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Discovery of a novel Mycobacterial F-ATP synthase inhibitor and

its potency in combination with diarylquinolines

Adam Hotra?3, Priya Ragunathan?, Pearly Shuyi Ng* Pattarakiat Seankongsuk!, Amaravadhi

Harikishore!?, Jickky Palmae Sarathy®, Wuan-Geok Saw?, Umayal Lakshmanan®, Patcharaporn Sae-

Lao!, Nitin Pal Kalia®, Joon Shin?, Revathy Kalyanasundaram’, Sivaraj Anbarasu’, Krupakar

Parthasarathy’, Chaudhari Namrata Pradeep?, Harshyaa Makhija?, Peter Droge?, Anders Poulsen?,

Jocelyn Hui Ling Tan*, Kevin Pethe?®, Thomas Dick>%°, Roderick W. Bates!*, and Gerhard Gruber?*

Abstract: The FiFo-ATP synthase is required for growth and
viability of Mycobacterium tuberculosis. Bedaquiline validated this
target clinically. We showed recently that a mycobacterium-specific
loop of the enzyme’s rotary y subunit plays a role in coupling of ATP
synthesis within the enzyme complex. Here, we report the discovery
of a novel antimycobacterial, termed GaMF1, targeting this y subunit
loop. Biochemical and Nuclear Magnetic Resonance studies show
that GaMF1 inhibits ATP synthase activity by binding to the loop.
GaMF1 is bactericidal and is active against multidrug- as well as
Bedagquiline-resistant strains. Chemistry efforts on the scaffold
revealed a dynamic structure activity relationship and delivered
analogues with nanomolar potencies. Combining GaMF1 with
bedaquiline or novel diarylquinoline analogues showed potentiation
without inducing genotoxicity or phenotypic changes in a human
embryonic stem cell reporter assay. These results suggest that
GaMF1 presents an attractive lead for the discovery of a novel class
of anti-tuberculosis F-ATP synthase inhibitors.
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Introduction

Tuberculosis (TB) is a devastating disease that results in 1.4
million deaths every year.! Multidrug resistant- (MDR) and
extensively  drug-resistant (XDR) bacterial strains  of
Mycobacterium tuberculosis (Mtb), which causes TB, are
spreading worldwide, causing major global health issues.
Furthermore, about one third of the world population is latently
infected by Koch’s bacillus and susceptible to develop the

disease.l! During infection, Mtb inhabits a wide range of
intracellular and extracellular environments. Many of these
environments are highly dynamic, and mycobacteria face with the
constant challenge of redirecting their metabolic activity
commensurate  with  either growth or non-replicating
persistence.? A fundamental feature in this adaptation is the
ability of mycobacteria to respire, regenerate reducing
equivalents, and generate the biological energy currency
adenosine triphosphate (ATP) via oxidative phosphorylation.
During the latter, an electrochemical gradient of protons is
generated by the electron transport chain (ETC; Fig. 1A). The
electrochemical gradient drives the energy converter F;Fo ATP
synthase and is required for viability of growing and non-growing
mycobacteria.”? Phenotypic screening identified the first-in-class
diarylquinoline drug bedaquiline (BDQ, Sirturo®) that inhibits the
mycobacterial F-ATP synthase (Fig. 1A-B).Bl However, the
successful advance of this drug has been overshadowed by the
development of clinical resistance ™ along with a very long
terminal half-life leading to concerns regarding tissue
accumulation.! Recent medicinal chemistry campaigns resulted
in a new generation of 3,5-dialkoxypyridine (DARQ) analogues of
BDQ that have the potential to address these issues.®! TBAJ-587
and -876 are new development compounds of this series (Fig.
1B), showing improved physio-chemical properties.®! The
discovery of squaramides (SQA) "], compound 5228485 ©l, and
epigallocatechin gallate (EGCG) ! as potent ATP synthesis
inhibitors underlined the relevance of the mycobacterial F-ATP
synthase as a drug target.

