me 20, R = SO,NH,, R2= Me
16, R = SO,Me, R?= Me 21, R'=S0,Me, RZ= Me

®Reagents and conditions: (i) MeCN, oxalyl chloride, DMF, rt, 1 h. (ii) 6-(4-isopropyl-4H-1,2,4-triazol-3-yl)pyridin-2-

amine (5), pyridine, rt, 18 h, 6-99%.

Scheme 4. Synthesis of Compounds 25-27°
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22, R = EtSO,NH 25, R = EtSO,NH
23, R =CONH, 26, R = CONH,
24, R = 3-(1H-imidazol-2-yl) 27, R = 3(1H-imidazol-2-yl)

®Reagents and conditions: (i) T3P (50% in EtOAc), triethylamine, 5, 100°C, 16 h.
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Compound 31 was synthesized by reacting 5-amino-2-methoxybenzoate (28) with ethanesulfonyl
chloride in the presence of pyridine in DCM to give sulfonamide 29. Hydrolysis of 29 by aqueous sodium
hydroxide afforded the acid 30 which was converted to the acid chloride by heating in thionyl chloride.
Residual thionyl chloride was removed under reduced pressure and the crude acid chloride reacted with
5 in acetonitrile at room temperature. The resulting precipitate was recrystallized from methanol to
provide compound 31 (Scheme 5). Compound 36 was synthesized by the palladium catalyzed
carbonylation of 3-bromo-4-methoxybenzonitrile (32) in methanol under 60 psi CO to give ester 33.
Hydrolysis with lithium hydroxide and amide coupling with 5 using Mukaiyama’s reagent® afforded the
nitrile 35 which was treated with hydrogen peroxide and potassium carbonate to provide 36 (Scheme 6).
Compound 38 was synthesized by converting the commercially available acid 2-methoxy-5-
(methylsulfonyl)benzoic acid (37) to the acid chloride with thionyl chloride and reacting with 5 in

pyridine at room temperature (Scheme 7).

Scheme 5. Synthesis of Compound 31°

H
H,N o i /\//S;N o
I o 0 |
o 0

®Reagents and conditions: (i) pyridine, ethanesulfonyl chloride, rt, 2 h, 96%. (ii) NaOH, THF, water, rt, 4 h,

78%. (iii) thionyl chloride, 50°C, 1 h. (iv) 5, rt, 16 h, MeOH, 33%.
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Scheme 6, Synthesis of Compound 36°
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®Reagents and conditions: (i) triethylamine, Pd(dppf)Cl,, MeOH, CO (60 psi), 100°C, 4 h, 22%. (ii) lithium
hydroxide monohydrate, THF, water, rt, 4 h, 81%. (iii) 5, diisopropylethylamine, Mukaiyama’s reagent,

THF, 70°C, 4 h, 97%. (iv) DMSO, K,COs, H,0,, rt, 30 min., 10%.

Scheme 7, Synthesis of Compound 38°

Q. .0 0 .
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37 | 38 \(

®Reagents and conditions: (i) thionyl chloride, 1 h, 55°C. (ii) 5, pyridine, rt, 2 h, NaOH, 60°C, 6N HCl, rt, 1

h, 35%.

Compound 45 was synthesized by bromination of methyl-2-hydroxy-4-methyl benzoate (39) followed by
phenol alkylation with methyl iodide to give 41. Palladium catalyzed cyanation with zinc cyanide was
used to obtain 42. Ester hydrolysis using sodium hydroxide followed by amide coupling and treatment of

the nitrile with hydrogen peroxide and potassium carbonate afforded the primary amide 45 (Scheme 8).

Scheme 8, Synthesis of compound 45°
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®Reagents and conditions: (i) Br,, CHCls, 0°C, 3 h, 95%. (ii) MeCN, Mel, K,COs3, 40°C, 16 h,17%. (iii)
Zn(CN),, Xantphos, Pd,(dba)s;, N,N,N’,N’-tetramethylenediamine, DMF, 160°C, 200 s, 92%. (iv) MeOH,
water, NaOH, rt, 30 h, HCI, 95%. (v) MeCN, DMF, oxalyl chloride, 1 h, rt, 5, pyridine, rt, 2 h, 85%. (vi)

H,0,, K,CO3, DMSO, rt, 30 min., 5%.

In-Vitro Assays

Inhibitor efficacy was evaluated using a homogeneous time-resolved fluorescence (HTRF) assay that
measures the phosphorylation of a peptide substrate by recombinant human full-length ASK1. In order
to best reflect the physiological intracellular environment, a 1 mM concentration of ATP in the assay was
employed. As some compounds were potent and approached the limits of the assay as defined by the
concentration of enzyme (3 nM), the K was calculated by fitting the enzyme inhibition versus
compound concentration data using the Morrison equation (equation 9.6 in Copeland®) or the
competitive inhibition equation (equation 8.1 in Copeland™) for less potent inhibitors (see Experimental
Section). This approach allows a more accurate determination of affinity for the most highly potent
inhibitors approaching the functional limitations of the assay.’’ For SAR interpretation purposes, the
K" values were converted to 1Csy values using the Cheng-Prusoff equation (equation 3 in Cheng and
Prusoff>’) employing an experimentally determined ATP K., of 48 uM.**

To evaluate intracellular inhibitor potency, a new cell assay was developed. Human full-length ASK1 was

over-expressed in HEK293 cells containing a stress-activated luciferase reporter downstream of the
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transcription factor Activator Protein-1 (AP-1). AP-1 acts downstream of the stress-activated protein
kinase/Jun N-terminal kinase (SAPK/JNK), hence the expectation was that activation of overexpressed
ASK1 would lead to a robust reporter cell line for ASK1 kinase activity via MMK4 or MKK7.” It was
discovered that upon expression, full-length ASK1 was constitutively active in the HEK293/AP-1,, cells,
and did not require exogenous stimulation for activation, as evidenced by the autophosphorylation of
ASK1 at Thr838 (Figure 5, lanes 1 and 2). This basal autophosphorylation was minimally detected in cells
overexpressing kinase-inactive ASK1 K709R (Figure 5, lane 3). ASK1 autophosphorylation was blocked by
ASK1 selective inhibitors such as 38 dosed at 10 UM (Figure 5, lane 4). Despite the constitutive activation
of ASK1 in the overexpressing cells, AP-1-induced luciferase expression was not detected in cells. This
was supported by the failure to detect phosphorylated JNK (data not shown). Instead, in this cell system,
constitutively activated ASK1 resulted in elevated phosphorylation of p38, the other ASK1-dependent
substrate via MKK3 and MKK6.

Thus, phosphorylation of p38 was used to measure the intracellular potency of ASK1 inhibitors. In this
assay, HEK293/AP-1,,. cells expressing human full-length ASK1 were incubated with compound for 18

hours and then lysed and the level of phospho-p38 was quantified using the HTRF assay.*
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Figure 6: Characterization of a cell line overexpressing human full-length ASK1.
Lane 1: HEK293/AP-1,,. parental cell line; Lane 2: HEK293/AP-1,,. cells overexpressing full-length ASK1;
Lane 3: HEK293/AP-1,,. cells overexpressing catalytically inactive ASK1 K709R; Lane 4: HEK293/AP-1,,

cells overexpressing full-length ASK1 treated with 38 (10 uM).

Results and Discussion

Gratifyingly, several of the 29 prepared library analogs incorporating a variety of chemically diverse

substituents were found to display ICsq values in the recombinant ASK1 enzyme assay below 1 pIM. Table
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1 highlights four key analogs from this initial library with the enzymatic potency, as well as lipophilicity

(SFlogD) and lipophilic efficiency (LipE) values shown.?* **

Analogs 18 and 25-26 were attractive in that
they provided functional groups with synthetically straightforward design opportunities to explore
further potency enhancements and adjustment of physicochemical properties. Among the four analogs
shown in Table 1, sulfonamide 18 stood out with respect to its enzymatic potency and LipE. This analog
is about 30 times more potent than the reversed ethyl sulfonamide 25 which is reflected also in the LipE
value of 18 being 2 units higher than that of 25. Primary sulfonamide 18 was the only analog in the
library of 29 compounds which carries a methoxy group in the ortho-position to the amide. It was
hypothesized that this substituent led to a significant enhancement in potency as a result of rigidifying
the biaryl amide through an intra-molecular hydrogen-bond that lowered the rotational flexibility of the
molecule thus bringing the ground state conformation close to the bioactive conformation.

To ascertain whether the o-OMe substituent would consistently lead to a reproducible increase in
potency, the methoxy analogs corresponding to reverse sulfonamide 25 and primary amide 26 were
prepared and tested for their ability to inhibit ASK1 (Table 2). Indeed, the putative intramolecular

hydrogen bond established in analogs 31 and 36 resulted in a >200 fold and >500 fold enzyme potency

improvement compared to 25 and 26, respectively.
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Table 1: Representative analogs of the initial library.

