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Introduction

1. Introduction

1.1. Mycobacterial infections

1.1.1. Tuberculosis prevalence and treatment challenges

Tuberculosis (TB) is one of the oldest and most pervasive respiratory diseases and remains one
of the leading causes of death worldwide.">%*% 3 In 2021, 10.6 million new TB infections and
1.6 million deaths were reported.? The majority of cases and deaths occur in low- and middle-
income countries, particularly in Africa and Asia.>® In these countries, poverty, malnutrition,
poor living conditions, and limited access to healthcare can all contribute to the high incidence
and prevalence of TB. The disease is caused by Mycobacterium tuberculosis (Mtb), a slow-
growing acid-fast bacterium that can be transmitted by air droplets. It primarily affects the
lungs, but can also infect other areas in the body, such as lymph nodes, the skeleton, skin and
soft tissues. TB bacilli can adapt to the high oxidative stress levels in human macrophages and
survive for years by down-regulating their metabolism and entering a state of dormancy until
the host’s immune status weakens and they become active.® Long-term combination therapy,
most commonly a combination of isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), and
ethambutol (EMB), and problems with patient compliance with the prescribed regimen, lead
to the continuous emergence of multidrug-resistant (MDR) and extensively drug-resistant
(XDR) Mtb. The lack of rapid, cheap, point-of-care diagnostics to diagnose MDR-TB and

insufficient second-line drug options add to the challenges of TB treatment.

The COVID-19 pandemic has had a significant impact on TB control efforts, leading to
disruptions in diagnosis and treatment and a potential increase in TB cases and deaths.” The
pandemic has led to reduced access to healthcare services for many people with TB, due to fear
of exposure to COVID-19, as well as economic and travel restrictions.® Social distancing,
lockdowns and travel restrictions are likely to reduce the risk of TB spreading outside the
household, but increase the risk of TB transmission within the household and are outweighed
by the increase in TB deaths in the last three years compared to 2019 (20% increase in 2021).
.29 Moreover, the COVID-19 pandemic has also negatively affected TB research and
development, with delays in clinical trials and a reduction in funding for TB research. The
global health communities continue to work towards reducing the burden of TB through

increased investment in research, improved diagnostic and treatment approaches, and expanded
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access to care for all those in need. The goal is to ensure that progress made in the fight against

TB is not lost and that TB remains a priority on the global health agenda.!:7-%°

1.1.2. Infections caused by non-tuberculous mycobacteria (NTM)

Non-tuberculous mycobacteria (NTM) are a group of bacteria in the genus Mycobacterium
which are not Mtb and Mycobacterium leprae. They are ubiquitous in the environment and can
cause infections in humans. NTM infections in general are becoming more common and are

recognized as a growing public health concern.

NTM infections can cause a variety of diseases, including lung infections, skin infections, and
infections in other parts of the body such as the lymph nodes, bones, and joints. Similar to Mtb,
immunocompromised individuals are at increased risk of developing NTM infections.
Additionally, people who are exposed to contaminated water sources, such as hot tubs or poorly
maintained swimming pools, may also be at increased risk of NTM infection.’® 1! NTM
infections can be difficult to diagnose and treat because they may not respond to traditional TB
treatments and antibiotics. Treatment of NTM infections typically involves a combination of a
three-drug regimen of either clarithromycin or azithromycin, plus RIF and EMB, and may take
up to 12 months to complete. In some cases, surgical intervention may be required to treat the
infection.!? In some populations, such as those with cystic fibrosis, the prevalence of NTM
infections is estimated to be up to 20%.3

Among the ~200 different NTM species identified, pulmonary infections are caused mostly by

Mycobacterium avium complex (MAC) and Mycobacterium abscessus complex (MABC). 14

M. abscessus complex (MBC)

M. abscessus and its subspecies abscessus, bolletii, and massiliense are by far the most
common causative agents of pulmonary disease due to rapidly growing mycobacteria.'® They
are found in two morphotypes, smooth and rough. The smooth variant infects humans and can
survive intracellularly in macrophages for years without symptoms. Certain factors, as yet
unknown, induce a morphological change to the rough variant which is more virulent. It can
aggregate extracellularly to form colonies that induce a proinflammatory response, with the
result being massive tissue destruction. Phagocytosis is prevented by the large size of these
aggregated colonies. ® 118 They can be found in water, soil, and dust. They can also be a
source of contamination for medications and products, including medical devices. M. abscessus
infections are typically difficult to treat and can cause serious health problems, particularly in

people with cystic fibrosis.?® It is resistant to most anti-mycobacterial agents, including
2
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macrolides 2% 2! highlighting the need of discovering new antibiotics that target M. abscessus

infections.

M. avium complex (MAC)

MAC are slowly growing NTM which consist of 12 separate species.?? Pulmonary infection in
humans is caused commonly by M avium, M. intracellulare and M. chimera. MAC species are
also known to show considerable variations in the morphology of their colonies, ranging from
smooth, thin, transparent, to smooth and opaque, to rough.?? M avium and M. intracellulare are
collectively referred to as Mycobacterium avium-intracellulare (MAI) due to the difficulty in
differentiating between them.?> 2 MAC are the frequently isolated NTM in clinical cystic
fibrosis, and immunodeficiency diseases, such as AIDS in China and USA.?* Transmission to
humans occurs via inhalation, contact, or smear infection.?® Reports have shown that with M.
intracellulare lung infections disease prognosis is worse than in M. avium lung infections.?®
The international guidelines recommended treatment with three-drug combination therapy
consisting of a macrolide (azithromycin or clarithromycin), EMB, RIF. In case of severe or
macrolide-resistant MAC pulmonary infections parenteral amikacin or streptomycin are added
to the drug regimen.? 2 With prolonged treatment, 65% of the patients achieve culture

conversion and some patients even relapse.?’

1.2. Drug targets and Ligands

Mycobacterial (Mtb and NTM) drug targets include cell wall synthesis, nucleic acid synthesis,
protein synthesis, and oxidative phosphorylation. There are several drugs on the market and
under development for the treatment of mycobacterial infections. The first-line anti-TB drugs
are examples of drugs that are already on the market: RIF (RNA polymerase inhibitor)?, PZA
(membrane potential disruption)®, INH (mycolic acid synthesis inhibitor)®*® and EMB
(arabinogalactan and lipoarabinomannan synthesis inhibitor).3! In addition, there are protein
synthesis inhibitors such as streptomycin and kanamycin (aminoglycosides) and macrolides
such as azithromycin and clarithromycin (protein synthesis inhibitors).3? The third-generation
fluoroquinolones (FQ) such as moxifloxacin and gatifloxacin act as DNA gyrase inhibitors.
The cell wall synthesis inhibitors PBTZ169 and BTZ043%, the protein synthesis inhibitors
sutezolid and AZD5847%* %, the ATP synthase inhibitor TBAJ-587% and the cytochrome

bc-aas supercomplex inhibitor telacebec®” (Q203) are examples of anti-TB drugs in clinical
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trials.3® Pretonamid (PA-824)*°, delamanid*® *! and SQ109*? are examples of drug candidates

with multiple targets (Figure 1).
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Figure 1. Examples of anti-mycobacterial drug targets and their inhibitors. Drugs on the market are coloured in

black, while the drug candidates in clinical trials are coloured in red. Adapted from 4344,

The long duration of treatment, the continuous emergence of resistant TB strains and the
resistance of NTM to most anti-TB drugs necessitate the search for new drug candidates and
the understanding of the mechanism of action of the drug targets and the mycobacterial rescue

mechanisms.

In the following sections, we are going to discuss oxidative phosphorylation and mycobacterial

cell wall synthesis in more detail.
1.2.1. Oxidative phosphorylation

Mycobacterial cellular respiration is a promising target for TB treatment.*** Cellular
respiration results in the production of adenosine triphosphate (ATP), the chemical energy
currency in cells, using energy from the oxidation of nutrients. Cellular respiration needs the
combined activities of the electron transport chain (ETC) and ATP synthase. The ETC is a
series of membrane-embedded protein complexes that establish a transmembrane proton

motive force (PMF), using energy from a series of redox reactions. The PMF drives ATP

4



Introduction

synthesis by the FiF,-ATP synthase.*” Structural and mechanistic differences between
mycobacterial ETC complexes compared to ETC complexes from eukaryotic mitochondria and

other bacteria allow selective inhibition of mycobacterial respiration.

1.2.1.1. Mitochondrial ETC

The human mitochondrial ETC consists of four complexes (I to 1V) embedded in the inner
mitochondrial membrane. As shown in Figure 2, electrons from the oxidation of NADH and
succinate by complexes I and 11 are transported to complex 111 (cytochrome bcy) via ubiquinone
(Q), amembrane-embedded electron carrier. Complex 11 transfers electrons from the oxidation
of ubiquinol to ubiquinone to soluble cytochrome c, which in turn transfers electrons to
complex IV (cytochrome ¢ oxidase or cytochrome aas) where oxygen is reduced to water,8:4°

Inner membrane space

H* H* H*
H* H* H*
H " "
o
ATP
- synthase
NADH  NAD*+H" syccinate Fumarate 2 H* +1/20 H.O
2 2
ADP+ P; ATP

H+

Matrix

Figure 2. Mitochondrial ETC. Adapted from*°.
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1.2.1.2. Mycobacterial ETC complexes and ATP synthase

The mycobacterial ETC can utilize various electron donors and acceptors depending on its

microenvironment (Figure 3).

amcy, 2+ 1/20,
(2H*/e)
NADH - NDH-1 = i
‘ (2H/e) r’z MK cyt. bd H,0
B :6 (H/e)
nAe NDH-2 o —& electron carrier e
2 NO,
Succinate o MKHz NR ‘o,
Sdh-1/Sdh-2 (H/e) 2

Fumarate Fumarate

FR

Alternative reductases

Succinate

Figure 3. Summary of electron flow in the mycobacterial ETC. Electrons are transported via MK (electron
carriers) from dehydrogenases (electron donors) to aerobic oxidases or anaerobic reductases (electron acceptors).
Nitrate reductase (NR) and fumarate reductase (FR) are examples of alternative electron acceptors under

anaerobic conditions. Adapted from® 52,

Electrons produced during metabolic reactions are transferred to the ETC mainly through the
oxidation of NADH to NAD* via NADH dehydrogenases (NDH).5? Mycobacteria have two
types of NADH dehydrogenases, a proton-pumping NDH-1 (complex I, the homologue of
complex | in mitochondria)®® and a nonproton-pumping NDH-2 (Figure 3). There are two
types of NDH-2 in Mth, Ndh and NdhA. While Ndh is common among all mycobacteria, some
mycobacteria such as M. smegmatis (Msmeg), M. abscessus and M. leprae lack the NdhA
enzyme. It has been reported that NDH-2 is essential for mycobacterial growth (Ndh)*”%* while
NDH-1 may have an important role in virulence, for example in Mtb.>* The nonproton-
pumping NDH-2 is important for maintaining the electron flux (maintains PMF and replenishes
[NAD*] pool) in the absence of growth.>® In Mth, for example, the electron transfer is not
affected by the back pressure of the PMF in the absence of growth and high rates of ATP

synthesis due to the coupling of NDH-2 to cytochrome bd oxidase.>!

Succinate dehydrogenase (SDH, complex 1) is an electron donor that couples oxidative
phosphorylation to carbon metabolism. SDH catalyzes the oxidation of succinate to fumarate
in the TCA cycle (citric acid cycle in the cytoplasm), leading to the reduction of menaquinone

(MK) to menaquinol (MKH, Figure 3).5¢ Most mycobacteria express two types of SDH: sdh-
6
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1 and sdh-2. Sdh-1 is the primary aerobic SDH and its inhibition under hypoxic conditions
leads to the accumulation of succinate.®” The oxidation of succinate is taken over by Sdh-2 or
the fumarate reductase®® (FR, absent in Msmeg®®). Previous studies have shown that sdh-2 is

essential for growth and the generation of membrane potential under hypoxia.®® 5% 0

Electrons from redox reactions in NDH-1, NDH-2, and SDH are transported via menaquinone®*
(MK-9 (11-H)%®, electron carrier) to one of the mycobacterial respiratory terminal oxidases, the
cytochrome bc-aas supercomplex (CI112.CIV?) or the cytochrome bd complex5? under aerobic
conditions (Figure 4).%0-5!

proton gradient (ApH)
Extracellular

T H H* A H
4+
L MK« il < mo \%2
: Bl B
..... M - MKH,
o — ATP
NADH  NAD* NADH NAD* syccinate Fumarate 2H*+1/20, H,0 2H*+1/20, H,0 synthase
membrane
potential (Al)
Cli,Civ,

Supercomplex Cytochromebd ADP+P;  ATP
He

PMF = Al+ApH Intracellular

Figure 4. Mycobacterial ETC under aerobic conditions. ‘Adapted with permission from [Abdelaziz, R.; Di Trani,
J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P.
Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI11.CIV2 Supercomplex Binding and in Vitro
Antimycobacterial Activity. ACS Omega 2023. https://doi.org/https://doi.org/10.1021/acsomega.3c02259 1.
Copyright [2023] American Chemical Society’’

The cytochrome bd oxidases®? are a type of terminal oxidase that helps mycobacteria survive
under stress conditions, i.e. hypoxia, RNS or ROS production as a defence mechanism of the

1'63

host cell.®” They are structurally different from other terminal oxidases, like Heme-copper

oxidase (HCO) and alternative oxidases (AOX, cyanide insensitive oxidases)®*. They can
oxidize MKH> to MK and reduce O to H2O, functioning as an alternative pathway when
CIILCIV; is inhibited. Alternative electron acceptors that can operate under anaerobic
conditions are nitrate and fumarate via nitrate reductases (NR) and fumarate reductases (FR)®
(Figure 3).%°

The movement of electrons across the ETC generates a membrane potential (Ay)®® which leads
to the development of a transmembrane proton gradient (ApH) and eventually the PMF. The

PMF is essential for ATP synthesis via FiFo-ATP synthases, where the electrochemical

7
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potential energy generated by the PMF is converted into chemical energy (ATP). ATP can also
be synthesized by substrate-level phosphorylation.>® Energy produced during metabolic steps
is used for ATP synthesis. This method provides rapid ATP regardless of whether the ETC is
functional. However, mycobacteria mainly depend on ATP produced by oxidative

phosphorylation,>3 ¢

1.2.1.2.1. CI2CIV2

Mycobacteria lack soluble cytochrome c, and thus the transfer of electrons from complex 11
to IV occurs differently than in mitochondria. Complexes III and IV in mycobacteria form an
obligatory supercomplex (CII2CIV2), rather than existing as two separate entities (Figure
4).4867 Instead of Q, mycobacteria use MK as an electron carrier. Complex III has three
subunits: QcrA, QcrB, and an anchored QcrC domain with two c-type hemes that transfer

electrons to complex IV.

Complex III: The QcrA subunit contains FeS protein ([2Fe-2S], Rieske protein) which is
homologous to the FeS protein in the canonical cytochrome bc; (complex IIT). In mitochondrial
complex III, the FeS protein head domain moves away from the electron donor (QH>) to the
electron acceptor cytochrome c;. However, electron cryomicroscopy data showed that in
mycobacteria FeS center is fixed while the diheme cytochrome cc (cyt. cc, QerC) head domain
adopts two conformations: open and closed, allowing the transfer of electrons between the FeS
center and complex IV.* A superoxide dismutase subunit (SOD) in contact with the QcrA
and/or QcrC subunits in Msmeg CII[LCIV; is thought to detoxify the reactive oxygen species
(ROS) generated as a defence mechanism in the host phagolysosomes of macrophages. 3¢’
The QcrB subunit contains heme b7, and heme by. It has two menaquinone binding sites: Qo,
where MKHj is oxidized to MK and Q; where MK is reduced to MKH> in a process known as
the Q cycle (Figure 5).

Complex 1V: The cytochrome ¢ oxidase (CytcO), like its mitochondrial counterpart, belongs
to the type A heme-copper oxidase Al subfamily (HCO). It consists of CtaC (homologous to
subunit 1) which contains 2 Cua ions, CtaD (subunit 11 homologue) which contains heme a,
heme aas and Cus, CtaE (subunit 111), CtaF, Ctal and CtaJ. % Similar to mitochondrial Complex

IV, it has two proton transfer pathways (K and D pathways).5°

The diagram below (Figure 5) explains the flow of electrons (blue arrows) in one-half of

CIHI2CIV2 where oxygen is partially reduced into water (%2 Oz + 2e” + 2H* = H.0). One
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electron from MKH> oxidation in the Qo site is transferred to FeS (QcrA) and then via the cyt.
¢ and cyt. ¢ (QcrC) to Cua; the primary electron acceptor in complex V. Cua transfers the

electron via heme a to the catalytic site (heme aaz and Cug) where oxygen is reduced.

The second electron is transferred to heme by and then to heme by where MK is reduced to
MK (semiquinone). This cycle is repeated twice to fully reduce MK to MKH; and a total of 4
H* are pumped to the periplasm. The full reduction of oxygen requires a total of eight protons
and four electrons.*® %8 Q203 (telacebec, discussed in section 3.1.1.1) binds at the Qo site,
preventing the oxidation of MKH2 to MK, thus blocking the transfer of electrons to complex
V.

4H*
~ Cyt.¢ > Cyt. ¢,
crC .

Periplasm L« : e Cug’ CtaC (subunit 1)
[2Fe-25]
y 4« QcrA v
Q203 CtaD (subunit1)
o X 2MKH, - 2MK Heme a ---» Heme a; Cu,
site v
e 1/20, H,0
Q‘ v
site Hem__e_:‘bH
MK > MKH,
QcrB .
Cytoplasm
2H* 2H*

Figure 5. Schematic diagram of CIICIV (half of the supercomplex). The blue arrows represent the flow of

electron. Adapted from®,

1.2.1.3. Role in drug efflux

Oxidative phosphorylation is important for the function of efflux pumps (EP).”® The major
facilitator family (MFS), the small multidrug resistance family (SMR) and the resistance
nodulation division (RND) are examples of EPs that depend on the PMF (Figure 6). ATP
binding cassette family (ABC), such as P-glycoprotein, are ATP-dependent efflux pumps
(Figure 6).” EPs are one of the reasons behind the mycobacterial resistance to drug treatments.
Mycobacteria in the human host or during drug treatment can induce the expression of efflux
pumps for detoxification.”* For example, WhiB7 (a redox-sensitive transcriptional activator)
plays a major role in mediating intrinsic drug resistance, sometimes through the direct

regulation of efflux pumps.”



Introduction

Extracellular

protons that drive EP

Drug
H+
H+
ApH H+ H*

|
4 7
é(g( »)> mycolic acid layer
>
O <
ap

| NV | IR

ETC MFS SMR RND ABC
T T | 7\\ y
ADP+P;  ATP H* H* H* ATP  ADP+ P,
Intracellular

Figure 6. Examples of efflux pumps in mycobacteria. Adapted from*’.

1.2.2. Mycobacterial cell wall synthesis

The mycobacterial cell envelope is important for growth and virulence. It is more complex than
the cell wall of Gram-negative or Gram-positive bacteria. It is also a major contributor to
mycobacterial resistance against common antibiotics due to its low permeability to drugs. The
lipid-rich cell envelope also protects mycobacteria against different environmental stressors,

such as temperature, disinfectants, changes in pH and osmotic pressure.

The main component is the mycolyl-arabibinogalactan-peptidoglycan complex (mAGP) which
is composed of a cross-linked network of peptidoglycan (PG), highly branched arabinogalactan
(AG), and long chain mycolic acids. They are covalently bonded together forming the core
structure of the cell envelope.” Another key component of the cell wall is a phosphatidyl-myo-
inositol-derived  glycolipid containing mannan and arabinan domains called
lipoarabinomannan (LAM, Figure 7).”* LAM acts as a virulence factor playing a key role in

modulating host-immune response by binding to Toll-like receptors. 7> 7677
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Figure 7. Simplified diagram of mycobacterial cell envelope. PIMs = phosphatidylinositol mannosides. Adapted

from*+ 78,

The importance of the mycobacterial cell wall for survival, its unique structure and unique
biosynthetic pathways, made it an attractive target for many antimicrobial drugs. For example,
EMB targets Emb proteins which belong to the arabinofuranosyl transferases family (AraTs).
They are trans-membrane (TM) proteins that add D-arabinofuranose sugar moiety from
decaprenyl-phosphoryl-D-arabinose (DPA) to the growing AG and LAM. "*& They are named
Emb after their inhibitor EMB.

Other AraTs also add arabinofuranose moieties to either the galactan of AG or the mannan core
of the LAM.8! They include arabinosyl transferases A (AftA), B (AftB), C (AftC) and D
(AftD). AftA starts the AG synthesis by adding D-arabinofuranose to C5 of the D-
galactofuranose 8,10,12 of the existing galactan. AftB adds terminal B-(1->2) D-
arabinofuranose to AG and LAM. AftC and AftD have been reported to be responsible for
o-(1->3) and a-(1->5) branching.® All of these pathways, however, are not fully characterized
yet.
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The recently reported electron cyromicroscopy structures of EmbA, EmbB and EmbC proteins
in Mtb and Msmeg, have shown that they consist of 15 TM helices, 11 of which are shared with
other members of the glycosyl transferases C (GT-C) superfamily, and N- and C-terminal
periplasmic carbohydrate-binding domains (N-PD and C-PD, Figure 8) which are anchored to
the TM helices. Periplasmic (PL) and cytoplasmic (CL) loops connect the TM helices and acyl
carrier proteins (ACpM) were found bound to EmbA, EmbB and EmbC at the cytoplasmic site.
79.80 The structures have also shown that the catalytic site is located in a cavity in the junction
between the TM helices and the PD domains. The site consists of an acceptor binding site (Ao-
site), a donor binding site (D-site) and a negatively charged Aspartate residue (part of the DDX
motif in PL2). (Figure 8).
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Figure 8. Structure of Msmeg-EmbB bound to di-arabinose. (A) Overall structure of Msmeg-EmbB-AcpM. (B)

Di-arabinose at the active site. The active site consists of an acceptor binding site (Ao-site), a donor binding site
(D-site) and a negatively charged Aspartate residue (part of the DDX motif in PL2).The figure was generated
using UCSF Chimera software version 1.15.83

Emb proteins catalyze the same reaction, however, have different substrate affinities. EmbA-
EmbB catalyzes the a-(1->3) linkage on the terminal hexarabinofuranosyl motif of AG,
followed by the addition of B-(1->2) D-arabinofuranose by AftB enzyme. It has been reported
to catalyze the a-(1->5) linkage in AG as well.”* 7 81 EmbC catalyzes a-(1->5) glycosidic
linkage leading to linear elongation of LAM (Figure 9).
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Figure 9. Diagram showing the catalytic reaction of Emb proteins. (A) EmbA-EmbB catalyzes the branching of
AG (B) EmbC; catalyzes the synthesis of LAM. Adapted from®,

Electron cryomicroscopy structures of Mtb and Msmeg EmbA-EmbB-AcpM: heterodimers and
EmbC,-AcpM2 homodimers bound to EMB have shown that EMB binds to EmbB and EmbC,
whereas no density for EMB was observed in EmbA. An additional loop in EmbA, which
normally blocks the acceptor entry into the catalytic site (Figure 10), also appears to block the
entry and binding of EMB.® Furthermore, active site mutations in EmbB and EmbC have been

proven to lead to EMB resistance, but not in EmbA.8

wp
. B

N780

Figure 10. Msmeg EmbA catalytic site. Asn 780 residue in the extra loop interacts with the catalytic residue Asp

261. The figure was generated using UCSF Chimera software version 1.15.%

EMB acts as a competitive inhibitor which binds at the catalytic site of EmbB and EmbC
instead of both substrates (the growing AG/LAM and DPA) inhibiting the arabinose transfer.
This inhibition leads to the inhibition of branching of the terminal hexaarabinofuranosyl motif
of AG and the LAM synthesis, thus disrupting the cell wall synthesis. EMB has been reported
to have stronger binding affinities to Mtb EmbB compared to Msmeg EmbB and EmbC,.8°
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2.Research objectives

The thesis aimed to investigate two different antimycobacterial compound classes, both of

which the molecular details of their targets were recently reported.
2.1. IPA analogues

Q203, a member of the imidazopyrdine amide (IPA) class of compounds, is currently in phase
2 clinical trials (clinicaltrials.gov identifier NCT03563599).%” Despite having high potency
(MICso 2.7 nM®) in in vitro growth inhibition assays, its high lipophilicity and poor
solubility®, leading to an extended half-life of 321.12 + 227.29 h®, necessitate searching for
IPAs with comparable in vitro activity and improved pharmacokinetic (PK) parameters. Q203
IS given in doses up to 300 mg/d in clinical trials (NCT03563599), similar to INH standard
dose in adults® with active TB infection.

The goal of my project was to establish the synthesis of IPAs analogues for the investigation
of their molecular interaction with the target, QcrB subunit of CI112CIV2 in mycobacteria. The
IPAs were devised for an improved understanding of the molecular mechanism of action,
making use of the molecular assay facilities in our laboratories and in particular trying to
approach the long-term goal of targeting problematic mycobacteria that are not sensitive to
Q203. These mycobacteria include M. abscessus and M. intracellulare, NTM of emerging
importance.®® The insensitivity may be due to pharmacokinetic differences IPAs display in

different mycobacteria or differences in target binding and inhibition.

We designed and synthesized a set of 30 IPA analogues, 25 of which were benzoxazole IPA
analaogues to explore the details of binding to CI11.CIV>. The benzoxazole ring system has the
advantage of decreasing the high lipophilicity of Q203 and being hydrophobic enough to allow
the compound’s membrane penetration.®® The synthesized compounds and Q203 were tested
in enzyme inhibition assays against the Msmeg CII1,CIV2, as well as in whole-cell growth

inhibition assays in vitro against Mtb, Msmeg, M. abscessus and M. intracellulare.

We collaborated on this project with Prof. John Rubinstein, Departments of Biochemistry and

Medical Biophysics, University of Toronto, Canada, and Dr. Henok Sahile, Departments of
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Medicine and Microbiology and Immunology, Life Sciences Institute, University of British

Columbia, Vancouver, Canada.

2.2. EMB analogues

The recently published electron cryomicroscopy structural models of the arabinofuranosyl
transferases (EmbCAB)™® 8 in Mtb and Msmeg encouraged us to synthesize new EMB
analogues to further investigate the binding site. We designed symmetric and asymmetric

analogues and tested their activity against Mth, Msmeg, M. abscessus and M. intracellulare.
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3. Results and Discussion

3.1. Synthesis

3.1.1. Imidazopyridine amides (IPAS)
3.1.1.1. Previously reported imidazopyridines

The imidazopyridine (IP) heterocycle is an important scaffold ° %% 92 in medicinal chemistry
that can be found in many natural and synthetic drug substances. Drug substances that
incorporate this moiety possess a wide range of pharmacological activities such as antiviral,
antifungal, anticancer®®, antibacterial, antiulcer (Zolmidine), anti-osteoporotic (Minodronic
acid) GABAA receptor agonist (Zolpidem) and anti-inflammatory (Miroprofen) activities.
(Figure 11) %49
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Figure 11. Examples of drugs on the market with the I1P-scaffold.

The anti-mycobacterial activity of imidazopyridines has been investigated by many research
groups. Imidazo[1,2-a]pyridine-3-nitroso derivatives were reported in 2004 to have significant
anti-TB activity, however, were non-selective to mycobacteria and had high cell toxicity.% In
2009, 3-amino-imidazo[1,2-a]pyridines were reported as Mtb glutamine synthetase inhibitors

but without assessment of the in vitro activity against Mtb H37Rv.%": %

Imidazo[1,2-a]- pyridine-3-carboxamides (IPAs) with very good efficacy against Mth H37Rv,
MDR-Mtb and XDR-Mtb strains and without cytotoxicity were first reported in 2011 by the
group of Marvin Miller at the University of Notre Dame (Indiana, USA).%® 1% They originated
from their research on antibacterial sideromycins!® which led to the discovery of the hit
compound, ethyl-7-diaminoethylimidazo[1,2-a]pzridine-3-carboxylate. Optimization of this
hit resulted in a series of IP analogues with improved minimum inhibitory concentration (MIC;
pMM) and pharmacokinetics. N-Benzyl-2,7-dimethylimidazo[1,2-a]pyridine-3-carboxamide
(ND-008454, Figure 12) was the most potent analogue with MICgo < 1 uM against H37Rv
Mtb as well as MDR and XDR strains. 9 1%
16
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Additionally, (ND-008454) was tested against NTM like M. avium which showed MIC close
to that of Mtb. M. abscessus and Msmeg showed MIC values > 50 uM. Some of the analogues
were tested against NTM, Gram-positive S. aureus, Gram-negative E. coli and the fungus
Candida albicans. None of them showed activity, suggesting the specificity of these agents

against mycobacteria.®®

Further modifications on the lead ND-008454 led to a series of analogues with improved MIC
values (five compounds of this series were in the nM range) and pharmacokinetic

parameters.12 An example is shown in Figure 12.