Nevertheless, infections with MDR- and XDR Mtb strains and
coinfection with HIV have worsened the prospect of controlling
TB.9 In addition, the prolonged treatment regimen for six months
with a combination of four drugs has resulted in poor patient
compliance, leading to the emergence of MDR and XDR strains
of Mtb.*YI Therefore, in order to improve the effectiveness of TB
treatment and to improve control of MDR and XDR TB, new
antitubercular targets and agents are required. Anti-TB targets
should be a) essential for viability in Mtb, b) novel to avoid of cross
resistance with existing drugs, c) absent in humans to avoid
mechanism-based toxicity issues.

The FiFo ATP synthase is essential for growth and viability
in mycobacteria.'? In contrast, in other prokaryotes, the enzyme
is dispensable for growth on fermentable carbon sources.*¥ The
mycobacterial enzyme is composed of a membrane-embedded
Fo complex (subunits a:b:b”co), responsible for H*-translocation
from the periplasmic space to the cytoplasmic side, and the F;
part (subunits az:Bs:y:€) 24 which uses the proton-motive force to
synthesize ATP within the three catalytic af-pairs (Fig. 1A). This
catalytic asBs-headpiece is linked with the Fo part via the two
rotating central stalk subunits y and €, as well as the peripheral
stalk subunits b, b’and &.[4¢: 14€],

We recently demonstrated the specific role of the unique loop
of mycobacterial subunit y (y166-179-loop; M. smegmatis
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Figure 1. (A) Enzyme composition and inhibitors of the electron transport chain and F-ATP synthase of Mtb. (B) Structures of BDQ, TBAJ-587 and TBAJ-876.

numbering) effecting ATP hydrolysis, -driven H*-pumping and -
synthesis.* As the mycobacterial y-loop is unique, absent in the
human homologue and other prokaryotes, as well as important for
the regulation of ATP synthesis, -hydrolysis and proton pumping,
it fulfils fundamental criteria as a potential TB-drug target.

We here conducted an in silico compound screening
exercise based on our structural and biochemical data of the
mycobacterial enzyme F-ATP synthase 5 8 that led to the
discovery of the mycobacterial F-ATP synthase inhibitor GaMF1.
The variety of biochemical assays, the use of a BDQ-resistant F-
ATP synthase mutant and structural experiments validated that
GaMF1 exerts its anti-mycobacterial activity through inhibition of
the F-ATP synthase. Furthermore, GaMF1 increased the potency

(A)

3

of BDQ and other DARQ analogues, opening a new avenue for
an efficient multi-drug combination. In addition, initial structure-
activity relationship studies (SAR) revealed a path to optimize the
potency of the series.

Results and Discussion
Homology and Pharmacophore Modelling
The y166-179 loop was exploited as a binding epitope for de

novo drug design. [*> 161 As high-resolution crystallographic
structures were lacking when the project started, homology

(B)

Figure 2. Receptor-based pharmacophore modeling and pharmacophore mapping. (A) Generation of Ludi-based interaction sites using acceptor, donor, and
hydrophobic features as probes at y166-179 loop-c ring interface residues. (B) Five features comprising of one hydrogen bond acceptor (green sphered arrows) in
vicinity of R172 sidechain atoms, one hydrogen bond donor targeting Q44 residue of the c-ring (magenta sphered arrows), three hydrophobic features (cyan spheres)
in the vicinity of P74, Y209, R172 residues were included in the receptor based pharmacophore model.

2
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modelling enabled us to build 3D structures with good accuracy
(see Supplementary Information). Our receptor-based pharmaco-
phore modelling studies highlighted the possible interaction sites
at the y166-179 loop interface (Fig. 2A). Mainly, one hydrogen
bond acceptor, one hydrogen bond donor and three hydrophobic
features were included in the pharmacophore model at the y166-
179 loop-c ring interface (Fig. 2B). Further, the exclusion volumes
constraints around protein atoms near the ligand (not shown for
clarity) were also incorporated to delineate the shape of the
binding cavity as well as to prevent clashes of ligand with protein
atoms. Database screening with a 5-feature mapping resulted in
library of about 30,000 molecules. This library was further refined
by a series of standard precision, extra precision docking
protocols with glide score, XP scores and consensus scoring
themes. Together with visual inspection of molecular interactions
at the y166-179 loop and c-ring interface resulted in 81 molecules
for experimental screening.