N—/
Compound R ASK1 IC50 (nM)?@ SFlogDP LipE
O\\S,/O
18 HoN™ 1.5+0.87 13 7.8
OMe
H
Q\ _N
25 oS 7327 17 5.7
O
(0]

26 HZNJ\©)\ 580 + 130 12 5.4
N
27 N/K©)\ 170 + 38 2.4 47
H

@Biochemical assay with recombinant human full-length ASK1 in the presence of 1

mM ATP. All results are the mean of at least two independent determinations.
b Shake flask logD

It was recognized that the additional hydrogen bond donor substituents on analogs such as 18, 31 and
36 may have a detrimental effect on permeability. Methyl sulfone 38 was designed to minimize the H-
bond donor count while still displaying a functional group that could potentially engage GIn756 as
predicted in our docking model. Despite a 3-15 fold reduction in potency in the ASK1 enzyme assay
compared to the sulfonamides 18 and 31 as well as amide 36, the sulfone moiety of inhibitor 38
(ICso =5 nM), remained an attractive functional group to be considered for the design of ASK1 inhibitors

as the permeability as measured by RRCK cells (low efflux MDCK cells)*® was increased.
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Overall, the methoxy containing inhibitors are in a desirable lipophilicity range with SFlogD below

three® %’

(Table 2) as measured in the shake flask logD (SFlogD) assay*® and have excellent LipE values.
These compounds are also characterized by low to moderate molecular weight and acceptable RRCK
permeability.** As a result of their desirable physicochemical and ADME profile, these analogs were
advanced to the cell-based assay described above.

When evaluated in the cellular assay, analogs 18, 31, 36 and 38 are characterized by a significant shift in
potency compared to the biochemical enzymatic I1C5, values (Table 2). As indicated above, the kinase
assay was carried out in the presence of 1 mM ATP to approximate intracellular ATP concentrations. As
a result, a modest enzyme-to-cell shift was expected, especially since the analogs appear to have

sufficient cell-permeability as predicted by the measured RRCK values. We postulate that this

unexpected shift is due the artificial nature of the engineered cells over expressing ASK1.

Table 2: Second generation ASK1 inhibitors.
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O = |
R S
N N /N‘N
H
N—7
OMe \(

Compound R ASK11C50 (nM)?  cell IC50 (nM)°  SFlogD® LipE MW RRCKY
0.0
18 DS 1.5+0.87 736+ 272 1.3 7.8 416 2.0
HN"Y
H
31 /\S/N\;f 032+0.12 41£42 2.2 7.6 445 5.6
N
o o
0
36 1.0+0.46 94+45 1.5 7.8 380 3.5
HoN
o, 0
38 /SY‘ 5.0+2.9 140 + 38 1.3 7.3 415 7.9
0
19 24+13 272 1.8 7.1 394 9.8
MeHN

@ Biochemical assay with recombinant human full-length ASK1 in the presence of 1 mM ATP. All results are the mean of at least
two independent determinations.

bHuman full-length ASK1 over-expressed in HEK293/AP-1luc cells measuring inhibition of p38 phosphorylation. All results are the
mean of at least two independent determinations except for compound 19.

‘Shake flask log D

4(106 cm*s1)

To identify compounds with improved enzymatic and cellular potency using structure-based design,
several X-ray co-crystal structures of these inhibitors bound in the active site of ASK1 were obtained. To
this end, efforts were focused on sulfonamides, amides and sulfones represented by examples 18, 36
and 38. The reverse sulfonamide chemotype 31 was deprioritized in order to avoid the potential of
forming a reactive p-quinone intermediate under conditions of oxidative metabolism.

Crystal structures were obtained of sulfonamide 18 and amide 19 as a derivative of amide 36 (Figure 7A
and B). The precise rotameric orientation of amide 36 was of significant interest to understand the
compound’s interaction with the protein. As it would be difficult to assign the rotomer of 36, the N-
methyl amide 19 was prepared and utilized for the X-ray crystal structure experiment along with

sulfonamide 18.
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Figure 7 shows the X-ray co-crystal structures for sulfonamide 18 and N-Me amide 19 bound to the ATP-
binding site of ASK1. The crystal structures confirmed that the analogs in this series are in fact single-
point hinge binders as predicted by our docking model. The amide carbonyl of the inhibitors engages the
backbone NH of Val757. As intended, the chemotypes interact with either rotamer of the carboxamide
of GIn756 depending on whether a hydrogen bond donor (Figure 7A) or acceptor (Figure 7B) is proximal
to the carboxamide side-chain residue. In addition to the GIn756 interaction, the inhibitors also engage
Gly759, either through its backbone NH in case of the sulfonamide 18 or through its backbone carbonyl

in case of the substituted amide 19.

Gly759 7 &

Figure 5: X-ray co-crystal structures of analogs 18 (A) and 19 (B).

Having confirmed that these ASK1 inhibitors act as single point hinge binders demonstrating the
predictive capabilities of the docking model, X-ray protein crystal structure information was used to
guide efforts to design more potent inhibitors. As previously described, sulfonamides such as 18 as well
as amides such as 19 interact with Gly759. It was hypothesized that the strength of this hydrogen bond
could be enhanced by shielding it with a lipophilic substituent on the 4-position of the methoxy-

substituted benzamide ring.*® To test this hypothesis the corresponding 4-methyl analogs of 18, 36 and
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38 were prepared (Table 3). Improvements in enzyme and cell potencies were observed when
comparing sulfonamides 18 with 20 as well as amides 36 with 45. The potency increased as a result of
the addition of the methyl group in the case of the amides 45 and 36 was essentially lipophilic neutral as
evidenced by the LipE values of 8.0 vs 7.8. In contrast, sulfonamide 20 benefitted significantly more from
the additional methyl substituent beyond the increase in logD: its LipE value improved by a full unit
when compared to sulfonamide 18. This level of potency improvement clearly indicates that the 4-Me
group in the context of the sulfonamide substituent has a beneficial impact beyond increasing the
lipophilicity. However one must be careful in attributing the cause of the improved activity. Torsion
scans of the sulfonamides 18 and 20 and amides 36 and 45 were undertaken using quantum mechanics
(QM) as well as molecular mechanics (MM) to assess the effect of the methyl group on the energy of the
bound conformation (see Supplementary Materials, Figures SI-2 and SI-3 for corresponding dihedral
plots). The torsion scans suggest that the addition of the methyl group ortho to the sulfonamide to
afford 20 may have little effect (QM) to a 0.8 kcal stabilization (MM) of the conformational energy. In
the case of the amide, ortho methylation is predicted to destabilize the bound conformation by 0.8 kcal
(QM) to 0.21 kcal (MM). Thus in the case of the sulfonamides the beneficial effect of the methyl group
may not have been compromised by torsion strain, whereas in the case of the amide 45 the
conformational effect may have negated any benefit of shielding the H-bond. Sulfone 38 did not benefit
from the addition of the methyl group, as sulfone 21 is essentially equipotent to 38 in the enzyme

inhibition assay and only shows a twofold improvement in cell potency.
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Table 3: Effect of 4-methyl substitution on ASK1 potency.

0 = |
R S
5 N N /N‘N
¢ M N—7/
R' 74 OMe \(

enzyme-to-cell

Compound R R ASK11C50 (nM)®  cell IC50 (nM)° SFlogD®  LipE MW RRCKY

ratio
18 H 1.5+0.87 740 + 270 490 13 78 416 2.0
o\\s,/o
20 HoN Me 0.10£0.12 84 +36 840 16 88 430 2.3
36 0 H 1.0+0.46 9445 94 15 738 380 35
45 HZNJK/ Me 0.42 +0.13 28422 70 16 80 394 35
38 H 50+2.9 140 + 38 28 13 73 415 7.9
O\\ ,/O
- \ff
21 Me 40+2.7 73+42 18 17 70 429 7.2

2@ Biochemical assay with recombinant human full-length ASK1 in the presence of 1 mM ATP. All results are the mean of at least
two independent determinations.

bHuman full-length ASK1 over-expressed in HEK293/AP-1luc cells measuring inhibition of p38 phosphorylation. All results are the
mean of at least two independent determinations.

‘Shake flask log D

4(10® cm*s1)

While the additional methyl group in analogs 20 and 45 had a beneficial impact on the enzyme potency
of up to 15 fold and cell potency of up to 9 fold it did not have a significant impact on the ratio of
enzymatic to cellular 1Cs,. The sulfonamides, which are characterized by the lowest permeability as
measured by their RRCK values, display the largest shift between the two assays. Conversely, the
sulfones, which have the highest permeability, also have the lowest enzyme to cell ratio. In an absolute
sense, amide 45 shows the best cell potency among this cohort of ASK1 inhibitors, presumably a
composite effect of its enzyme potency and its cell permeability.