NH f®/
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NS
N
XN
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MICgg = 1.25 yM against Mtb Hz7Rv MICgg = 0.006 yM against Mtb Hz7Rv

Figure 12. Structures of ND-008454 and ND-09759.

Institute Pasteur Korea reported hundreds of IPAs in two patents.!® 1% They started by
screening 120,000 compounds and out of 96 active hits, one IP-carboxamide was chosen for
lead optimization. These optimizations finally resulted in Q203 (Figure 13).

N //@/N Q/@oca

NH
Cl
=~ N N\ Cl Y A\

1 Q203

)

Figure 13. Structures of the lead compound (1) and Q203.

Q203'% INN: telacebec, showed MICsy against Mth in the nM range, both outside (2.7 nM)
and inside (0.28 nM) macrophages.®® It targets the mycobacterial cytochrome bcc-aas, known
as the CIII,CIV; supercomplex. Q203 has been and is still being tested in clinical studies: a
first-in-human trial (clinicaltrials.gov identifier NCT02530710); a phase 1 ascending multiple-
dose study (NCT02858973); and a phase 2a multiple-dose trial for the evaluation of early
bactericidal activity (NCT03563599), where it showed a dose-dependent reduction in the load
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of viable mycobacteria in the sputum. It has also been tested for its effect on an inflammatory
biomarker in coronavirus patients (NCT04847583).37-48. 106,107

The high potency, low cardiotoxicity (hERG patch clamp I1Cso > 30 uM)® and activity of Q203
against MDR-TB strains made it suitable for further development. The research group at
Institute Pasteur Korea synthesized several IPA analogues with modified side chains aiming to
reduce lipophilicity (LogP) and the length of the side chain.®:1% They designed analogues with
fused ring systems, which led to the discovery of another promising IPA analogue (Figure 14)
with a benzoxazole heterocycle in its side chain. This compound has shown high potency
against Mtb H37Rv strain both extracellularly (MICgo = 27 nM) and intracellularly (MICgo =9
nM) as well as reduced AlogP of 6.97 compared to 7.88 in Q203.%
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Figure 14. IPA analogue with a benzoxazole ring system.

A series of novel IPAs were reported by Lv et al., 2017. Modifications in their lead compound
IMB-1402 1% led to two compounds that showed good potency against drug-sensitive and
drug-resistant Mtb strains with good safety indices (Figure 15). However, molecular docking
analysis suggested that they bind to a different target than Q203 and the above-mentioned
analogues. Docking studies showed strong interactions with the pantothenate synthetase

enzyme (PDB ID- 31V X).%: 110
\ N N/\/N
e
S N o~
\ N N/\/O
rEane!
N Br

IMB-1402 LN ~_N

Figure 15. N-(2-phenoxyethyl)-1P-3-carboxamides. The analogues displayed are examples of IPA analogues that

have different targets from that of Q203.
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IPA analogues with basic fused ring systems were later designed by the same group in China
aiming to reduce the lipophilicity of Q203. Most of the synthesized compounds showed high
potency against Mtb H37Rv strain (MIC < 0.25 uM). Twelve compounds showed MIC values
of < 0.035 uM - similar to Q203- against MDR-Mtb strains. Most of the compounds showed
low cytotoxicity similar to Q203 at the same concentration (CCsg > 64 ug/mL). Furthermore,
all of the compounds reported had lower LogP values (ranging from 5.10 to 6.93) than Q203
(7.64), but no clear correlation between LogP and potency could be deducted (Figure 16).1%

cl
— Q //Q\N
\ N N NXy - CFs ON-NH
igareR ety
1 XN 2

Figure 16. Structures of IPA analogues with alkaline fused ring systems. Both analogues have shown high
potency against MDR-Mth, similar to Q203.!

OCF,

We designed and synthesized a set of IPA analogues to explore the details of binding to
CI2CIV2. The benzoxazole IPA shown in Figure 14 was chosen as the lead compound since
it showed high intracellular (MICgo =9 nM) and extracellular (MICgo = 27 nM) activities. The
benzoxazole ring system has the advantage of decreasing the high lipophilicity of Q203 and

being hydrophobic enough to allow the compound’s membrane penetration. 8

3.1.1.2. Synthetic schemes

Through a 7-step synthetic scheme, a series of 30 [PA analogues were synthesized, 25 of which
were benzoxazole IPA analogues. The general scheme was divided into three major parts;
synthesis of the imidazopyridine scaffold (Scheme 1A), synthesis of the benzoxazole tail
(Scheme 1B), and amide coupling (Scheme 1C, Scheme 2, Scheme 3iii). The synthesis of
compounds 27 and 28 (Scheme 3) was slightly different from the general scheme.
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Scheme 1. General synthetic scheme, (A) Synthesis of imidazo[1,2-a]pyridine-3-carboxylic acids, (B) Synthesis
of 2-substitutedbenzo[d]oxazole-5-methylamine, (C) Synthesis of 1-24, and 262~

—

Mo/\ IR Oy-0 O\ _oH

cl OR R1/\N/§ ii R1/\N/§
N

A\ 2
NP

1-15b 1-15¢
1b R'=6-Br R2=ethyl 9b R'=6-Br R2= methyl
2b R'=7-Br R2= ethyl 10b R'= 7-Br R2= methyl

3b R'=6-CF3 R2=ethyl 11b R'=6-CF3 R2= methyl
4b R'=7-CF3 R?=ethyl 12b R'=7-CF3 R?= methy!
5b R'=6-OCF3 R?=ethyl 13b R'=6-OCF3 R?= methyl
6b R'=7-OCF3 R2=ethyl 14b R'=7-OCF3 R2?= methyl

7b R'=6-Cl R2= ethyl 15b R'=methyl  R?= methyl
B 8b R'=H R2= ethyl
R3
iv, v N CN i, vii N NH
o) (e}
o
1d R3=ClI 1e R3=ClI
2d R3= OCF4 2e R3=OCF;
C
1
Oy oH N Re= ©
+ RO 4 NHz i, N N~y N
/\N N R Q / H N\ R3
R'¢ R? 0 N
S R2 o
1-14c 1el2e
1-8 R'= Br
9-16 R'= CF,
17-23 R'= OCF;
24* R'= 6-Cl
26 R'= H

R?= ethyl or methyl
R3= Clor OCFg4

8Reaction conditions: (A) (i) 2-aminopyridine, EtOH, reflux overnight; overnight. (ii) NBS, H20, 30 min, 80 °C;
2-aminopyridine, 30 min-1 h, 80 °C. (iii) Ester hydrolysis:LiOH, EtOH/H20 (3:1, v/v), reflux overnight. (B) (iv) thionyl
chloride, DCM/DMF, room temperature, 1 h; (v) 3-amino-4-hydroxybenzonitrile, methanesulfonic acid, dioxane, 100 °C.
(vi) di-tert-butyl-dicarbonate, NiCl2.6H20, NaBH4, MeOH, 0 °C to room temperature, overnight; (vii) 4 M HCl in dioxane,
2 h. (C) (viii) Amide coupling: HATU, DMF, DIPEA, room temperature, 1 h.

* Compound previously described in the literature. 86

: ““‘Reprinted with permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z,;
Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium
Smegmatis ClI1,CIV, Supercomplex Binding and in Vitro Antimycobacterial Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society’’
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Scheme 2. Synthesis of 25, 29 and 302*

(@) 1
OH R\/ﬁ O
ol ST U
N
S I \ u“@
N
R? R3
15¢ 25* R'=7-CH; R?=methyl R3=H
29 R'=6-Cl R2= ethyl R3=H
30 R'=6-Cl R2= ethyl R3=Cl

2 Reaction conditions: HATU, DIPEA, DMF, room temperature, 1 h.

* Compounds previously described in the literature, 103 112

Scheme 3. Synthesis of 27 and 282

(0]
Cl
W : . : (L
P H i — i F\)\/’H i .\ N WH
HoN
HO n 0 H 2 n TN n
n N

1f n=3 19 n=3 27n=3
2f n=2 2g n=2 28 n=2
3f n= 2 (saturated alkyl)* 3g n= 2 (saturated alkyl)

aReaction conditions: (i) phthalimide, DIAD, PhsP in dry THF, room temperature, 4 h. (ii) hydrazine (50% w/w in H20),
MeOH, overnight, room temperature. (iii) (1) 7c, DIPEA, dry DMF, 10 minutes; (2) HATU, stir 20 min; (3) 1g or 2g,
room temperature, 1 h.

* 3f was synthesized from 3,7-dimethyl-1octanol.

3.1.1.3. Synthesis of the imidazo[1,2-a]pyridine-3- carboxylic acids (Scheme 1A)

A common approach for the synthesis of imidazo[1,2-a]pyridine is through the condensation
of substituted 2-aminopyridines with compounds like B-ketoesters that have good leaving
groups.®® 8 113,114 The first attempt was to carry out a-bromination of ethyl-3-oxo-pentanoate
separately and then the condensation reaction as reported by the group in Institut Pasteur
Korea.1% 8 They carried out the bromination step in diethyl ether using N-bromosuccinamide
(NBS) as a brominating agent and ammonium acetate as a catalyst (Figure 17 ). However, their
procedure was not reproducible. The reaction was successful in tert-butylmethyl ether and
using AIBN (azobisisobutyronitrile) as a radical initiator (Figure 18).1° The reaction of the -

ketoester with Br, in water or chloroform!® was successful as well. However, the highly

i “‘Reprinted with permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A,; Liu, Z;
Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium
Smegmatis ClI1,CIV, Supercomplex Binding and in Vitro Antimycobacterial Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society’’
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reactive a-brominated [3-ketoester formed could not be isolated in good yields, which affected

the yield of the next step.

Br O
l\\l o NH4OA\c}(>2 eq.)
\)J\/U\ N + /o) ] 7\ \)H)J\o/\
(0] diethyl ether

rt/6 h

Figure 17. Bromination of ethyl 3-oxo-pentanoate with NBS and ammonium acetate (NH4OACc) as a catalyst.1%
86

Ns N .
e, M 2 N:C4< BrBf — > N=C—<Br + B
N Cs - A By - r
>< \‘/ N -N,
Figure 18. Radical initiation by AIBN.1%6 117

We, therefore, opted for a one-pot reaction in water involving the halogenation of the
B-ketoester and intramolecular cyclization (condensation) in the same reaction vessel to
synthesise imidazo[1,2-a]pyridine-3-carboxylic acid. Ethyl-3-oxopentanoate and NBS were
stirred in water for 30 min, then substituted 2-aminopyridine was added and stirred for a further
30 min before the 2-ethylimidazo[1,2-a]pyridine-3-carboxylic acid ester (1-8b) was extracted
and purified. The advantage of this method is that the highly reactive brominated product can
react directly with the nucleophile (2-aminopyridine) once it is formed. Intramolecular
cyclization finally leads to the desired esters (Figure 19). ''* The yields were < 30%, much

lower than those reported by'!*

. However, in their scheme, they mostly used unsubstituted 2-
aminopyridines. An electron-withdrawing group on the pyridine, as in our case, would make

the amino group less nucleophilic. Increasing the reaction time did not lead to better yields.

*ﬂ

ﬂ
T -
N

™ = AN
S
N SN: ) NH,
<) - O
— o H OH o (6
1-8b

Figure 19. Mechanism of imidazo[1,2-a]pyridine formation.*'4
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Alternatively, ethyl 2-chloroacetoacetate and 2-aminopyridine were stirred in EtOH under
reflux overnight to form 2-methylimidazo[1,2-a]pyridine-3-carboxylic acid ester (9-15b).!%
Both methods gave similar yields, but the reaction in water was faster. The same procedure has
been reported in a patent by Marvin Miller’s research group in 2011, however, they used DME

as the solvent instead of EtOH.'?

The formed esters were hydrolysed with hydrated LiOH in EtOH:H>O (3:1, v/v) mixture to
give imidazo[1,2-a]pyridine-3-carboxylic acids (1-15¢).!%

In our experiments, we observed that the synthesis of ethyl 2-bromo-3-oxo-pentanoate from
NBS or Br; worked best with water as a solvent compared to chloroform, ether and DMSO.
The reaction did not need a catalyst, was fast and gave better yields. Similar to the bromination
reaction, the rate of the cyclization reaction was faster in water (~30 min.-1 h) compared to a
separate cyclization reaction in EtOH (overnight). Water has been reported to accelerate
reaction rates due to the hydrophobic effect and hydrogen bonding between water molecules
and reactants. Furthermore, even with insoluble reactants, the hydrophobic effect can increase

the rate and selectivity of reactions.!'® !?

3.1.1.4. Synthesis of the 2-substituted-benzoxazole tail (Scheme 1B)

Due to their importance as scaffolds for compounds with diverse pharmacological activities,
various synthetic methods have been reported for benzoxazoles.'?* They are often synthesized
by condensation of o-aminophenol and benzoic acid or benzoic acid derivatives. The protocol
reported by Kang et al.® started with the reaction of p-substituted benzyl chlorides with
o-aminophenol in dioxane under reflux overnight. After evaporation of dioxane, the amide
formed was cyclized by the addition of pyridinium p-toluenesulfonate and xylene to the
intermediate amide and the mixture was stirred again under reflux overnight to give the 2-
substituted benzoxazole. In our experiments, the previously reported cyclization with xylene

and pyridinium p-toluenesulfonate as a catalyst did not work (Figure 20).

Iz

OH reflux overnight

CN
X F3CO—©—</ j©/
xylene O
F3CO

Figure 20. Cyclization of the amide intermediate using pyridinium p-toluenesulfonate as a catalyst. 8
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After several trials, we were able to obtain the benzoxazole tail (1d and 2d) in good yields
using methanesulfonic acid as a catalyst. It was added to a mixture of 3-amino-4-

hydroxybenzonitrile and p-substituted benzyl chloride in dioxane'?!

and stirred overnight
under reflux. The product was recrystallized from isopropanol to give reddish-brown crystals

(30-70% yield). The proposed mechanism is explained in the figure below (Figure 21).

The nucleophilic amine attacks the carbonyl carbon and replaces the chlorine. The amide
intermediate (a) formed undergoes amide-imine tautomerism catalyzed by methanesulfonic
acid (MeSO3H). The iminol (b) in turn reacts with MeSOsH to form the corresponding
mesylate (c¢). The hydroxyl group substitutes the formed mesylate by an intramolecular

nucleophilic substitution, eventually forming the benzoxazole ring.!?!

H

e S Q @ Q @

. (' on

1d R=CI MeSO,

2d R=0OCF, © (b)

Figure 21. Mechanism of benzoxazole formation using MeSO3H as a catalyst.!?!

The selective reduction of the benzonitrile to the primary benzylamine was a challenging step.
Borane dimethylsulfide and LiAlH4 reduced the imine functional group of the benzoxazole
ring together with the nitrile group, leading to ring opening. Starting with the reduction of the
educt, 3-amino-4-hydroxybenzonitrile, to avoid ring opening was not successful. This is
because the nitrile group is attached to an electron-rich aromatic system, which reduces the
partial positive charge on the carbon atom, making it more difficult to reduce. To selectively
reduce the nitrile without affecting the benzoxazole ring, NaBH4 was used as the reducing

agent with NiCl,.6H>O as a catalyst. This reaction has been reported in EtOH and the primary

amine produced could be isolated by filtration on celite.®

However, we were unable to isolate the primary amine from the reaction mixture. The masses
of a methyl ester a secondary amine, a primary amide and benzoxazole ring opening (loss of
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CHs3) were also detected in ESI-MS. To overcome this problem, we modified the protocol by
adding di-tert-butyl-dicarbonate to the reaction mixture.'?> '2* In the workup, first
diethylenetriamine was added as a coordinating ligand to remove nickel boride. Then MeOH
was evaporated and the reaction mixture was dissolved in EtOAc and washed with 10% citric
acid, saturated NaHCO3 and brine to neutralize excess unreacted NaBHas. The boc-protected
primary amine (leBoc/2eBoc) was separated from the remaining 1d/2d by column
chromatography. Finally, stirring 1eBoc/2eBoc in 4M HCl in dioxane for 1 h was sufficient to
precipitate 1e/2e as a hydrochloride salt (73-90% yield).

The combination of excess NaBH4 with a catalytic amount of NiCl,.6H»O leads to the in-situ
formation of nickel boride, a catalyst'?*, which activates nitriles towards reduction into the
primary amine by NaBHa.!?> 12° 126 Trapping the primary amine with di-zert-butyl-dicarbonate

helps in isolating it from the reaction mixture and prevents side reactions such as dimerization.

3.1.1.5. Amide coupling (Scheme 1C, Scheme 2 and Scheme 3iii)

Coupling of the imidazo[1,2-a]pyridine carboxylic acids (1-15¢) to the amine counterparts
(le,2e,1g or benzylamines) was achieved by wusing coupling agents such as
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxid-hexafluoro-
phosphate (HATU) and Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP).

With HATU, the amide formation was faster than with PyBOP, leading to a complete
conversion after 1 h. It is noteworthy that the order of addition of the reactants in this reaction
made a difference in the yield. First, the acid and DIPEA were dissolved in DMF. HATU was
then added and the mixture was stirred for 20 min. before the amine was added. This sequence
allowed sufficient time for the activated ester to form before adding the amine. After 1 h, brine
was added to precipitate the product. Washing thoroughly with brine helped remove DMF and

DIPEA. Finally, washing with a small amount of MeOH removed the remaining impurities.

The coupling reagents 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC.HCI) and 1-hydroxybenzotriazole (HOBt) have also been reported to be successful.

Although reported by several groups, the conversion of the imidazo[1,2-a]pyridine carboxylic

105 100

acids to acid chlorides with thionyl chloride ™ or oxalyl chloride™ and subsequent reaction

with the benzylamine counterpart was not successful.
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3.1.1.6. Synthesis of farnesyl and geranyl amines*?’ (Scheme 3)

The tail of compounds 27 and 28 consists of isoprene units (3 and 2), instead of a 2-substituted
benzoxazole heterocycle. Compound 27, as an example, was synthesized via coupling of 7¢
with E-farnesyl amine (2g), which was synthesized from E-farnesol in two steps. The first step
was the synthesis of N-farnesylphthalimide (1f) from farnesol. This reaction is a variation of
the Mitsunobu reaction. The second step was the deprotection of the N-farnesylpthalimide to
farnesyl amine (1g) with hydrazine hydrate (70% yield).!?” The conversion of farnesyl bromide
to farnesyl amine following Gabriel’s synthesis was also successful, but with much lower

yields.
3.1.1.7. Imidazo[1,2-a]pyridine-3-carboxamide analogues (IPAs 1-30)

The poor solubility of the IPAs in organic solvents made their purification challenging.
Compounds 1-24 were mainly purified by dissolving impurities in the least possible amount of
MeOH followed by vacuum filtration until sufficient HPLC purity was reached. The problem
with this method is that the product itself was partially soluble in MeOH, resulting in the loss
of some product and ultimately lower yields. Compounds 25-30 had better solubility in organic
solvents. 27 and 28 did not need further purification after thorough washing with brine.
Compounds 25, 29 and 30 were purified by column chromatography. The impurities filtered
or removed by column chromatography were excess unreacted acid or amine and by-products
of the coupling reaction (Figure 22).

PFg

+ (0] N
X N

NH2 NN LN
I NT N
(e

.

tetramethyl urea >*N Ha

Figure 22. By-products from the amide coupling using HATU.

In some cases, a dimer of 2e was detected by ESI-MS. For example, the HPLC-HRMS spectra
of compounds 7 and 8 showed a peak with a mass corresponding to that of the 2e dimer. In this

case, these compounds were purified by preparative HPLC.

Furthermore, the solubility problem affected the concentration of the prepared NMR samples.

In most cases, the sample was dissolved in CHCIz at a concentration of 1 mg/mL. The low

sample concentration affected mainly *C and APT NMR spectra where quaternary carbon
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atoms could not all be identified in all spectra. HSQC NMR was done, for some compounds,
to identify the signals of quaternary carbon atoms and help confirm the structure (Figure 23 as
an example). Finally, the product formation was confirmed by combining the data from the
ESI-HRMS, 'H and *C NMR spectra.

“\ I B "
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Figure 23. HSQC spectrum of compound 4. In this compound, all C-atoms were detected in **C NMR. The figure
is a zoomed-in view of the aromatic tertiary (CH, green) and quaternary (red) carbons. CH, and CHjs are not shown
here). The assignments were predicted by Mestrenova software. The assignments of the quaternary carbons are

tentative.

3.1.1.8. Solubility assay for IPAs!?8129

The solubility of Q203 and the prepared IPA analogues was determined using a
microplate-based laser nephelometry (NEPHELOstar®s). 10 mM or 2.5 mM stock solutions
were prepared in DMSO, depending on the solubility of the compound. From these stocks,
serial dilutions were prepared in DMSO/PBS buffer. The concentration of DMSO in the sample
was kept constant (2%) to avoid solubility enhancement by a gradual increase in DMSO. The
machine measured the intensity of scattered light as a function of the concentration of insoluble
particles. The higher the concentration of the precipitate, the higher the intensity of the signal
detected by the nephelometer detector (RNU, relative nephelometric units). The generated
graphs showed two linear fittings for soluble and insoluble phases. The point of intersection

between the lines is taken as the kinetic solubility point. (Figure 24) Most of the compounds

27



Results and Discussion

showed solubilities < 54 uM (Table 1). Lower solubilities cannot be determined as 54 UM has

been reported as the limit of detection for this method.?®

Standard Curve(s)
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Figure 24. Q203 graph as an example of the graph output from the nephelometry solubility assay. The x-axis
concentration values are shown in a log scale. The point of intersection between the two fitted lines represents the

solubility of Q203.

Table 1. Solubilities of Q203 and IPAs in PBS buffer.

Code Solubility* (uM)  Code Solubility* (uM)
Q203 61 16 <54
1/ <54 17 n.d.
2| <54 18 n.d.
3| <54 19 <54
4| <54 20 <54
5 | <54 21 <54
6 nd. 22 <54
7 <54 23 <54
8 | <54 24% <54
9 <54 25112 <54
10 <54 26 < 54
11 <54 27 73
12 <54 28 <54
13 | <54 29 65
14 | n.d. 30 <54
15 | <54

* 54 UM has been reported as the nephelometric detection limit for compounds with a molecular weight of 500.12°
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3.1.2. Cytochrome bd-inhibitor (31)

Scheme 4. Synthesis of cytochrome bd-inhibitor (31)**°

1h 31*

8Reaction conditions: (i) (1) NaH, dry THF, 30 min.; (2) heptyl bromide, 12 h. (ii) (1) Aniline, toluene, glacial acetic acid,
Dean-Stark trap (100 °C), 3-24 h; (2) biphenyl ether, reflux (250 °C).

*This compound was previously described in the literature. (AD7-1)13. 13t
Compound 31 (3-heptyl-2-methylquinolin-4(1H)-one), a previously reported cytochrome bd-
inhibitor, was synthesized in two steps (Scheme 4).1%0. 132 The first step was the synthesis of
ethyl 2-heptylacetoacetate (1h) from ethyl acetoacetate and heptyl bromide under basic
conditions (nucleophilic substitution). The purification of 1h was done using column
chromatography. When the purified 1h was dissolved in acetonitrile:water mixture (ACN:H0,
9:1) two signals appeared in the analytical RP-HPLC traces at 215 nm, one of which showed
absorption at 254 nm as well (Figure 25). The two peaks were separated by preparative RP-
HPLC using ACN:H20 (15-85 % gradient) solvent system. The *H NMR spectra (Figure 25)
were identical, as well as their masses, which implied that in ACN:H20 mixture, both the keto

and enol isomers could be detected, and not in deuterated chloroform (solvent used for NMR).

The second step was the condensation of aniline with 1h to form 3-heptyl-2-methylquinolin-
4(1H)-one (31) through an imine intermediate (Schiff base, Figure 26). Heating of the Schiff
base at 250 °C was necessary for ring closure. Biphenyl ether was chosen as a solvent because
of its high boiling point.'® The *H and *C NMR spectra were similar to those reported in the
literature!32, but the yield (14%) was much lower than reported (69%). This procedure followed
the standard Conrad-Limpach reaction for the synthesis of 4-hydroxyquinolines.3
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Figure 25. Left: analytical RP-HPLC traces of 1h. The upper trace shows peaks detected at A = 254 nm, and the
lower trace show peaks at A = 215 nm. Right: NMR spectra of the two peaks after being separated by preparative

HPLC. The solvent peak (green spectrum) corresponds to acetone.
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Figure 26. Proposed reaction mechanism®3* of 1h with aniline to form compound 31. The reaction starts with a
nucleophilic attack on the ketone in an acidic medium. The formed hemiaminal (1) is unstable and the hydroxyl
group is lost as water (2) leading to the formation of an imine intermediate (Schiff base, 3). Heating to 250 °C
allows the cyclization of the imine-enol tautomer to the desired 4-quinolone (7). This step requires high activation
energy because it breaks the aromaticity of the phenyl ring (5). The aromaticity is regenerated by the loss of EtOH

(6). 4-Quinolone scaffold (7) is formed by keto-enol tautomerism.*3*
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3.1.3. Ethambutol (EMB) analogues
3.1.3.1. Previously reported EMB analogues

Ethambutol (EMB) was developed in the early 1960s from the lead compound N,N-
diisopropylenediamine (Figure 27).1%% 1% |t is still included in first-line drug regimens for TB
and NTM infections such as those caused by M. avium complex (MAC).12 2% 137.138 The dextro-
S,S isomer is the active isomer, while the meso isomer is 16 times less active®® and the levo
isomer is almost inactive (500 times less active).**® It was found to be active against INH- and
streptomycin-resistant strains, however, it is always used in combination. It is given in doses
of 15-25 mg/kg/day for adults and 10-15 mg/kg/day for children aged 6-12 years old.*** EMB
should not be given to children under 5 years of age due to potential ocular toxicity and
difficulty testing their visual acuity. The toxicity may be due to EMB’s ability to chelate metals
such as copper and zinc. This chelation depletes their levels and leads to visual impairments.14®
141

Several symmetric and asymmetric EMB analogues have been reported, 13> 136, 139, 142, 143, 144
For example, compounds 3 and 4 in Figure 27 were among a panel of asymmetric analogues
which were tested for activity against Msmeg, as a model of Mtb. They showed weak activity

against Msmeg compared to EMB.*° These compounds were not tested against Mtb.
OH

e
N S, .
T S

2
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(S) N\/\ /\ H
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/\( N HO\/(S}N/\/N
H
3 4

Figure 27. N,N-diisopropylenediamine (lead compound, 1), (+)-(2S,2S)-2,2’-(ethylenediamino)di(butan-1-ol)

(EMB, 2). 3 and 4 are examples of reported EMB analogues with weak activity against Msmeg.4
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Richard Lee’s group reported analogues of higher predicted ClogP values but less active than
EMB (Figure 28). They suggested that these analogues may have better PK profiles such as
absorption and serum half-life, leading to better cerebrospinal fluid (CSF) penetration. A better
CSF penetration than EMB would make them good candidates for the treatment of CSF
infections. However, they have not been further tested to confirm if they retain in vivo activity
and have better PK profiles.}*? Another series of analogues from Lee’s group showed higher
in vitro Mtb activity compared to EMB (Figure 28). The 1,2-diamine backbone of EMB was
retained in these analogues, but the side chain was changed to cyclic (bulkier) side chains in
addition to the removal of the hydroxyl groups. The most active compound was SQ109, which
was later reported to target, among other targets, a trehalose monomycolate transporter

(MmpL3), important for cell wall biosynthesis.*> 143

- oH
HO § HoL § H S
”/\/ OH \/(S?H/\/ OH Ho/\(‘i\l\/\N A
S 7 S 7 H
5 6

Figure 28. Examples of EMB analogues. Compounds 5-7 are examples of the set of analogues of lower potency

than EMB, while 8 and 9 are examples of analogues that showed higher potency. Compound 9 is SQ109.142 143

In another investigation, the ethylenediamine backbone was combined with the chloroquine
pharmacophore and the isoxyl bioisostere (urea) to synthesize a short series of compounds with
broad antimicrobial activity (Figure 29). These compounds were active against protozoa and
Mtb. Compound 10 was found to be twice as potent as EMB and isoxyl (known as

thiocarlide)**® which is a thiourea anti-TB drug targeting mycolic acid synthesis.***

Isoxyl bioisostere

Figure 29. Tripartite hybrid compounds with a broad antimicrobial spectrum.4
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Based on the reported EMB analogues, it can be hypothesized that modifications in EMB lead
to weak or loss of activity. The modifications that deviate from the original EMB structure
could result in potent analogues with a different target such as the multi-target SQ109 in Figure
28.