10.1w?nie.202002546
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Antimycobacterial activity and  Minimum

concentration determination

inhibitory

We identified ligands that bear complementarity to the y166-
179 loop and c-ring interface and provided a focused library of
which GaMF1 (Fig. 3A) exhibited a minimal inhibitory
concentration (MICsp) of 11 uM in the fast growing M. smegmatis
mc? 155 strain, 17 uM in M. bovis bacillus Calmette—-Guérin (BCG),
and 33 yM in Mtb H37Rv (Fig. 3B). A synthesis protocol for
GaMF1 was established (see Supplementary Information:
Synthesis of GaMF1) to produce the compound in bulk to study
the bactericidal activity of the compound and its mechanism of
action. GaMF1 was bactericidal against M. smegmatis mc? 155
at 20-fold its MICso, indicated by the decreasing cell number of
about 99% in 3 days (Fig. 3C) In contrast, BDQ had delayed
bactericidal activity, as reported before 7, followed by a reduction
in bacterial viability (Fig. 3C). GaMF1 was also bactericidal
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Figure 3: (A) Structure of GaMF1. (B) Growth inhibition of M. smegmatis (blue), M bovis BCG (green) and Mtb (red) by GaMF1 with MICso of 11, 17 and 33 uM,
respectively. (C) Initial five days of GaMF1-, BDQ kill kinetics against M. smegmatis mc? 155. The bacteria were grown in liquid culture (LBT) in the presence of the
indicated concentrations of GaMF1 and BDQ. The experiments were repeated twice, and the profiles were identical. (D) Images (a, b), HR resistant Mtb colonies
observed after day 7 incubation in no-compound containing Middlebrook 7H9 broth (4.188 logio CFU/mI); Image (c), no colonies of HR resistant Mtb observed after
day 7 incubation in compound GaMF1 containing Middlebrook 7H9 broth. (E) Antimycobacterial activity of GaMF1 against Mtb isolate resistant to Isoniazid (H) and
Rifampicin (R) as determined by Colony forming units (CFU) based method in Middlebrook 7H11 agar plates.

against three drug resistant clinical isolates (isoniazid (H),
rifampicin (R) monoresistant- and HR-resistant Mtb strains),
causing a significant reduction in bacterial viability in 3 to 7 days
(Fig. 3D- E). Preliminary in vitro ADME profiling revealed that that
GaMF1, with a clogP value of 4.37, is less lipophilic than BDQ ¢,
and has a good metabolic stability in mouse liver microsomes (T,
with or without NADPH of 47.5 min and 68 min, respectively; Clin
of 14.6 pl/min/mg protein (Supplementary Table 1A-B)).

Insights into the inhibition of mycobacterial F-ATP synthase
by GaMF1

To confirm that GaMF1 exerts its anti-mycobacterial activity
via inhibition of the mycobacterial F-ATP synthase, ATP synthesis
was measured using inverted membrane vesicles (IMVs) of M.
smegmatis and M. bovis BCG. Figure 4A shows a typical profile
of M. smegmatis IMVs ATP synthesis inhibition by BDQ with a
half-maximal inhibitory concentration (ICs) of 1.1 £ 0.2 nM, which