At the outset of targeting the two GIn756 side-chain rotamers, it was unclear which rotational isomer
would lead to more potent ASK1 inhibitors. While such a preference might have been anticipated, the

22



ACCEPTED MANUSCRIPT

cohort of ASK1 inhibitors in Table 3 did not provide any guidance regarding which of the GIn756 amide
side chain rotamers is preferred. The results suggest that engaging either the carbonyl or the NH, group
of the GIn756 side chain can lead to ASK1 inhibitors with sub nM biochemical potency as exemplified by
sulfonamide 20 and amide 45.

It was highlighted that the ASK1 inhibitors described herein were designed to productively engage
GIn756. The successful outcome of this effort was confirmed by X-ray crystallography. As a consequence
of the rather low occurrence of Gln in this position of the ATP-binding site across the kinome, it was
speculated that a productive interaction with this amino acid would lead to selective ASK1 inhibitors.
Figure 8 depicts the selectivity profile of the analogs described in Table 3 in a standard selectivity panel
of 40 kinases.*® Broadly, this set of potent ASK1 inhibitors displays a very high degree of selectivity when
assayed at 1 UM in the presence of 1 mM ATP to mimic physiologically relevant conditions. The less
potent analogs 18, 36 and 38 display a very clean overall kinome profile in this panel with a low to

moderate signal for CHEK2 which increases for the more potent analogs 20-21 and 25.

N N N <t M < <+ N T NN < N N M N
N I R R D R R AR AT IINIVE R R R
XroXsWUleNOILXYXZz<Ly IYLXae30JWecazes000pE0r
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0

Figure 6: Kinome selectivity profiles for selected analogs using a standard Pfizer kinome selectivity

panel. Compounds were tested at 1 UM concentration in the presence of 1 mM ATP. The cells are
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colored on a sliding scale wherein zero percent inhibition is green, 50% inhibition is yellow and 100%

inhibition is red.

In order to study the pharmacokinetic (PK) profile of this chemotype, compounds 18 and 38 were
selected for a rat PK study. Methylsulfone 38 in particular is characterized by the lowest lipophilicity
and highest permeability among the ASK1 inhibitors in Table 3 while having low in vitro clearance as
measured in rat hepatocytes*' (Table 4). Compound 18 has comparable lipophilicity and in vitro
clearance but poorer permeability. However, following a 1 mg/kg IV dose, both compounds 18 and 38
were found to have moderate in vivo clearance in rat (Table 4, see Supplementary Materials for protocol
details). When dosed orally as a solution to minimize kinetic dissolution effects, both compounds 18 and
38 were shown to have low bioavailability (F = 1% and 8% respectively). It may be that though the
compounds were dosed as solutions, the low thermodynamic solubility** of each compound hindered

absorption, but the precise source of the poor bioavailability could not be determined.

Table 4: Key in vitro and in vivo ADME parameters for 18 and 38.

Compound 18 38
SFlogD (pH 7.4) 1.2 1.3
thermodynamic solubility
1.2 5
pH 7.4 (UM)
RRCK (10 cmes-1) 2.04 7.9
rat hepatocyte Cl
(mLemin™e10° cells) <6 <6
rat IV Cl (mLemin™ekg™) 35 41
rat F (mg/kg) <1% (5) 8% (1)

Conclusions
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A careful analysis of the ATP-binding site of ASK1 was carried out which identified the relatively unique
GIn756 position and thus provided an intriguing design hypothesis for the identification of selective
ASK1 inhibitors. An investigation of how compound 4 binds to ASK1 led to the hypothesis that it is a
single point hinge binder via the carbonyl oxygen. This binding hypothesis was later validated by protein
crystallography. This hypothesis informed the design of a virtual library of ~14K amides which was
enumerated in silico and triaged based on the analogs’ ability to engage either one of the two rotamers
of the GIn756 amide side chain. Several of the 29 amides targeted for synthesis were found to have ICs
values below 1 UM when tested in the full-length ASK1 biochemical kinase assay in the presence of 1
mM ATP as exemplified by amide 18 with an ICso of 2 nM and LipE of 7.8. Subsequent SAR work led to
the discovery of a series of sulfonamides, amides and sulfones with sub-nanomolar potencies when
assayed against the ASK1 enzyme. In addition to displaying attractive enzymatic activity, several analogs
were found to be highly potent in a cell-based assay measuring inhibition of phosphorylation of p38, a
key kinase downstream of ASK1 involved in the regulation of inflammation and oncology pathways.
Though potent in the cell-based assay, there was a large right shift between enzyme and cellular
potency potentially due to the limited cell permeability as predicted by the low RRCK and over
expression of ASK1 in HEK293 cells. In addition to excellent potency, these inhibitors deliver a high
degree of kinome selectivity when assessed in a panel of 40 kinases. While lead compounds from this
program displayed encouraging in vitro ADME properties oral bioavailability in rat was poor. Further
efforts will have to be undertaken to address the series’ low bioavailability (as exemplified by
compounds 18 and 38). However, the ASK1 inhibitors reported here constitute attractive tool
compounds with the potential to support the elucidation of the pharmacological consequences of ASK1

inhibition.
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Experimental section

Synthesisinformation

General Methods

Unless specified, all solvent were purchased agdiohs sealed bottles and used as received. Sthtetdmiques
for handling air-sensitive compounds were employed indicated operations. Removal of solvents was
accomplished on a rotary evaporator at reducedspresThe purity of compounds of the final compaub821,

25-27, 31, 36, 38 and 45 was determined by either HPLC or UPLC analysis @etérmined to be >95% pure.

Low-Resolution Mass Spectrometry analyses were woted on Waters Acquity UPLC (Acquity Binary Solven
Manager, 2777C-Autosampler, Acquity PDA, AcquitySEand Acquity Column Manager) and Waters Acquity SQ
systems from Waters Corporation, Milford, MA. Sigmaquisition conditions included: Waters Acquitys8l T3,
2.1mmx50mm, C18, 1.7um; Column Temperature 60 °Ghascolumn; 0.1% formic acid in water (v/v) as the
mobile phase A; 0.1% formic acid in acetonitrilévjvas the mobile phase B; 1.25mL/min as the flowd &SCI

(ESI+/-, APCI+/-), 100-2000m/z scan, 0.4sec scaretiCentroid as the MS method.

High-Resolution Mass Spectrometry analyses werelwcted on an Agilent 6220 TOF mass spectrometeiléity
Technologies, Wilmington, DE) in positive or negatelectrospray mode. The system was calibratgdetater than
1ppm accuracy across the mass range prior to asabscording to manufacturer’s specifications. $amples
were separated using UHPLC on an Agilent 1200 @gilTechnologies, Wilmington, DE) system prior tass
spectrometric analysis. The resulting spectra veetematically lockmass corrected and the targetsnmass and
any confirming adducts (Na+, NH) were extracted and combined as a chromatogrdma.rass accuracy was
calculated for all observed isotopes against tleoritical mass ions derived from the chemical féamusing

MassHunter software (Agilent Technologies, Wilmingt DE).

All NMR spectra were collected on either a Bruke®4\vance Il with a 5 mm BBFO probe (400 MHz fét; 101
MHz for *3C) or a Bruker 500 Avance Il HD with a 5 mm BBOtidigen cryoprobe (500 MHz fdH; 126 MHz for
13C). The proton signal for non-deuterated solvérit.27 for CHCJ, 5 2.50 for DMSO 3.31 for MeOH) was used

as an internal reference fif NMR spectra. Fol°C NMR spectra, chemical shifts are reported refativ thed
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77.00 resonance of CD@Ir 6 39.51 resonance of DMSQ:Deuterated solvents (CDLICD;OD and DMSO-¢)

were purchased from Cambridge Isotope Laboratémesand used as received.
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Procedures

