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Abstract

Here we report the first small-molecule inhibitors of human sulfide:quinone oxidoreductase
(SQOR) that decrease the rate of breakdown of hydrogen sulfide (H,S), a potent cardioprotective
signaling molecule. SQOR is a mitochondrial membrane-bound protein that catalyzes a two-
electron oxidation of H,S to sulfane sulfur (SY), using glutathione (or sulfite) and coenzyme

Q (CoQ) as SY and electron acceptor, respectively. Inhibition of SQOR may constitute a new
approach for the treatment of heart failure with reduced ejection fraction. Starting from top hits
identified in a high-throughput screen, we conducted SAR development guided by docking of lead
candidates into our crystal structure of SQOR. We identified potent SQOR inhibitors such as 19
which has an 1Cgq of 29 nM for SQOR inhibition and favorable pharmacokinetic and ADME
properties required for /n vivo efficacy testing.
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Hydrogen sulfide (H,S) is a gasotransmitter displaying pleiotropic functions in numerous
and diverse physiological processes'=4. H,S is a universally accepted cardioprotective
signaling molecule that protects against the progression of hypertension and atherosclerosis
and impedes cardiac remodeling brought about by myocardial injury that results in

heart failure>=". H,S is the only gasotransmitter that is enzymatically metabolized®. The
steady-state tissue concentration of H,S reflects the difference between the high rates of
biosynthesis and mitochondrial metabolism of the gasotransmitter®. Human sulfide:quinone
oxidoreductase (SQOR) is positioned at an optimal site of therapeutic intervention because it
catalyzes the first irreversible step in HoS metabolism.

Small-molecule inhibitors of SQOR constitute a potentially new class of drugs for

the treatment of pathological conditions associated with impaired H,S homeostasis.
Most notably, approximately 50% of hospitalized heart failure patients are characterized
by reduced ejection fraction and exhibit low levels of hydrogen sulfide (H,S)10-12,
Furthermore, reduced H,S levels are also found in patients with renal dysfunctionl3, a
frequently observed comorbidity in heart failure patients!?.

SQOR is a mitochondrial membrane-bound protein that catalyzes a two-electron oxidation
of H,S to sulfane sulfur (S°), using glutathione (or sulfite) and coenzyme Q (CoQ) as

SO and electron acceptor, respectively®16, Although selective inhibitors of human SQOR
were unknown at the onset of our study, the CoQ-binding site was deemed a likely
druggable target, as judged by the proven efficacy of antimalarial, antifungal, antitumor,
and immunosuppressive drugs that target CoQ-binding sites in mitochondrial complex I11
and dihydroorotate dehydrogenasel?—20,

We recently conducted a high-throughput screen (HTS) of a small-molecule library and
identified several classes of compounds as favorable candidates for optimization, with
maximal priority given to 2,4-diphenylpyridines (class A/A’)2122, As shown in Fig. 1, the
top 3 class A/A’ HTS hits are potent SQOR inhibitors (ICsg < 30 nM) but are poorly soluble
in water and exhibit cLogP values considerably above the desired range (1 to 3). In this
study we describe the use of medicinal chemistry and structure-based drug design in studies
that produced a candidate suitable for /n vivo efficacy studies.

Structural data for SQOR were not available at the initiation of our hit-to-lead optimization
studies, which were carried out primarily on the unconstrained and chemically more
tractable diarylpyridine class A’, as exemplified by 1 (IC5¢ = 25 nM) (Table 1). Structure-
activity relationships (SAR) among representative analogs (1 — 19), out of a total of 120
compounds that were synthesized, are shown in Table 1 and provide an accurate overview of
the observed SAR.
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For area B, our studies indicate that substitution on the para-position is detrimental to
potency, and that substitutions on the meta- and ortho-positions are tolerated, as shown by 2,
3, and 4. Seeking to reduce the degree of aromaticity of the molecules, a non-aryl derivative
5 was synthesized and showed reasonably good activity, indicating tolerance in this area for
non-planarity.

Systematic movement of substituents around ring A demonstrated that substitution was
optimal at the para-position, as demonstrated in 1. As the size of the halogen substituent was
increased, such as by replacing the 4-fluoro in 1 with a 4-chloro in 6, the potency of the
resulting compounds decreased. A 2-chloro substituent was not tolerated in ring A, as shown
by the inactivity of 7. A non-aryl derivative 8 was also synthesized in area A, however this
variation was less well tolerated, as compared with the same non-aryl substituent in area B
(5). It was also demonstrated that this ring was essential for activity, as replacement of the
ring with a hydrogen resulted in an inactive compound (data not shown).