is in line with previous reports % %8 and an ICs of 7.1 + 1.3 nM
M. bovis BCG (Fig. 4B). In comparison, GaMF1 revealed a potent
ATP synthesis inhibition at an I1Csp of 0.5 + 0.1 yM in M.
smegmatis IMVs (Fig. 4A) and 5.2 + 1.1 uM in M. bovis BCG (Fig.
4B). GaMF1 inhibited ATP synthesis of M. smegmatis (Fig. 4A)
and M. bovis BCG (Fig. 4B) IMVs in the presence of succinate,
indicating that GaMF1 does not interfere with the NADH-
dehydrogenases. In parallel, a possible effect of GaMF1 on
oxygen consumption and thereby the cytochrome oxidases of the
ETC was tested using methylene blue as an oxygen probe. As
visualized for the fast- and slow grower M. smegmatis (Fig. 4C)
and M. bovis BCG (Fig. 4D), oxygen consumption was unaffected
in both strains at pM concentrations of GaMF1. In comparison,
nM- and pM concentrations of BDQ revealed a slight and
moderate effect on oxygen respiration in both strains (Fig 4C-D),
reflecting that BDQ does also affect oxygen consumption as
described by Kalia et al. 29
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Angewandte Chemie International Edition

w NAR (00}

v Swcciasce (BIM))
w NADH (GaMFTy
~* Surciewie (GaMFL)

1o

a
N

% ATP Synthesis
2

10.1002/anie.202002546

WILEY-VCH

“ N )

- Swicinete (DO
= NADH (GaMF1)

I Secckate (GaMFI1)

‘e ATP Synthesis

-
7

-10 X &
Log Concentration (M)

(C)
'] ‘, f = .
M smieg WT t! ‘ '
S ¥ e’ -
THY DF THZ BDOQ BDQ GuMFI GaMFI1
300 nM 6 M 6 uM 11 pM
([)) (F)
. . MM BDO
U‘hrb o « WI_nng
i o WAM GaMrl
i) LDQog -
T
&=
s
= .
-
DMSO = 190 Noe “w ™ " 3 \u
BN (v GaMF1 (uM - A “ 4
Log Concentration (M)
1
96 hrs - w0

vDooowoo

— v -

DMSO 21w w0 w 2 »n s

T —

Tt Ot T
. WV DO R N Gy
LE L]
Rl L R
= a0’
-

=
48a0"

T , 4 K]

a0’

BDO (0 GadF1 (uan

" Lo Concentratian (M) of BDO

Figure 4: Inhibition of ATP synthesis by GaMF1 in IMVs from M. smegmatis (A) and M. bovis (B) using the electron donors NADH (dark green) or succinate (light
green). BDQ was used as a control BDQ (black/grey). (C-D) Test of possible effects of GaMF1 and BDQ on oxygen consumption in M. smegmatis IMVs (C) and M.
bovis BCG cells (D). BDQ shows partial inhibition of oxygen consumption at nanomolar range (500 nM) and significant inhibition at micro-molar level (6 uM). In
comparison, GaMF1 did not inhibit oxygen consumption even at high micro-molar level (6- or 11 uM). Thioridazine (THZ) was used as positive control and 7H9
media /drug free (DF) served as a blank/negative control (C). GaMF1 did also not affect oxygen consumption in the slow grower M. bovis over a 96-h period, while
BDQ at 500 nM completely inhibited oxygen consumption (D). (E) Inhibition of ATP synthesis by BDQ (black) and GaMF1 (green) on M. smegmatis I166M ¢ subunit
mutant IMVs with NADH as substrate. The M. smegmatis 166M mutant IMVs (e) reveal a 10-fold sensitivity compared to WT (A), while the inhibitory profile of
GaMF1 on M. smegmatis 166M mutant IMVs (¢) did not alter. (F) Additive effect of GaMF1 and BDQ (black) on the ATP synthesis inhibition in IMV’s of M. smegmatis
166M mutant. In the 166M mutant, BDQ cannot fully inhibit the ATP synthesis. However, when GaMF1 (green) was added in a concentration dependent manner,

ATP synthesis significantly decreased to almost full inhibition.

We next tested the potency of GaMF1 against an F-ATP
synthase bearing an 166M substitution in the M. smegmatis
subunit ¢, which is associated with resistance to BDQ. 2% While
the mutant displayed a 10-fold shift in sensitivity to BDQ (Fig. 4E),
the mutation did not affect the potency of GaMF1 (Fig. 4E).
Interestingly, addition of GaMF1 reduced ATP synthesis of the
166M mutant IMVs significantly in a concentration dependent
manner (Fig. 4F), demonstrating that the novel F-ATP synthase
inhibitor GaMF1 shows no cross resistance to BDQ.