2-methoxy-N-{6-[ 4-(propan-2-yl)-4H-1,2,4-triazol -3-yl] pyridin-2-yl}-5-sulfamoyl benzamide (18). To a mixture of 2-
methoxy-5-sulfamoylbenzoic acidq, 500.0 mg, 2.16 mmol) in acetonitrile (10.0 mL)snamdded DMF (90 mg, 1
mmol, 0.1 mL) followed by oxalyl chloride (297 m&,27 mmol, 0.204 mL). The mixture was stirred abant
temperature under nitrogen for 1 h. In a sepatask fa mixture of 6-[4-(propan-2-yl)-4H-1,2,4-tr@d#3-yl|pyridin-
2-aminé® (440 mg, 2.16 mmol) and pyridine (3.0 mL, c=0.2\W}s stirred at ambient temperature. After 1 h the
slurry of the amine in pyridine was added to thid abloride reaction resulting in a clear yellovigimn. The
mixture was stirred under nitrogen at ambient tenafpee for 4.5 h, at which point it became a slufiitye solids
were filtered, washed with acetonitrile and driedler vacuum to give a crude amorphous materianlopen
flask, the solids (~400 mg) were refluxed in etHgd60 mL) andwater (20 mL) until the volume reached ~ 100
mL. Further ethanol (300 mL) was added and theatjpm was repeated until a volume of ~ 50 mL. Tieture
was then allowed to slowly cool down to ambientpenature overnight, and the resulting crystalliokds were
filtered and dried under vacuum to provide the tithmpound (384 mg, 43%H NMR (400 MHz, DMSO-g): &
10.69 (s, 1H), 8.89 (s, 1H), 8.29 (d, J=8.2 Hz,,18426 (d, J=2.3 Hz, 1H), 8.05 (t, J=8.0 Hz, 1HD18 7.96 (m,
1H), 7.90 (d, J=7.4 Hz, 1H), 7.43 (d, J=8.6 Hz, TH}8 (s, 2H), 5.56 (td, J=6.6, 13.3 Hz, 1H), 4823H), 1.50 (d,
J=6.6 Hz, 6H)*C NMR (500 Mhz, DMSO-g):  163.77, 159.56, 151.20, 146.72, 143.81, 140.4D,113 131.00,

128.70, 123.60, 119.75, 114.61, 113.39, 57.33428.67 MS m/z 417 [M+H]

3-(ethylsulfonami do)-N-(6-(4-isopropyl-4H-1,2,4-triazol-3-yl ) pyridin-2-yl )benzamide (25). To a solution of 3-
(ethylsulfonamido)benzoic aci@Z, 60 umol) and 6-[4-(propan-2-yl)-4H-1,2,4-triazol-3-yijpdin-2-amine 5, 50
pmol) in EtOAC (1 mL) was added;FF (50% in EtOAc, 1 mL) and triethylamine (20@iol). The vial was placed
under a positive atmosphere of nitrogen, cappedshallen at 100 °C for 16 h. The reaction was cdnated under
reduced pressure and purified by HPLC ( Phenom@&meswini C18 250x21.2mmi8n; Acetonitrile-NHOH (pH

10); gradient from 0% to 40% in 8 minutes, flower&8 mL/min). MS m/z 415 [M+H]

N-{6-[ 4-(propan-2-yl)-4H-1,2,4-triazol-3-yl] pyridin-2-yl }benzene-1,3-dicarboxamide (26) Compound 26 was

prepared following the procedure for compound 2B@i8-(aminocarbonyl) benzoic acidd) and was purified by
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HPLC (Phenomenex Gemini C18 250x21.2mmig Acetonitrile-NHOH (pH 10); gradient from 19% to 59% in 8

minutes, flow rate 35 mL/min).MS m/z 351 [M+H]

3-(1H-imidazol-2-y1)-N-{ 6-[ 4-(propan-2-yl)-4H-1,2 4-triazol-3-yl] pyridin-2-yl}benzamide (27). Compound 27 was
prepared following the procedure for compo@tdusing 3-(H-imidazol-2-yl) benzoic acid24) and was purified
by HPLC (Phenomenex Gemini C18 250x21.2mp8 Acetonitrile-NH,OH (pH 10); gradient from 3% to 43% in

8 minutes, flow rate 35 mL/min). MS m/z 374 [M+H]

methyl 5-(ethyl sulfonami do)-2-methoxybenzoate (29). To a solution of ethyl 5-amino-2-methoxybenzoate (28, 1.2 g,
6.147 mmol) in DCM (20 mL) was added pyridine (1g46.8.4 mmol) and ethanesulfonyl chloride (948 88
mmol). The mixture was stirred at 20 °C for 2 heThixture was diluted with DCM (200 mL), washedat 1N
HCI solution (50 mL) and then saturated agqueous®@&H{100 mL), dried over N&O, and concentrated under
reduced pressure. The title compound (1.7 g, 96&6) abtained as a brown diH NMR (400 MHz, CDCJ): 5 7.65
(d, J=3.0 Hz, 1H), 7.46 (dd, J=2.8, 8.8 Hz, 1HY56(d, J=9.0 Hz, 1H), 6.94 (br. s, 1H), 4.36 (cf.0=Hz, 2H), 3.88

(s, 3H), 3.08 (g, J=7.5 Hz, 2H), 1.37 (t, J=7.0 Bi). MS m/z 296 [M+Nd]

5-(ethylsulfonamido)-2-methoxybenzoic acid (30). To a solution of ethyl 5-[(ethylsulfonyl)amin@}-
methoxybenzoate?@, 1.7 g, 5.92 mmol) in THRAater (1:1, 16 mL) was added NaOH (710 mg, 17.7 mmdie T
mixture was stirred at 20 °C for 4 h. THF was reatbunder reduced pressure. The mixture was adjusteHd=3
by addition of a 1N HCI solution. A precipitate floed and was filtered off to afford the title compdy1.2 g, 78%)
as an off-white solidH NMR (400MHz, DMSO-g): 8 9.60 (s, 1H), 7.49 (d, J=3.0 Hz, 1H), 7.34 (d8.0=8.5 Hz,

1H), 7.10 (d, J=8.5 Hz, 1H), 3.78 (s, 3H), 3.00g7.0 Hz, 2H), 1.18 (t, J=7.0 Hz, 3H). MS m/z 28B-Na]".

5-(ethyl sulfonamido)-N-(6-(4-i sopropyl-4H-1,2,4-triazol -3-yl) pyridin-2-yl)-2-methoxybenzamide (31). To a
suspension of 5-[(ethylsulfonyl)amino]-2-methoxybeit acid 80 1.2 g, 4.63 mmol) in acetonitrile (10 mL) was
added SOGI(578 mg, 4.86 mmol). The mixture was stirred aGGor 1 hour. The solvent and excess SQ&re
removed under reduced pressure to give the cridechlride as an off-white solid, which was uséectly for
the next step. To a solution of this crude matdfiét9 g, 4.645 mmol) in acetonitrile (10 mL) wakiad a solution
of 6-[4-(propan-2-yl)-4H-1,2,4-triazol-3-yl|pyridi®-amine §, 944 mg, 4.64 mmol) in acetonitrile (8 mL). The
mixture was stirred at 20 °C for 1 hour. A precgtformed and was filtered then recrystallizednffde OH (80

mL). The solid was dried under high vacuum at 56tCL6 hours to afford the title compound (684 138%) as an
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off-white solid.*H NMR (400 MHz, DMSO-g): 5 10.71 (s, 1H), 9.79 (s, 1H), 9.58 (s, 1H), 8.37J&B.0 Hz, 1H),
8.10 (t, J=7.8 Hz, 1H), 7.92 (d, J=7.5 Hz, 1H)57(d, J=2.5 Hz, 1H), 7.45 (dd, J=2.8, 8.8 Hz, TH}7 (d, J=9.0
Hz, 1H), 5.62 (spt, J=6.3 Hz, 1H), 3.95 (s, 3HP53(q, J=7.0 Hz, 2H), 1.55 (d, J=6.5 Hz, 6H), (2D=7.3 Hz,
3H). *C NMR (500 Mhz, DMSO-g): 154.31, 151.42, 150.15, 147.5, 143.81, 140.82,08, 126.29, 123.36,

123.21, 120.01, 114.15, 57.06, 45.35, 23.47, M5 m/z 445 [M+H].

methyl 5-cyano-2-methoxybenzoate (33). A solution of 3-bromo-4-methoxybenzonitril2, 1 g, 4.72 mmol),
triethylamine (954 mg, 9.43 mmol) and Pd(dpp$)@50 mg, 0.205 mmol) in MeOH (20 mL) was stirred @0 °C
under CO atmosphere (60 psi) for 4 hours. The imaatixture was then cooled down, concentrated uretbuced
pressure and the resulting crude material wasipdrify column chromatography on silica gel (PE/E¢S200/0-
80/20) The title compound (200 mg, 22%) was obtiiag a white solid"H NMR (400 MHz, CDC}): & 8.11 (d,

J=2.0 Hz, 1H), 7.76 (dd, J=2.0, 8.5 Hz, 1H), 70639.0 Hz, 1H), 3.98 (s, 3H), 3.92 (s, 3H). MS 192 [M+H]".

5-cyano-2-methoxybenzoic acid (34). To a solution of methyl 5-cyano-2-methoxybenzda@g 200 mg, 1.05 mmol)
in THF/ water (4 mL, 1:1) was added LiOH,O (110 mg, 2.62 mmol). The mixture was stirred @t°2 for 4
hours. THF was then removed and the mixture wassselj to pH=2 with a 2N HCI solution. A precipitdtemed
and was filtered, then dried to afford the titlengound (150 mg, 81%) as an off-white sofid. NMR (400 MHz,
DMSO-d): 813.14 (br. s., 1H), 8.01 (d, J=2.0 Hz, 1H), 7.9, @=2.0, 8.5 Hz, 1H), 7.31 (d, J=8.5 Hz, 1H), 380

3H). MS m/z 178 [M+H].