We found that a broad variety of groups are tolerated in area C. Two examples of the
different area C substitutions are shown in 9 and 10. We also demonstrated that the alkoxy
group can be replaced with a thioether, with only a small reduction in inhibitor potency (Fig.
2, 20 versus 21).

Replacement of the cyano group with a methyl (22) or primary amide (23) (Fig. 2) results
in a substantial decrease in potency as compared with e.g., 1 (IC5q: 25 nM), indicating the
importance of the cyano moiety. Replacement of the central pyridine ring with a pyrimidine
gave a derivative (24) that was only 2-fold less active than the equivalent pyridine 21 (Fig.
2), showing that this change was well tolerated.

Heteroaromatic derivatives have also been investigated in areas A, B, and C. For area A,

the 2-, 3-, and 4—pyridyl derivatives, as exemplified by 11, were much less active than the
equivalent phenyl analog, 21 (1C5qp: 53 nM). However, for area B, although 3-pyridyl 12 and,
in particular, 4-pyridyl 13 were less active than the phenyl, the 2-pyridyl-substituted 14 was
well tolerated and allows for the possibility of making salts of the compounds to improve
the aqueous solubility of the molecules. Combination of the 2-pyridyl substitution in area B
with the previously demonstrated ortho-substitution preference for area B, e.g., 4, produced
highly active compounds, such as 15. Moreover, the ortho-substitution in area B in 15 should
cause the 2-pyridyl ring and central pyridyl ring to position themselves orthogonal to one
another, decreasing the planarity of the system, and thus improving compound aqueous
solubility?3. Combining the beneficial area B 2-pyridyl substitution with variation in area C
resulted in highly potent derivatives, as exemplified in 16. Seeking to improve the solubility
of 16, solubilizing groups have been successfully incorporated into area C, as in 17 and 18.

The synthesis of 2-alkoxy-3-cyanopyridine class A’ derivatives was carried out by following
one of three synthetic pathways. The route shown in Scheme 1 was one of two routes used
for the synthesis of derivatives containing small groups in area C. Thus, for the synthesis of
6, which contains a methoxy group in area C, condensation of the requisite benzaldehyde
(25) with malononitrile readily gave the versatile late-stage intermediate 26, which could
then be reacted with the acetophenone of choice, using methanol as both solvent and
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reagent, to give the final product 6 (Scheme 1). (See Scheme 3 for an example of an
alternate route used for the synthesis of compounds with a small group in area C.)

The route shown in Scheme 2 was utilized for the incorporation of larger groups in area C.
Thus, for the synthesis of 18, which contains a (pyridin-3-yl)methoxy group in area C, an
initial three component condensation of 27, 28, and 29 provided the intermediate pyridone
30 (which was inactive in our ICsq assay), which could then be alkylated with the alkylating
agent of choice in the presence of silver carbonate, to give the desired final product 18.

The most promising class A’ analogs produced in the SAR campaign described above were
found to (i) contain a 2-pyridyl substituent in area B, (ii) exhibit cLogP values (cLogP ~

4) closer to the desired range (1 to 3), and (iii) retain the high potency observed for top
class A/A’ HTS hits (Table 2). At this stage of the project, we had succeeded in solving

the X-ray structure of human SQOR at 2.59 A resolution4 in studies that opened the

door to structure-based drug design. The X-ray structure showed that SQOR contained two
active sites, located on opposite faces of the planar flavin ring of FAD. The H,S-oxidizing
active site comprises a small, hydrophilic cavity above the re-face of the flavin ring. The
CoQ-binding pocket is located within a large, mainly hydrophobic, cavity above the si-face
of the flavin ring. Importantly, we recently demonstrated that class A/A’ HTS hits act as
competitive inhibitors with respect to CoQ?1,

We conducted docking studies to obtain further insight into the observed SAR and to
facilitate additional optimization of the physicochemical and ADME/PK properties of class
A’ inhibitors. The observed mechanism of action suggested that class A/A’ inhibitors

bind to the CoQ-binding pocket in SQOR. The CoQ-binding site is located within an
internal tunnel that connects the enzyme’s membrane-binding surface to its hydrophilic
H,S-oxidizing active site24. The entry to the pocket that binds CoQ is located on the
surface of the enzyme, within a region that is likely to be inserted (monotopically) into the
inner mitochondrial membrane. The polar quinone ring of the substrate, decylubiquinone
(DCQ), is bound near the bottom of the CoQ-binding cavity (Fig. 3A). The molecule of
DCQ is surrounded by mostly hydrophobic residues. A hydrogen bond is formed between
Trp435:NE1 and the O2 carbonyl oxygen in the quinone ring of DCQ. The hydrophobic
decyl tail of DCQ extends from the quinone ring through to the opening of the pocket on the
membrane-facing surface of the protein.