Target specificity of GaMF1

The in vitro assay data revealed that GaMF1 inhibits ATP
synthesis and the growth of M. smegmatis and M. bovis BCG
strains. Next, we performed NMR titration experiments to assess
whether GaMF1 does bind to the M. tuberculosis y166-179

peptide, which according to its NMR solution structure, forms a
loop of polar residues with a surface distribution of negatively
charged residues on one side and an amphiphilic charge
distribution on the other side of the loop.[*® The chemical shift
perturbations (CSPs) for NH and Ha between free peptide and the
peptide-GaMF1 complex derived from the 2D-TOCSY spectra of
the Mty166-179-loop with GaMF1 suggest that the amino acids
N167, G168, E169, R172, and S173 became perturbed upon
ligand binding (Fig. 5A-B). The data reflect the involvement of
y166-179-loop residues in GaMF1-binding.

To obtain further insights into the molecular interactions of
GaMF1, we docked the ligand into subunit Mty using the NMR
perturbed residues as ambiguous interaction restraints (AIR) or
active site residues for ligand docking (Fig. 5C). GaMF1
comprises of a 3-bromo-benzoyl moiety (ring A), a 1,4
diaminobenzene moiety (ring B) and a substituted pyrimidine (ring
C) and was predicted to bind to a region in the vicinity of the Mty-

This article is protected by copyright. All rights reserved.
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loop residues with a glide score of 5.58 (and a GOLD PLP fitness
of 46.5). Both ring A and -B of GaMF1 are involved in interactions
with the y166-179 loop residues. On one hand, the carbonyl and
the amide atoms on ring A were engaged in close contacts with
yQ171 side-chain amide atoms and yD64 main-chain amide
atoms. On the other hand, the 3-bromo benzene group on ring A
was also involved in 1r-alkyl interactions with amino acids yH65
and alkyl atoms of y R172 (highlighted by pink lines). This moiety
is positioned in the vicinity of the c-ring residues such as cR52,
cQ46, cP47, cE48 (beige coloured) via close contacts, and
thereby chaperone the stability of ligand binding at the Mty-c
interface. The phenyl-ring (ring B) and pyrimidine (ring C) of
GaMF1 were engaged in 1-anion interactions (orange arrows)
with yE169 and yE70 residues, respectively. The 6-methyl on ring
C maintained aliphatic hydrophobic interactions with yl214 (pink
line, (a2 / B5 loop, light red)). In addition, the amide atoms which
link the 3-N-ethyl fragment on ring C mediate the hydrogen
bonding interactions with yR71 residues from a1/B1 loop (blue),
while the N-ethyl fragment was engaged in van der Waal's
contacts with yP72 (light green line) and yD174 residues (Fig.
5C).

{A) (B
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NILCRPppe:
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Logy concentration |uM}

Figure 5: (A) 2D-TOCSY NMR spectral data of the free Mtb y166-179 peptide
and complexed with GaMF1 highlights the chemical shift changes for NH
resonances (absolute values of CSP) between free and complex peptide. (B)
Absolute values of CSP for HA resonances between free and the GaMF1-bound
y166-179 peptide. (C) Predicted binding interaction of GaMF1 on the
mycobacterial y-c ring interface. The three loop regions of $1/a1 (blue), B5/a2
(light red) and B4/a4 (magenta) and together with residues of the c-ring loops
(beige) form the ligand binding pocket. (D) A screen of GaMF1 against S. aureus
and E. coli, as representatives of the human microbiome, confirm the specificity
of GaMF1 for Mtb as well as that the compound does not affect the human
microbiome.