5-cyano-N-(6-(4-isopropyl-4H-1,2,4-triazol -3-yl) pyridin-2-yl)-2-methoxybenzamide (35). To a solution of 5-cyano-
2-methoxybenzoic acid3¢, 130 mg, 0.734 mmol), 6-[4-(propan-2-yl)-4H-1,2rzol-3-yl]pyridin-2-amine (149
mg, 0.734 mmol) and diisopropylethylamine (379 r@g®4 mmol) in THF (5 mL) was added Mukaiyama’s
reagerft’ (281 mg, 1.10 mmol). The mixture was stirred aPCdor 4 hours. The mixture was cooled down taoo
temperature and diluted with DCM (100 mL). The migdayer was washed with brine (100 miyater (100 mL),
dried over NgSO, and concentrated under reduced pressure to gevditth product (260 mg), which was used

directly for the next step without further puriftzn. MS m/z 363 [M+H].

N1-(6-(4-isopropyl-4H-1,2,4-triazol-3-yl)pyridin-2-yl)-6-methoxyisophthalamide (36): To a solution of 5-
cyano-2-methoxy-N-{6-[4-(propan-2-yl)-4H-1,2,4-tzial-3-yl]pyridin-2-yl}benzamide 5, 260 mg, crude) in
DMSO (4 mL) was added &Os (496 mg, 3.59 mmol) and.B, (171 mg, 5.02 mmol) at 0 °C. The mixture was
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stirred at 20 °C for 30 minutes. The mixture wastdd with DCM (100 mL), washed with brine (100 mivgter
(100 mL), dried over N&O, and concentrated under reduced pressure. The pradact was purified by
preparative HPLC (DuraShell 150*25mmi#; gradient from 18% to 38% MeCN water (0.225% FA) in 11
minutes, flow rate: 25 mL/min.) to afford the titempound (28 mg, 10% for 2 steps) as an off-wénle. *H

NMR (400 MHz, DMSO-¢): 8 10.67 (s, 1H), 8.89 (s, 1H), 8.36 (d, J=2.0 Hz), 1831 (d, J=8.5 Hz, 1H), 8.09 (dd,
J=2.3, 8.8 Hz, 1H), 8.06 - 8.01 (m, 2H), 7.89 &i7.5 Hz, 1H), 7.34 (br. s., 1H), 7.32 (d, J=8.5 HH), 5.57 (sept,
J=6.4 Hz, 1H), 4.00 (s, 3H), 1.49 (d, J=7.0 Hz, 880 NMR (500 Mhz, DMSO-g): 167.74, 164.48, 159.46,
151.38, 150.20, 146.69, 143.79, 140.32, 132.85,583027.25, 123.18, 119.57, 114.49, 112.60, 548%1,

23.67. MS m/z 381 [M+H]

2-methoxy-5-(methyl sulfonyl)-N-{ 6-[ 4-(propan-2-yl)-4H-1,2,4-triazol -3-yl] pyridin-2-yl }benzamide (38). 2-
Methoxy-5-(methylsulfonyl)benzoic aci@q, 691mg, 3 mmol) was suspended in SQCbmL). The mixture was
heated at 55 °C for 1 hour. The mixture was thexhecbto room temperature and concentrated undemvacdo
afford the acid chloride intermediate (720 mg, 10@&%a white solid which was used in next step auitdurther
purification. This crude material and 6-[4-(prop24y})-4H-1,2,4-triazol-3-yl|pyridin-2-aminex 488 mg, 2.4
mmol) were dissolved in pyridine (10 mL). The mipdwvas stirred at room temperature for 2 hours.mheure
was then concentrated under reduced pressureesitie was heated in a 1N NaOH solution (10 miB0eiC for
10 minutes. The heterogeneous mixture was filtaretithe cake was washed with a 1N NaOH solutiohQ@tL).
The filtrate was acidified by a 6N HCI solution liptH=5. The resulting solid was filtered and washéth water
(2*10mL). Then the solid was heated in iso-propdt60 mL) at 80 °C for 1 hour. The mixture wagdited while
hot and the filtrate was heated in iso-propanollftiour until the solution became clear. The mixtwas then
cooled to room temperature overnight. The predipithat formed was filtered, washed with cold isoganol (5
mL), and dried under vacuum to afford the title gamnd (436 mg, 35%) as a white sofid. NMR (400 MHz,
DMSO-d): 8 10.73 (s, 1H), 8.88 (s, 1H), 8.28 (d, J=8.0 Hz),1825 (d, J=2.5 Hz, 1H), 8.09 (dd, J=2.5, 9.0 Hz,
1H), 8.05 (t, J=8.0 Hz, 1H), 7.90 (d, J=7.5 Hz, 1F%9 (d, J=8.5 Hz, 1H), 5.58 (sept, J=6.7 Hz,, 403 (s, 3H),
3.24 (s, 3H), 1.48 (d, J=6.5 Hz, 6&C NMR (500 Mhz, DMSO-g): 163.75, 160.88, 151.02, 150.17, 146.72,

143.78, 140.35, 133.39, 132.33, 129.81, 124.62,761914.63, 113.75, 57.43, 48.58, 44.28, 23.67
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. MS m/z 416 [M+H]. HRMS for GgH»,N50,S [M+H]*: calc. 416.1387, exp. 416.1384.

3-bromo-4-methoxy-N-methylbenzamide (7): To a solution of 3-bromo-4-methoxybenzoic adsi 1000 mg, 4.33
mmol) in dry DCM (30 mL) was added MeMHCI (584 mg, 8.66 mmol) and diisopropylamine (2249, 17.3
mmol), followed by EDCI (1330 mg, 6.93 mmol) and BiO(994 mg, 7.36 mmol). The pale yellow slurry was
stirred for 18 hours at room temperature. The gnluvas then concentrated under reduced pressdrthamesidue

was taken up in EtOAc (50 mL). The organic phass washed wittwater (3*20 mL), dried over N&5O,, filtered,

and concentrated to dryness to afford the title maund (1.29g, >100%) as a white solid. The lattes wsed
directly in the following step without further pfidgation. *"H NMR (400 MHz, CDCJ): 57.94 (d, J=2.0 Hz, 1H),
7.71 (dd, J=2.0, 8.5 Hz, 1H), 6.90 (d, J=8.5 Hz),16#47 (br. s., 1H), 3.93 (s, 3H), 2.99 (d, J=84 3H). MS m/z

246 [M+HT".

methyl 2-methoxy-5-(methyl carbamoyl)benzoate (8). To a solution of 3-bromo-4-methoxy-N-methylbenzaen(d,
600 mg, 2.46 mmol), triethylamine (0.497 g, 4.92fmd’d(OAc)y (55.2 mg, 0.246 mmol) and 1,3-
bis(diphenylphosphino)propane (101 mg, 0.246 mrmIDPMF (15 mL) was added MeOH (15 mL). The mixture
was stirred at 80 °C under CO atmosphere (50 psi)6 hours. LCMS showed the starting material e@sumed
completely and the desired compound was formed.réhetion mixture was filtered through celite ahd filtrate
was diluted with EtOAc (50 mL). The organic phassswashed with brine (3*20 mL), dried over,8@y, filtered,
and concentrated under reduced pressure. The eegids purified by flash column chromatography dicasigel
(EtOAc in petroleum ether, form 50%-100%) to afftine title compound (500 mg, 91%) as a white sOHINMR
(400 MHz, CDC}): 68.20 (d, J=2.5 Hz, 1H), 8.01 (dd, J=2.3, 8.8 Hz),TH03 (d, J=9.0 Hz, 1H), 6.26 (br. s., 1H),

3.96 (s, 3H), 3.91 (s, 3H), 3.02 (d, J=5.0 Hz, IS m/z 224 [M+H].

2-methoxy-5-(methyl car bamoyl)benzoic acid (9). To a solution of methyl 2-methoxy-5-(methylcarbamlbgnzoate
(8, 500 mg, 2.24 mmol) in a mixed solvent of methg6l mL) andwater (10 mL) was added LiOH (107 mg, 4.48
mmol). The pale yellow slurry was stirred at ro@mperature for 1 hour. The reaction mixture was thadified
with AN HCI until pH=5. Solvents were removed undeduced pressure and the title compound was auteiy
lyophilization (365 mg, 78%) as a white solith NMR (400 MHz, DO): 7.89 (m, 1H), 7.51 (m, 1H), 7.17 (m,

1H), 3.93 (s, 3H), 2.88 (s, 3H). MS m/z 210 [M+H]+.