Models of SQOR complexes with class A’ SAR compounds were constructed using GLIDE
(Schrédinger, LLC, New York, NY) or the GOLD Suite of Programs (CCDC Software Ltd.,
Cambridge, UK). Docking was performing using flexible ligands and a rigid, ligand-free
protein (PDB:ID 6MO06). Similar models for the preferred docking pose were produced with
either program. In the highest-scoring docking mode, 15 binds within the CoQ-binding
pocket, occupying a binding site very similar to that observed for DCQ (Fig. 3B). Thus, the
ring nitrogen of the 2-pyridyl substituent in area B in 15 superimposes with the O2 carbonyl
in DCQ and both atoms are hydrogen-bonded to Trp435:NE1. The para-fluoro substituent in
area A in 15 points toward entrance of the pocket and is exposed on the protein surface, as
observed for the terminal carbon of the decyl tail in DCQ.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2022 December 15.
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As noted above, a broad variety of groups are tolerated in area C, as illustrated by 18,

in which the 2-((pyridin-3-yl)methoxy) substituent replaces the 2-methoxy group in 15.
Comparison of the preferred docking poses obtained for 18 and 15 shows that a large group
in area C can be readily accommodated within the CoQ-binding pocket without affecting the
binding site occupied by the para-fluorophenyl substituent in area A (Fig. 3C). A potential
steric clash between the substituents in areas B and C in 18 is avoided by a 180-degree
rotation of the 2-pyridyl substituent in area B. The altered orientation of the 2-pyridyl
substituent is stabilized by pi-pi stacking with Trp435 but precludes formation of a hydrogen
bond with Trp435:NEL1, as is observed with 15.

The models of SQOR complexes with 15 and 18 identified the para-position in area A
as exposed on the protein surface and therefore likely to tolerate more polar substitution,
such as the aniline moiety that we subsequently introduced to produce 19 (Table 1).

The preferred docking pose obtained for 1921:22 superimposes with that obtained for 15
(Fig. 3D). Compound 19 retains excellent SQOR inhibition (IC5p = 29 nM) (Table 1)
with improved polarity (cLogP = 3.0) and topological polar surface area (tPSA = 84), as
compared with 15 (cLogP = 4.2, tPSA = 58) (Table 2).

We found that 19 exhibits 250-fold higher aqueous solubility, greatly improved cell
permeability (Caco-2), and reduced plasma protein binding as compared with 15 (Table

3). Moreover, PK studies in mice indicate that 19 exhibits considerably increased exposure,
as judged by a 25-fold higher AUC value, and a somewhat lower but acceptable ty;, value
(Table 3).

We identified 19 as a potential candidate for proof-of-concept /in vivo efficacy testing, based
on its greatly improved physicochemical properties and cell permeability and the favorable
results obtained in mouse PK studies. We designed an alternate, improved synthetic route
suitable for the gram-scale synthesis of 19 in good overall yield (24%) and in the high
purity (>97%) required in-vivo efficacy studies (Scheme 3). Starting from commercially
available substituted benzaldehyde 31, condensation with ketone 28 gives chalcone 32 in
good yield. Reaction of 32 with malononitrile in the presence of sodium methoxide gave
33, and Boc-deprotection using HCI in 1,4-dioxane allowed for the filtration of the pure
desired product 19 as the bis-HCI salt in high yield, as shown by the analytic data given in
Supplementary material.

In summary, our hit-to-lead optimization SAR and structure-based design studies led to

the identification of 19, a cell-permeable class A’ derivative that retains the high SQOR
inhibitory potency observed for top class A/A’ HTS hits with physicochemical properties,
metabolic stability, and PK properties suitable for /n vivo efficacy testing. As we recently
reported?1:22 additional in vitro tests showed that 19 exhibits little or no toxicity in
mammalian cells and a high degree of specificity for the CoQ-binding site in SQOR.
Moreover, in vivo studies demonstrated that administration of 19 preserves cardiac function
and prevents the progression to heart failure in a murine model?1.22,

Bioorg Med Chem Lett. Author manuscript; available in PMC 2022 December 15.
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Refer to Web version on PubMed Central for supplementary material.
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ADME absorption, distribution, metabolism, and excretion
CoQ coenzyme Q

DCIP 2,6-dichlorophenolindophenol

DCQ decylubiquinone

HTS high-throughput screen

ICsq half-maximal inhibitory concentration

PK pharmacokinetics

SAR structure-activity relationships

SQOR sulfide:quinone oxidoreductase

tPSA topological polar surface area
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Figure 1.