3.1.3.2. Synthetic schemes

To further investigate the above hypothesis, we designed and synthesized a series of EMB
analogues with symmetric (Scheme 5, Scheme 6 and compound 38 in Scheme 7) and
asymmetric (Scheme 7) side chains attached to the ethylenediamine moiety, following up on
the panel of EMB analogues previously synthesized during my master’s thesis*. We aimed to
test the activity of the synthesized analogues against Mtb as well as M. abscessus and M.

intracellulare.

The synthetic details are discussed in the next sections, 3.1.3.3 and 3.1.3.4.

Scheme 5. Synthesis of compounds 32 and 33.

8Reaction conditions: (i) dibromoethane (DBE), DMF, 100 °C, 2 h, inert atmosphere. (ii) BBrs, 0 °C-room temperature, 5
h.

Scheme 6. Synthesis of compound 35.

_0 HO
N i N
\/\” —_— AN

H,

2Br

34 OH 35

8Reaction conditions: (i) HBr aqueous solution (48%), 130 °C, 3 h, room temperature, overnight.
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Scheme 7.Synthesis of compounds 37-40.142

OH | HN ii o OSPDBT
— R' —— Cl PN
R'{S)"NH, TBDPSO \)J\H SR
1i R'= ethyl 1j
2i R'= ethylene ?j
o R R
iii R\)J\N S OSPDBT iv Rz\/\N B OH
H H
1K 37 R'=ethyl R2= P OH
(.
2k 38  R'=ethylene R2= /\f\lﬁ:OH
3k 39 R'=ethyl R2= L _konm,  (29)
4k 40  R'= ethyl R2= _L__l_nw, (39)

scheme 3

8Reaction conditions: (i) (s)-(+)-2-amino-1-butanol, TBDPSICI, imidazole, dry DCM, room temperature, overnight. (ii)
chloroacetylchloride, DIPEA, DCM, room temperature, 16 h. (iii) nK (n=1-4), DIPEA, DMF, 14 h, 70 °C. (iv) LiAlH4,
dioxane, reflux, overnight.

3.1.3.3. Symmetrical EMB analogues having N-atoms as substituents on aromatic system
(Scheme 5 and Scheme 6)

Compounds 32 and 33 (Scheme 5) are analogues to the previously reported EMB analogue 2-
({2-[(2-hydroxyphenyl)amino]ethyl} amino)phenol®*® (Figure 30). They were synthesized to
study the effect of a p-Cl substituent and an ether instead of a hydroxyl group on the aromatic

ring on activity.

HO o HO

Y PPN i .
H H H

OH o~ OH

A B Cc

Figure 30. Structures of EMB analogues. A= 2-({2-[(2-hydroxyphenyl)amino]ethyl}amino)phenol*3, B= 31 and
C=32.

First, dibromoethane (DBE) was added to a solution of excess 5-chloro-2-methoxyaniline in
DMF.}7 CaCOs was added as a basic salt to the reaction mixture. The reaction was refluxed
for 2 h, followed by extraction and purification using column chromatography to yield 32 as a

white solid.
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The O-demethylation of 32 was done using excess boron tribromide (BBrs). After five hours
of stirring at room temperature, the reaction was quenched with MeOH. Commonly, water or
a basic aqueous solution (Na.COs3) could be used to quench the reaction, giving boric acid and
HBr or NaBr as by-products.#® Using MeOH, however, would give trimethyl borate and HBr,
which could be easily removed from the reaction mixture by evaporation under vacuum. The
product is obtained as a dibromide salt. Interestingly, [M+Br]™ peak was observed both in
APCI-MS and ESI-HRMS spectra of compound 33 (Figure 31). It has been reported that
anions could be stabilized by dicationic centers4® 150-151.152 "\yhich may be the case here.

313.0508
A oo 131 B .. o
[M+H]*

%07 | 90+ [M+H]*

80 80 o

™ 707 cl N Q
8 N = \©: ~"NH; cl
S 60 = 60 o
£ 2
£ 50 2 504
8 3931 40_.,)
£ 404 [M+Br]* £ 404

30 3912 304

ap2 3PL
7 20 [M+Br]*
w2 P! 317.0447
104 170.0 ’ 10 z=1
| ||\ 3270662 392.9588
0 // " ul ' N h A ' 0 // : =1 z=1
200 300 400 500 280 320 360 abo
m/z m/z

Figure 31. Positive mode MS-spectra. (A) APCI-MS (B) ESI-HRMS of 33.

The 2-methoxy group in compound 34 was cleaved at 130 °C using a 48% aqueous HBr
solution (Scheme 6) to give 35 as a salt.}*® The obtained salt was purified using preparative

HPLC. The hydrolysis could also be carried out with BBrz as compound 33.

Compound 35 is an analogue of the previously synthesized 2-methoxyphenylethyl EMB
analogue, compound 34, which showed 40% inhibition against Mtb at 10 pg/mL (25uM)
compared to 67% inhibition of EMB at the same concentration.**
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3.1.3.4. Synthesis of EMB analogues with alkyl side chains (37-40)

The synthetic scheme (Scheme 7) mostly followed a previously reported protocol.**? The first
step was the protection of the hydroxyl group in the aminoalcohol with tert-butyldiphenylsilyl
chloride (TBDPSICI). Imidazole and TBDPSICl were stirred for 15 min before the addition of
the amino alcohol. This allowed the formation of the activated butyldiphenylsilyl imidazole; a
stronger silylating agent. In this reaction, imidazole acted as a catalyst as well as a base to help
remove produced HCI.?>3 1% During work up, pH was kept <12 to avoid cleavage of the silyl
group.’>* After purification by column chromatography, the yield obtained ranged from 67-
99% yield (1-2i). We observed that a second addition of imidazole after the addition of the
amino alcohol, helped improve the yield. This could be due to excess HCI in the reaction,
hindering the regeneration of the catalyst. This was especially observed when the amino
alcohol was in the form of a hydrochloride salt (2i). Auxiliary bases such as triethylamine could
be added in this case to help in the regeneration of the catalyst.!%3 1>

The next step was adding the ethylene group of EMB through amide coupling with chloroacetyl
chloride (1-2j). Then either a second amino alcohol or an alkyl amine (2g or 3g) was added
through a nucleophilic substitution reaction. The order of addition of the reactants affected the
obtained yield when the second amino alcohol was a hydrochloride salt. Stirring the amino
alcohol first with excess DIPEA allowed the deprotonation of the primary amine, and thus the
free base (nucleophile) could react readily to give 2k. The excess DIPEA helped in the removal
of the produced HCI from the reaction as well. Several trials of purification of 2k resulted in
very low yields. The *H NMR spectrum could not confirm the purity of the compound.
However, direct mass measurements of the TLC spots suggested that all the spots were isomers
(same mass). 3k and 4k were synthesized from reacting 1j with 2g or 3g respectively. The
yields of this reaction ranged from 5-40%.

The final step was the reduction of the amide and deprotection of the silyl group using LiAIH4
in dioxane. ** 1-4k was added to a mixture of LiAlH, in dry dioxane at 0 °C. The mixture was
stirred overnight under argon at 100 °C. We used dioxane instead of tetrahydrofuran (THF)42
which is commonly used as a solvent in reduction reactions with LiAlHs. Alkyl amide
reduction is challenging due to its low reactivity, which could be overcome by increasing the
time of the reaction or increasing the temperature. Therefore, dioxane was the solvent of choice
as it allowed heating at a higher temperature (101 °C) compared to THF, and thus helped move
the reaction forward. The workup was done by carefully adding H2O (H20:LiAlH4, 1:1), then
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NaOH 15% aqueous solution (H20:LiAlH4, 1:1) and finally H2O (H20:LiAlH4, 3:1). This work
up method help dissolve and break up the slurry into fine granules of Li* and A" salts

byproducts which are easily filtered.

After filtration, the solvent was evaporated and the pure 37 was obtained by recrystallization
from a chloroform/heptane mixture. HPLC purity was 89% and was not further purified since

did not show any in vitro activity.

Compounds 38, 39 and 40 shown in Figure 32, however, could not be purified by
recrystallization nor by column chromatography. Trials to precipitate the pure 39 and 40 as
hydrochloride salts were not successful as well. Preparative TLC for the purification of

compound 38 was not successful. None of the collected bands showed the mass of the product.

SQ109'%, currently in clinical trials, has been reported to have pleiotropic effects which could
explain its high potency and low resistance. Besides targeting the MmpL3 transporter™’, it
inhibits MK biosynthesis by inhibiting MenA and MenG enzymes. Therefore, PMF in
mycobacteria is disrupted and therefore ATP synthesis is inhibited.*> Compound 39 was
designed as a chimera of EMB and SQ1009 to test the effect of the geranyl side chain on activity.
Compound 40 is the saturated analogue of 39 (Figure 32). Unfortunately, both compounds

could not be tested in vitro due to the failure of purification.

_/OH _/OH
(S)H B (S)H :
HO™ HO™
EMB 38
_/OH
H :
7z 7z N\/\N/(S)\/
H
H 39
Z Z N\/\N
H
/OH
H :
$Q109 H :
H
40

Figure 32. Structures of EMB and SQ109 compared to 38, 39 and 40.
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3.2. Insilico studies
3.2.1. Structure-activity relationship (SAR) of Q203-CI112CIV2 IPAs

The recently published electron cryomicroscopy structures (3 A) of the free (PDB:7rh5) and
Q203-bound (PDB:7rh7) Msmeg CI11>CIV,™* showed that Q203 binds at the oxidation site Qo
(Qp) where MKH: is oxidized to MK and that there may be two binding positions of MKH> at
the Qo site. The first one is far from the redox center (Figure 33A), where MKH: is probably
loosely bound to Phe 156. The second one is located deeper in the Qo site and close enough to
FeS and His 368 allowing for the transfer of electrons (redox reactions). Q203 blocks both
positions by filling the binding pocket (Figure 33A). 1%

OH

OO ” ” -
6

MKH,
OH

A

Red. (Qi site) Oxid. (Qo site)

MK

N\

Figure 33. (A) Q. site of Msmeg CII1.CIV,. The free (PDB:7rh5, green) and Q203-bound (PDB:7rh7, beige)

Msmeg Cl11,CIV, models were superimposed using UCSF Chimera software.®® MK is shown in one position,

-

close to the Phe 156 residue. Q203 binds deeper in the pocket, blocking the two proposed binding positions of
MK/MKH; at the Q, site. (B) Structures of MK and MKH,.

We used the generated model of Q203-bound Msmeg CI111>CIV> to better understand the drug-
target interactions. Our investigations showed three main interactions in the head region (IP)
of Q203, namely a halogen bond between the chlorine at C6 and the backbone carbonyl of Leu
166 (QcrB subunit), a hydrogen bond between N1 of the IP and His 368 (QcrA subunit), and
van der Waals interactions between the ethyl group and lle 178 (QcrB subunit, Figure 34A
and C).

The distance between the ethyl group and the lle 178 alkyl side chain was ~ 4 A, suggesting

that a chain longer than the ethyl group is not favoured. The previously reported significant

** The electron cryomicroscopy Msmeg ClI1,CIV; structure was determined by David Yanofsky in the Lab of
Prof. Rubinstein, Hospital for Sick Children, Toronto, Canada.
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decrease in the activity of IPAs with propyl and isopropyl chains also supported this
hypothesis.® A recently published Mtb ClII, model**® reported an interaction between 6-Cl
and Tyr 164 via a water molecule between the two residues. The water molecule formed a
halogen bond with 6-Cl and a hydrogen bond with Tyr 164 simultaneously. Two possible
hydrogen bonds between N1 of IP; one with His 375 and another with Glu 314 were reported.
In Msmeg, an aspartate (Asp 309) replaces Glu 314 in Mth. A hydrogen bond between N1 of
IP and Asp 309 could not be detected in the Msmeg Cl11>CI1V2 model, however, the distance
between Asp 309 and the IP (3.5 A) suggested that a hydrogen bond was possible (Figure 34A
and C).

In the neck (linker) region of Q203, a hydrogen bond between the amide and Thr 308 was
found possible (Figure 34A and C). Thr 308 is homologous to Thr 313 in Mtb which has been
reported to be important for IPA binding. 8Although an earlier study suggested that Thr 313
formed a hydrogen bond with N1 of the IPA, we found that Thr 308 was closer to the neck (<4
A), thus suggesting that a hydrogen bond with the amide was more likely. In line with our
findings, the recently published electron cryomicroscopy model of Mtb Cllil2> showed that Thr
313 formed a hydrogen bond with the amide linker (Figure 34D).1%

Finally, a n-m interaction was observed between Phe 156 and the benzyl group in the tail (~3.5
A, Figure 34A).27 This finding suggested that the importance of a long lipophilic tail was for
better membrane penetration or improved metabolic stability rather than target interactions.
Moreover, the long lipophilic tail would fill in the binding pocket, blocking the two binding
positions of MKH..
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Figure 34. Q203 binding site interactions. (A) 2D diagram of Q203 interactions at the Msmeg-Qo site. Hydrogen
bonds are shown in pink, halogen bonds in purple, n-7 interactions in green and van der Waals interactions are
shown in blue. (B) Structure of Q203. (C) 3D representation of Msmeg-Qo site. (D) 3D representation of Mtb-Qo
site. C and D show a comparison between Q203 main interactions (head and neck) in Msmeg*®” and Mtb*>® models.
The figures were generated using Schrodinger software (Schrodinger Suite 2022-3, Schrodinger, New York, USA,
NY, 2021) (A) and UCSF Chimera software (C-D).&

Docking compound 24 in Msmeg Cl112CIV2 showed a second possible n-w interaction with Tyr
153 and the benzoxazole ring (Figure 35A). Compound 27 showed the main interactions in
the head and neck. Hydrophobic interactions are also possible with its flexible tail (Figure
35B).

It is clear from the above-mentioned SAR and docking results that the main interactions lie in
the head and neck regions, while a long tail helps in filling in the binding pocket. These

observations were further investigated in the biological assays discussed in section 3.3.1.
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Figure 35. 2D representations of compounds 24 (A) and 27 (B). Hydrogen bonds are shown as magenta arrows,

halogen bond is shown as purple line and green lines represent the n-n interactions.
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3.2.2. SAR of EMB

The electron cryomicroscopic structure of Mtb-EmbB bound to EMB& (2.97 A, PDB:7bvf)
showed that two positively charged basic amines (pKax = 6.35 and pKa, = 9.3)**° are important
for electrostatic interactions with the catalytic residues Asp 299 and the phosphate group of the
decaprenylphosphate (DP, Figure 36B). They may also form cation-n interactions with Trp
988 and Tyr 302. The a-ethyl side chains could form hydrophobic interactions with Met 306,
Ile 303, Trp 592 and Trp 1028. Finally, the two -hydroxyl groups could form hydrogen bonds
(H-bonds) with Glu 327 and His 594 residues in both Emb proteins (Figure 36A). The DP was
found stabilized in place by interactions with Arg 403, Thr 590 and Trp 592. It could also form

an electrostatic interaction with one of the nitrogen atoms (Figure 36B).

Mutations to Met 306%°, which is conserved in all EmbB proteins, have been reported to
decrease the binding affinity to EMB without affecting the enzymatic activity. Met 306
normally interacts with the neighbouring Glu 327 and Tyr 302 and therefore mutations in Met
306 are thought to cause changes in the interaction and binding to EMB. Gly 406 and GIn 497
are also considered hotspots for resistance, despite the absence of direct interaction with EMB
(10 A away). GIn 497 interacts with Glu 328 which in turn interacts with Glu 327. Mutations
to GIn 497 would lead to disruption of these interactions and consequently to EMB. It is
hypothesized that Gly 406 mutation to a bulkier side chain, would lead to steric hindrance and

thus conformational changes at the binding site.®

It has been reported that the S, S isomer is 500x more potent than the R, R isomer.2*2 This may
be due to the disruption of the H-bond and hydrophobic interactions of the side chain. A two-
carbon spacer between the nitrogen atoms has been reported to be important for EMB
activity.13 143 This hypothesis is supported by the 3D structure of EMB interactions at the
active site, where a longer carbon spacer would lead to the loss of one or all of the crucial

electrostatic interactions.
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Figure 36. EMB interactions at Mtb-EmbB active site. (A) 2D diagram of EMB interactions. Hydrogen bonds are

shown in pink, electrostatic interactions are in purple, red represents the cation-n interactions and Van der Waals

interactions are represented in blue. (B) 3D representation of EMB at Mtb-EmbB active site. The line in magenta

shows the distance between one of the oxygen atoms of the phosphate group and one nitrogen atom of EMB
(4.48A). C and D show Mtb-EmbB superimposed with Msmeg-EmbB (PDB:7bvc) and Msmeg-EmbC
(PDB:7bve), respectively. The figures were generated using Schrodinger software (Schrddinger Suite 2022-3,
Schrodinger, New York, USA, NY, 2021) (A) and UCSF Chimera software (B-D).8

As shown in Figure 36C and D, the active sites of Mtb-EmbB (PDB:7bvf) and Msmeg-EmbB
(PDB:7bvc) and Msmeg-EmbC (PDB:7bve) are quite similar. In EmbC there is only one
mutated residue (Trp 1028 to Val 1004). The structure of Mtb-EmbB was used for docking

compounds 32-37 to investigate the possible interactions at the binding site.
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The results of docking compounds 32 and 33 (Figure 37) showed three possible n-n
interactions between the aromatic rings and Trp 988, Trp 1028 and Tyr 302. In compound 33
(B), one of the hydroxyl groups could form a hydrogen bond with the catalytic aspartate residue
(Asp 299). Replacing the secondary alkyl amines with aniline resulted in hydrogen bonds
instead of electrostatic interactions between Asp 299 and the two amino groups. This could
affect the binding affinity of 32 and 33. The predicted pKa values of nitrogen atoms were 2.64
and 4.73 (32) and 2.78 and 4.86 (33).™

The docking results of 34 (Figure 38A) showed that the two hydrogen bonds between the
hydroxyl groups and Glu 327 and His 594 were lost, however, aromatic hydrogen bonds with
Asp 1024, Glu 327, Tyr 334 and Asp 299 were found possible. Three possible cation-n
interactions between one amino group and Trp 1028, Trp 988 and Trp 592 were observed, in
addition to Tyr 302 and the second amino group. The electrostatic interactions between the two
basic nitrogen atoms and Asp 299 were maintained. One of the phenoxymethyl groups is

solvent exposed.

In compound 35 (Figure 38B), two hydrogen bonds between one hydroxyl group and Asp
1024, and between the second hydroxyl group and Asp 299 were observed. Four cation-n
interactions were observed: two between one of the nitrogen atoms and Trp 1028 and Trp 592,
and two between the second nitrogen atom and Tyr 302 and Trp 988. In addition to n-n
interactions between one phenyl ring and Tyr 302. Electrostatic interactions with the catalytic
residue Asp 299 were maintained. Despite the shown possible interactions, compound 35 did

not show activity in the Mtb growth inhibition assays.

The docking results of compounds 36** and 37 showed clashes between the OCFs group Trp
1028 and Trp 988 (Figure 39). Electrostatic interactions with the Asp 299 and cation-n
interactions with Tyr 302 were observed. The predicted pKa values were 5.67 and 8.45 for
compound 36 and 5.83 and 9.28 for compound 37.5% The CFs group decrease the basicity of

the two nitrogen atoms, however, at least one of them can still be ionized at physiological pH

T Marvin Sketch version 21.3 was used for pKa predictions.
H compound 34 was previouslyreported in*.

3§ Marvin Sketch version 21.3 was used for pKa predictions.
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(pH =7) or inside macrophages (acidic pH~5). In compound 36, the two hydroxyl groups could
form hydrogen bonds with GIn 445 and Asp 299.

The docking results showed that compounds 32 and 33 can still bind to the active site, despite
the decrease in the nitrogen basicity. Compounds 34 and 35 showed similar interaction to EMB
despite the extended side chain (phenoxyethyl side chain), which differs from the original EMB
scaffold: The trifluoromethyl groups in compounds 36 and 37 showed possible interference
with nearby Trp residues which might affect their activity. To evaluate these observations, the
compounds were tested for in vitro growth inhibition in Mth. Msmeg, M. abscessus and M.

intracellulare. The results of the assays are discussed in section 3.2.2.3.
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3.3. Biological evaluation
3.3.1. IPAs
3.3.1.1. Biochemical assays

In this section, we will discuss the biochemical assays established and conducted in Prof. John
Rubinstein’s lab at the Peter Gilgan Centre for Research and Learning, the Hospital for Sick
Children, Toronto, Canada. The assays were established to evaluate the inhibition of Msmeg
CIILCIV: by the synthesized IPAs (1-27) compared to Q203 and to confirm their specificity
to mycobacterial ETC. The fast-growing non-pathogenic Msmeg is often used as a model due
to structural similarities with Mtb for known and putative drug targets.'®! Handling of Msmeg

requires lower biosafety laboratories (BSL-2), easing assay conduction, 62163

3.3.1.1.1. Msmeg CI112CIV2 activity assay

To quantify the inhibition of CIII,CIV2, we employed a CIIICIV; activity assay using a Clark-
type oxygen electrode. Such assays typically use MKH> analogues as electron donors rather
than mycobacterial MKH> or canonical mitochondrial QH, since neither is soluble in the
assay’s aqueous solution. QHz cannot be used in our assays to reduce Msmeg CIILCIV2 due to
the lower redox potentials of mycobacterial CIII, compared to the canonical CIII,.!%*
2-Methyl[ 1,4 naphthoquinone (menadione) and 2,3-dimethyl[ 1,4]naphthoquinone (DMW) are
examples of two MKH, analogues previously used (Figure 40).** ® These analogues were
reported to suffer from autoxidation which leads to O> reduction even in the absence of
CIILCIV,.!% The enzyme catalyzed O, reduction could therefore be calculated by subtracting
the background reduction from the observed reduction in the presence of CIII,CIV,. The rate
of autoxidation of menadiol has been reported to be higher than DMWH> at neutral or basic
pH. However, a recent study by our collaborators showed the rate autoxidation of DMWH;
was higher at pH 7.5.!%7 Nevertheless, both have relatively slow rates of autoxidation compared
to other [1,4]naphthoquinone analogues.'®> We favoured the use of DMW over menadiol as it
has been reported to show greater CIII,CIV2 activity and more favourable redox potentials than
menadiol. ' 6% 166 The addition of exogenous SOD was proven to suppress the quinol
autoxidation!®” 19 thus, we added excess exogenous bovine C-type SOD (500 nM) in our
assay to measure the CIICIV: oxidoreductase activity with the suppression of quinol

autoxidation.
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) O
O O
2,3-dimethyl-[1,4]naphthoquinone 2-methyl-[1,4]naphthoquinone
(DMW) (Menadione)

Figure 40. Examples of MKH: analogues used in CI1,CIV; activity assays.

In contrast to our recent study where the electron donor DMW was reduced chemically'?’, here
we used an assay where DMW was reduced to DMWH: by adding the NADH dehydrogenase
enzyme from Caldalkalibacillus thermarum (NDH-2) to the reaction mixture®®> DMW was
reduced by NDH-2 using electrons from the oxidation of NADH. The reduced DMWH> was
re-oxidized to DMW by the Msmeg CIII,CIV; catalyzing the reduction of oxygen to H2O
(Figure 42A). The enzymatic reduction of DMW was found to be more reliable than chemical
reduction. The concentration of the chemically reduced DMW varied from batch to batch. This
variation could be due to the formation of by-products such as semi-reduced naphthoquinone
or saturated diol (Figure 41).'%7- 1 We could not identify the presence of such side products.

However, it has been reported before in NaBHs-mediated ketone reduction of a,B-unsaturated

ketones. 67 168
OH (@) OH
OH OH OH
DMWH, 1 2

Figure 41. Possible by-products from DMW chemical reduction. (1) semi-reduced DMW, (2) 2,3-
dimethyl-1,2,3,4-tetrahydronaphthalene-1,4-diol.'¢7 168
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In the assay, NADH was added in excess to the chamber of the oxygen electrode to initiate the
rapid reduction of all the DMW to DMWH>, which then allowed a slower reduction of O> to
H>O by CIIL>CIV; (Figure 42B, orange curve). This reduction of oxygen proceeded until all
oxygen in the chamber was consumed (Figure 42B, orange curve). The specific activity of
CIILCIV: in this assay was found to be 340 + 24 e¢”/s (+ s.e. from 5 separate measurements
each from a different batch of protein), ~3 fold higher than measurements with chemically
reduced DMW.!?7 As in our previous study with chemically reduced DMW!%’, there was
residual CIIICIV; activity even at high concentrations of Q203 (Figure 42B, green curve
versus blue curve). All compounds, including Q203, were tested for binding and inhibition of

the purified Msmeg CIIILCIV; via this assay.

A

B

NADH+H* NAD* 250{ ~
200 A NADH
NDH-2
' N
s
=
)
DMW DMWH, 100 +
50 -
5C
— -5C-Q203
+SC -Q203
I \ 01 — 4+sc +Q203
0, H.0 -100 -50 0 50 100 150 200 250
2

Time (s)

Figure 42. Oxygen consumption assay. (A) The assay principle. (B) The rate of oxygen consumption in case of
no inhibitor ‘-Q203” (orange), with inhibitor ‘+Q203” (green), and baseline autoxidation in the absence of
CHI,CIVy, <-SC -Q203’ (blue). The red arrow represents the point where NADH was injected. ‘‘Reprinted with
permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen,
L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI11.CIV>
Supercomplex  Binding and in  Vitro  Antimycobacterial  Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society’’
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All of the compounds tested do not inhibit Caldalkalibacillus thermarum NDH-2.

NADH oxidation assays confirmed that all the compounds tested including Q203 did not
inhibit NDH-2, supporting the validity of the oxygen consumption assay results. The
concentration tested was 10 upM. The oxidation of NADH was monitored
spectrophotometrically at A = 340 nm. In Figure 43, the graphs (A-C) show that none of the
tested compounds 1-26 binds to NDH-2, thus validating the oxygen consumption assay results.
The baseline, where no NDH-2 was added to the reaction mixture, is shown in Black. Graph D
shows that Q203 and compound 27 do not bind to NDH-2. The black line is blank, which is

the NDH-2 in the absence of an inhibitor. Compound 27 is shown in magenta and Q203 is in

green.
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Figure 43. NADH oxidation monitored by absorption at A= 340 nm. NDH-2 activity was monitored
spectrophotometrically by following the oxidation of NADH. ‘‘Reprinted with permission from [Abdelaziz, R.;
Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming,
P. Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI11,CIV, Supercomplex Binding and in Vitro
Antimycobacterial Activity. ACS Omega 2023. https://doi.org/https://doi.org/10.1021/acsomega.3c02259 1.

Copyright [2023] American Chemical Society’’
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Compound 27 showed inhibition of CI1112C1V2 that was comparable to Q203.