4-methoxy-N~1~-methyl-N~3~-{ 6-[ 4-(propan-2-yl)-4H-1,2,4-triazol -3-yl] pyridin-2-yl} benzene-1,3-dicarboxamide
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(19). To a stirred solution of 2-methoxy-5-(methylcarbaijlmenzoic acid 9, 90.0 mg, 0.40 mmol) in G&N

(3mL) was added DMF (17.7 mg, 0.242 mmol) and dxettyoride (53.7 mg, 0423 mmol). The mixture wasstl

at room temperature for 1 hour. To the resultingtsmn was added 6-[4-(propan-2-yl)-4H-1,2,4-trik3e
yl]pyridin-2-amine B. 87.4 mg, 0.430 mmol) in portions. After about Bintes some precipitate formed. The
reaction mixture was stirred at room temperaturel®hours. The precipitate was collected by fiitra, washed
with MeCN (2*2 mL), dried under vacuum to afforcettitle compound (10.6 mg, 6%) as a white solid.NIMR

(400 MHz, DMSO-d6)3 10.70 (s, 1H), 9.18 (s, 1H), 8.53 (br. d, J=4.0 H1), 8.37 - 8.30 (m, 2H), 8.10 - 8.04 (m,
2H), 7.90 (d, J=7.5 Hz, 1H), 7.33 (d, J=9.0 Hz, 15{p1 (spt, J=6.3 Hz, 1H), 3.99 (s, 3H), 2.78JH.5 Hz, 3H),
1.51 (d, J=6.5 Hz, 6H}°C NMR (500 Mhz, DMSO-g): 165.82, 164.38, 159.32, 151.65, 150.20, 146148,79,

140.34, 132.46, 130.04, 127.47, 123.05, 119.58,4B1412.72, 57.04, 48.62, 26.74, 23.67. MS m/z[8BEH]+.

5-(chlorosulfonyl)-2-methoxy-4-methylbenzoic acid (11). To a 100-mL 3-necked flask was added GIS@.41 g,
72.17 mmol) and DCM (3 mL) followed by SOQR.58 g, 21.69 mmol). The flask was fitted witlbasic scrub
using Drechel bottle containing a 1M NaOH solutibhe mixture was cooled to -5 °C using a dry icetage bath.
2-Methoxy-4-methylbenzoic acidl@, 3.0 g, 18 mmol) was added in portions. The reactemperature was
maintained below 5 °C over this time. The cold batis removed and the reaction mixture allowed towi 20
°C for 5 hours. The reaction was cautiously quedéht a beaker containing 20 g of ice which wescel in an
ice-bath, over a period of 10 minutes. The tempeeadf the mixture in the beaker should not exce@@. The ice

bath was removed and the mixture was stirred fmirtutes before filtering off the resulting whitelidowhich was

washed withwater and dried in vacuo to afford the title compoun2l9(g, 61%) as a white solitH NMR (400

MHz, DMSO-d): 5 13.81 (br. s., 1H), 8.07 (s, 1H), 6.90 (s, 1H303(s, 3H), 2.55 (s, 3H). MS m/z 265 [M+H]

2-methoxy-4-methyl-5-sulfamoylbenzoic acid (12): 5-(Chlorosulfonyl)-2-methoxy-4-methylbenzoic acid.( 25 mg,
0.094 mmol ) was dissolved in portions in 25% ak3X2 ml) at 0°C. After 5 minutes, LCMS showed the reaction
was complete. The solvent was evaporated and #hdueedissolved imvater (3 mL). Conc. HCI was added until
pH 2 and the white precipitate that formed wa®ffdt, washed witlvater (3 x 2 mL) and dried to afford the title
compound (10 mg, 43%) as a white sotid.NMR (400 MHz, DMSO-g): 5 12.83 (brs, 1H), 8.18 (s, 1H), 7.36 (s,

2H), 7.14 (s, 1H), 3.88 (s, 3H), 2.62 (s, 3H). M& 246 [M+H] .
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2-Methoxy-5-(methyl sulfamoyl)-N-{ 6-[ 4-(propan-2-yl)-4H-1,2,4-triazol-3-yl] pyridin-2-yl}benzamide (20). To a
solution of 5-(chlorosulfonyl)-2-methoxy-4-methyhmoic acid {2, 40 mg, 0.16 mmol) in acetonitrile (3 mL) was
added DMF (11.9 mg, 0.163 mmol) and oxalyl chlorfi& mg, 0.40 mmol). The reaction mixture was stirat 20
°C for 1 h. Then 6-[4-(propan-2-yl)-4H-1,2 4-triazdlyl]pyridin-2-amine 6, 32.5 mg, 0.160 mmol) and pyridine
(31.6 mg, 0.400 mol) were added ai® The reaction mixture was stirred at 0for 4 h. Ethyl acetate (30 mL)
was added into the reaction mixture and the orgayier was washed with saturated aqueous NatEoition (10
mL). Some solids crashed out of the solution andewmllected. The organic solvent was dried ovesSg
filtered and evaporated under reduced pressurerddigue and the solid were triturated and rinséd #&tOAc to
afford the title compound (30 mg, 43%) as a whittds'H NMR (400 MHz, DMSO-g): 5 10.56 (br. s., 1H), 8.90
(s, 1H), 8.39 (s, 1H), 8.30 (d, J=8.0 Hz, 1H), 804=7.8 Hz, 1H), 7.88 (d, J=7.5 Hz, 1H), 7.44 &, 2H), 7.30 (s,

1H), 5.58 - 5.44 (m, 1H), 4.04 (s, 3H), 2.67 (s)3H52 (d, J=6.5 Hz, 6H). MS m/z 431 [M+H]

methyl 5-bromo-2-hydroxy-4-methyl benzoate (40): Bromine (0.47 ml, 9.03 mmol) was added dropwisa smlution
of methyl 2-hydroxy-4-methylbenzoatdd 500 mg, 3.01 mmol) in chloroform (20 mL) at 0 “The solution was
stirred for 3 h at 0 °C. Then the reaction was ghed with saturated sodium sulphite (5 mL), exgdatith
dichloromethane (2*10 mL). The combined organietaywere washed with brine (10 mL), dried over Mg&6d
the solvent was removed under reduced pressuriotal ghe title compound (700 mg, 95%) as a wisinéd. *H

NMR (400 MHz, CDCJ): 5 10.59 (s, 1H), 7.97 (s, 1H), 6.89 (s, 1H), 3.98), 2.39 (s, 3H).

methyl 5-bromo-2-methoxy-4-methylbenzoate (41): To a mixture of methyl 5-bromo-2-hydroxy-4-melibgnzoate
(40, 2.9 g, 11.83 mmol) and,K0Os (3.27 g, 23.7 mmol) in anhydrous acetonitrile (@b) was added Mel (2.52 g,
17.8 mmol). The mixture was stirred at 40 °C fdr and then at room temperature overnight (16 hg mixture
was then evaporated to dryness and the residuetakas up in EtOAc (50 mL) and water (30 mL), thée t
aqueous phase was separated. The organic layewast®ed with brine (2*20 mL), dried over }0D,, filtered,
concentrated to dryness to give the crude matehiah was purified by flash column chromatographysdica gel
(EtOAc in petroleum ether, 0%-20%) afforded thketitompound (526 mg, 17%) as a crystalline whitédsdH

NMR (400 MHz, CDCJ): 5 7.97 (s, 1H), 6.85 (s, 1H), 3.89 (s, 3H), 3.883), 2.43 (s, 3H). MS m/z 259 [M+H]

methyl 5-cyano-2-methoxy-4-methylbenzoate (42): A mixture of methyl 5-bromo-2-methoxy-4-methyltzate 41,

100 mg, 0.39 mmol), Zn(CN)31.7 mg, 0.27 mmol), xantphos (2.23 mg, 0.003%ihPd(dba} (21.2 mg, 0.0232
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mmol) and N,N,N',N'-tetramethylenediamine (8.97 1@@,772 mmol) in anhydrous DMF (1 mL) was placeé it
mL tube. Nitrogen was bubbled through the mixtuned min, then the tube was immediately sealedreaded to
160 °C (under microwave irradiations) for 200 setomhe mixture was then cooled down to room teatpez and
diluted with EtOAc (30 mL). The organic phase wassted with brine (3*10 mL), dried over }0,, filtered, and
concentrated under reduced pressure. The crudeuwvdied by flash column chromatography on silie ¢EtOAC
in petroleum ether, 0%-50%) to afford the title gmund (73 mg, 92%) as a white soliH NMR (400 MHz,

CDCly): 5 8.09 (s, 1H), 6.89 (s, 1H), 3.97 (s, 3H), 3.90), 2.59 (s, 3H). MS m/z 206 [M+H]

5-cyano-2-methoxy-4-methylbenzoic acid (43). To a mixture of MeOH (10 mL) andiater (10 ml) was added

methyl 5-cyano-2-methoxy-4-methylbenzoa#, (700 mg, 3.41 mmol) followed by NaOH (1.36 g, 3#ninol).
The mixture was stirred at room temperature foh3Uhe solution was then adjusted to pH=2 by adlditof a 1N
HCI solution, and the mixture was extracted witE&t (60 mL). Then the organic layer was washed Wwithe (20
mL), dried over NgSQ,, and concentrated under reduced pressure to dfiertitte compound (619 mg, 95%) as a
white solid.’'H NMR (400 MHz, CDCY)): & 8.37 (s, 1H), 6.98 (s, 1H), 4.11 (s, 3H), 2.623d). MS m/z 192

[M+H]".