Properties of top class A/A’ HTS hits. Data from ref 21.
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Figure 3.
Views of the CoQ-binding pocket in SQOR complexes with substrate (DCQ) or enzyme

inhibitors. Carbons in amino acid side chains are colored white. Hydrogen bonds are
indicated by dashed yellow lines. (A) View of the SQOR complex with DCQ (blue carbons).
The surface of the CoQ-binding cavity is shown in white. The O2 carbonyl oxygen in

the quinone ring of DCQ forms a hydrogen bond with W435:NE1. (B) The model of the
SQOR complex with 15 (yellow carbons) was produced using GLIDE (Schrddinger) and

is compared to that observed with DCQ (blue carbons). A hydrogen bond between the
2-pyridyl ring in 15 and W435:NEL1 is indicated. (C) The model of the SQOR complex
with 18 (magenta carbons) was produced using GOLD (Cambridge Crystallographic Data
Centre) and is compared with the model of the enzyme complex with 15 (yellow carbons).
The surface of the CoQ-binding cavity is shown in white. Unlike with 18, 15 forms a strong
hydrogen bond to W435:NE1, as indicated by the dashed yellow line. (D) The recently
reported model of the SQOR complex with 1921:22 (green carbons) was produced using
GLIDE (Schrodinger) and superimposes with the preferred docking pose obtained for 15
(yellow carbons).
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Scheme 1.
i, KOH, EtOH, H,0, 20 °C, 45 min, 89%; ii, acetophenone, NaOH, MeOH, 20 °C, 3 days,
16%.
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Scheme 2.
i, NH4CI, 1,4-dioxane, reflux, 16 h, 34%; ii, 3-(BrCHy)pyridine, Ag,CO3, DMF, 140 °C, 20
h, 47%.
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i, 1-(3-methylpyridin-2-yl)ethan-1-one, KOH, MeOH, 20 °C, 3 days, 63%; ii, malononitrile,
NaOMe, MeOH, 20 °C, 16 h, 38%j; iii, HCI, dioxane/CH,Cl,, MeOH, 20 °C, 16 h, 99%.
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Table 1

SAR among representative class A’ analogs (1 — 19)

Compound A

1

© 00 N o o A~ W N

e e I e < i =
o o A W N P O

17

18
19

B
4-FPh Ph
4-FPh 4-(MeO)Ph
4-FPh 3-(MeO)Ph
4-FPh 2-(MeO)Ph
4-FPh tBu
4-CIPh Ph
2,4-Cl,Ph Ph
tBu 2-Pyr
4-FPh Ph
Ph Ph
4-Pyr Ph
4-FPh 3-Pyr
4-FPh 4-Pyr
4-FPh 2-Pyr
4-FPh 3-Me-2-Pyr
4-FPh 2-Pyr
4-FPh 3-Me-2-Pyr
4-FPh 3-Me-2-Pyr

4-NH,Ph  3-Me-2-Pyr

N N

MeO(CHz)z
PhCH,

ICso + SE (NM)
252

1,360 + 150
108+ 6
75474

153 +14

252 £21
>100,000

850 + 140
123+8.7

100 + 14

541 +21

213 +24
17,400 + 1300
14+11
8.7+0.74
5.5+0.39

43+24

36+3.1
29+27
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Table 2

Calculated properties for the most potent SAR class A’ analogs

B

N™
~

O
/
O

A
CN

Compound A B C ICs (NM)  tPSA  clogP
F
1 @l Me 25 4538 5.17
> >
14 Me 14 57.74 3.954
Py
or jl/\j
15 Me 8.7 57.74 4.153
7,
r E\j
16 55 57.74 4728
7 \/;(
X% .
(e Plegs
18 36 70.1  4.024
g by
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B
N™ N
C I ~
-~
(@) A
CN
Compound A B C IC5 (NM)  tPSA  clogP
NH,
19 I Me 29 83.76  2.966
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Table 3

Observed properties of SAR class A’ lead compounds

Page 18

X

Caco-2 permeability (1 x 1076 cm/s)

Mouse PK(IP)2

Mouse Plasma Protein  Aqueous Solubility pH 7

Compound X O AUC
Binding (% bound M last
g (% ) (M) ASB BoA e (o

ORI

15 F 99.64 0.013 0.455 0.769 5.96 42
19 NH, 97.8 3.18 9.4 4.15 1137 1082?

aIP dose (10 mg/kg) was formulated in N-methylpyrrolidinone (NMP): propylene glycol: 19% (w/v) 2-hydroxypropyl - beta-cyclodextran

(kleptose) in water (10:40:50). Data are reported as the mean (n=3).

bData from reference 21.
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