Compound 27 was synthesized to test the effect of a tail that resembles MK on binding to the
active site and electron transfer. This compound had the same head (2-ethyl, 6-Cl) and neck
(amide linker) as Q203 and a short isoprene tail (Table 2), similar to the natural substrate (MK).
At the tested concentration (10 pM), compound 27 showed 88 + 1% inhibition of CIII>CIV;
activity, which is similar to inhibition by Q203 (85 = 7 %, Figure 44). Unexpectedly, the
substitution of the 6-Cl in the IP with a hydrogen atom showed better percentage inhibition
despite the possibility of a halogen bond formation by the chlorine atom. Compound 24%
(R'=Cl) showed only 20 % inhibition, while compound 26 (R'=H) showed 50 % inhibition
(Figure 44). The replacement of the halogen at C7 with a methyl group and the shortening of
the tail (benzyl group) in compound 25'°? resulted in very weak to no binding at the tested
concentration (10 uM). This compound has been reported by Marvin Miller’s research group

(ND-008454, section 3.1.1.1).1%
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Figure 44. Average % activity against Msmeg CI11,CIV,. The graph shows the average % activity of Q203 and
compounds 24-27. (mean +/- s.d., n = 3 independent assays represented by o in the graph)
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The above-mentioned differences support the SAR study from the electron cryomicroscopy
Msmeg-Q203 model that the main binding interactions between the IPAs and CIII,CIV, are
between N1 of the imidazopyridine head with His 368 and between the amide bond in the neck
with Thr 308 (Figure 34, section 3.2.1). No significant inhibition was detected in compounds
with methyl!''? (R'=CH3), trifluoromethyl (R'=CF3) or trifluoromethoxy (R'=OCF3) in the head
region (Table 2). Bromo-substituted analogues (R'=Br), however, showed approximately 50%
inhibition (Table 2 and Figure 45). 6-Br analogues (1-4) were more potent than the 7-Br
analogues (5-8).

100

| Mean value ¢}
90 H

80 +

70 H o

60 +

50 o o o

40 ()

30 o .

Oxygen Consumption (%)

20 o}

10 H

0 T T T T T T T
1 2 3 4 5 6 7 8

Bromo-substituted IPAs

Figure 45. Average % activity against Msmeg CI11,CIV,. The graph shows the average % activity of the bromo-
substituted analogues (1-8, R'= Br) with approximately 50% inhibition. (mean +/- s.d., n = 3 independent assays
represented by o in the graph) ‘Adapted with permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann,
L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides:
Synthesis, Mycobacterium Smegmatis Cl1,CIV2 Supercomplex Binding and in Vitro Antimycobacterial Activity.
ACS Omega 2023. https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American

Chemical Society’’
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Table 2. Average % inhibition (uM) of Msmeg CII1,CI1V, by Q203 and IPA analogues. Experiments were done
in triplicates to calculate the standard deviation (mean = s.e., n=3 independent assays).

Average % inhibition
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““The table is adapted with permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler,
S. A,; Cowen, L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI11>.CIV>
Supercomplex Binding and in Vitro Antimycobacterial Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3¢c02259 ]. Copyright [2023] American Chemical Society”’
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Q203 and compound 27 1Cso values are relatively similar.

The ICso against Msmeg CIIICIV; of both Q203 and 27 was determined through the repetition
of the oxygen consumption assay with different concentrations of test compounds (10 uM, 1
puM, 0.1 uM, and 0.01 uM). The ICso values for Q203 and compound 27 were calculated as 99
+ 32 nM and 441 + 138 nM respectively (mean +/- s.e., n=4 independent assays from biological
triplicates, Figure 46). These values show that Q203 and 27 have relatively similar potencies,
supporting the hypothesis that the tail has no significant effect on the binding but rather the
penetration. The assays were repeated on different days and using different batches of
CIILCIV2, which could explain the high s.e. values. Nevertheless, these values show that
compound 27 has relatively high potency, supporting the hypothesis that the tail has no
significant effect on the binding but rather the penetration. The ICso in our assay is higher than
the ICso reported in inverted membrane vesicles of Msmeg (ICso= 20 nM).'® This could be
explained by the high binding affinity of DMWH> to CIII:CIV: in our assays, the high
concentrations of DMW (100 uM) and Q203 (10 uM) used, and by the presence of the complex

being in detergent rather than in a lipid bilayer.
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Figure 46. ICso of Q203 (A) and compound 27 (B). “Reprinted with permission from [Abdelaziz, R.; Di Trani, J.
M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P.
Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI1I,CIV, Supercomplex Binding and in Vitro
Antimycobacterial Activity. ACS Omega 2023. https://doi.org/https://doi.org/10.1021/acsomega.3c02259].

Copyright [2023] American Chemical Society”
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3.3.1.1.2. Mitochondrial CII1 activity assay

We tested the activity of some of the IPAs against Bos taurus mitochondrial cytochrome bcl
complex (CIII) to verify their specificity against mycobacterial Cl112CIV2. The IPAs chosen
were those which showed strong binding in the above-mentioned Msmeg CI11>CIV; activity
assays.

First, we performed activity assays against sub-mitochondrial membrane particles (SMPs)
using a Clark-type oxygen electrode. The SMPs were prepared by the sonication of previously
isolated bovine mitochondria™" (see section 7.4.1.3). This inversion (Figure 47) exposed the
respiratory complexes, allowing us to study their enzymatic activities. In this assay,
Rotenone - a complex | (ClI) inhibitor, Antimycin A - a CllI inhibitor, and KCN — a complex

IV (CIV) inhibitor were used as positive controls.

Matrix

Rotenone Antimycin A KCN He

ATP ADP+ P,

NADH  NAD* 2H"+1/20,
Succinate Fumarate x

| 7
H+

Figure 47. Sub-mitochondrial membrane (SMP). Rotenone, Antimycin A and KCN were used as positive

H,0

inverted

H* H*

Inner mitochondrial membrane

controls. Adapted from®*.

Second, we sent the tested compounds to be tested for activity against purified mitochondrial
CllI> from Candida albicans to further confirm the specificity of the IPAs.** In this assay, the
reduction of cytochrome ¢ was monitored spectrophotometrically at A = 550 nm to measure the
activity of Clll.. As the positive control Inz-5, a known inhibitor, was tested at different

concentrations

T The handling of bovine heart and harvesting mitochondria were done by colleagues in the group of Prof. John
Rubinstein, Hospital for Sick Children, Toronto, Canada.

H This assay was performed by Zhong Liu in the Lab of Leah E. Cowen, Department of Molecular Genetics,
The University of Toronto, Toronto, Canada.
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By monitoring the NADH oxidation at A = 340 nm in the presence of SMPs, it was confirmed
that at 10 uM, 27 and Q203 do not inhibit mitochondrial complex I (Figure 48). As positive

controls in this assay, we used Rotenone and Antimycin A.

0,8

0,7—\\

0,6
S 05
8 | —— Blank
§ 0,4 Rotgnon_e
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< — Q203

0,3 27
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00:00:00 ' 00:0|1:26 ' 00:0|2:53 ' 00:0|4:19 ' 00:0|5:46 ' 00:O|7:12 ' 00:0|8:38
Time
Figure 48. NADH oxidation in SMP at [10 pM]. 27 and Q203 do not bind to complex I. Green: Rotenone. Blue: Antimycin
A. Magenta: Q203. Cyan: compound 27. Red: Blank, only SMP without positive control or test compound. ‘‘Reprinted with
permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen,
L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CIl1,CIV>
Supercomplex  Binding and in  Vitro  Antimycobacterial  Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society”’

Q203, 24 and 27 do not inhibit mitochondrial cytochrome bci (CII1).

Compounds (Q203 and 27) that showed activity against Msmeg CIILCIV2 did not show activity
against Bos taurus mitochondrial cytochrome bci (CIII) nor Candida albicans mitochondrial
cytochrome bc1, confirming their specificity against the mycobacterial CIIICIV2. Although 24
did not show activity in the Msmeg CIII,CIV: activity assay, it showed high potency in the in

vitro Mtbh growth inhibition assays.*

Oxygen consumption assays, where Q203, 2436, or 27 were incubated with SMPs at
concentrations of 10 uM and 1 uM, were performed. The results showed some inhibition at 10

uM, while at 1 uM no inhibition was detected (Figure 49).
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Figure 49. Comparison of the activity in sub-mitochondrial particles. Rotenone, KCN, and Antimycin A were
used as positive controls. The graph shows that Q203, 24, and 27 inhibit CIII at 10 uM; 80%, 30% and 50%
inhibition respectively, while at 1 uM they show no inhibition. (mean +/- s.d., n = 3 independent assays).
““‘Reprinted with permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z,;
Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium
Smegmatis CHI2CIV2 Supercomplex Binding and in Vitro Antimycobacterial Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society’’

Candida albicans Cl112 activity assays confirmed the specificity of Q203, 24%, and 27.5%

The reduction of cytochrome ¢ was monitored spectrophotometrically (absorption at A = 550
nm) to measure the activity of purified mitochondrial CIIL>. No inhibition was observed at the
concentrations tested (10 uM and 1 pM), confirming the specificity of Q203 and analogues to
mycobacteria (Figure 50A and B). As the positive control, Inz-5 (Figure 50D) - a known
inhibitor - was tested at different concentrations (Figure 50C: Black [0], no inhibition, while

purple [2500 nM] almost complete inhibition). The experiment was done in triplicates.

383 This assay was performed by Zhong Liu in the Lab of Leah E. Cowen, Department of Molecular Genetics,
The University of Toronto, Toronto, Canada.

61


https://doi.org/https:/doi.org/10.1021/acsomega.3c02259

Results and Discussion

[1 pM] C Inz-5
041 e 044
@ o
Q o
[ = [ =
3 g -
5 ——DMSO = [9.7 nM]
ﬁ 034 P — _qzoa § 0,3 —%39 nMn]n]
27 ——[156n
< — 24 < | ——[625 M)
——[2500 nM]|
02 0,2 -
00:00:00 00:02:00 00:04:00 00:06:00 00:08:00 00:10:00 00:00:00 00:02:00 00:04:00 00:06:00 00:08:00 00:10:00
Time Time
[10 uM]

——DMSO

——Q203
27

—2

Absorbance

024

T T T T T
00:00:00 00:02:00 00:04:00 00:06:00 00:08:00 00:10:00
Time

Figure 50. CIll; activity assay. Graphs A and B show the results of testing Q203, 24 and 27 at [1uM] and [10uM]
respectively. Graph C: Black line represents the cytochrome ¢ reduction in absence of Inz-5. At a conc of 2500 nM (navy
blue line), Inz-5 completely inhibit the reduction. D shows the structure of Inz-5, a known CllI2 inhibitor. ‘‘Reprinted with
permission from [Abdelaziz, R.; Di Trani, J. M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen,
L. E.; Rubinstein, J. L.; Imming, P. Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI11,CIV>
Supercomplex  Binding and in  Vitro  Antimycobacterial  Activity. ACS Omega 2023.
https://doi.org/https://doi.org/10.1021/acsomega.3c02259 ]. Copyright [2023] American Chemical Society’’

3.2.2.1. Invitro growth inhibition assays

In this section, we will discuss the results obtained from the screening of IPAs against different
mycobacterial species. The screening of M. abscessus, Msmeg and M. intracellulare was done

in our lab facilities by my colleagues Dr. Adrian Richter and Lea Mann.

As mentioned in section 1.1.2, NTM are a growing health problem that is difficult to diagnose
and treat. The majority of NTM pulmonary infections are caused by M. abscessus'>*® and the
MAC complex (includes: M. avium, M. intracellulare and M. chimera).X* M. avium and M.
intracellulare are difficult to differentiate. However, the prognosis for M. intracellulare is
worse than for M. avium.?® Table 3 shows a brief comparison between Mtb® and the NTM

tested (Msmeg™®, M. abscessus®® 1, M. intracellulare®3 24,
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Table 3. A brief comparison between Mth, Msmeg, M. abscesuus (Mabs) and M. intracellulare (M. intra).

Mtb Msmeg Mabs M. intra
Properties eSlow-growing | eFast-growing e Fast-growing ¢ Slow-growing
Cultivation o 7H9 medium o 7H9 medium e 7H9 medium e 7H9 medium
¢ OADC* e ADS or OA** e ADS ¢ ADS or OA
e37°C e37°C e37°C e37°C
Occurrence e Humans e\Water sources | e\Water sources e \Water sources
e Animals ¢ Solil e Soil ¢ Soil
e Humans e Humans
e Animals e Animals
Highest Risk e Immunocompro | eN/A ¢ Cystic fibrosis patients
mised e Immunocompromised individuals
individuals
Pathogenicity eTB inhumans | eNon- e Growing public health problem

o Mainly infects

pathogenic***

e Pulmonary infections (most common)

lungs ¢ A model for e Difficult to diagnose and treat
pathogenic
mycobacteria
Transmission  elnhalation eN/A o \Water e Inhalation
eIndirect contact | eWater
e Contaminated e Contact

medical devices

*OADC = oleic acid- albumin-dextrose-catalase (growth supplement).
**ADS = albumin-dexrose-saline (growth supplement), OA = oleic acid.
***Msmeg does not live in mammals and rarely causes infections in human (skin/soft tissue)*6*.

(direct/indirect)

%k %k Xk

3.2.2.1.1. Screening against Mtb

In Mtb in vitro growth inhibition assays, Compounds 1-4 showed an MICq of 0.2 uM, while
24% showed ~5x higher potency (MICgo < 0.04 pM). Br-substitution at C-7 in compounds 5-8
led to a 50-fold decrease in activity (= 10uM). CF3 and OCF; instead of bromine or chlorine

led to a ~125-fold decrease in activity (Table 4). These results were rather consistent with the

™ The compounds were sent for screening against Mtb to the laboratory of Prof. Yossef Av Gay, Department
of Medicine and Microbiology and Immunology, University of British Columbia, Vancouver, Canada.
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results of the CIII2CIV2 activity assays, suggesting that a group bigger than bromine at C6 or
C7 is not well tolerated.

Contradictory to the results of the oxygen consumption assays described above, replacing the
halogen at C6 or C7 with a hydrogen atom led to a decrease in activity. For instance, compound
26 (R'= H) showed a ~ 250-fold decrease in activity compared to 24%¢ (R'= 6-Cl). In addition,
compound 24 in the CHI>CIV> activity assays did not show strong binding to the Msmeg
ClLCIV2 (Table 2), unlike its high in vitro Mtb activity. Compound 27 showed MICgo > 10
MM contrary to its high activity in the binding assay. One explanation for this observation could
be that the n-xt interaction, found in the Q203-Msmeg model, increases the binding affinity in

Mtb. Efflux mechanisms could also contribute to the high in vitro MIC of 27.

Cl H
\_ N N N \_ N N N
» Il H \>—@700F3 » Il H }—@OCFa
N o) N 0
24 26
Figure 51. The structure of compounds 24 and 26. R* is coloured in red.

3.2.2.1.2. Screening against Msmeg and M. abscessus '

All compounds were inactive towards Msmeg and M. abscessus with MICoos > 25, 50 or 100
uM (Table 4). It has been reported that combining an efflux pump inhibitor such as verapamil
(0.11 mM) with Q203 increases its potency in vitro and ex vivo.!”” However, no change in

activity was detected when we combined verapamil with the test compounds in Msmeg assays.

Polymorphisms, namely S182G, E314D, A317L and A396C (highlighted in yellow Figure 52),
in the QcrB subunit of M. abscessus has been reported to be the reason for its insensitivity to
Q203.!"! However, superimposing the QcrB subunit of Mth (PDB:7elw, Figure 52A blue),
Msmeg (PDB:7rh7, Figure 52B beige), and an AlphaFold model (UniProt: AOAOUIAIY2,
Figure 52A and B pink )!">!'7 of M. abscessus showed that these mutations do not affect the
binding site. The highlighted residues in Figure 52B are the same in both Msmeg and M.

abscessus models. The models were superimposed using UCSF Chimera software.®?

T The screening of Msmeg and M. abscessus was done in our lab facilities by my colleagues Dr. Adrian Richter
and Lea Mann.
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Figure 52. Superimposition of the QcrB subunit of M. abscessus with Mtb and Msmeg. An AlphaFold modelt72173
(A and B pink ribbon, UniProt: AOAOU1AIY?2) of the QcrB subunit was downloaded and superimposed with Mth
(A blue, PDB:7el1w) and Msmeg (B, beige, PDB:7rh7) QcrB subunits using UCSF Chimera software .2 (A) The
figure displays the mutations S182G, E314D, A317L and A396C (highlighted in yellow) in M. abscessus
compared to Mtb. It appears that these mutations do not affect the binding site. (B) The highlighted residues are

Mabs-QcrB
Msmeg-QcrB

the same in both Msmeg and M. abscessus models. ‘‘Reprinted with permission from [Abdelaziz, R.; Di Trani, J.
M.; Sahile, H.; Mann, L.; Richter, A.; Liu, Z.; Bueler, S. A.; Cowen, L. E.; Rubinstein, J. L.; Imming, P
Imidazopyridine Amides: Synthesis, Mycobacterium Smegmatis CI1.CIV2 Supercomplex Binding and in Vitro
Antimycobacterial Activity. ACS Omega 2023. https://doi.org/https://doi.org/10.1021/acsomega.3c02259 1.

Copyright [2023] American Chemical Society’’

The Q203-bound to Mtb CIII model'’™* showed that Q203 forms three hydrogen bonds
compared to the two in Msmeg. A third hydrogen bond, however, with Asp 309 in Msmeg was
found possible. The halogen in Mtb forms a halogen bond with a water molecule, which in turn
forms a hydrogen bond with a Tyr 164.!7* In Msmeg, the halogen directly forms a halogen bond
with the carbonyl of Leu 166 in QcrB (Figure 34, section 3.2.1).!%

These models suggest that the in vitro inactivity against Msmeg and M. abscessus is related to
the compensatory mechanism by the cytochrome bd complex in mycobacteria, other unknown

compensatory mechanisms or different binding affinities in different species.

3.2.2.1.3. Screening against M. intracellulare*#

The results of the M. intracellulare in vitro growth inhibition assay (Table 4) showed that it is

more sensitive to IPAs than other mycobacteria tested, in addition to being a better model than

¥ The screening of M. intracellulare was done in our lab facilities by my colleague Lea Mann.

65


https://doi.org/https:/doi.org/10.1021/acsomega.3c02259

Results and Discussion

Msmeg for predicting the in vitro activity of IPAs against Mtb. Sequence alignment of QcrB
orthologs in the tested mycobacterial species using Basic Local Alignment Search Tool
(BLAST)!"® and Mtb as query sequence showed higher similarities between M. intracellulare
(86.92% seq. identity) and Mtb compared to Msmeg (82.17% seq. identity) and M. abscessus
(78% seq. identity). The QcrB sequences of Mtb (accession no.: WP_078447324.1), M.
intracellulare (WP _054585160.1), Msmeg (WP _003895658.1) and M. abscessus
(WP_074356503.1) were then used for multiple sequence alignment (MSA) using Clustal W7
and the results were viewed with Jalview software'’” and shown in Figure 53. The amino acids
that are important for interactions with Q203 in Mtb are highlighted with red boxes. F 158, I
178 and Y 164 are conserved in all species while E 314 is mutated to D 309 in Msmeg and M.

abscessus.
M.abscessus 122 IMVHMAR | FFTGAFRRPREANWV | GALLF I LA EGFF SLPDDLLSGTGIRAALSQG|I TMG 183
M.smegmatis 120 IMVHLAR | FFTGAFRRPREANWV IGSLLLILA EGFF SLPDDLLSGTGIRAALSG|I TMG 181
M.tuberculosis 125 IMVHLAR | FFTGAFRRPRETNWV IGSLLL I LA EGYF SLPDDLLSGLGLRAALSS|ITLG 186
M.intracellulare 125 IMVHLAR | FFTGAFRRPREANWV IGSLLL I LA EGYF SLPDDLLSGIGLRAALSIS|ITLG 186
M.abscessus 184 LPL TWMHWALFGGDFPG- === == = === NILIPRLYAMHILLIPAIILALIGIHLALVYWYQ 235
M.smegmatis 182 | PV TWMHWALFGGDFPG---------- EILIPRLYALHILLIPGIILALIGAHLALVWFQ 233
M.tubercuiosis 187 MPV| TWLHWALFGGDFPG---------- TILIPRLYALHILLLPGIILALIGLHLALVWFQ 238
M.intracellulare 187 MPV] TWLHWALFGGDFPCGGYGNECATAGY | IPRMYALHILLLPGI ILAL IGLHLAMVWFQ 248
M.abscessus 236 KHTQFPGPGATEKNVVGVR ILPVFALKGGSFFAFTTAI LALMSGLLQINP IWWLGPYKPSQ | 297
M.smegmatis 234 KHTQFPGPGRTETNVVGVRVMPVFAVKSGAFFAMI|I TGVLGLMGGLLT INP IWNLGPYKPSQV 295
M.tuberculosis 239 KHTQFPGPGRTEHNVVGVRVMPVFAFKSGAFFAA | VGVLGLMGGLLQ I NP IWNLGPYKPSQV 300
M.intracellulare 249 KHTQFPGPGRTEHNVVGVRVMPVFAVKSGAFFAA | VGVLGLLGGLLQ I NP IWNLGPYKPSHYV 310
M.abscessus 298 SAGSQPDFYM LILRI IPAWE | YPFGHT | PQAVWVAVGMGLVFGLL Il AYPFLEKKLTGD 359
M.smegmatis 296 SAGSQPDFYM LIIRLWPAWEFYPFGHT | PQRGVWVAVGMGLVFALL | AYPF | EKKVTGD 357
M.tuberculosis 301 SAGSQPDFYM LIAR IWPPWEFYFWHHT | PAPVWVAV I MGLVFVLLPAYPFLEKRFTGD 362
M.intracellulare 311 SAGSQPDFYM LIAR IWPPWEFYFWHHT | PAVWWAL | MGGVFVLL | | YPFLEKRFSGD 372
M.abscessus 360 DAHHNLLQRPRDAPVRTAIGSAAISLYMLFTLM ND | |ALKFHISLNATTWIGR IGMVILP 421
M.smegmatis 358 DAHHNLLQRPRDVPVRTAIGSMAIALYLLLTFA ND I IALKFHISLNATTWIGR IGMVVLP 419
M.tuberculosis 363 YAHHNLLQRPRDVPVRTA IGAMA | AFYMVLTLA ND | lALKFHISLNATTWIGR IGMV I LP 424
M.intracellulare 373 YAHHNLLQRPRDVPVRTS IGAMA | AFYMVLTLS NDI| |AFKFDISLNATTWIGR IGMV I VP 434

Figure 53. MSA of the QcrB orthologs in mycobacterial species. Red boxes represent the amino acids interacting
with Q203, green represents 10 amino acids insertion in M. intracellulare!”® and blue boxes represent the
previously reported mutations in M. abscessus. MSA was done using Clustal W7 and viewed in Jalview software

version 2.11.2.6.177

Similar to the results of the Msmeg CI11,CIV2 oxygen consumption assay and the Mtb in vitro
growth inhibition assays, 6-Br analogues (1-4) were more potent than 7-Br (5-8). Compounds
1-4 showed MICgqo from 6 to 12 nM, while 5-8 had lower potencies (MICgo in UM range). There
was no pattern in the MICs of the analogues with R'= CFs. Compounds 9 (R!= 6-CFs, R3=
OCFs), 11 (R'=6-CF3, R®= Cl) and 13 (R!= 7-CFs, R®>= OCFs3) showed activity: 9 was the most
potent with MICgo= 6 nM, 11 showed a ~ 100-fold decrease in potency and 13 showed a 65-
fold decrease in potency. Compounds 10, 12, and 14-16 showed no activity (MICg >25 uM).
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OCFs3 substituted IPAs (17-23) showed MICgos >25 UM, supporting the hypothesis that bulkier
substituents are not well-tolerated. Compound 24 showed MICg = 5 nM. The substitution of
the 6-Cl in 24 with an H-atom in compound 26 resulted in a slight decrease in activity (2-fold).
7-methyl and a shorter benzyl group in the tail led to a 1000-fold decrease in activity in
compound 25. Compound 27 showed a 200-fold decrease in potency compared to Q203 and
compounds 1-4 and 9. The lower activity is consistent with the result of the Mtb in vitro growth
inhibition assay.

Table 4. The minimum inhibitory concentrations (MICg) in UM of the tested IPAs against Mtb, Msmeg, M.
abscessus (Mabs) and M. intracellulare.

Code Mtb* Msmeg** Mabs** M. intracellulare**
1 0.2 >50 >50 0.006
2 0.2 >50 >50 0.012
3 0.4 >50 >50 0.012
4 - 0.2 >50 >50 0.006
5 >10 >25 >25 >25
6 10 100 >100 125
7 >10 >25 >25 0.8

8 >10 >25 >25 25

9 ~10 >100 >100 0.006
10 >10 >100 >100 >100
11 525 100 >100 0.8
12 . >25 >100 >100 >25
13 R*=CFs >25 >50 >50 0.39
14 0156  >100 >100 50
15 >25 >50 >50 >25
16 >25 >50 >50 >100
17 >10 >25 >25 >25
18 >10 100 >100 100
19 L >25 >50 >50 >25
20 R'=0CFs | 595 >50 >50 >25
21 >10 100 >50 >100
22 >25 >50 >50 >25
23 >10 >50 >100 >25
24% | 6-Cl <0.04  >100 100 0.005
25102 | 7.Me 25 >100 >100 6.3
26 ) >25 100 100 0.01
27 6-Cl >10 >100 >100 0.8
28 6-Cl n.d 100 100 100
29 6-Cl n.d >100 >100 >100
30 6-Cl n.d 100 100 >100
0203 | 6-Cl n.d >100 >100 0.003

*OD-measurements.
**RFP-measurements, the maximum concentration tested differed depending on the solubility of the
compounds.
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Contrary to our results, a recent study suggested that the insertion of 10 amino acids in the
linker between two TM helices near the binding site (Figure 53, green box and Figure 54)
would lead to resistance of M. intracellulare to Q203.1® However, the results of our assay
(Table 4) showed that it is very sensitive to IPAs. In their assays, they used clinical isolates
that may have developed resistance, explaining the difference in results. They also used a
different method for testing growth inhibition, the Alamar blue assay, which depends on
cellular respiration to reduce resazurin dye and show a colour change (blue to pink).17® 18
Disruption of the ETC by Q203 could have affected the assay results. In contrast, we used M.

intracellulare expressing a red fluorescent protein (RFP) called tdTomato.

Figure 54. Overlay of an AlphaFold model of M. intracellulare QcrB subunit (UniProt: AOA220YBG8_MYCIT)
with Mtb QcrB subunit (PDB: 7elw). The models were superimposed using UCSF Chimera software.®® The amino

acid insertion in M. intracellulare is shown in orange colour.

3.2.2.1.4. Screening against M. intracellulare and Msmeg in glucose-free medium®8s

As mentioned in section 1.2.1.2, one of the alternative mechanisms of mycobacteria that are
upregulated in anaerobic conditions or when the bc: complex is inhibited is the cytochrome
bd-complex. A recent study!®! on the response of Msmeg to Q203 has shown that upon
treatment of a wild type Msmeg and a cytochrome bd knock out (bd-KO) with Q203, both
ClICIV2 as well as cytochrome bd complex are overexpressed. The level of CIlI.CIV:

overexpression in Msmeg bd-KO was similar to the wild type, explaining the sensitivity of

858% The screening of M. intracellulare was done in our lab facilities by my colleague Lea Mann.
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Msmeg bd-KO to Q203. The level of expression also varied from cell to cell. A putative second
cytochrome bd complex has been reported based on genetic analysis, however, it is not known

whether it can compensate for the inhibition of CI11,CIV2 and/or cytochrome bd complex. 8

These findings could explain the insensitivity of Msmeg to IPAs in our assays (section
3.2.2.1.2). Other factors could also contribute to resistance such as the overexpression of efflux
pumps and the use of glucose in the growth medium as an energy source as an adaptation to
the inhibition of the ETC. It has been reported that the bactericidal activity of BDQ, an inhibitor
of F1Fo ATP-synthase was significantly enhanced when mycobacteria were grown on non-
fermentable energy sources, for example, oleic acid.!8 182 The use of a lipid source instead of
glucose deprives mycobacteria of producing ATP via glycolysis. Substrate-level
phosphorylation (glycolysis) can rapidly provide ATP regardless of whether the ETC is
functional and act as a rescue mechanism in case of inhibition of the ETC.

We, therefore, tested the activity of Q203 against Msmeg and M. intracellulare when grown in
a glucose-free medium. The aim was to test the change in sensitivity to Q203 in the glucose-
free medium (oleic acid) compared to the glucose-rich medium (ADS). In addition, the effect
of a combination of compound 31, a cytochrome bd inhibitor, and Q203 was tested under both

growth conditions.