To confirm its target specificity and to demonstrate that
GaMF1 is not a broad spectrum antibiotic, the compound was
tested against Staphylococcus aureus and Escherichia coli as
representatives of Gram-positive and Gram-negative bacteria,

10.1%?’1@.202002546

LEY-VCH

respectively (Fig. 5D). While the antibiotic Moxiflocaxin, which is
active against both Gram-positive and Gram-negative bacteria by
inhibiting DNA gyrase, inhibits both the growth of S. aureus and
E. coli, no growth inhibition of the two bacteria strains was
observed in the presence of increasing concentration of GaMF1.
Since the extra y-loop is specific to mycobacterial F-ATP
synthases, GaMF1 is not expected to bind to the E. coli or S.
aureus F-ATP synthase and consequently should not inhibit the
major energy converter of these prokaryotic cells. NMR titration
experiments and docking studies are consistent with a direct
interaction between GaMF1 and the subunit Mty. However, we
cannot exclude the possibility that GaMF1 may interfere with
additional targets in the pathogen. Future studies could focus on
the selection of escape mutants resistant to GaMF1 to confirm
target engagement genetically, or alternatively to identify indirect
mechanism of resistance such as those described for BDQ of
clofazimine 24,

GaMF1 synergizes with BDQ and TBAJ-876 analogs

The in vitro ATP synthesis experiments of the I66M mutant
IMVs and GaMF1 indicated a synergistic effect but no cross
resistance to the diarylquinoline BDQ (Fig. 4F). To assess a
synergistic effect of both compounds in more detail, the effect of
drug combinations on the growth inhibition of M. smegmatis was
examined. BDQ inhibited growth at 31.3 nM. However, in
combination with GaMF1, the ICs, of BDQ reduced with the
concentration of GaMF1 added, thus confirming a synergistic
effect of both compounds (Fig. 6A). Next, the synergistic effect on
ATP synthesis was studied in M. bovis BCG. In the whole cell ATP
synthesis assay, an additive effect of BDQ and GaMF1 was
observed (Fig. 6B). BDQ alone at 200 nM reduced ATP synthesis
from 3.7x10* RLU to 8x10° RLU. After addition of GaMF1, ATP
formation dropped in a concentration dependent manner of
GaMF1 and lowered the 1Cs of BDQ significantly (Fig. 6B).

Most recently, diarylquinoline analogs with improved potency
and physio-chemical properties have been described. [62-6¢l These
improved analogues include 5307, 5316, and 5377 (69 that interact
with the subunit c-ring and subunit € of the mycobacterial F-ATP
synthase 89 (Fig. 6C). Using a modified synthesis protocol (see
Supplementary Information) the racemates of 5307 ((+)-5307),
5316 ((%)-5316), and 5366 ((x)-5366) were synthesized (CCDC
deposition numbers: 1967685, 1967683, 1967684, respectively),
which inhibited M. smegmatis mc? 155 growth at an MICsg of 1.6
nM, 4.4 nM and 1.0 nM, respectively (Fig. 6D). The improved
MICso values of the racemates compared to BDQ were in line with
improved ICsp in ATP synthesis inhibition of M. smegmatis mc?
155 IMVs with values of 0.1 £ 0.01 nM, 0.2 £ 0.08 nM, and 0.6 +
0.33 nM for the racemates 5307, 5316, and 5366, respectively
(Fig. 6E). Importantly, combining (+)-5307 with 300 nM of GaMF1
revealed a significant reduction in cell growth (Fig. 6F),
demonstrating that the potency of the already improved DARQ
derivative increased by the synergistic effect of GaMF1. These
results open a new avenue for the development of a novel
combinatory drug regimen. Interestingly, the combination of 300
nM GaMF1 with either (¥)-5316 or (+)-5366 did not cause a
synergistic effect, reflecting a specific combinatorial potency of
()-5307 and GaMF1.