5-cyano-N-(6-(4-isopropyl-4H-1,2,4-triazol -3-yl) pyridin-2-yl)-2-methoxy-4-methylbenzamide (44). To a solution of
5-cyano-2-methoxy-4-methylbenzoic aciB(200 mg, 1.05 mmol) in acetonitrile (4mL) was adi@MF (45.9 mg,
0.63 mmol) and oxalyl chloride (139 mg, 1.10 mm®he mixture was stirred at room temperature for at which
time it turned into an orange solution. Then 6{depan-2-yl)-4H-1,2,4-triazol-3-yl|pyridin-2-aming, 212 mg,
1.04 mmol) was added in portions. The reaction an&xtwas stirred at room temperature for 30 minated the
resulting heterogeneous mixture was filtered. Tiherfcake was washed with petroleum ether (3*3 naod dried
under reduced pressure to afford the title compd888 mg, 85%) as a white solitH NMR (400 MHz, DMSO-
dg): 8 10.71 (s, 1H), 9.84 (s, 1H), 8.34 (d, J=8.0 Hz),18:20 - 8.08 (m, 2H), 8.00 - 7.96 (m, 1H), 7.881H), 5.31

-5.18 (m, 1H), 3.99 (s, 3H), 2.55 (s, 3H), 1.54%€6.5 Hz, 6H). MS m/z 377 [M+F]

N1-(6-(4-isopropyl-4H-1,2,4-triazol-3-yl)pyridin-gh-6-methoxy-4-methylisophthalamidés). To a solution of 5-
cyano-2-methoxy-4-methyl-N-{6-[4-(propan-2-yl)-4H214-triazol-3-yl]pyridin-2-yl}benzamidedd, 160 mg, 0.42
mmol) in DMSO (20 mL) were added,&O; (294 mg, 2.13 mmol) and.B, (30% w/w solution in water, 2.13

mmol) at room temperature. The pale yellow reactioxture was stirred at this temperature for 30utes. Then
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the reaction mixture was diluted witvater (10 mL). The mixture was extracted with EtOAc (8"2L). The
combined organic layers were dried overdla, filtered, concentrated to dryness to give thalerwhich was
purified by preparative HPLC (DuraShell 150*25mmib; gradient from 19% to 39% MeCN in water (0.225%
FA) in 11 minutes; flow rate: 30 mL/min) to affotige title compound (7.7 mg, 5%) as a white sditiNMR (400
MHz, DMSO-d): 5 10.56 (s, 1H), 8.90 (s, 1H), 8.32 (d, J=8.0 Hz), 807 - 7.99 (m, 2H), 7.87 (d, J=7.5 Hz, 1H),
7.80 (br. s., 1H), 7.34 (br. s., 1H), 7.16 (s, 1549 (td, J=6.7, 13.2 Hz, 1H), 4.02 (s, 3H), A4BH), 1.52 (d,
J=6.5 Hz, 6H)**C NMR (500 Mhz, DMSO-g): 170.36, 163.67, 157.84, 151.35, 150.26, 146188,79,143.35,
140.40, 130.86, 129.99, 119.62, 119.06, 114.14.401%67.08, 49.71, 23.66, 20.76. MS m/z 395 [M*HIRMS

for CooHoaNsO; [M+H]*: calc. 395.1826, exp. 395.1824.

5-mer capto-2-methoxy-4-methylbenzoic acid (13). A solution of 5-(chlorosulfonyl)-2-methoxy-4-ntgtibenzoic
acid (L1, 1.0 g, 3.8 mmol) in AcOH (3 mL) was stirred aneghted at 90 °C for 10 minutes. Then the reactios wa
cooled to 45 °C. Sn (1.57 g, 13.2 mmol) and HOIN) were then successively added. The reactionuréxivas
heated to 60 °C for 2 hours. The mixture was altbteecool to room temperature and was poured irdtem(20
mL). The precipitate was filtered off, washed wititer and dried under vacuo to afford the title poond (740
mg, 99%) as an off-green solid and was used astigei next step without further purificaticii NMR (400 MHz,

DMSO-d): 8 12.52 (br. s, 1H), 7.68 (s, 1H), 7.01 (s, 1H)73J, 3H), 2.29 (s, 3H). MS m/z 199 [M+H]

methyl 2-methoxy-4-methyl-5-(methylthio)benzoate (14). A white mixture of 2-methoxy-4-methyl-5-sulfaibgnzoic
acid @3, 100 mg, 0.504 mmol), Mel (215 mg, 1.51 mmol) &€O; (209 mg, 1.51 mmol) in acetone (5 mL) was
stirred at 50 °C for 16 hours. The white mixtureswitered and the filtrate was concentrated uneetuced
pressure. The residue was purified by flash chrography over silica gel (MeOH/DCM from 0/100 to 9)90
afford the title compound (30 mg, 26%) as a whitkds*H NMR (400 MHz, CDC)): 8 7.72 (s, 1H), 6.82 (s, 1H),

3.89 (s, 6H), 2.43 (s, 3H), 2.41 (s, 3H). MS m/Z P2+H]".

methyl  2-methoxy-4-methyl-5-(methylsulfonyl)benzoate (15). A solution of methyl 2-methoxy-4-methyl-5-
(methylsulfanyl)benzoate 14, 100 mg, 0.442 mmol), benzoic acid (54.0 mg, 0.442Zmol) and

benzyltriethylammonium chloride (10.1 mg, 0.0442 ohnin DCM (1 mL) at 20 °C was stirred vigorouslythv
KMnO, (210 mg, 1.33 mmol) imvater (2 mL) for 3 hours. Solid N&,0s was added until colorless mixture, which

was then filtered through Celite. The organic layers separated and the aqueous layer was washied@M
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(83*20 mL). The combined organic extracts were wdshith an aqueous 1M MNNH»2HCI solution (30 mL),
followed by saturated N&O; (30 mL) and brine (30 mL), dried over 0, and filtered. The filtrate was
evaporated under reduced pressure to afford feectimpound (86 mg, 75%) as a white solld.NMR (400 MHz,

CDCly): 58.49 (s, 1H), 6.90 (s, 1H), 3.99 (s, 3H), 3.9C8(3), 3.08 (s, 3H), 2.74 (s, 3H). MS m/z 259 [M£H]

2-methoxy-4-methyl-5-(methylsulfonyl)benzoic  acid (16). A mixture of methyl 2-methoxy-4-methyl-5-
(methylsulfonyl)benzoatelb, 86 mg, 0.33 mmol) and LIOH,O (69.9 mg, 1.66 mmol) in THF (4 mL), EtOH (1

mL) andwater (1 mL) was stirred at 20 °C for 5 hours. The miatwas filtered and the filtrate was evaporated.

The residue was dissolved in water (10 mL) andifiewith a 1N HCI solution until pH=4, at whiclme a
precipitate formed. The mixture was filtered and #olid was washed with water and dried under vacuwfford
the title compound (81 mg, 100%) as a white sGHINMR (400 MHz, CROD): & 8.42 (s, 1H), 7.17 (s, 1H), 3.98

(s, 3H), 3.13 (s, 3H), 2.74 (s, 3H). MS m/z 245 N+

2-methoxy-4-methyl-5-(methyl sulfonyl)-N-{ 6-[ 4-(propan-2-yl)-4H-1,2 4-triazol -3-yl] pyridin-2-yl }benzamide (21).
To a solution of 2-methoxy-4-methyl-5-(methylsuljdenzoic acid 16, 81 mg, 0.33 mmol) and oxalyl chloride
(84.2 mg, 0.663 mmol) in acetonitrile (8 mL) waslad DMF (0.1 mL). The reaction mixture was stirege@0 °C
for 2 hours and 50 °C for 2 hours. The now yell@uson was then cooled down to room temperatuaties
were evaporated under reduced pressure to givacttiehloride intermediate (87 mg, 100%) as a giuhithvwas
used in next step immediately. A yellow solutiorttué gum, 6-[4-(propan-2-yl)-4H-1,2,4-triazol-3kyyridin-2-
amine b, 67.3 mg, 0.331 mmol) and pyridine (26.2 mg, 0.8810l) in acetonitrile (10 mL) was stirred at 20fe€
16 hours. The reaction became a yellow suspenstmmixture was quenched with water (0.1 mL) and
concentrated under reduced pressure. The residapuvdied by preparative HPLC (Luna C18 150*2aH5;
gradient from 28% to 48% MeCN in water (0.225% F23§;mL/min) to afford the title compound (11 m&pBas
an off-white solid*H NMR (400 MHz, DMSO-g): 5 10.57 (s, 1H), 8.90 (s, 1H), 8.37 (s, 1H), 8.29)&B.0 Hz,
1H), 8.05 (t, J=8.0 Hz, 1H), 7.89 (d, J=8.0 Hz, 1HB8 (s, 1H), 5.51 (sept, J=6.8 Hz, 1H), 4.08K), 3.23 (s,
3H), 2.72 (s, 3H), 1.51 (d, J=6.5 Hz, 6EAC NMR (500 Mhz, DMSO-g): 160.55, 151.17, 150.22, 146.63, 144.2,
143.8, 140.44, 132.4, 131.91, 120.86, 119.82, B18.94.63, 57.57, 48.73, 44.04, 23.65, 20.51. MB480