Msmeg

The results showed an 8-fold decrease in the MICgo of Q203 when bacteria were grown in the
medium supplemented with oleic acid (MICgo = 12.5 uM, Table 5) compared to ADS (MICgo
>100 pM). These results suggest that Msmeg indeed uses glucose as an alternative source of
energy in response to CHI2CIV2 inhibition. The combination of compound 31 and Q203 did
not affect the MIC in ADS but showed an 8-fold decrease in MICg of Q203 in oleic acid
(MICgo = 6.25 uM, Table 5). The overexpression of both CIII>.CIV2 and cytochrome bd
complex in response to inhibition could explain the lack of effect of the cytochrome bd inhibitor
(31) on the MIC of Q203 in ADS.
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M. intracellulare

The results showed no major difference in the MICgo 0f Q203 in oleic acid compared to ADS.
The similarity in MICs could be because M. intracellulare is a slow-growing mycobacterium,
and therefore the overexpression of CII>.CIV, and cytochrome bd complex in response to
inhibition is slower than in fast-growing mycobacteria such as Msmeg. We observed a ~ 8-fold
decrease in MICgo of 31 in oleic acid (MICg = 12.5 pM, Table 5), which suggests that M.
intracellulare is less adaptable in an oleic acid medium. The combination of compound 31 and
Q203 resulted in a 4-fold decrease in MICgo 0f Q203 in the oleic acid medium (MICgo = 0.0017
MM, Table 5). In ADS, the combination with 31 did not affect the MICgo of Q203.

Table 5. Comparison of MICgy (UM) against Msmeg and M. intracellulare in glucose-rich (ADS) and glucose-

free (oleic acid) media.

M. intracellulare Msme
Code ADS Oleic acid ADS gOIeic acid
BDQ 0.02 0.06 0.03 0.25
Q203 0.003 0.007 >100 12.5
31 >100 12.5 >100 >100
Q203 + 31 0.005 + 50 0.0017+ 1.6* >50+50 6.25 + 6.25

3.2.2.2. Minimum bactericidal concentration (MBC) in Msmeg

It has been reported that the bactericidal activity of Q203 can be achieved in Mtb through the
combination of Q203 with 31, a cytochrome bd complex inhibitor.%® To assess the effect of
this combination in Msmeg, a concentration-dependent MBC was determined. Q203 combined
with 31 were tested for bactericidal activity in Msmeg which was grown in a medium
supplemented with oleic acid. Q203 alone was tested as a negative control. After 3 days of
incubation, the results showed a bactericidal effect (MBCgs) at a concentration of 50 uM (8x
MIC, Figure 55).
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Figure 55. Bactericidal activity of Q203+31 against Msmeg which was grown in a medium supplemented with
oleic acid. LOD: limit of detection. Experiments were carried out in triplicates. The mean values are represented
as bars with the standard deviations as error bars. A one-way analysis of variance (ANOVA) multiple-comparison
test was performed using GraphPad Prism 9 software to compare treated groups with the inoculum (Day 0). ***:
P =0.0002.

3.3.2. EMB analogues

3.2.2.3. In vitro growth inhibition assays

3 %k %k %k k.

The results of the Mtb growth inhibition assay showed that replacing the secondary alkyl
amines with anilines in compounds 32 and 33 led to a decrease in activity. Compound 32
showed almost no inhibition at 8 uM. At higher concentrations, compound 32 was insoluble,
and therefore not tested. Compound 33 showed ~80% inhibition at 64 uM (Figure 56B, green
bars). These data are consistent with the reported SAR of EMB in terms of the ionization of
the two nitrogen atoms. The decrease in the basicity of the nitrogen atoms in 32 and 33 would
affect the electrostatic interactions with the catalytic Asp 299. At physiological pH, both

nitrogen atoms are unionized and form hydrogen bonds instead. In addition, the orientation of

T Mitb assays were done in the laboratory of PD Dr. Norbert Reiling, Research Center Borstel.
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the oxygen atoms could affect the hydrogen bonding with residues Glu 327 and His 592,

resulting in reduced binding affinity and thus loss of activity.

Compound 34 showed lower potency than EMB with MICgs = 64 UM versus 16 uM in EMB
(Figure 56A). The lower potency could be due to the loss of the hydrogen bond interactions
with His 594 and Glu 327 in compound 34 (Figure 39) compared to EMB (Figure 37A). The
free hydroxyl group in compound 35 led to an increase in MICgs compared to the methyl ether
in 34. 64 uM was the highest tested concentration (Table 6). At this concentration, compound
35 only showed 9% inhibition (Figure 56B, blue bars). This finding is opposite to the in silico
study that suggested that the free hydroxyl groups in compound 35 can form two hydrogen
bonds with Asp 1024 and Asp 299 (Figure 39).
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Figure 56. % Growth of EMB and 34 (A), 33 and 35 (B). (A) Almost no growth was observed at 16 uM
concentration of EMB and at 64 uM of 34. (B) 35 (blue) showed almost no activity at the tested concentrations,

while compound 33 (green) showed ~80% inhibition at 64puM. RLU= relative light unit.

The asymmetric EMB analogue 37 showed no inhibition at the tested concentrations, and
neither did its symmetric analogue 36 (Figure 57). This inactivity could be due to possible
steric clashes between the trifluoromethyl (CF3) group and tryptophan amino acid in the active
site. (Trp 1028 and Trp 988, Figure 40).
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Figure 57. % Growth of compounds 36 and 37. No inhibition was observed in both compounds at the tested

concentrations.

None of the tested compounds showed activity against Msmeg, M. abscessus or M.
intracellulare (MICgo>100 puM).™**

Table 6. MICgs (UM) of the tested EMB analogues against Mth, Msmeg, M. abscessus and M. intracellulare.

Code | Mtb (M1Cgs) Msmeg M. abscessus M. intracellulare
32 | >8 uM** >100 n.d. >100
33 | >64 >100 >100 >100
34 | 64 >100 >100 >100
35 | >>64 >100 >100 >100
36* | >>64 >100 >100 >100
37 | >>64 >100 >100 >100
EMB | 16 1.6 150 4.7

*Synthesis was reported in RA’s Master thesis.*
** 8 UM was the highest tested concentration due to compound’s insolubility at higher concentrations.
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4. Conclusions and suggestions for future work

4.1. IPAs

With the panel of IPAs prepared and tested for this investigation, data were generated that
allow some generalizations on the IPA-CIII>CIV: interaction in Msmeg, tentative correlation

with in vitro activities and extrapolation to other mycobacterial species.

As for SAR of the IPAs (Figure 58), a halogen substituent at C6/C7 of the IP moiety is
important for CI11>.CIVz inhibitory activity. Substitution at C6 leads to a stronger effect than at
C7. Electron cryomicroscopy data, corroborated by in silico models, show that a halogen
bond*®* can be formed with Tyr 1641"* in Mtb and the carbonyl of Leu 166 in Msmeg.*%” A
substituent bigger than bromine and incapable of halogen bonding at C6/C7 is not tolerated.

Neck
» NH - Hydrogen bond.

\ X ¥ Van der Waals interactions.
0) // » Long hydrophobic tail Important for
NH penetration and metabolic stability.
5 4
6 3
> Ahalogenat C6 - halogen bond R1—/\N Ny2_ 2 :
> alogena alogenbond. g > » Methyl/ ethyl 2 van der Waals interactions.
» A substituent bigger than Br at 7 "“N
C6/C7 is not tolerated. 8 9 1

» N1 - two important hydrogen bonds.

Figure 58. Summary of the SAR of IPAs.

The NADH oxidation assays for both the NDH-2 enzyme and the SMPs support that the head
of the IPA, not the tail, leads to specificity. None of the compounds tested showed activity
against bovine mitochondrial complex | or Caldalalibacillus thermarum NDH-2 despite both
of these enzymes having a quinone binding site. The inactivity in these assays for compound
27, which has an isoprene tail similar to the natural quinone substrate, thus allowing binding
through the tail, further supports the hypothesis that binding and in particular specificity of

binding to a mycobacterial CIH1>.CIV2 mainly rests in the head region.

Mostly, no generally applicable correlation could be made between the results in the Msmeg
CIlI2CIV2 oxygen consumption assay and the Msmeg, Mth and M. intracellulare growth
inhibition assays. For example, the strong inhibition by compound 27 in the Msmeg CI112CIV>

binding assays did not translate to high potency in the Mtb or M. intracellulare assays. The
74



Conclusions and suggestions for future work

opposite was observed in the case of compound 24: weak inhibition of CH1,CIV2 and strong
growth inhibition of Mtb and M. intracellulare. However, for Msmeg, all compounds did not
inhibit or only weakly inhibited growth, regardless of any inhibition in the CII1>CIV2 oxygen
consumption assay or Mtb and M. intracellulare growth inhibition assays.

This lack of a general correlation pattern between assays implies that inhibition of CI112CIV>
activity is not sufficient to translate into growth inhibition. This finding may be due to either
efflux or alternative resistance mechanisms the mycobacteria can resort to, or the activity of
the cytochrome bd terminal oxidase as a rescue mechanism when CI112CIV: is inhibited. The
cytochrome bd oxidase in Mth has been shown to prevent the bactericidal activity of Q203
despite its low MIC (nM). Bactericidal activity against Mth can only be achieved through the
combination of Q203 with a cytochrome bd inhibitor.X% In M. abscessus, the cytochrome bd
complex has been reported to not affect susceptibility to Q203 and other IPAs. Therefore, other
yet unknown mechanisms must be the reason for the insensitivity of M. abscessus to Q203.1"
Msmeg overexpresses both CII.CIV2 and cytochrome bd complex in response to Q203
treatment.'® A putative second cytochrome bd complex has been proposed based on genetic
analysis, however, it is not known yet whether it can compensate for the inhibition of CI11.CIV>
and/or cytochrome bd complex.*8! In addition, pharmacokinetic parameters such as solubility,
permeation through human and bacterial cell membranes and bacterial metabolism of the IPAs

could play arole.

The similarity of the binding sites of the Msmeg and Mtb CI11>,CIV: electron cryo-structures
supports the hypothesis that the resistance could be due to one of the above reasons (Figure
52). Furthermore, the Msmeg CI11>CIV> electron cryomicroscopy structure and M. abscessus
AlphaFold QcrB model (Figure 52B) as well as MSA (Figure 53) displayed even higher
similarity, but we did not observe growth inhibition of M. abscessus with any of the IPAs
tested.

Additionally, the assay results against Msmeg in an oleic acid medium showed that the bacteria
used the glucose in the growth medium as an energy source through glycolysis to compensate
for the ETC disruption. Q203 activity (MICg =12.5 pM) in the oleic acid medium increased
more than 8-fold compared to the ADS medium (MICg >100 puM, Table 5). In Msmeg, the
bactericidal activity of Q203 was only observed in combination with 31 in the oleic acid

medium (MBCgg = 50uM). The combination of Q203 with 31 and growing Msmeg in oleic
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acid medium blocks two of the rescue mechanisms: glycolysis as an alternative ATP source

and the cytochrome bd complex.

The results of the M. intracellulare growth inhibition assays showed that it is more sensitive to
IPAs than other mycobacteria tested, in addition to being a better model than Msmeg for
predicting the in vitro activity of IPAs against Mtb. For example, most of the compounds that
showed activity against M. intracellulare were also active against Mtb, but with higher MIC
values (Table 4). MSA also showed higher similarity between the slow-growing Mtb and M.
intracellulare compared to the fast-growing Msmeg and M. abscessus (Figure 53). The role of
the cytochrome bd complex in M. intracellulare appears to be less important than in Msmeg.
The combination of Q203 and 31 showed no difference in the MIC of Q203 in both the ADS
and the oleic acid media. Differences in the expression levels of the terminal oxidases
(CIICIV2 and cytochrome bd complex) between the two mycobacteria could be an
explanation. Adaptation of M. intracellulare to Q203 inhibition may also be slower than for
Msmeg. An MBC assay is required to confirm whether or not a bactericidal effect is achieved.
Macrophage infection assays are also planned to investigate the intracellular activities of [PAs.
The results reported here highlight the need to evaluate the role of the cytochrome bd complex
and the expression level of CII1>CIV> for bacteriostatic or bactericidal activity in different
mycobacterial species. In addition, the effect of different media on the inhibition of oxidative
phosphorylation should be evaluated. Further improvement of the PK parameters of novel IPAs
compared to Q203 is also required.

In future studies, it is crucial to investigate mycobacterial defense mechanisms in order to
develop new drug candidates that can inhibit oxidative phosphorylation mycobacteria, such as

M. abscessus.

4.2. EMB analogues

To date, not all mycobacterial arabinosyl transferases are well characterized, there is a lot to
discover and understand about their structures and functions.®™ 8 The recently published 3D
structure of the Emb proteins in Mtb and Msmeg helped in understanding the drug-target
interactions. However, in silico studies could not predict the binding/activity of the tested EMB
analogues. For example, compounds 32 and 33 with high docking scores did not show
significant in vitro activity. In addition, docking could not explain the loss of activity in 35

compared to 34.
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The results of in vitro growth inhibition assays of the synthesized EMB, as well as the
previously reported EMB analogues, suggest that modifications to EMB may reduce/abolish

activity or lead to a shift in target, as in the case of SQ109.

Further investigations on the target such as enzymatic assays are recommended to confirm the
activity of these compounds on the Emb proteins. Inactivity could be due to penetration

problems, efflux pumps or rapid degradation (metabolism) by mycobacteria.
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5.Summary

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the oldest and most
pervasive diseases. Death rates are decreasing over the years; however, it is still one of the
leading causes of death worldwide. Non-tuberculous mycobacteria (NTM), such as M.
abscessus and M. avium complex, are considered a growing public health problem, especially
among patients with cystic fibrosis. The long duration of treatment, the continuous emergence
of resistant TB strains and the resistance of NTM to most anti-TB drugs necessitate the search
for new drug candidates and the understanding of the mechanism of action of the drug targets

and the mycobacterial rescue mechanisms.

Among the attractive targets for TB treatment are mycobacterial cellular respiration and cell
wall synthesis. The structural differences between mycobacterial electron transport chain
(ETC) complexes, ETC complexes from eukaryotic mitochondria and other bacteria allow
selective inhibition of mycobacterial respiration. Whereas, the importance of the mycobacterial
cell wall for survival, its unique structure and unique biosynthetic pathways made it an

attractive target for many antimicrobial drugs.

Q203, INN: telacebec, is an imidazopyridine amide (IPA) that targets the respiratory CI11.CIV>
supercomplex of the mycobacterial ETC. To gain a better understanding of the molecular
mechanism of action of IPA, 30 analogues were prepared through a seven-step synthetic
scheme. The inhibition of purified M. smegmatis CHI>CIV2 (Msmeg Cll12CIV2) was tested
using an oxygen consumption assay. The IPAs reported here were devised for an improved
understanding of the molecular mechanism of action, making use of the molecular assay
facilities in our laboratories and in particular trying to approach the long-term goal of targeting
problematic mycobacteria that are not sensitive to Q203. These mycobacteria include M.

abscessus and the M. avium complex, NTM of emerging importance.

The oxygen consumption assay results generally supported structure-activity relationship
information obtained from the electron cryomicroscopy structure of Msmeg ClI1>CIV2 bound
to the Q203 model. At a concentration of 10 uM, compound 27 showed 88 + 1.15 % inhibition
compared to 85 + 7.5 % inhibition with Q203. None of the IPAs, including Q203, showed
inhibition of mitochondrial ETC, proving their selectivity against mycobacteria. None of the

tested compounds showed in vitro growth inhibition against Msmeg or M. abscessus. Most of
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the compounds that showed activity against M. intracellulare were also active against Mtb, but
with lower potency. For example, compounds 1-4 showed MICgo = 200 nM against Mtb and
MICgo = 6-12 nM against M. intracellulare. There was not a perfect correlation between the in
vitro Mtb growth inhibition and Msmeg Cl111.CIV2. For example, compound 27 showed only
70% inhibition at 10 uM (Q203: MICg extracellular 4 nM). The results of the M. intracellulare
growth inhibition assays showed that it is more sensitive to IPAs than other mycobacteria
tested, in addition to being a better model than Msmeg for predicting the in vitro activity of
IPAs against Mth. Q203 activity in the Msmeg growth inhibition assay was observed when
Msmeg was grown in a glucose-free medium (oleic acid) and bactericidal activity (MBCgg =
50uM) in Msmeg was achieved when Q203 was combined with 31, a cytochrome bd-complex
inhibitor. In contrast to Msmeg, the activity of Q203 in M. intracellulare was not significantly
affected by the growth medium or the combination with 31.

Ethambutol (EMB) is one of the first-line drugs used to treat Mtb and is also included in
treatment regimens for NTM. It inhibits the Emb proteins, which are essential for the synthesis
of arabinogalactan and lipoarabinomannan of the mycobacterial cell wall. To better understand
the structure-activity relationship, a small panel of EMB analogues were designed to test their
activity against Mtb and NTM. In silico studies and the in vitro Mtb growth inhibition assays
did not correlate. Compound 34 showed activity against Mtb, but not NTM. Compounds 32,
33, 35, 36 and 37 did not show activity against any of the tested species.

The results suggest that further investigation of resistance mechanisms in different
mycobacterial species is urgently needed to understand the lack of correlation between
enzymatic assays, in silico studies and cellular activity, and to design new effective
antimycobacterial drug candidates. Enzymatic assays of EMB analogues against Emb proteins
are also needed to confirm whether these analogues bind to the target or not.
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6. Zusammenfassung

Die durch Mycobacterium tuberculosis (Mtb) verursachte Tuberkulose (TB) ist eine der
altesten und am weitesten verbreiteten Krankheiten. Obwohl die Sterblichkeitsraten in jingster
Zeit zuruckgegangen sind, ist TB immer noch eine der haufigsten Todesursachen weltweit.
Nicht-tuberkulése Mykobakterien (NTM), wie M. abscessus und M. avium, gelten als
wachsendes Problem fur die o6ffentliche Gesundheit, insbesondere bei Patienten mit
Mukoviszidose. Die lange Behandlungsdauer, das kontinuierliche Auftreten resistenter TB-
Stdmme und die Resistenz von NTM gegen die meisten Anti-TB-Medikamenten erfordern die
Suche nach neuen Wirkstoffkandidaten und die Erforschung des Wirkmechanismus und der

Resistenzmechanismen der Mykobakterien erforderlich.

Zu den attraktiven Zielstruckturen fiir die TB-Behandlung gehdéren die Zellatmung und die
Zellwandsynthese von Mykobakterien. Die strukturellen Unterschiede zwischen den
Komplexen der mykobakteriellen Elektronentransportkette (ETC), den ETC-Komplexen aus
eukaryotischen Mitochondrien und anderen Bakterien ermdglichen eine selektive Hemmung
der mykobakteriellen Zellatmung. Die Bedeutung der mykobakteriellen Zellwand fir das
Uberleben, ihre einzigartige Struktur und ihre Biosynthesewege machen sie zu eine attraktiven
Zielstruktur fur antimikrobielle Wirkstoffe.

Q203, INN: Telacebec, ist ein Imidazopyridinamid (IPA), das auf den respiratorischen
CI2CIV2-Superkomplex der mykobakteriellen ETC abzielt. Um ein besseres Verstandnis des
molekularen Wirkmechanismus von IPA zu erlangen, wurden 30 Analoga durch ein
siebenstufiges Syntheseschema hergestellt. Die Hemmung von gereinigtem M. smegmatis
Cl2CIV2 (Msmeg ClHI2CIV2) wurde mit einem Sauerstoffverbrauch Assay untersucht. Die
hier vorgestellten [PAs wurden flr ein besseres Verstandnis des molekularen
Wirkmechanismus entwickelt, wobei die molekularen Assay-Einrichtungen in unseren Labors
genutzt wurden und insbesondere versucht wurde, das langfristige Ziel zu erreichen,
problematische Mykobakterien, die nicht empfindlich auf Q203 reagieren, zu bek&mpfen. Zu

diesen resistenten Mykobakterien gehdren M. abscessus und der M. avium.

Die Sauerstoffverbrauch Testergebnisse stiitzten im Allgemeinen die Informationen zur
Struktur-Aktivitats-Beziehung, die aus der Kryoelektronenmikroskopie-Struktur des an das

Q203-Modell gebundenen Msmeg Cl11>CIV2 gewonnen wurden. Bei einer Konzentration von
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10 uM zeigte Verbindung 27 eine Hemmung von 88 + 1,15 % im Vergleich zu einer 85 £ 7,5
%igen Hemmung durch Q203. Keine der IPAs, einschliel}lich Q203, zeigte eine Hemmung der
mitochondrialen ETC, was ihre Selektivitdt gegeniiber Mykobakterien beweist. Keine der
getesteten Verbindungen zeigte in vitro eine Wachstumshemmung gegen Msmeg oder M.
abscessus. Die meisten Verbindungen, die eine Aktivitat gegen M. intracellulare zeigten,
waren auch gegen Mtb aktiv, jedoch mit geringerer Wirksamkeit. Zum Beispiel zeigten die
Verbindungen 1-4 MICg = 200 nM gegen Mtb und MICg = 6-12 nM gegen M. intracellulare.
Es bestand keine eindeutige Korrelation zwischen der In vitro-Wachstumshemmung von Mtb
und Msmeg CIHI2CIV2. So zeigte beispielsweise Verbindung 27 bei 10 uM nur eine 70%ige
Hemmung (Q203: MICg extrazellular = 4 nM). Die Ergebnisse der Assays zur
Wachstumshemmung von M. intracellulare zeigten, dass es empfindlicher auf IPAs reagiert
als andere getestete Mykobakterien. M. intracellulare ist daher ein geeigneteres Model als
Msmeg flr die Vorhersage der In vitro-Aktivitat von IPAs gegen Mtb. Die Aktivitat von Q203
im Msmeg-Wachstumshemmungstest wurde beobachtet, wenn Msmeg in einem glukosefreien
Medium (Olséure) geziichtet wurde, zudem wurde bakterizide Aktivitat (MBCgg = 50uM) in
Msmeg beobachtet, wenn Q203 mit 31, einem Cytochrom bd-Komplex-Inhibitor, kombiniert
wurde. Im Gegensatz zu Msmeg wurde die Aktivitat von Q203 in M. intracellulare durch das

Wachstumsmedium oder die Kombination mit 31 nicht wesentlich beeinflusst.

Ethambutol (EMB) gehort zu den Medikamenten der ersten Wahl bei der Behandlung von Mtb
Infektionen und wird auch zur Therapie von NTM Erkankungen genutzt. Es hemmt die Emb-
Proteine, die fur die Synthese von Arabinogalaktan und Lipoarabinomannan der
mykobakteriellen Zellwand verantwortlich sind. Um die Struktur-Wirkungs-Beziehung besser
zu verstehen, wurde eine kleine Gruppe von EMB-Analoga synthesiziert, um ihre Aktivitat
gegen Mtb und NTM zu testen. Die In silico-Studien und die In vitro-Tests zur Hemmung des
Mtb-Wachstums korrelierten nicht. Verbindung 34 zeigte Aktivitat gegen Mtb, aber nicht
gegen NTM. Die Verbindungen 32, 33, 35, 36 und 37 zeigten gegen keine der getesteten
Spezies eine Wirkung.

Die Ergebnisse legen nahe, dass weitere Untersuchungen der Resistenzmechanismen bei
verschiedenen Mykobakterienarten dringend erforderlich sind, um die fehlende Korrelation
zwischen enzymatischen Tests, In silico-Studien und zellul&rer Aktivitat zu verstehen und neue

wirksame antimykobakterielle Wirkstoffkandidaten zu entwickeln. Enzymatische Assays von
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EMB-Analoga gegen Emb-Proteine sind ebenfalls erforderlich, um zu bestétigen, ob diese

Analoga an das Ziel binden oder nicht.
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7.Experimental procedures

7.1. Chemistry
7.1.2. General

Reagents obtained from Sigma Aldrich, abcr, TCI and Enamine were used without further
purification. All organic solvents used were of pure analytical grade. Dioxane and THF were
dried over 4 A molecular sieves, while DCM was dried over 3 A molecular sieves. Column
chromatography was carried out using silica-gel 40-60 um mesh with mobile phases such as
heptane:EtOAc (or heptane:tert-butylmethylether) and CHCI3:MeOH. Flash chromatography
was performed on puriFlash® 430 (Interchim, Montlugon, France). Prepacked columns with
silica gel of 30 um pore size were used. Thin layer chromatography (TLC) was done using
TLC silica gel 60 Fzs4 plates (Merck). Mass spectrometry was performed on: APCI-MS
(Advion expression® CMS; Ithaca, NY, USA). The flow rate used was 10 pL/min and the super
soft method was used to avoid fragmentation. The m/z range was from 100 to 1000 with an
acquisition speed of 10,000 m/z units/sec. ESI-MS spectra were recorded on LCQ-Classic,
Thermo Finnigan; direct injection. For the high-resolution mass spectrometry (HRMS) a Q
ExactiveTM Plus Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) was
used. Melting points (m.p.) were measured on a Kofler bench apparatus. *H-NMR and
13C-NMR spectra were recorded at 400 MHz, 500 MHz, and 126 MHz, 101 MHz respectively
using a lampe-vnmrs400 spectrometer. *H shifts are referenced to the residual protonated
solvent signal (6 7.26 for CDCls, 6 3.31, 4.87 for CD30OD and 6 2.5 for 11.5 TFA/DMSO) and
13C shifts are referenced to the deuterated solvent signal (8 77.0 for CDCls, & 49.0 for CDsOD
and 6 164.2 for TFA/DMSO). Abbreviations: s= singlet, d= doublet, dd= double doublet, ddd=
doublet of doublets of doublets, t= triplet, dt = doublet of triplets, g= quartet, tq= triplet of
quartet, p= pentet, tp= triplet of pentet, m= multiplet. Assignments were proven by HSQC.
Chemical shifts are given in parts per million (ppm), and all coupling constants (J) are given
in Hz. In most 3C NMR, some quaternary carbon atoms were covered by noise due to low
concentrations and solubility in organic solvents. The purities of the tested compounds were
determined by high-performance liquid chromatography (HPLC). The HPLC purity of the final
compounds was 95% or higher. The instrument used was from Shimadzu (Kyoto, Japan).
Pump: two LC-10AD pumps, Detector: SPD-M10A VP PDA detector, and Sampler: SIL-HT
autosampler. Analytical HPLC: LiChrospher column RP-18, 5 um particle size and 10 cm
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length was used, and the solvent system was MeOH: H-O, 5 to 95% + 0.05% TFA over 30
minutes. Preparative HPLC: NUCLEODUR 100-5 C18 ec column was used and, the used
mobile phase was ACN:H:0, 5 to 95% ACN + 0.1% formic acid over 30 minutes. Samples
were dissolved in CHCI3:MeOH, 1:1. Peaks were detected at A= 254 nm. For the UV inactive

compounds, peaks were detected at A= 215 nm.
7.1.3. Procedures
7.1.3.1. Imidazopyridine amides (IPA)

7.1.3.1.1. Synthesis of Imidazo[1,2-a]pyridine-3-carboxylic acid Scaffold (1-15c¢)
2-Ethylimidazo[1,2-a]pyridine-3-carboxylic acids

A solution of NBS (1.2 equiv.) dissolved in H>O (5 mL) was heated to 80 °C, and then ethyl-3-
oxo-pentanoate (1.05 equiv.) was added with a syringe and left to stir for 30 min. After
complete addition, the colour of the solution changed from yellow to colourless. Afterwards 1
equiv. 2-aminopyridine was added and stirred for 30 min. to 1 h at 80 °C. To stop the reaction,
saturated NaxCOs solution was added and the mixture was extracted three times with EtOAc.
The organic phase was dried over anhydrous MgSQO4. After evaporation of the solvent, the
product was purified by flash column chromatography (gradient mobile phase, heptane:EtOAc
from 90:1 to 66:34) to give a pale-yellow solid (1-8b, Scheme 1A).!'* The yield ranged from
15% to 30% depending on the substituents on the pyridine.

The purified ester was dissolved in absolute Ethanol (30 mL) followed by the addition of an
aqueous solution of LiOH (10 mL). The ratio of EtOH:H>O was 3:1 v/v. The reaction mixture
was left to reflux overnight. After evaporating EtOH on the Rotavap, IN HCl was added
dropwise until pH dropped to 4. The formed pale solid residue was filtered and washed with

water and then dried in the desiccator to give 1-8¢.!% The yield obtained was up to 90%.