Viability and pluripotency of human embryonic stem cells
remain unaffected by BDQ, (+)-5307 and GaMF1

Human stem cell technologies are becoming increasingly
important as valuable ex vivo test models during the drug
discovery process (reviewed in [?). We therefore decided to
employ a human embryonic stem cell (hESC) line (E3) that we
have recently genetically engineered into a highly sensitive
pluripotency reporter 2% and examined both potential drug-
induced genotoxicity and perturbations of the hESC
transcriptional program that lead to hESC differentiation. The
assays revealed that neither the tested compounds (+)-5307, (¥)-
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5307 in combination with 300 nM GaMF1 nor the control BDQ
elicited substantial genotoxic effects or induced major alterations

CRMITEYVCH

in the global transcriptional program (Supplementary Information;
Supplementary Fig. 2A-G).
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Figure 6: (A) Synergistic effect of the TB drug BDQ and GaMF1 on cell growth of M. smegmatis. Combination of different concentrations of BDQ and GaMF1 was
done by two subsequent serial dilutions in the 96 well plate containing 100 pl of 7H9 media. Suspension of M. smegmatis mc? 155 in logarithmic growth phase was
added to obtain starting ODeoo = 0.05 in 200 pl. Plates were incubated 24 h in 37 °C. (B) Whole cell ATP synthesis assay with M. bovis BCG in the presence of BDQ
and GaMF1. (C) Structures of (+)-5307, (+)-5316, and (+)-5366. (D) ATP synthesis inhibition of M. smegmatis IMVs by (+)-5307, (+)-5316, and (+)-5366, respectively.
(E) M. smegmatis growth inhibition affected by (+)-5307 (e) and in combination with 300 nM of GaMF1 (o).

SAR studies of GaMF1 series

In order to improve the efficacy of GaMF1, a series of
analogs was synthesized (see Supplementary Information) and
tested in mycobacterial ATP synthesis assay (ICsq) and in the
mycobacterial assay (M. smegmatis and/or Mtb MICsp). Key SAR
findings are summarized in Table 1.

It was established that ring C was essential for maintaining
activity as truncated analog 1 (Table 1) did not inhibit ATP
synthesis (ICso > 100 yM). The amide functionality linking rings A
and B was essential for activity as switching to the reverse amide
2 led to a loss in activity. This is consistent with the docking pose
presented previously (Fig. 5C), where the carbonyl and amide
atoms on ring A were predicted to be in close contacts with yQ171
and yD64.

While the removal of substitution on the phenyl ring (3) led to
a modest drop in activity, replacement of the 3-bromo with either
electron-withdrawing CF3 (4) or electron-donating pyrrolidine (5)
substituents gave compounds with comparable potencies. This
result suggests that lipophilic substitutions are preferred in this
part of the molecule and that the electronics of the aromatic ring
have little contribution towards potency. This observation is also
consistent with the docking pose (Fig. 5C), which shows (i) space
to tolerate substituents on the phenyl ring and (ii) no key
interactions between the neighbouring residues and the phenyl
ring. Hence, we concluded that the region around phenyl ring A
would perhaps be the most amendable to structural modifications.
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Figure 7: Inhibition of ATP synthesis by GaMF1 analog 8 in IMVs from M.
smegmatis with an ICso of 90 nM on M. smegmatis (A) and 8.7 nM on M. bovis
BCG IMVs (B). (C) 300 nM of GaMF1 analog 8 increase the potency of (+)-5307
in ATP synthesis inhibition (A) when compared to the inhibitory effect of (+)-
5307 alone (A). (D) Addition of 500 nM (A) and 9 uM (m) of GaMF1 analog 8
shifted the inhibition curve to the left, showing a 2-fold (0.7 nM) and 10-fold (0.17
nM) decrease in MICso thereby revealing the synergistic effect on the same
target enzyme. The effect of racemate ((+)-5307) on growth of M. smegmatis
mc? 155 is shown in curve (e).
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Table 1: SAR of selected GaMF1 analogs

cod s 1Cs0 MICso MICso
pd No. tructure (Mm)2  (uM)>  (uM)e
Me_
Or, I
; N
GaMF1 B o5 11 a3
f\F
1 >100  >100 -
2 >100 - -
3 1.7 27 -
4 0.23 13.4 101
- N‘
e o] Y—NHE1
5 4 Y 0.21 9.7 13.9
HN NH
6 028 235 8.8
oSN N -NHE:
7 = > =N 0.29 14.6 5.2
HN- NH
Cle_s
-
|
8 r 009 99 3