[M+H]".
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Biological Assays

Evaluation of Inhibitory Activity against Full-letiy Recombinant Human ASK1

ASK1 enzyme activity was measured using the KinEASHomogeneous Time Resolved Fluorescence assay
(HTRF®, CisBio US), with full-length recombinant iman ASK1 (MAP3K5, ThermoFisher Scientific). Diloti
series of test compounds were prepared in 100% DM&®D200 nL were dispensed to the individual wefla
multiwell plate. ASK1 enzyme was diluted to 6 nW 1X kinase buffer (Cisbio US) supplemented witimM
MgCl, and 1 mM DTT and L were added to the assay plate containing testpooand. Test compounds were
allowed to pre-incubate with ASK1 enzyme for 15 utés at room temperature (25 °C). Next, 5 uL ofM &TP
and 2 uM STKS3 peptide substrate (Cisbio US) in Li¥pemented kinase buffer were added to the adséy
start the phosphorylation reaction. Assay platesvincubated for 90 min at room temperature aoppgtd by the
addition of 10 puL of detection buffer containing EB, 1:200 STK-antibody-cryptate and 62.5 nM strejatan-
XL665 (Cisbio US). The assay plates were incub&tedn additional 2 h at room temperature and tieewd on an
EnVision Model 2104 plate reader using a 340 nnitation wavelength and 665 nm (XL665) emission wergth

/ 620 nm (cryptate) emission for fluorescence deiecThe final amount of enzyme in the assay wad/3ASK1,
the final concentration of STK3 peptide substr&erine/Threonine kinase 3, Cisbio US) was 1 uM thedfinal
concentration of DMSO was 2%. Theg,or ATP was determined to be 481 and utilized in calculations where
appropriate. Igy curves were fit using a 4-parameter sigmoidal rhodehe K*Pwas calculated by fitting the
enzyme inhibition versus inhibitor concentratiotiad the Morrison equation (equation 9.6 in Copély for tight
binding inhibitors {8-21, 31, 36, 38 and 45) or the competitive inhibition equation (equat®d in Copelantf) for
weaker inhibitorsZ5-27). For SAR interpretation purposes, th&’Kvalues were converted to4Gralues using the

Cheng-Prusoff equation (equation 3 in Cheng andd?fli).
Generation of ASK1 and ASK1 K709R Overexpressing Cells

Human full-length ASK1 was over-expressed in HEK298ls containing a stress-activated luciferaseontep
downstream of the transcription factor Activatootein-1 (AP-1). AP-1 acts downstream of the stadsrated
protein kinase/Jun N-terminal kinase (SAPK/JNK)ndée the expectation was that activation of overesged
ASK1 would lead to a robust reporter cell line f8K1 kinase activity via MMK4 or MKK7 in this celine,
henceforth called HEK293/APgd Despite the constitutive activation of ASK1 in threerexpressing cells, AP-1-
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induced luciferase expression was not detecteelis. cThis was supported by the failure to detdwigphorylated
JNK (data not shown). Instead, in this cell systeconstitutively activated ASK1 resulted in elevated
phosphorylation of p38, the other ASK1-dependebssate via MKK3 and MKKE.

HEK293/AP-1,. cells were cultured in Eagle’s Minimum Essentiaédim (ATCC), containing 10% fetal bovine
serum, 100 U/mL penicillin-100 pg/mL streptomycoiugion, 500 pg/mL Geneticin (ThermoFisher Scieafjifand

1 pg/mL puromycin (Sigma Aldrich). Cells were ibated at 37 °C, 5% G095% humidity and medium changed
weekly or as needed. To express ASK1, HEK293/pPetlls were transfected with human, full-length ASK
pcDNA3.1 (wild type or catalytically inactive K709Rising the Lipofectamine 2000 transfection kit@ding to
manufacturer’s instructions. Following transfectictones were grown in the presence of 500 pg/mheBein and

a stable pool was generated from the cells residtarthe antibiotic. The expression of ASK1 wastHer

characterized by western blot.

Characterization of ASK1 and ASK1 K709R Overexpressing Cells by Western Blot

Parental HEK293/AP+} cells or cells overexpressing wild type or K709Rtamt human full-length ASK1 were
plated in DMEM containing 10% Fetal bovine seru@0 U/mL penicillin, 100 pg/mL streptomycin, 500/pd;
Geneticin, and 1 pg/mL puromycin (Sigma Aldrici)he following day, in preparation for inhibitor &nent, the
cells were washed once with medium containing n8.FBhibitor38 was diluted in culture medium to give a final
concentration of 1(tM and 3 mL of the medium were transferred to tHesc€ells were allowed to incubate at 37
°C for 30 minutes before being harvested. Cellsewesshed with PBS and pelleted. Mammalian ProtgtraEtion
lysis buffer (M-PER, ThermoFisher Scientific) caniag the Halt protease and phosphatase inhibit@s used to
lyse the cells and protein estimation was performsithg the BCA method before analyzing the celbtgs by
Western blot. Antibodies to human ASK1, phospho8B& in human ASK1 anda-Tubulin (Cell Signaling

Technologies) were used to detect the protein bands

Evaluation of Intracellular Inhibitory Activity against ASK 1 overexpressed in HEK 293/AP-1,,. cells
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Intracellular ASK1 enzyme activity was measuredngsithe phospho-p38 Homogeneous Time Resolved
Fluorescence assay kit (HTRF®, CisBio US). Far &élssay, cells over-expressing wild-type ASK1 weréured
to near confluence in supplemented Eagle mediumvebted and seeded into white, Poly D-Lysine-cqab&d-
well, sterile plates (Greiner) at 25K cells/welCell plates were incubated at 37 °C, 5%,C@8% humidity for a
period of 8 h. Then, the cell plates were remadivecth incubation and the medium was exchanged fdin@m

supplemented with Geneticin (ThermoFisher Sciamtifi

Dilution series of test inhibitors were solubilizéd 100% DMSO. Compounds were prepared as a 200-fo
multiple of the final in-assay concentration witfirrel DMSO concentration of 0.5%. Next, 2 pL efiglized test
inhibitor dilution series were added into ultraari@olypropylene, 384-well, U-bottom assay plaerfiing Life
Sciences). A step-down dilution into supplemer®@timem was performed and 5 pL of diluted inhibidorcontrol
compound is added to the corresponding wells ottfieplates. The treated cell plates were incubate37 °C, 5%
CO,, 95% humidity for a period of 18 h. Following th8 h incubation, cell plates were briefly spuri@®0 rpm
using an Eppendorf 5804R swinging-bucket centriffmel min and the medium was exchanged for 1X 4ysi
buffer. The cell plates containing lysis buffer eéncubated for 1 h at room temperature while sigkit 700 rpm
on an orbital shaker. Afterward, the cell platesrevbriefly spun again at 1000 rpm for 1 min andul6of the
lysate from each well were transferred to the atayt884-well, small-volume detection plate (Grejnantaining
2 uL of each of the anti-phospho-p38 antibodiesomting to manufacturer’s instructions (Cisbio USYhe
detection plates were incubated overnight (18 hpain temperature and then read on an EnVision Matie4
plate reader using a 340 nm excitation wavelength@&5 nm (XL665) emission wavelength / 620 nm ftate)

emission for fluorescence detection.

Associated Content
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Supporting Information

Material supplied as Supporting Information includes animal pharmacokinetics, kinome selectivity data,

protein crystallography methods and refinement statistics, docking procedure and torsion plots (PDF).

Molecular formula strings (CSV).

Accession Codes
Protein crystal coordinates for ASK1 complexes with 18 (5VIL) and 19 (5VIO) have been deposited in the
RCSB. Authors will release the atomic coordinates and experimental data upon article publication. See

Supplementary Information for methods and refinement statistics.
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A structural analysis of ASK1 found that there is a rare GLN756 at the GK+2 position.
Docking a library of 14K amides targeting GLN756 resulted in a promising lead.

Optimization resulted in compounds with cell potency and kinome selectivity.