2-Methylimidazo[1,2-a]pyridine-3-carboxylic acids

Ethyl-2-chloroacetoacetate was added to 25 mL EtOH, followed by 2-aminopyridine (1 equiv.).
The reaction was left to reflux (80 °C) overnight. The solvent was evaporated and 20 ml EtOAc
was added. The organic phase was extracted three times with H>O and dried over anhydrous
MgSO4. The product was purified by flash column chromatography (heptane:EtOAc, 4:1) to
give a solid (9-15b, scheme 1A)!%2. The ester hydrolysis was done the same way as mentioned

above (9-15¢).!%
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Ethyl-6-bromo-2-ethylimidazo[1,2-a]pyridine-3-carboxylate (1b)

Ci12H13BrN2O», yellow solid, 17% yield, ESI-MS: m/z 295.06 [M-H] -, R= 0.26 (EtOAc:
heptane, 1:2), 'H NMR (400 MHz, Chloroform-d) § 9.51 (dd, J= 1.9, 0.9 Hz, 1H), 7.52 (dd, J
=9.4,09 Hz, 1H), 7.44 (dd, J=9.4, 1.9 Hz, 1H), 4.44 (q, J=7.1 Hz, 2H), 3.10 (q, /=7.5 Hz,
2H), 1.44 (t,J=7.1 Hz, 3H), 1.35 (t, J= 7.5 Hz, 3H).

6-Bromo-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylic acid (1¢)
C10H9BrN,O», beige powder, 70%, ESI-MS: m/z 271.23 [M+H] *, 'H NMR (400 MHz,

Methanol-ds) & 9.60 (dd, J= 1.9, 0.9 Hz, 1H), 7.68 (dd, J = 9.4, 1.9 Hz, 1H), 7.59 (dd, J = 9.4,
0.9 Hz, 1H), 3.16 (q, J = 7.6 Hz, 2H), 1.36 (t, J = 7.6 Hz, 3H).

Ethyl-7-bromo-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylate (2b)

C12H13BrN2O2, yellow solid, APCI-MS: m/z 297, 299 ("Br,*'Br) [M+H] ", this compound was
directly taken to the next step without further purification.
7-Bromo-2-ethylimidazo[1,2-a]pyridine-3-carboxylic acid (2¢)

C10HoBrN,O», white powder, 74% yield, APCI-MS: m/z 269.1, 271.1 ("Br,*'Br) [M+H]", 'H
NMR (500 MHz, Methanol-ds) 6 9.31 (d,J=7.4 Hz, 1H), 7.85 (dd, /= 2.0, 0.8 Hz, 1H), 7.30
(dd,J=7.4,2.0Hz, 1H), 3.13 (q, /= 7.6 Hz, 2H), 1.33 (t, J= 7.6 Hz, 3H).

Ethyl-6-(trifluoromethyl)-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylate (3b)
C13H13F3N20;, white solid, 27% yield, APCI-MS: m/z 287.0 [M+H] ", '"H NMR (400 MHz,
Chloroform-d) 8 9.81 (dt, /= 2.1, 1.1 Hz, 1H), 7.93 (d, /= 9.3 Hz, 1H), 7.64 (dd, J=9.1, 1.7

Hz, 1H), 4.49 (q, J = 7.1 Hz, 2H), 3.20 (q, J = 7.6 Hz, 2H), 1.47 (t, J= 7.1 Hz, 3H), 1.41 (t, J
= 7.6 Hz, 3H).

6-(Trifluoromethyl)-2-ethylimidazo[1,2-a]pyridine-3-carboxylic acid (3¢)

C11HoF3N,0,, white solid, 88% yield, APCI-MS: m/z 259.1 [M+H]*, '"H NMR (400 MHz,
cdsod) 8 9.82 (dp, J = 2.3, 1.2 Hz, 1H), 7.78 (dt, J= 9.4, 0.9 Hz, 1H), 7.72 (dd, J= 9.4, 1.9 Hz,
1H), 3.16 (q, J = 7.6 Hz, 2H), 1.34 (t, J = 7.6 Hz, 3H).
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Ethyl-7-(trifluoromethyl)-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylate (4b)

C13H13F3N,0,, white solid, 28% yield, APCI-MS: m/z 287.0 [M+H] *, '"H NMR (400 MHz,
Chloroform-d) § 9.44 (dt, J="7.3, 0.8 Hz, 1H), 7.93 (dp, /= 1.9, 1.0 Hz, 1H), 7.14 (dd, J="7.3,
1.9 Hz, 1H), 4.46 (q, J= 7.1 Hz, 2H), 3.15 (q, J = 7.5 Hz, 2H), 1.45 (t, J= 7.1 Hz, 3H), 1.36
(t,J=17.5 Hz, 3H).

7-(Trifluoromethyl)-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylic acid (4¢)

C11HoF3N>0,, white powder, 93% yield, APCI-MS: m/z 259.1 [M+H] ", 'TH NMR (400 MHz,
Methanol-ds) 6 9.55 (dt, J= 7.2, 0.9 Hz, 1H), 7.93 (dt, /= 2.1, 1.0 Hz, 1H), 7.33 (dd, /=7.3,
1.9 Hz, 1H), 3.16 (q, J = 7.5 Hz, 2H), 1.34 (t, J = 7.5 Hz, 3H).

Ethyl 6-(trifluoromethoxy)-2-ethylimidazo[1,2-a]pyridine-3-carboxylate (Sb)

C13H13F3N,03, pale yellow, 22% yield, APCI-MS: m/z 303.0 [M+H] ¥, 'H NMR (400 MHz,
Chloroform-d) & 9.44 (dt, J = 2.3, 0.8 Hz, 1H), 7.65 (dd, J=9.7, 0.8 Hz, 1H), 7.34 (ddd, J =
9.7,2.3, 1.0 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 3.13 (q, J = 7.5 Hz, 2H), 1.44 (t, J= 7.1 Hz,
3H), 1.36 (t, J = 7.5 Hz, 3H).

6-(Trifluoromethoxy)-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylic acid (5¢)

C11HoF3N>0s, white powder, 73% yield, APCI-MS: m/z 275.1 [M+H]*, 'H NMR (400 MHz,
Methanol-ds) 6 9.53 (dt, J=2.4,0.9 Hz, 1H), 7.71 (dd, J=9.7, 0.8 Hz, 1H), 7.58 (ddd, J=9.7,
2.3, 1.0 Hz, 1H), 3.15 (q, J= 7.6 Hz, 2H), 1.34 (t, /= 7.6 Hz, 3H).

Ethyl 7-(trifluoromethoxy)-2-ethyl-imidazo[ 1,2-a]pyridine-3-carboxylate (6b).

C13H13F3N203, pale yellow, 17% vield, APCI-MS: m/z 303.0 [M+H] *, 'H NMR (400 MHz,
Chloroform-d) § 9.36 (dd, J= 7.6, 0.8 Hz, 1H), 7.48 (d, J= 2.2 Hz, 1H), 6.89 (dd, J=7.4, 2.4
Hz, 1H), 4.45 (q, J= 7.1 Hz, 2H), 3.12 (q, J = 7.5 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.36 (t, J
= 7.6 Hz, 3H).

2-Ethyl-7-(trifluoromethoxy)imidazo[ 1,2-a]pyridine-3-carboxylic acid (6c).

C11HoF3N,03, white powder, 42% yield, APCI-MS: m/z 275.1 [M+H] ", '"H NMR (400 MHz,
Methanol-ds) 6 9.47 (dd, J=7.6, 0.8 Hz, 1H), 7.48 (tt, J=2.4, 1.2 Hz, 1H), 7.12 (ddd, J = 7.6,
2.6, 0.8 Hz, 1H), 3.13 (q, /= 7.6 Hz, 2H), 1.33 (t, J= 7.6 Hz, 3H).
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Ethyl-6-chloro-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylate (7b)

C12H13CIN, Oy, pale yellow solid, 28% yield, ESI-MS: m/z 253.2 [M+H]", 'H NMR (400 MHz,
Chloroform-d) 6 9.41 (dd, J = 2.1, 0.8 Hz, 1H), 7.57 (dd, J = 9.5, 0.8 Hz, 1H), 7.34 (dd, J =
9.5,2.1 Hz, 1H), 4.44 (q, J= 7.1 Hz, 2H), 3.10 (q, J = 7.5 Hz, 2H), 1.44 (t, J= 7.1 Hz, 3H),
1.35(t,J=17.5 Hz, 3H).

6-Chloro-2-ethylimidazo[ 1,2-a]pyridine-3-carboxylic acid (7¢)
C10HyCIN20,, white powder, 42% yield, ESI-MS: m/z 223.11 [M-H], 'H NMR (500 MHz,

Methanol-ds) § 9.51 (dd, J=2.1, 0.8 Hz, 1H), 7.61 (dd, J= 9.5, 0.8 Hz, 1H), 7.54 (dd, J=9.5,
2.0 Hz, 1H), 3.15 (q, J = 7.6 Hz, 2H), 1.34 (t, J = 7.6 Hz, 3H).

Ethyl 2-ethylimidazo[ 1,2-a]pyridine-3-carboxylate (8b)

C12H14N202, orange solid, 5% yield, APCI-MS: m/z 219.0 [M+H]", 'H NMR (400 MHz,
Chloroform-d) & 9.33 (dt, J = 7.0, 1.2 Hz, 1H), 7.66 (dt, J = 8.9, 1.2 Hz, 1H), 7.37 (ddd, J =
8.9, 6.8, 1.3 Hz, 1H), 6.97 (td, J=6.9, 1.3 Hz, 1H), 443 (q, J= 7.1 Hz, 2H), 3.13 (q, J= 7.5
Hz, 2H), 1.44 (t,J= 7.1 Hz, 3H), 1.36 (t, J = 7.5 Hz, 3H).
2-Ethylimidazo[1,2-a]pyridine-3-carboxylic acid (8¢)

C10H190N202, orange solid, 90% yield, ESI-MS: m/z 189.17 [M-H]", 'H NMR (400 MHz,
Methanol-ds) 6 9.65 (d, J= 6.9 Hz, 2H), 8.13 (ddd, J = 8.5, 7.0, 1.1 Hz, 1H), 8.06 (d, J = 8.9
Hz, 1H), 7.67 (td, /= 7.0, 1.3 Hz, 1H), 3.34 —3.26 (m, 2H), 1.43 (t, J=7.6 Hz, 4H).
Ethyl-6-bromo-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (9b)

C11H11BrN2O3, pale yellow solid, 39% yield, APCI-MS: m/z 283.1 [M+H] *, '"H NMR (400
MHz, Chloroform-d) 6 9.49 (dd, J=1.9, 0.9 Hz, 1H), 7.52 — 7.46 (m, 1H), 7.44 (dd, J= 9.4,
1.9 Hz, 1H), 4.44 (q, J= 7.1 Hz, 2H), 2.70 (s, 3H), 1.44 (t, /= 7.1 Hz, 3H).
6-Bromo-2-methylimidazo[1,2-a]pyridine-3-carboxylic acid (9¢)

CoH7BrN,0,, beige solid, 65% yield, APCI-MS: m/z 255.1 [M+H] *, '"H NMR (400 MHz,
Methanol-ds) & 9.60 (dd, J=2.0, 0.8 Hz, 1H), 7.61 (dd, J=9.5, 2.0 Hz, 1H), 7.52 (dd, J= 9.4,
0.8 Hz, 1H), 2.68 (s, 3H).

Ethyl-7-bromo-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (10b)

C11H11BrN2Os, pale yellow solid, 18% yield, APCI-MS: m/z 283.0, 285.0 ("°Br,'Br) [M+H] *.

This compound was taken directly to the next step without further purification.
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7-Bromo-2-methylimidazo[ 1,2-a]pyridine-3-carboxylic acid (10c)

C10H7BrN,O», white solid, 70% yield, APCI-MS: m/z 255.1, 257.1("Br,*'Br) [M] ¥, 'H NMR
(400 MHz, Methanol-d4) 6 9.29 (dd, J= 7.4, 0.8 Hz, 1H), 7.81 (dd, J = 2.0, 0.8 Hz, 1H), 7.27
(dd, J=7.4, 2.0 Hz, 1H), 2.68 (s, 3H).

Ethyl-6-(trifluoromethyl)-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (11b)
C12H11F3N202, beige powder, 22%, APCI-MS: m/z 273.4 [M+H] ¥, 'H NMR (400 MHz,
Methanol-ds) 8 9.79 — 9.70 (m, 1H), 7.84 — 7.75 (m, 1H), 7.74 (dd, /= 9.4, 1.8 Hz, 1H), 4.47
(q,/=7.1 Hz, 2H), 2.72 (s, 3H), 1.45 (t,J=7.1 Hz, 3H).
6-(Trifluoromethyl)-2-methylimidazo[ 1,2-a]pyridine-3-carboxylic acid (11¢)
C12H11BrN,OxF3, light orange solid, 82% yield, APCI-MS: m/z 273.4 [M+H] ", 'H NMR (400
MHz, Methanol-ds) 6 9.91 —9.74 (m, 1H), 7.82 — 7.78 (m, 1H), 7.76 (dd, J=9.4, 1.8 Hz, 1H),
2.76 (s, 3H).

Ethyl-7-(trifluoromethyl)-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (12b)
Ci2H11F3N202, white solid,17% yield, APCI-MS: m/z 272.9 [M] “'H NMR (400 MHz,
Chloroform-d) 6 9.42 (dt, J=7.3, 0.9 Hz, 1H), 7.89 (dt,/J=1.9, 1.0 Hz, 1H), 7.14 (dd, J=7.3,
1.9 Hz, 1H), 4.45 (q, J= 7.1 Hz, 2H), 2.74 (s, 3H), 1.45 (t, /= 7.1 Hz, 3H).
7-(Trifluoromethyl)-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (12¢)

C10H7F3N202, pale yellow, 65% yield, APCI-MS: m/z 272.9 [M] *, 'TH NMR (400 MHz,
Methanol-ds) 6 9.69 (d, J = 7.3 Hz, 1H), 8.10 (s, 1H), 7.56 (dd, J= 7.3, 2.0 Hz, 1H), 2.82 (s,
3H).

Ethyl-6-(trifluoromethoxy)-2-methylimidazo[ 1,2-a]pyridine-3-carboxylate (13b)
C12H11F3N203, white powder, 21% yield, APCI-MS: m/z 289.1[M+H] . This compound was
taken directly to the next step without further purification.
6-(Trifluoromethoxy)-2-methylimidazo[1,2-a]pyridine-3-carboxylic acid (13c)

C10H7F3N,03, white solid, 85% yield, APCI-MS: m/z 261.1 [M+H] ", "H NMR (400 MHz,
Methanol-ds) 6 9.51 (dt, J = 2.5, 0.8 Hz, 1H), 7.69 (dd, J=9.7, 0.8 Hz, 1H), 7.62 — 7.53 (m,
1H), 2.71 (s, 3H).
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Ethyl-2-methyl-7-(trifluoromethoxy)imidazo[ 1,2-a]pyridine-3-carboxylate (14b)

C12H11F3N203, white powder, 22% yield, APCI-MS: m/z 288.9 [M+H] *. This compound was

taken directly to the next step without further purification.
2-Methyl-7-(trifluoromethoxy)imidazo[ 1,2-a]pyridine-3-carboxylic acid (14¢)

C10H7F3N203, white solid, 43% yield, APCI-MS: m/z 261.1 [M+H] *,'"H NMR (500 MHz,
Methanol-ds) 8 9.52 (d, J = 7.7 Hz, 1H), 7.55 (s, 1H), 7.23 (d, J= 7.6 Hz, 1H), 2.73 (s, 3H).

Ethyl-2,7-dimethylimidazo[ 1,2-a]pyridine-3-carboxylate (15b)

C12H14N202, pale yellow solid, 17%, APCI-MS: m/z 219.0 [M+H] * 'H NMR (400 MHz,
Chloroform-d) 6 9.14 (dd, /=7.0, 0.9 Hz, 1H), 7.34 (dt, /= 2.0, 1.0 Hz, 1H), 6.78 (dd, J="7.1,
1.8 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 2.67 (s, 3H), 2.44 — 2.39 (m, 6H), 1.41 (t, /= 7.1 Hz,
3H).

2,7-Dimethylimidazo[1,2-a]pyridine-3-carboxylic acid (15¢)

C12H14N20;, white solid, 39% yield, ESI-MS: m/z 191.28 [M+H] *, 'H NMR (400 MHz,
Methanol-ds) 6 9.45 (dd, J=7.1, 0.8 Hz, 1H), 7.63 (dt,J=1.9, 1.0 Hz, 1H), 7.33 (dd, J="7.1,
1.7 Hz, 1H), 2.76 (s, 3H), 2.66 — 2.49 (m, 3H).

7.1.3.1.2. Synthesis of 2-substituted 1,3-benzoxazole-5-methylamine (Scheme 1B)
2-(4-Chlorophenyl)-1,3-benzoxazole-5-carbonitrile (1d)

To a suspension of 3-amino-4-hydroxybenzonitrile (5.7 mmol) in dioxane, 4-
chlorobenzoylchloride (5.7 mmol) was added. The mixture was stirred at 100 °C, and then
Methanesulfonic acid (17.1 mmol, 3 equiv.) was added carefully. The reaction was stirred at
100 °C overnight. After the evaporation of dioxane, a saturated solution of NaHCO3 was added
carefully (~ 5 mL). Effervescence was observed due to the release of CO,. The formed brown
precipitate was filtered and washed thoroughly with H,O. This precipitate was recrystallized
using hot isopropanol (70%) to get 1y in the form of reddish-brown crystals '?!. C14H7CIN,O,
54% yield, APCI-MS: m/z 255.3 [M+H]", '"H NMR (400 MHz, Chloroform-d) & 8.19 (d, J =
8.6 Hz, 2H), 8.08 (d, J= 1.1 Hz, 1H), 7.67 (d, J= 1.4 Hz, 2H), 7.58 — 7.49 (m, 2H). *C NMR
(101 MHz, Chloroform-d) & 164.2, 153.1, 142.5, 138.9, 129.5, 129.3, 129.2, 124.6, 124.5,
118.6, 111.9, 108.8.
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2-(4-Chlorophenyl)-1,3-benzoxazole-5-methylamine (1e)

ly (0.208 mmol) was suspended in dry MeOH (10 mL). Di-tert-butyl-dicarbonate (0.416
mmol, 2 equiv.) and NiCl>.6H>O (0.02 mmol, 0.1 equiv.) were added. After cooling the mixture
to 0 °C, NaBH4 (0.93 mmol, 4.5 equiv.) was added portion-wise and left to stir vigorously at
room temperature overnight. 300 puL of diethylenetriamine was added before the evaporation
of the solvent. The mixture was then diluted with ethyl acetate and washed with 10% citric
acid, saturated NaHCO3 and Brine. The organic phase was dried over anhydrous MgSOs,
concentrated and then purified with column chromatography using EtOAc: heptane (1:2) as the
mobile phase. To the purified 1eBoc, 4M HCI in dioxane was added (3-5 mL). The mixture
was stirred for 2 h. As a workup, diethyl ether was added the formed precipitate was filtered
and dried to give a greyish-white solid.'** Ci4Hi2CIN2O", 90% yield, ESI-MS: m/z 259.16
[M+H] ", '"H NMR (400 MHz, Methanol-ds) § 8.32 — 8.18 (m, 2H), 7.88 (dd, J = 1.8, 0.6 Hz,
1H), 7.78 (dd, J = 8.4, 0.6 Hz, 1H), 7.74 — 7.56 (m, 3H), 7.54 (dd, J = 8.4, 1.8 Hz, 1H), 4.28
(s, 3H).

2-(4-(Trifluoromethoxy)phenyl)-1,3-benzoxazole-5-carbonitrile (2d)

Under Argon 4-(trifluoromethoxy)benzoic acid (4.85 mmol) was suspended in dry DCM (20
mL), then a catalytic amount of DMF (3 drops) was added followed by thionyl chloride (2
equiv.). The colourless suspension was left to stir at room temperature for 2 h. The solvent was
co-evaporated with toluene to get rid of excess remaining thionyl chloride.'® The produced 4-
(trifluoromethoxy)benzoyl chloride oil was directly added to a suspension of 3-amino-4-
hydroxybenzonitrile (4.85 mmol, 1 equiv.) in dioxane. The procedure continues the same as
mentioned above for (1y), however, 2d crystals were paler and gave a lower yield (~30%).
C15H7F3N202, APCI-MS: m/z 305 [M+H] ", 'H NMR (400 MHz, Chloroform-d) & 8.42 — 8.19
(m, 2H), 8.09 (t, J = 1.1 Hz, 1H), 7.73 — 7.64 (m, 2H), 7.45 — 7.26 (m, 2H). *C NMR (101
MHz, Chloroform-d) § 163.8, 153.1, 152.2 (q, COCF3, Jcr = 1.7 Hz), 142.5, 129.8, 129.35,
124.7,124.5, 121.6, 120.2 (q, OCF3, "Jer= 265 Hz), 118.8, 111.9, 108.8.

2-(4-(Trifluoromethoxy)phenyl)-1,3-benzoxazole-5-methylamine (2e)

2d (0.208 mmol) was suspended in dry MeOH (10 mL). Di-tert-butyl-dicarbonate (0.416, 2
equiv.) and NiCl,.6H>0 (0.02 mmol, 0.1 equiv.) were added. After cooling the mixture to 0 °C,
NaBH4 (0.93 mmol, 4.5 equiv.) was added portion-wise and left to stir vigorously at room
temperature overnight. 300 puL of diethylenetriamine was added before the evaporation of the

solvent. The mixture was then diluted with ethyl acetate and washed with 10% citric acid,
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saturated NaHCO3 and Brine. The organic phase was dried over anhydrous MgSOs,
concentrated and then 4M HCI in dioxane was added (3-5 mL). The mixture was stirred for 2
h. As a workup, diethyl ether was added, the formed precipitate was filtered and dried to give
a grey precipitate (2e.HCI).'?? CisHi2F3N20:", 73% yield, ESI-MS: m/z 309.32 [M+H] *, 'H
NMR (400 MHz, Methanol-ds) & 8.43 — 8.27 (m, 2H), 7.90 (dd, /= 1.8, 0.6 Hz, 1H), 7.79 (dd,
J=8.4,0.6 Hz, 1H), 7.56 (d, /= 1.8 Hz, 1H), 7.54 — 7.51 (m, 2H), 4.29 (s, 2H).

7.1.3.1.3. General procedure for the synthesis of alkyl amines!?’ (Scheme 3)
2-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)isoindoline-1,3-dione (1f)

In a 100 mL round-bottom flask (E)-farnesol, phthalimide (1.2 equiv.), and PhsP (1.3 equiv.)
were stirred in anhydrous THF (25 mL) in the dark. 1.3 equivalent DIAD was added dropwise,
and then the mixture was left stirring at room temperature for 4 h. H>O (100 mL) was added
and the aqueous phase was extracted with heptane (3x 50 mL). The collected organic phases
were washed with brine before drying over anhydrous Na;SO4 and then filtered.
N-farnesylphthalimide (1f) was isolated by flash column chromatography (gradient elution,
heptane:EtOAc, 100:0 to 50:50). C23H29NO2, Colourless oil, 72 % yield, APCI-MS: m/z 352.1
[M+H] ¥, "TH NMR (500 MHz, Chloroform-d) & 7.83 (dd, J= 5.4, 3.0 Hz, 2H), 7.72 — 7.62 (m,
2H), 5.28 (tq,J=7.1, 1.3 Hz, 1H), 5.09-5.02 (m, 2H), 4.28 (d, /= 7.1 Hz, 2H), 2.11 — 1.87 (m,
8H), 1.84 (d,J= 1.3 Hz, 3H), 1.66 (d, J= 1.3 Hz, 3H), 1.57 (dd, J=2.7, 1.3 Hz, 6H). *C NMR
(126 MHz, Chloroform-d) & 168.1, 140.6, 135.3, 133.7, 132.3, 131.2, 124.3, 123.6, 123.1,
118.0, 39.6, 39.5, 35.8, 26.7, 26.2, 25.6, 17.6, 16.3, 15.9.

(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-amine (19)

The purified 1f was dissolved in MeOH, and then hydrazine hydrate (50% w/w) was added.
The solution was left to stir overnight at room temperature. The reaction mixture was then
diluted with an equal amount of H>O, acidified with conc. HCI (pH<2) and washed with diethyl
ether. The organic phase was discarded. The aqueous phase was basified with solid KOH to pH
>10 and extracted with diethyl ether (3x). The combined organic phases were washed with
brine, dried over anhydrous Na;SO4 and concentrated under vacuum. The resulting oil was
passed through a silica gel plug with a mobile phase of 3% MeOH: DCM to give 1g. CisH27N,
Colourless oil, APCI-MS: m/z 222.1 [M+H] ¥, '"H NMR (500 MHz, Chloroform-d) § 5.25 (tp,
J=16.8,1.3 Hz, 1H), 5.13-5.05 (m, 2H), 3.27 (d, J = 6.8 Hz, 2H), 2.10 — 1.92 (m, 8H), 1.67 (d,
J=1.3Hz, 3H), 1.62 (d, /= 1.3 Hz, 3H), 1.59 (d, /= 1.3 Hz, 6H).
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2-(2E)-3,7-dimethylocta-2,6-dien-1-yl)isoindoline-1,3-dione (2f)

In a 100 mL round-bottom flask geraniol, phthalimide (1.2 equiv.), and PhsP (1.3 equiv.) were
stirred in anhydrous THF (25 mL) in the dark. 1.3 equivalent DIAD was added dropwise, and
then the mixture was left stirring at room temperature for 4 h. H2O (100 mL) was added and
the aqueous phase was extracted with heptane (3x 50 mL). The collected organic phases were
washed with brine before drying over anhydrous NaSOs4 and then filtered. N-
geranylphthalimide (2f) was isolated by flash column chromatography (gradient elution,
heptane:EtOAc, 100:0 to 50:50). C1sH21NO>, Colourless oil, 87 % yield, APCI-MS: m/z 284.1
[M+H] ¥, 'H NMR (500 MHz, Methanol-d4) § 7.89 — 7.86 (m, 2H), 7.84 — 7.81 (m, 2H), 5.28
(tq, J=7.2, 1.2 Hz, 1H), 5.11 — 5.03 (m, 1H), 4.29 (dq, J = 7.1, 0.8 Hz, 2H), 2.16 — 2.09 (m,
2H), 2.09 — 2.01 (m, 2H), 1.86 (d, J= 1.6 Hz, 3H), 1.61 (d, J= 1.3 Hz, 3H), 1.58 (d, /= 1.3
Hz, 3H).

(2E)-3,7-dimethylocta-2,6-dien-1-amine (2g)

The purified 2f was dissolved in MeOH, and then hydrazine hydrate (50% w/w) was added.
The solution was left to stir overnight at room temperature. The reaction mixture was then
diluted with an equal amount of H>0O, acidified with conc. HCI (pH<2) and washed with diethyl
ether. The organic phase was discarded. The aqueous phase was basified with solid KOH to pH
>10 and extracted with diethyl ether (3x). The combined organic phases were washed with
brine, dried over anhydrous Na>SO4 and concentrated under vacuum. The resulting oil was
passed through a silica gel plug with a mobile phase of 3% MeOH:DCM to give 2g. CioHi9N,
Colourless oil, 66 % yield, APCI-MS: m/z 154.2 [M+H] *, '"H NMR (400 MHz, Chloroform-
d)55.30-5.21 (m, 1H), 5.15 - 5.05 (m, 1H), 3.27 (d, J= 6.8 Hz, 2H), 2.09 (m, 2H), 1.99 (m,
2H), 1.68 (s, 3H), 1.63 (s, 3H), 1.60 (s, 3H), 1.33 (s, NHz, 2H).