2 ATP synthesis Inhibitory Concentration on M. smegmatis IMVs
5 M. smegmatis Minimum Inhibitory Concentration
¢ M. tuberculosis Minimum Inhibitory Concentration

In an attempt to retain the key amide functionality while
addressing potential concerns about toxicity arising due to
oxidation of the 1,4-phenylenediamine moiety (ring B), analogs (6
— 8) bearing a central benzimidazole motif with a phenyl
substituent were synthesized. Such a modification would restrict
rotational freedom between the A and B ring while retaining the
phenyl substituent. All three analogs displayed good ICso and
MICso values, with one (8) showing a 10-fold improvement
compared to the original compound, GaMF1. The p-chloro phenyl
derivative 8 afforded a 18-fold enhancement in ATP synthesis
inhibition of about 90 nM on M. smegmatis (Fig. 7A) and even 8.7
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nM on M. bovis BCG IMVs (Fig. 7B) and inhibited Mtb growth
culture at a concentration of 3 uM, while the m-chloro phenyl
derivative 7 maintained an activity profile similar to the parent
molecule. Interestingly, when 300 nM of analog 8 was combined
in an ATP synthesis assay of M. smegmatis with (+)-5307 (Fig.
7C) a clear synergistic effect could be observed, reflecting the
potency of this unique TB-compound combination. Addition of
GaMF1 analog 8 shifted the growth curve to the left, thereby
revealing the synergistic effect on the same target enzyme (Fig.
7D).

Conclusion

Respiration is a promising target for the development of new
antimycobacterial agents, including the inhibitors clofazimine,
Telacebec (Q203), and BDQ which inhibit the mycobacterial
complex Il (Ndh2; 24), the cytochrome bcl complex %, and the
F-ATP synthase.! The latter was approved by FDA for the
treatment of MDR-TB in 2012. 4 An increased understanding of
the function and structure of different respiratory complexes and
F-ATP synthase in mycobacterial biology is becoming key to
advancing cellular bioenergetics as a new target space. [11-13 142,
28] Here, we identified a novel TB-compound GaMF1 targeting the
unique mycobacterial F-ATP synthase y-loop and being specific.
It retained ATP synthesis inhibition against a BDQ resistant
mutant and killing potency against H- and R monoresistant Mtb
strains as well as the HR-resistant Mtb strains. NMR- and docking
results of GaMF1 support the mode of action, describing that
binding of the compound to the mycobacterial y-loop interferes
with the smooth rotation of the y subunit along the loop residues
of the rotating c-ring turbine, thereby interrupting proper coupling
of proton conduction in the a-c subunits and ATP synthesis in the
as:Bs headpiece via the central stalk subunit y. In comparison,
BDQ, TBAJ-876 and its derivatives 5307, 5316 and 5377 bind to
both subunit ¢ 1?1 and ¢ [6¢: 14¢. 27 and drug binding presumably
results in stalling of c-ring rotation relative to subunit a. (240
Combining GaMF1 with BDQ or (+)-5307 increased the MIC- and
IC potency, while not affecting viability and pluripotency of human
embryonic stem cells, which is essential for further clinical
applications. Medicinal chemistry efforts resulted in GaMF1
derivatives with increased potency regarding ATP synthesis
inhibition and Mtb cell viability. Future studies will focus on the
utility of the new lead for the treatment of TB, considering that in
patients, Mtb grows extra- as well as intra-cellular. Here, we
demonstrated activity of GaMF1 against Mtb growing in broth, i.e.
against the extracellular form of the bacterium. Therefore, activity
of the new F-ATP synthase inhibitor against intracellular Mtb will
be determined in macrophage infection models.
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The antimycobacterial GaMF1 inhibits the mycobacterial F-ATP
synthase by binding to a specific loop of subunit y, preventing ATP
synthesis via oxidative phosphorylation. The bactericidal
compound is active against multidrug-resistant strains, increased
the potency of the TB-drug Bedaquiline and other DARQ
analogues, opening a new avenue for an efficient multi-drug
combination. Chemistry efforts resulted in analogues with
nanomolar potencies.
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