2-(3,7-dimethyloctyl)isoindoline-1,3-dione (3f)

In a 100 mL round-bottom flask 3,7-dimethyl-1-octanol, phthalimide (1.2 equiv.), and Phs;P
(1.3 equiv.) were stirred in anhydrous THF (30 mL) in the dark. 1.3 equivalent DIAD was
added dropwise, and then the mixture was left stirring at room temperature for 4 h. H>O (100
mL) was added and the aqueous phase was extracted with heptane (3x 50 mL). The collected
organic phases were washed with brine before drying over anhydrous Na;SO4 and then filtered
3f was taken to the next step without further purification. CisH2sNO2, APCI-MS: m/z 288.0
[M+H] *.
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3,7-dimethyloctan-1-amine (3g)

The purified 3f was dissolved in MeOH, and then hydrazine hydrate (50% w/w) was added.
The solution was left to stir overnight at room temperature. The reaction mixture was then
diluted with an equal amount of H>0, acidified with conc. HCI (pH<2) and washed with diethyl
ether. The organic phase was discarded. The aqueous phase was basified with solid KOH to pH
>10 and extracted with diethyl ether (3x). The combined organic phases were washed with
brine, dried over anhydrous Na;SO4 and concentrated under vacuum. The resulting oil was
purified by column chromatography using a mobile phase of DCM:8% MeOH:1-3% NH4OH
to give 3g. C1oH2sN, Colourless oil, 49 % yield, APCI-MS: m/z 158.2 [M+H] *, 'H NMR (500
MHz, Chloroform-d) 6 2.80 — 2.59 (m, 2H), 1.57 — 1.40 (m, 6H), 1.33 — 1.19 (m, 4H), 1.15 —
1.08 (m, 2H), 0.87 — 0.85 (m, 9H).

7.1.3.1.4. Synthesis of imidazopyridine amide analogues (1-30)
Method A:

In a round bottom flask covered with Aluminum foil (for light exclusion), 1¢/2¢/9¢/10c¢, 1e or
2e (1 equiv.) and DIPEA (5 equiv.) were dissolved in DMF (~10 mL) under Argon. PyBOP
(1.1 equiv.), dissolved in DMF, was added through a septum over 30 min. and the reaction was
left to stir overnight at room temperature. The mixture was diluted with H,O to stop the
reaction. The desired product crushed out and was filtered and washed with H,O several times

to get rid of DMF. (1-5)

Method B:

Under an inert atmosphere, 1-15¢ and DIPEA (5 equiv.) were dissolved in anhydrous DMF.
The yellow solution was left to stir for 10 min before adding HATU (1.1 equiv.). The solution
got darker in colour as it stirred for 30 min. 1e/2e/1g/2g (1 equiv.) was added and the reaction
was stirred at room temperature for 1 h. Brine (50 mL) was added to precipitate the product.
The filtered product was washed several times with water, EtOAc and one time with MeOH to

get rid of DMF and impurities. (6-30)

93



Experimental procedures

6-Bromo-2-ethyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]pyridine-

3-carboxamide (1)

Br
= o)
C\\Nﬁﬂ/\@[N\H: >—C|
N o

C24H13BrCIN4O3, beige solid, 29% yield, m.p 260-262 °C, calculated monoisotopic mass m/z
508.03017, ESI-HRMS: m/z 509.0379, 511.0354 ("BrCl, ¥'BrCl) [M+H] ¥, 'H NMR (500
MHz, Chloroform-d) & 9.63 (dd, CH (IPA), J= 1.9, 0.9 Hz, 1H), 8.22 — 8.08 (m, 2 CH, 2H),
7.75 (dd, CH, J=1.7, 0.7 Hz, 1H), 7.57 (dd, CH, J= 8.3, 0.6 Hz, 1H), 7.53 — 7.47 (m, 2CH,
2H), 7.48 (dd, CH (IPA), J=9.5, 0.9 Hz, 1H), 7.41 (dd, CH, J= 8.5, 1.8 Hz, 1H), 7.38 (dd, CH
(IPA), J=9.5, 1.8 Hz, 1H), 6.18 (t, NH, J = 5.8 Hz, 1H), 4.81 (d, CH2NH, J = 5.8 Hz, 2H),
2.98 (q, CH2CH3, J = 7.6 Hz, 2H), 1.40 (t, CHs, J = 7.5 Hz, 3H). '*C NMR (126 MHz,
Chloroform-d) 6 162.8, 161.1, 151.29, 150.31, 144.6, 142.6, 137.9, 135.1, 130.4, 129.3, 128.9,
128.4, 125.5, 125.1, 119.1, 117.2, 114.8, 110.9, 108.1, 43.6, 23.6, 13.2. R= 0.44 (DCM: 3%
MeOH).

6-Bromo-2-methyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]pyridin

e-3-carboxamide (2)

Br
— (@]
N o
C23Hi6BrCIN4O,, beige solid, 40% yield, m.p. 285-288 °C, calculated monoisotopic mass m/z
494.01452, ESI-HRMS: m/z 495.52, 497.019 (BrCl, 3'BrCl) [M+H] *, 'H NMR (400 MHz,
Chloroform-d) § 9.67 (dd, CH (IPA), J=1.9, 0.9 Hz, 1H), 8.23 — 8.14 (m, 2CH, 2H), 7.77 (dd,
CH, J= 1.6, 0.7 Hz, 1H), 7.58 (d, CH, J = 8.3 Hz, 1H), 7.55 — 7.49 (m, 2CH, 2H), 7.47 (dd,
CH (IPA), J = 9.4, 0.9 Hz, 1H), 7.45 — 7.37 (m, 2CH, 2H), 6.17 (t, NH J = 5.7 Hz, 1H), 4.83
(d, CH2NH, J = 5.8 Hz, 2H), 2.69 (s, CH3, 3H). 3*C NMR (101 MHz, Chloroform-d) § 162.8,
161.1, 150.3, 144.5, 142.6, 137.9, 135.1, 130.5, 129.3, 128.8, 128.4, 125.5, 125.1, 119.04,
117.01, 110.9, 108.2, 43.5, 16.8. R= 0.22 (DCM:2% MeOH).
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6-Bromo-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5yl)methyl)imidazo[ 1,
2a]pyridine-3-carboxa-mide (3)

Br

oW

\ N N N
S@assT e

C25H13BrF3N4Os3, pale pink solid, 70% yield, m.p. 228-232 °C, calculated monoisotopic mass
m/z 558.05144, ESI-HRMS: m/z 559.0577, 561.0559 ("Br, 8'Br) [M+H] ", '"H NMR (400 MHz,
Chloroform-d) § 9.65 (dd, CH (IPA), J=1.9, 0.9 Hz, 1H), 8.34 — 8.25 (m, 2CH, 2H), 7.78 (dd,
CH, J=1.,0.7 Hz, 1H), 7.59 (dd, CH, J = 8.4, 0.6 Hz, 1H), 7.50 (dd, CH (IPA), J = 9.5, 0.9
Hz, 1H), 7.46 — 7.41 (m, 2CH, 2H), 7.40 — 7.35 (m, 2CH, 2H), 6.2 (t, NH, J = 5.8 Hz, 1H),
4.83 (d, CH2NH, J = 5.8 Hz, 2H), 3.00 (g, CH2CH3, J = 7.6 Hz, 2H), 1.42 (t, CH3, J = 7.6 Hz,
3H). 3C NMR (101 MHz, Chloroform-d) § 162.5, 161.1, 151.3, 150.3, 144.6, 142.5, 137.8,
135.1, 130.4, 129.4, 128.4, 124.2 (q, OCF3, 'Jcr = 267 Hz), 125.2, 122.4, 121.1, 119.1, 117.2,
116.5,110.9, 108.1, 43.5, 23.6, 13.2. R= 0.23 (CHCI3:1% MeOH).

6-Bromo-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[
1,2a]pyridine-3-carbo-xamide (4).

Br

9%

NN N N
SEassT g

C24H16BrF3N4O3, pale pink solid, 20% yield, m.p. 251-255 °C, calculated monoisotopic mass
m/z 544.03579, ESI-HRMS: m/z 545.32, 547.0411 (Br, 'Br) [M+H] ¥, 'H NMR (500 MHz,
Chloroform-d) 6 9.77 — 9.48 (m, CH (IPA), 1H), 8.37 — 8.19 (m, 2CH, 2H), 7.82 — 7.75 (m,
CH, 1H), 7.60 (d, CH, J= 8.3 Hz, 1H), 7.53 (d, CH (IPA), J= 9.3 Hz, 1H), 7.47 (d, CH (IPA),
J=9.3 Hz, 1H), 1H), 7.43 (dd, CH, J = 8.3, 1.8 Hz, 1H), 7.41 — 7.31 (m, 2H), 6.28 (s, NH,
1H), 4.84 (d, J=5.7 Hz, 2H), 2.72 (s, 3H). *C NMR (101 MHz, Chloroform-d) § 162.5, 161.1,
151.6 (q, J = 1.8 Hz), 150.3, 145.8, 144.5, 142.5, 135.2, 130.6, 129.4, 128.4, 125.5, 125.2,
121.6, 121.1, 119.1, 116.9, 115.5, 110.9, 108.2, 43.5, 16.8. Ri= 0.28 (CHC13:2% MeOH).
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7-Bromo-2-ethyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]pyridine-

3-carboxamide (5)

= 0
Br\Q
\ N N N

C24H13BrCIN4O, white solid, 50% yield, m.p.294-296 °C, calculated monoisotopic mass m/z
508.03017, ESI-HRMS: m/z 509.0374, 511.0351, 513.0325 ("BrCl, ¥'BrCl, 3'Br*’Cl) [M+H]
*, 'TH NMR (500 MHz, Chloroform-d) § 9.33 (dd, J = 7.4, 0.8 Hz, 1H), 8.24 — 8.18 (m, 2H),
7.80 (dd, J = 2.0, 0.8 Hz, 1H), 7.78 (dd, J = 1.7, 0.7 Hz, 1H), 7.59 (dd, J = 8.3, 0.6 Hz, 1H),
7.55—7.50 (m, 2H), 7.42 (dd, J= 8.4, 1.7 Hz, 1H), 7.04 (dd, J= 7.4, 2.0 Hz, 1H), 6.19 (s, 1H),
4.83 (d,J=5.7Hz, 2H), 3.00 (q, J= 7.5 Hz, 2H), 1.41 (t, J= 7.6 Hz, 3H). *C NMR (126 MHz,
Chloroform-d) 6 162.3, 161.1, 142.6, 135.1, 129.3, 128.9, 128.4, 128.1, 125.5, 125.1, 121.2,
119.1, 117.0, 110.9, 43.6, 23.6, 13.2. R= 0.1 (EtOAc:heptane:DCM, 1:1:1).

7-Bromo-2-methyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]pyridin

e-3-carboxamide (6)

=S5 (@]

C23H16BrCIN4O,, white solid, 7% yield, m.p. 281-285 °C, calculated monoisotopic mass m/z
494.01452, ESI-HRMS: m/z 495.0227, 497.0202 ("BrCl, ¥'BrCl) [M+H] *, 'H NMR (400
MHz, Chloroform-d) 6 9.35 (d, /= 7.4 Hz, 1H), 8.22-8.17 (m, 2H), 7.81 — 7.75 (m, 1H), 7.59
(d, J = 8.1 Hz, 1H), 7.56 — 7.51 (m, 2H), 7.44-7.39 (m, 2H), 7.06 (dd, J = 7.4, 1.9 Hz, 1H),
6.16 (t, J = 5.7 Hz, 1H), 4.82 (d, J = 5.8 Hz, 2H), 2.69 (s, 3H). *C NMR (126 MHz,
Chloroform-d) 6 162.8, 161.1, 150.3, 142.6, 138.00, 135.1, 129.3, 128.9, 128.4, 125.5, 125.1,
121.4, 119.1, 118.8, 117.1, 110.9, 43.5, 16.8. (purified by preparative HPLC), R= 0.15
(DCM:2% MeOH).
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Experimental procedures

7-Bromo-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)imidazo|[ 1,
2a]pyridine-3-carbox-amide (7)

— 0
Br\Q
\ N N N
OO

C2sH13BrF3N4O3, white solid, 77% yield, m.p. 266-270 °C, calculated monoisotopic mass m/z
558.05144, ESI-HRMS: m/z 559.0582, 561.0561 (°Br, 8'Br) [M+H] *, 'H NMR (500 MHz,
Chloroform-d) 6 9.33 (dd, J= 7.4, 0.8 Hz, 1H), 8.33 — 8.26 (m, 2H), 7.80 (dd, /= 2.1, 0.8 Hz,
1H), 7.79 (dd, J=1.7, 0.7 Hz, 1H), 7.59 (dd, J = 8.3, 0.6 Hz, 1H), 7.42 (dd, J = 8.4, 1.8 Hz,
1H), 7.40 — 7.35 (m, 2H), 7.04 (dd, J= 7.4, 2.1 Hz, 1H), 6.19 (s, 1H), 4.83 (d, J= 5.7 Hz, 2H),
2.99 (q,J="7.6 Hz, 2H), 1.41 (t,J = 7.6 Hz, 3H). *C NMR (126 MHz, Chloroform-d) 5 161.1,
142.5,135.1, 129.4, 128.4, 125.2, 121.1, 119.1, 119.1, 117.1, 110.9, 43.5, 23.5, 13.2. (purified
by preparative HPLC). R=0.3 (DCM:1% MeOH).

7-Bromo-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[
1,2a]pyridine-3-carbx-amide (8)

S 0
Br\Q
NN N
e

C24H16BrF3N4O3, white solid, 22% yield, m.p. 272-275 °C, calculated monoisotopic mass m/z
544.03579, ESI-HRMS: m/z 545.0422, 547.0401 (7Br, 3'Br) [M+H] *, '"H NMR (500 MHz,
Chloroform-d) 6 9.33 (d, J= 7.4 Hz, 1H), 8.38 — 8.23 (m, 2H), 7.88 (br s, 1H), 7.81 (d,J=1.6
Hz, 1H), 7.59 (d, J = 8.3 Hz, 1H), 7.44 (dd, J = 8.3, 1.7 Hz, 1H), 7.42-7.38 (m, 2H), 7.20 —
7.06 (m, 1H), 6.58 (s, 1H), 4.83 (d, J = 5.5 Hz, 2H), 2.74 (s, 3H). *C NMR (126 MHz,
Chloroform-d) 8 162.5, 151.6 (q, J = 1.8 Hz), 150.4, 142.5, 135.0, 129.4, 128.5, 125.5, 125.3,
124.5 (q, OCF3, 'Jcr=271.1 Hz), 121.4, 121.1, 119.3, 110.9, 43.6, 11.5. 92% purity (HPLC),
R#= 0.1 (CHCI3:1% MeOH). For the purification of this compound, a column was done using
mobile phase CHCl3:MeOH (99:1). This compound was not further purified as it did not show

activity in biochemical and in vitro assays.
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Experimental procedures

6-Trifluoromethyl-2-ethyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]

pyridine-3-carbox-amide (9)

FsC
= o)
C\\Ni”/\@[N\H: >—C|
N o

C2sH18CIF3N40,, white solid, 6% yield, m.p. 255-257 °C, calculated monoisotopic mass m/z
498.10704, ESI-HRMS: m/z 499.1144 [M+H], "H NMR (500 MHz, Chloroform-d) & 9.89 (dgq,
J=2.1, 1.2 Hz, 1H), 8.27 — 8.11 (m, 2H), 7.78 (dd, J = 1.8, 0.6 Hz, 1H), 7.71 (dt, J=9.4, 0.9
Hz, 1H), 7.59 (dd, J = 8.4, 0.6 Hz, 1H), 7.54 — 7.50 (m, 2H), 7.50 — 7.46 (m, 1H), 7.42 (dd, J
=8.4, 1.8 Hz, 1H), 6.24 (t, J = 5.4 Hz, 1H), 4.85 (d, J = 5.8 Hz, 2H), 3.03 (q, J = 7.6 Hz, 2H),
1.43 (t, J = 7.5 Hz, 3H). 3*C NMR (126 MHz, Chloroform-d) & 162.8, 160.9, 152.4, 150.3,
146.0, 142.6, 138.01, 134.8, 129.3, 128.9, 127.4 (q, *Jcr = 5.7 Hz), 125.4,125.1,123.5 (q, "Jcr
=271.4 Hz), 122.9 (q, *Jcr = 2.6 Hz), 119.1, 117.6 (q, *Jcr = 34.2 Hz), 117.3, 115.6, 110.9,
43.6, 23.6, 13.1.

6-Trifluoromethyl-2-methyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2
a]pyridine-3-carbox-amide (10)

F3C
=S o)
N o

C24H16CI1F3N40,, white solid, 39% yield, m.p. 251-254 °C, calculated monoisotopic mass m/z
484.09139, ESI-HRMS: m/z 485.0989 [M+H] ", 'H NMR (500 MHz, Chloroform-d) & 10.01 —
9.84 (m, 1H), 8.25 - 8.16 (m, 2H), 7.79 (dd, J= 1.7, 0.7 Hz, 1H), 7.69 (d, J=9.3 Hz, 1H), 7.59
(dd, J= 8.4, 0.6 Hz, 1H), 7.55 — 7.51 (m, 2H), 7.51 — 7.48 (m, 1H), 7.43 (dd, J = 8.4, 1.7 Hz,
1H), 6.28 — 6.16 (m, 1H), 4.85 (d, J = 5.8 Hz, 2H), 2.74 (s, 3H)."*C NMR (126 MHz,
Chloroform-d) 6 162.8, 160.9, 150.3, 146.9, 142.6, 138.0, 134.9, 129.3, 128.9, 125.4, 125.1,
123.4 (q, 'Jcr = 274.6 Hz), 123.1 (q, “Jer = 2.7 Hz), 119.1, 117.6 (q, *Jcr = 34.2 Hz), 117.1,
110.9, 43.6, 16.8.
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Experimental procedures

6- Trifluoromethyl -2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-
yl)methyl)imidazo[1,2a]pyridine-3-carboxamide (11)

F3C
— o}
\ N N N

\ l H/\C[ \>_©70CF3

N o}
C26H18FsN4O3, beige solid, 73% yield, m.p. 234-236 °C, calculated monoisotopic mass m/z
548.12831, ESI-HRMS: m/z 549.1363 [M+H], 'H NMR (400 MHz, Chloroform-d) & 9.88 (dt,
CH (IPA) J=2.2, 1.1 Hz, 1H), 8.38 — 8.25 (m, 2CH, 2H), 7.82 — 7.75 (m, CH, 1H), 7.71 (d,
CH (IPA), J=9.4 Hz, 1H), 7.60 (d, CH, J = 8.4 Hz, 1H), 7.49 (dd, CH (IPA), /= 9.4, 1.9 Hz,
1H), 7.43 (dd, CH, J = 8.4, 1.7 Hz, 1H), 7.40 — 7.31 (m, 2CH, 2H), 6.25 (t, NH, J = 5.6 Hz,
1H), 4.85 (d, CHoNH, J = 5.8 Hz, 2H), 3.03 (q, CH2CH3, J = 7.6 Hz, 3H), 1.43 (t, CHs, J =
7.6 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 162.5, 160.9, 152.4, 151.6 (q, J= 1.6 Hz),
150.4, 146.0, 142.6, 134.9, 129.4, 127.5 (q, *Jcr = 5.7 Hz), 125.5, 125.2, 123.5 (q, "Jcr=272.6
Hz), 122.9 (q, “Jcr=2.6 Hz), 121.1, 119.1, 117.6 (q, *Jcr = 34.6 Hz), 117.3, 115.6, 111.0, 43.6,
23.6, 13.1. Ri=0.25 (DCM:2% MeOH).

6-Trifluoromethyl-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl
)imidazo[1,2a]pyridine-3-carboxamide (12)

F3C
— o)
\ N N N

| H/\C[ \>_©,oCF3

N o
C25Hi16FsN4Os3, pale pink solid, 71% yield, m.p. 199-202 °C, calculated monoisotopic mass m/z
534.11266, ESI-HRMS: m/z 535.1191 [M+H] ¥, 'H NMR (400 MHz, Chloroform-d) & 9.89 (br
s, CH (IPA), 1H), 8.34 — 8.22 (m, 2H), 7.79 (br s, 1H), 7.70 (d, CH (IPA) J = 9.3 Hz, 1H), 7.59
(d, J=8.3 Hz, 1H), 7.52 (d, CH (IPA), J = 9.0 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.40 — 7.32
(m, 2H), 6.40 (s, NH, 1H), 4.84 (d, J = 4.3 Hz, 2H), 2.74 (s, 3H). '3*C NMR (101 MHz,
Chloroform-d) § 162.5, 160.7, 151.6 (q, J= 1.7 Hz), 150.4, 142.5, 134.9, 129.4, 127.4 (q, *Jcr
= 5.7 Hz), 125.5, 125.2, 123.3 (q, "Jer = 273.5 Hz), 123.5 (q, *Jer = 4.1 Hz), 120.5 (q, OCF;,
"Jer = 261.2 Hz), 121.1, 119.2, 118.0 (q, 2Jcr = 35.0 Hz), 116.9, 110.9, 43.6, 16.6. R=0.12
(CHCl3:1% MeOH).
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Experimental procedures

7-Trifluoromethyl-2-ethyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]
pyridine-3-carbox-amide (13)

= 0
Lo

This compound was synthesized following method A. C>sHisCIF3N4O», beige solid, 70% yield,
m.p. 265-268 °C, calculated monoisotopic mass m/z 498.10704, ESI-HRMS: m/z 499.1134
[M+H] *, '"H NMR (400 MHz, Chloroform-d) & 9.55 (dt, CH (IPA), J = 7.4, 2.0, 1.2 Hz, 1H),
8.28 — 8.10 (m, 2CH, 2H), 7.92 (dt, CH (IPA), J = 2.0, 1.1 Hz, 1H), 7.81 — 7.68 (m, CH, 1H),
7.59 (d, CH, J = 8.2 Hz, 1H), 7.55 — 7.49 (m, 2CH, 2H), 7.41 (dd, CH, J = 8.4, 1.8 Hz, 1H),
7.10 (dd, CH (IPA) J = 7.4, 1.9 Hz, 1H), 6.23 (t, NH, J = 4.6 Hz, 1H), 4.84 (d, CH;NH, J=5.7
Hz, 2H), 3.03 (q, CH2CH3, J = 7.5 Hz, 2H), 1.43 (t, CH3, J= 7.6 Hz, 3H). '*C NMR (101 MHz,
Chloroform-d) 6 171.1, 160.9, 160.7, 152.5, 150.3, 149.8, 142.6, 138.0, 129.3, 129.0, 128.9,
125.4, 125.1, 119.1, 117.5 (q, "Jer = 279.2 Hz), 117.4, 116.1, 114.5 (q, *Jcr = 3.7 Hz),112.9,
110.9, 108.9 (q, “Jer = 1.9 Hz), 43.6, 23.5, 13.1. Ri= 0.25 (DCM:1% MeOH).

FsC

7-Trifluoromethyl-2-methyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2
a]pyridine-3-carbox-amide (14)

= 0
oo

C24H16CIF3N402, white solid, 3% yield, m.p. 257-260 °C, calculated monoisotopic mass m/z
484.09139, ESI-HRMS: m/z 485.0978 [M+H] *, '"H NMR (400 MHz, Chloroform-d) & 9.58 (d,
J=17.3Hz, 1H), 8.19 (d, J = 8.2 Hz, 2H), 7.88 (s, 1H), 7.78 (s, 1H), 7.59 (d, J= 8.4 Hz, 1H),
7.51 (d, J= 8.3 Hz, 2H), 7.42 (d, J= 8.4 Hz, 1H), 7.11 (d, J= 7.3 Hz, 1H), 6.23 (s, 1H), 4.84
(d, J= 5.8 Hz, 2H), 2.73 (s, 3H). '*C NMR (126 MHz, Chloroform-d) & 162.9, 160.9, 150.3,
146.9, 142.6, 138.0, 134.9, 129.3, 128.95, 128.9, 125.4, 125.1, 119.1, 117.6 (q, 'Jcr = 280.0
Hz), 114.3 (q, *Jer = 4.9 Hz), 110.9, 109.0 (q, *Jcr = 3.1 Hz), 43.6, 16.8. R= 0.24 (DCM:1%
MeOH).

FsC

100



Experimental procedures

7-Trifluoromethyl-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)i
midazo[1,2a]pyridine-3-carboxamide (15)

P O
@N N N
OO

C26H18FsN4O3, white solid, 47% yield, m.p. 258-261 °C, calculated monoisotopic mass m/z
548.12831, ESI-HRMS: m/z 549.1348 [M+H] *, 'H NMR (400 MHz, TFA/DMSO) & 9.39 (d,
J=17.2 Hz, 1H), 8.50 — 8.40 (m, 2H), 8.27 — 8.18 (m, 1H), 8.04 (d, /= 1.6 Hz, 1H), 7.94 (d, J
= 8.7 Hz, 1H), 7.86 (dd, J = 8.8, 1.6 Hz, 1H), 7.74 (dd, J = 7.4, 1.7 Hz, 1H), 7.62 — 7.54 (m,
2H), 5.01 (s, 1H), 3.27 (q, J = 7.6 Hz, 2H), 1.47 (t, J = 7.6 Hz, 3H). *C NMR (126 MHz,
TFA/DMSO) § 166.5, 161.9, 158.9 (q, J = 1.8 Hz), 150.8, 145.8, 141.2, 140.6, 133.7, 132.5,
131.6, 131.1, 123.4, 119.5, 118.3 (q, “Jcr = 34.6 Hz), 117.1, 117.1, 116.7, 115.7, 115.6 (q, "Jcr
=282.8 Hz), 115.24,45.91, 21.12, 12.85. Some signals are covered by the solvent signal. Rf=
0.21 (DCM:1% MeOH).

F5C

7-Trifluoromethyl-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-yl)methyl)i
midazol[1,2a]pyridine-3-carboxamide (16)

= 0]
@N X .

C25Hi6FeN4O3, white solid, 80% yield, m.p. 276-277 °C, calculated monoisotopic mass m/z
534.11266, ESI-HRMS: m/z 535.1192 [M+H] *, '"H NMR (500 MHz, Chloroform-d) & 9.59
(dt,J=17.3, 0.8 Hz, 1H), 8.34 — 8.26 (m, 2H), 7.88 (dt, /= 1.8, 1.0 Hz, 1H), 7.80 (dd, J= 1.7,
0.7 Hz, 1H), 7.62 — 7.57 (m, 1H), 7.43 (dd, J= 8.4, 1.7 Hz, 1H), 7.41 — 7.35 (m, 2H), 7.12 (dd,
J=17.4,1.9 Hz, 1H), 6.24 (s, 1H), 4.85 (d, J = 5.8 Hz, 2H), 2.74 (s, 3H). 1*C NMR (126 MHz,
Chloroform-d) & 162.5, 160.9, 150.4, 146.9, 144.3, 142.6, 134.9, 129.4, 128.9, 125.2, 121.9,
121.1 (q, “Jor = 1.2 Hz), 119.2, 117.6 (q, 'Jcr = 275.3 Hz), 116.5, 114.3 (q, *Jcr = 5.0 Hz),
111.0, 109.0 (q, *Jcr = 3.0 Hz), 43.6, 16.8. 100% purity (HPLC, the compound was purified
using preparative HPLC). R= 0.2 (DCM:2% MeOH).

F3C
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Experimental procedures

6-Trifluoromethoxy-2-ethyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2
a]pyridine-3-carbox-amide (17)
F2CO

— (0]
e o

C2sH18CIF3N403, white solid, 10% yield, m.p. 264-266 °C, calculated monoisotopic mass m/z
514.10195, ESI-HRMS: m/z 515.1093 [M+H] ¥, '"H NMR (400 MHz, Chloroform-d) & 9.64 —
9.58 (m, 1H), 8.21 — 8.13 (m, 2H), 7.77 (dd, J= 1.7, 0.6 Hz, 1H), 7.65 (d, J=9.7 Hz, 1H), 7.58
(dd, J=8.3, 0.6 Hz, 1H), 7.53 — 7.48 (m, 2H), 7.42 (dd, J= 8.4, 1.7 Hz, 1H), 7.33 (dd, J= 9.6,
2.5 Hz, 1H), 6.30 — 6.13 (m, 1H), 4.83 (d, J = 5.7 Hz, 2H), 3.01 (q, J = 7.6 Hz, 2H), 1.42 (t, J
=7.5Hz, 3H). *C NMR (101 MHz, Chloroform-d) & 162.8, 160.9, 150.3, 142.6, 138.0, 134.9,
129.3, 128.9, 125.4, 125.1, 124.1(q, "Jcr = 260.8 Hz), 122.3, 119.1, 116.8, 110.9, 43.6, 23.6,
13.1. R= 0.23 (CHCl3: 1% MeOH).

6-Trifluoromethoxy-2-methyl-N-((2-(4-chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1
,2a]pyridine-3-carbox-amide (18)
FsCO

— (0]
e o

C24H16CI1F3N403, white solid, 42% yield, m.p. 256-260 °C, calculated monoisotopic mass m/z
500.08630, ESI-HRMS: m/z 501.0937 [M+H] *, 'H NMR (500 MHz, Chloroform-d) & 9.71 —
9.53 (m, 1H), 8.23 — 8.09 (m, 2H), 7.84 — 7.71 (m, 1H), 7.60 (dd, J = 9.6, 0.8 Hz, 1H), 7.58
(dd, J= 8.4, 0.5 Hz, 1H), 7.54 — 7.48 (m, 2H), 7.42 (dd, J = 8.4, 1.8 Hz, 1H), 7.33 (ddd, J =
9.6,2.4, 1.0 Hz, 1H), 6.20 (s, 1H), 4.84 (d, J= 5.7 Hz, 2H), 2.72 (s, 3H). *C NMR (126 MHz,
Chloroform-d) 6 162.9, 161.0, 150.3, 146.7, 144.3, 142.6, 138.6 (q, J = 2.5 Hz), 138.0, 135.0,
129.3, 128.9, 127.8, 125.4, 125.1, 122.8, 122.2, 120.5 (q, 'Jcr = 263.1 Hz), 119.06, 116.74,
110.95, 43.51, 16.89. R= 0.12 (CHCI3:1% MeOH).
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Experimental procedures

6-Trifluoromethoxy-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl
)imidazo[ 1,2a]pyridine-3-carboxamide (19)
F,CO

— O
CN N N

C26H18FsN4Os, white solid, 60% yield, m.p. 248-251 °C, calculated monoisotopic mass m/z
564.12322, ESI-HRMS: m/z 565.13 [M+H] *, '"H NMR (400 MHz, Chloroform-d) & 9.61 (s,
1H), 8.29 (d, J = 8.4 Hz, 2H), 7.78 (s, 1H), 7.62 (d, J=9.7 Hz, 1H), 7.59 (d, J = 8.3 Hz, 1H),
7.42 (d, J= 8.4 Hz, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.32 (d, J=9.7 Hz, 1H), 6.22 (s, 1H), 4.84
(d, J = 5.7 Hz, 2H), 3.01 (q, J = 7.5 Hz, 2H), 1.42 (t, J = 7.5 Hz, 3H). >*C NMR (126 MHz,
Chloroform-d) & 162.5, 161.0, 152.2, 151.6 (q, J = 1.8 Hz), 150.4, 144.5, 142.6, 138.6 (q, J =
2.6 Hz), 135.0, 129.4, 125.5, 125.2, 122.7, 122.3, 121.6 (q, "Jcr=261.4 Hz), 121.4 (q, "Jcr =
258.5 Hz), 121.1, 119.1, 116.9, 115.7, 110.9, 43.5, 23.7, 13.2. Re= 0.37 (CHCl3:2% MeOH).

6-Trifluoromethoxy-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)meth
yl)imidazo[1,2a]pyridine-3-carboxamide (20)
F2CO

S
CN N N
O

C25sH16FsN4Os, white solid, 55% yield, m.p. 239-240 °C, calculated monoisotopic mass m/z
550.10757, ESI-HRMS: m/z 551.1141 [M+H] *, '"H NMR (400 MHz, Chloroform-d) § 9.62 (s,
CH (IPA), 1H), 8.35 — 8.18 (m, 2CH, 2H), 7.80 (s, CH, 1H), 7.69 (d, CH (IPA), J = 9.6 Hz,
1H), 7.59 (d, CH, J = 8.2 Hz, 1H), 7.44 (d, CH, J = 8.2 Hz, 1H), 7.40 (d, CH (IPA), J = 9.6 Hz,
1H), 7.38 — 7.33 (m, 2CH, 2H), 6.47 (s, NH, 1H), 4.84 (s, CHoNH, 2H), 2.76 (s, CHs, 3H). 13C
NMR (101 MHz, Chloroform-d) & 162.5, 160.6, 150.4, 142.6, 134.9, 129.4, 125.5, 125.3,
123.7,122.3,121.1, 119.2, 116.2, 114.1, 110.9, 43.6, 16.4. R= 0.3 (CHCl3:1% MeOH).
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Experimental procedures

7-Trifluoromethoxy-2-methyl-N_((2-(4 _chlorophenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[
1,2a]pyridine-3-carbox-amide (21)

— 0]

C24H16CIF3N403, beige solid, 40% yield, m.p. 261-263 °C, calculated monoisotopic mass m/z
500.08630, ESI-HRMS: m/z 501.0926 [M+H] *, '"H NMR (500 MHz, Chloroform-d) & 9.51
(dd,J=17.6,0.8 Hz, 1H), 8.26 — 8.11 (m, 2H), 7.78 (dd, J= 1.7, 0.7 Hz, 1H), 7.59 (dd, J= 8.3,
0.6 Hz, 1H), 7.55 — 7.48 (m, 2H), 7.44 — 7.38 (m, 2H), 6.86 (dd, J=17.5, 2.5 Hz, 1H), 6.17 (4,
J=5.5,5.1 Hz, 1H), 4.84 (d, J= 5.8 Hz, 2H), 2.70 (s, 3H). '*C NMR (126 MHz, Chloroform-
d)6162.9,161.1,150.3, 148.0 (q,J = 1.8 Hz), 146.6, 146.0, 138.0, 135.1, 129.6, 129.3, 128.9,
125.5,125.1, 119.1, 110.9, 107.9, 106.1, 43.5, 16.8. R¢= 0.086 (CHCl3:1% MeOH).

F4CO

7-Trifluoromethoxy-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl
)imidazo[1,2a]pyridine-3-carboxamide (22)

S
\QN N N
ety O

C26H18FsN4O4, white solid, 50% yield, m.p. 251-255 °C, calculated monoisotopic mass m/z
564.12322, ESI-HRMS: m/z 565.1303 [M+H] *, 'TH NMR (400 MHz, Chloroform-d) & 9.48 (d,
CH (IPA), J = 7.6 Hz, 1H), 8.29 (d, 2CH, J = 8.5 Hz, 2H), 7.78 (s, CH, 1H), 7.59 (d, CH, J=
8.4 Hz, 1H), 7.44 (d, CH, J = 8.5 Hz, 1H), 7.40 (d, CH (IPA), J = 7.6 Hz, 1H), 7.37 (d, 2CH, J
= 8.4 Hz, 2H), 6.85 (d, CH (IPA), J = 7.9 Hz, 1H), 6.20 (t, NH, J = 6.3 Hz, 1H), 4.83 (d,
CH:NH, J=5.7 Hz, 2H), 3.00 (q, CH,CH3, J= 7.5 Hz, 2H), 1.42 (t, CH3, J= 7.5 Hz, 3H).!*C
NMR (101 MHz, Chloroform-d) ¢ 161.1, 151.6 (q, J = 1.6 Hz), 150.3, 148.0 (q, J = 2.9 Hz),
146.0, 142.6, 135.1, 129.6, 129.4, 125.5,125.2, 121.5, 121.1, 119.1, 114.9, 110.9, 107.9, 106.1,
43.5,23.5,13.1. Rf=0.24 (CHCI3:1% MeOH).

F,CO
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7-Trifluoromethoxy-2-methyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)meth
yl)imidazo[ 1,2a]pyridine-3-carboxamide (23)

=S O
\QN N N
IO

C25H16FsN4O4, white solid, 25% yield, m.p. 255-259 °C, calculated monoisotopic mass m/z
550.10757, ESI-HRMS: m/z 551.1152 [M+H] *, '"H NMR (400 MHz, Chloroform-d) & 9.51 (d,
J=1.6 Hz, 1H), 8.32 — 8.25 (m, 2H), 7.79 (s, 1H), 7.59 (d, J = 8.3 Hz, 1H), 7.47 — 7.40 (m,
2H), 7.37 (d, J = 8.4 Hz, 2H), 6.89 (d, J= 7.6 Hz, 1H), 6.28 (s, 1H), 4.83 (d, J= 5.4 Hz, 2H),
2.72 (s, 3H). *C NMR (126 MHz, Chloroform-d) § 162.5, 161.1, 151.6 (q, J= 1.8 Hz), 150.4,
142.6, 135.1, 129.6, 129.4, 125.5, 125.2, 121.4 (q, 'Jcr = 255.9 Hz), 121.3 (q, "Jcr = 259.4
Hz), 121.1, 119.1, 110.9, 107.9, 106.0, 43.5, 16.8.

F,CO

6-Chloro-2-ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,
2a]pyridine-3-carbox-amide (24)%

cl
o
\ N N N

y ﬁH/\@c?—@oca

CasH18CIF3N403, pale pink solid, 29% yield, m.p. 240-242 °C, calculated monoisotopic mass
m/z 514.10195, ESI-HRMS: m/z 515.1089 [M+H] *, 'H NMR (400 MHz, Chloroform-d) & 9.56
(dd, J=2.1, 0.9 Hz, 1H), 8.32 — 8.26 (m, 2H), 7.78 (t, J = 2.8 Hz, 1H), 7.61 — 7.49 (m, 2H),
7.42 (dt, J=8.3, 2.5 Hz, 1H), 7.39 — 7.34 (m, 2H), 7.31 (dd, J=9.5, 2.1 Hz, 1H), 6.19 (s, 1H),
4.83 (d, J = 5.8 Hz, 2H), 3.08 — 2.92 (m, 2H), 1.41 (td, J = 7.6, 1.5 Hz, 3H). '3*C NMR ("*C
NMR (101 MHz, Chloroform-d) & 161.1, 150.3, 144.5, 142.5, 135.3, 133.9, 133.0, 129.4,
128.9, 128.3, 126.2, 125.5, 125.2, 121.6, 121.1, 119.1, 116.9, 111.0, 43.5, 23.6, 13.1.

105



Experimental procedures

N-benzyl-2,7-dimethylimidazo[ 1,2a]pyridine-3-carboxamide (25)''?

= @)
@N
LD

C17H17N30, white solid, m.p. 169-170°C, calculated monoisotopic mass m/z 279.13716, ESI-
HRMS: m/z 280.144 [M+H]*, 'H NMR (400 MHz, Chloroform-d) & 9.31 (dd, J=7.1, 0.9 Hz,
1H), 7.40 — 7.36 (m, 4H), 7.34 — 7.30 (m, 2H), 6.76 (dd, J= 7.2, 1.8 Hz, 1H), 4.70 (d, J=5.7
Hz, 2H), 2.66 (s, 3H), 2.42 (d, J = 1.0 Hz, 3H). '3C NMR (101 MHz, Chloroform-d) & 161.5,
146.5, 145.3, 138.3, 128.8, 127.6, 127.3, 115.7, 115.0, 43.4, 21.3, 16.8. R= 0.17 (DCM:2%
MeOH).

2-Ethyl-N-((2-(4-(trifluoromethoxy)phenyl)-1,3-benzoxazol-5-yl)methyl)imidazo[ 1,2a]pyridi

= O
QN N N
T e

C25H19F3N403, white solid, 25% yield, m.p. 229-233 °C, calculated monoisotopic mass m/z
480.14092, ESI-HRMS: m/z 481.1476 [M+H] *, '"H NMR (500 MHz, Chloroform-d) & 9.43
(dt, J=17.0, 1.2 Hz, 1H), 8.32 — 8.24 (m, 2H), 7.81 — 7.76 (m, 1H), 7.61 (dt, J = 8.9, 1.2 Hz,
1H), 7.58 (d, J= 8.3 Hz, 1H), 7.43 (dd, J = 8.4, 1.8 Hz, 1H), 7.39 — 7.34 (m, 2H), 7.33 (ddd, J
=9.0, 6.9, 1.4 Hz, 1H), 6.93 (td, J= 6.9, 1.2 Hz, 1H), 6.18 (d, /= 6.2 Hz, 1H), 4.84 (d, J=5.7
Hz, 2H), 3.01 (q, J = 7.6 Hz, 2H), 1.42 (t, J = 7.6 Hz, 3H). '*C NMR (126 MHz, Chloroform-
d)5162.4,161.5,151.6 (q,J=1.8 Hz), 150.9, 150.3, 146.3, 142.5, 135.3, 129.4, 128.2, 126.9,
125.5, 125.2, 121.1, 120.3 (q, 'Jcr = 259.0 Hz), 119.1, 116.7, 114.6, 113.2, 110.9, 43.5, 23.6,
13.3. R=0.33 (CHCI3:2% MeOH).

ne-3-carboxamide (26)
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6-Chloro-2-ethyl-N-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)imidazo[ 1,2a]pyridine
-3-carboxamide (27)

cl
— 0
\ NﬁNM
\ Il H
N

C25H34CIN3O, white solid, 8% yield, m.p. 101-106 °C, calculated monoisotopic mass m/z
427.23904, ESI-HRMS: m/z 428.2459 [M+H] ¥, "H NMR (500 MHz, Chloroform-d) & 9.48
(dd, J=2.1, 0.9 Hz, 1H), 7.52 (dd, J= 9.4, 0.9 Hz, 1H), 7.28 (dd, J=9.5, 2.1 Hz, 1H), 5.70 (t,
J=5.2Hz, 1H), 5.33 (tq, J = 7.0, 1.3 Hz, 1H), 5.13 — 5.04 (m, 2H), 4.10 (t, J = 5.8 Hz, 2H),
2.98 (q, J = 7.6 Hz, 2H), 2.15 — 1.95 (m, 8H), 1.76 (d, J = 1.3 Hz, 3H), 1.67 (d, J= 1.3 Hz,
3H), 1.60 (d, J= 1.3 Hz, 3H), 1.58 (d, J= 1.3 Hz, 3H), 1.43 (t, J = 7.6 Hz, 3H). 3C NMR (126
MHz, Chloroform-d) 6 160.9, 151.0, 144.3, 140.9, 135.5, 131.3, 127.9, 126.1, 124.2, 123.6,
121.4, 119.5, 116.8, 115.3, 39.7, 39.5, 37.4, 26.7, 26.3, 25.6, 23.4, 17.6, 16.4, 16.0, 13.2. R=
0.35 (CHCl3:1% MeOH).

6-chloro-N-((2E)-3,7-dimethylocta-2,6-dien-1-yl)-2-ethylimidazo[1,2-a] pyridine-3-carboxam
-ide (28)
Cl
= o)
\ Nﬁ,\,w

\ I H

N
C20H26CIN3O, white powder, 50% yield, m.p. 117-120 °C, calculated monoisotopic mass m/z
359.17644, ESI-HRMS: m/z 360.1838, 362.1810 (*°Cl, *'Cl) [M+H]*, 'H NMR (500 MHz,
Chloroform-d) & 9.49 (dd, J = 2.1, 0.8 Hz, 1H), 7.55 (dd, J = 9.5, 0.9 Hz, 1H), 7.29 (dd, J =
9.4, 2.1 Hz, 1H), 5.74 (d, J = 6.2 Hz, 1H), 5.34 (tp, J = 6.9, 1.3 Hz, 1H), 5.10 (ddp, J = 6.8,
5.6, 1.4 Hz, 1H), 4.11 (ddt, J = 7.1, 5.3, 0.9 Hz, 2H), 3.00 (q, J = 7.6 Hz, 2H), 2.17 — 2.00 (m,
4H), 1.76 (d, J = 1.3 Hz, 3H), 1.69 (q, J = 1.3 Hz, 3H), 1.62 (s, 2H), 1.44 (t, J = 7.6 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) & 160.89, 150.78, 144.13, 140.9, 131.9, 128.2, 126.1,
123.7,121.5, 119.5, 116.7, 115.4, 39.5, 37.4, 26.4, 25.7, 23.3, 17.7, 16.4, 13.2.

107



Experimental procedures

N-benzyl-6-chloro-2-ethylimidazo[ 1,2-a]pyridine-3-Carboxamide (29)

C17H16CINsO, white solid, 71% vyield, m.p. 135-137 °C, calculated monoisotopic mass m/z
313.09819, ESI-HRMS: m/z 314.1056 [M+H]*. *H NMR (500 MHz, Chloroform-d) & 9.53
(dd, J = 2.1, 0.8 Hz, 1H), 7.55 (dd, J = 9.5, 0.8 Hz, 1H), 7.39 (d, J = 4.4 Hz, 4H), 7.37 — 7.27
(m, 2H), 6.15 (d, J = 6.5 Hz, 1H), 4.71 (d, J = 5.7 Hz, 2H), 2.99 (q, J = 7.6 Hz, 2H), 1.41 (t, J
=7.6 Hz, 3H). 3C NMR (126 MHz, Chloroform-d) & 161.1, 151.3, 144.4, 137.9, 128.9, 128.2,
127.7,127.6, 126.2, 121.5, 116.8, 115.1, 43.6, 23.5, 13.2.

6-chloro-N-[(4-chlorophenyl)methyl]-2-ethylimidazo[ 1,2-a]pyridine-3-carboxamide (30)

NH

C17H15CI2N30, beige solid, 29% yield, m.p. 200-205 °C, calculated monoisotopic mass m/z
347.05922, ESI-HRMS: m/z 348.0665, 350.0636 (**CI**CI, 3’CI*°CI) [M+H] *. *H NMR (400
MHz, Chloroform-d) § 9.46 (dd, J = 2.1, 0.9 Hz, 1H), 7.64 (dd, J = 9.5, 0.8 Hz, 1H), 7.38 (dd,
J=9.4,2.1 Hz, 1H), 7.34 (s, 4H), 4.66 (d, J = 5.9 Hz, 2H), 3.03 (q, J = 7.5 Hz, 2H), 1.40 (t, J
=7.6 Hz, 3H). *C NMR (101 MHz, Chloroform-d) § 160.7, 136.6, 133.7, 129.3, 129.2, 126.4,
116.2, 43.1, 23.0, 13.3.
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7.1.3.2. Cytochrome bd inhibitor
7.1.3.2.1. Synthesis of ethyl 2-heptylacetoacetate (1h)

To a suspension of NaH (60% in oil, 125 mmole) in dry THF, ethyl acetoacetate (1 equiv.) was
added dropwise. The mixture was stirred for 30 min at room temperature. Heptyl bromide (1
equiv.) was added dropwise and the reaction was stirred under reflux for 12 h. After cooling,
saturated NH4Cl (125 mL) was added. The aqueous phase was separated and extracted with
200 mL EtOAc (3x). The organic phases were dried over Na;SO4 and concentrated under
vacuum. The crude product was purified twice by column chromatography (gradient elutione,
heptane:EtOAc, 100:0 to 20:1).18® The compound was further purified using preparative HPLC.
Ci3H2403, yellow oil, 12% vyield, APCI-MS: m/z 229.1 [M+H] *, 'H NMR (400 MHz,
Chloroform-d) 5 4.28 — 4.10 (m, 2H), 3.37 (t, J = 7.4 Hz, 1H), 2.20 (s, 3H), 1.89 — 1.77 (m,
2H), 1.26 (td, J = 7.1, 6.5, 2.9 Hz, 13H), 0.93 — 0.80 (m, 3H).

7.1.3.2.2. Synthesis of 3-Heptyl-2-methylquinolin-4(1H)-one (31) 3t 132 187

CLI™

H
Aniline (0.473 mmole), 1h (10 equiv.), glacial acetic acid (1 drop) and toluene were added to
an oven-dried round-bottom flask connected to a Dean-stark apparatus with a reflux condenser.
The mixture was heated at 100 °C until no more water was separated. After the evaporation of
toluene, the produced imine was taken directly to the next step. The imine was added rapidly
through a dropping funnel to biphenyl ether, which was stirred at 250 °C (Reflux). Refluxing
continued for 10 to 15 min. until no more ethanol was separated in the Dean-Stark trap. The
mixture was then left to cool to room temperature. The formed precipitate was then filtered and
washed with heptane and acetone. C17H23NO, white solid, 14% yield, m.p. 230-235 °C,
calculated monoisotopic mass m/z 257.17796, ESI-HRMS: m/z 258.1853 [M+H] *, 'H NMR
(400 MHz, DMSO-ds) 6 11.32 (s, 1H), 8.04 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (ddd, J = 8.4, 6.9,
1.6 Hz, 1H), 7.49 — 7.40 (m, 1H), 7.23 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 2.68 (t, J = 1.9 Hz, 1H),
2.38 (s, 3H), 2.34 (t, J = 1.9 Hz, 1H), 1.47 — 1.17 (m, 10H), 0.90 — 0.81 (m, 3H). 3C NMR
(101 MHz, DMSO-de) 6 175.9, 146.1, 139.6, 131.3, 125.5, 123.8, 122.6, 119.6, 117.8, 31.8,
29.7,29.2,29.1, 25.3, 22.6, 17.9, 14 .4.
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7.1.3.3. EMB analogues

7.1.3.3.1. Synthesis of symmetric EMB analogues having N-atoms as substituents on

aromatic systems (Scheme 5 and Scheme 6).

N?,N%-bis(5-chloro-2-methoxyphenyl)ethane-1,2-diamine (32)

Under an inert atmosphere, dibromoethane (DBE, 6.34 mmole) was added dropwise to a
solution of 5-chloro-2-methoxyaniline (4 equiv.) in dry DMF. CaCOs (1.66 equiv.) was added
and the mixture was stirred vigorously at 100 °C for 2h.*" After the removal of DMF under
vacuum, the mixture was extracted three times with DCM and dried over Na,SO4. The crude
oil was purified by column chromatography (tert-butylmethylether:heptane, 1:2 +1% TFA).
C16H18CI2N202, White solid, 15% yield, m.p. 135-136 °C, calculated monoisotopic mass m/z
340.07453, ESI-HRMS: m/z 341.0814 [M+H] *, *H NMR (500 MHz, Chloroform-d) & 6.64 (d,
J=8.3 Hz, 2H), 6.63 (dd, J = 8.3, 2.2 Hz, 2H), 6.58 (d, J = 2.2 Hz, 2H), 4.77 — 4.72 (m, 2H),
3.81 (s, 6H), 3.40 (s, 4H). *C NMR (126 MHz, Chloroform-d) § 145.5, 138.9, 126.4, 115.9,
110.2, 109.8, 55.6, 42.7.

N?!,N2-bis(5-chloro-2-hydroxyphenyl)ethane-1,2-diamine (33)
- 7 2Br

HO
N
cl Ny cl

Ha
OH

To cleave the ether, 5 equiv. of BBr3 (1M in DCM) was slowly added to (32) and left to stir at

0 °C -room temperature for 5h.18 The reaction progress was monitored by the disappearance
of the start signal in the APCI-MS. MeOH was added to quench the reaction and after the
evaporation of the solvent, the pure 33 was obtained without further purification.
C14H16CI2N202%* brown solid, 78% yield, m.p. 135-136 °C, calculated monoisotopic mass m/z
312.04323, ESI-HRMS: m/z 311.0366 [M-H] -,392.9605 [M+Br] -, 313.0506 [M+H] T,
392.9588 [M+Br] *. *H NMR (400 MHz, Methanol-d4) § 7.18 (d, J = 2.5 Hz, 2H), 7.08 (dd, J
= 8.7, 2.5 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 3.65 (s, 4H). *C NMR (101 MHz, Methanol-da)
5 147.5,127.6, 126.0, 124.4, 119.0, 116.4, 44.4.
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N ,N2-di((2-hydroxyphenyl)ethyl)ethane-1,2-diamine.2HBr (35)

HO
)
l}rl\/\,:fl

Hy
OH

An aqueous solution HBr (48%, excess ) was added carefully to 34*. The mixture was left to

2Br

stir for 3 h at 130 °C and then overnight at room temperature. The reaction was monitored with
thin-layer chromatography (TLC, CHCIl3:MeOH 2%:NH4OH 0.05%). Water was evaporated
under vacuum and the solid was purified by preparative HPLC. C1sH26N202%*, grey solid, 23%
yield, melts with decomposition at 250 °C, calculated monoisotopic mass m/z 302.19943, ESI-
HRMS: m/z 301.1912 (C1gH2sN202) [M+H] *, *H NMR (400 MHz, Deuterium Oxide) & 7.33
(t, J = 7.8 Hz, 2H), 6.95 — 6.84 (m, 6H), 3.46 (s, 4H), 3.42 (t, J = 7.3 Hz, 4H), 3.03 (t, J = 7.3
Hz, 4H).3C NMR (101 MHz, Deuterium Oxide) & 155.9, 137.9, 130.5, 120.9, 115.7, 114.3,
49.0, 43.1, 31.6.

7.1.3.3.2. Synthesis of EMB analogues with alkyl side chains (Scheme 7) 142

1. Synthesis of the silyl-protected amino alcohol (1-2i)

TBDSICI (1.1 equiv.) was added dropwise to a mixture of imidazole (1.1 equiv.) in DCM at 0
°C. After stirring for 15 min, (s)-(+) amino alcohol was added. The solution was left to stir for
16 h at room temperature before pouring into a saturated NaHCOs3 solution. The pH was kept
below 12 to avoid the cleavage of the tert-butyldiphenylsilane. The organic phase was extracted
with DCM (3x) and the collected organic phases were dried over MgSO4. DCM was evaporated
under vacuum and the crude oil was purified by column chromatography ( DCM:1% MeOH +
drops of NH4OH) to give 1-2i oil.

[(2S)-2-aminobutoxy](tert-butyl)diphenylsilane (1i)

C20H20NOSi, 77% yield, APCI-MS: m/z 328.3 [M+H] *, *H NMR (400 MHz, Chloroform-d)
0 7.72 —7.63 (m, 4H), 7.48 — 7.33 (m, 6H), 3.63 (dd, J = 9.9, 4.1 Hz, 1H), 3.43 (dd, J = 9.8,
7.1 Hz, 1H), 2.85 - 2.74 (m, 1H), 1.52 — 1.36 (m, 2H), 1.07 (s, 9H), 0.89 (t, J = 7.5 Hz, 3H).
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[(2S)-2-aminobut-3-en-1-yl)oxy](tert-butyl)diphenylsilane (2i)

An additional 0.4 equiv. of imidazole was added after leaving the reaction mixture to stir for
few hours. CaoH27NOSi, 91% vyield, ESI-MS: m/z 326.4 [M+H] *, TH NMR (400 MHz,
Chloroform-d) 6 7.70 — 7.62 (m, 4H), 7.47 — 7.33 (m, 6H), 5.89 — 5.74 (m, 1H), 5.25 — 5.01
(m, 2H), 3.69 — 3.61 (m, 1H), 3.55 — 3.45 (m, 2H), 1.07 (s, 9H).

2. Synthesis of Chloracetamide scaffold (1-2j)

Chloroacetyl chloride (1.1 equiv.) was added dropwise to a cooled solution (0 °C) of 1i/2i and
DIPEA (2 equiv.) in DCM. The solution was left to stir overnight at room temperature. Water
was added to quench the reaction. The organic phase was extracted with EtOAc (3x) and dried
over MgSOs. After the evaporation of the solvent, flash chromatography (tert-
butylmethylether:heptane, 1:2) was done to get the pure 1j/2j.

N-[(2S)-1-[(tert-butyldiphenylsilyl)oxy]butan-2-yl]-2-chloroacetamide (1j)

C22H30CINO,Si, 50% yield, APCI-MS: m/z 404.2 [M] *, *H NMR (400 MHz, Chloroform-d)
6 7.70 — 7.60 (m, 4H), 7.50 — 7.33 (m, 6H), 6.96 — 6.89 (m, 1H), 4.12 — 3.96 (m, 2H), 3.98 —
3.85 (m, 1H), 3.70 (d, J = 3.3 Hz, 2H), 1.79 — 1.56 (m, 2H), 1.12 — 1.05 (m, 9H), 0.95 — 0.81
(m, 3H).

N-[(2S)-1-[(tert-butyldiphenylsilyl)oxy]but-3-en-2-yl]-2-chloroacetamide (2j)

C22H2sCINO,Si, 73% yield, APCI-MS: m/z 401.9 [M] *, *H NMR (500 MHz, Chloroform-d)
§7.71—7.62 (m, 4H), 7.49 — 7.32 (m, 6H), 7.11 (d, J = 8.5 Hz, 1H), 5.97 — 5.80 (m, 1H), 5.30
—5.19 (M, 2H), 4.61 — 4.50 (m, 1H), 4.14 — 4.01 (m, 2H), 3.82 — 3.70 (m, 2H), 1.07 (s, 9H).

3. Synthesis of the amino acetamide scaffold (1-4k)

A second amino alcohol (1 equiv.) was added to a cooled solution (0 °C) of 1j/2j and DIPEA
(3 equiv.) in DMF. The reaction was stirred at 70 °C for 14 h before quenching with water. The
organic phase was extracted with CHCI3z and brine (3x) to get rid of DIPEA and DMF. The
collected organic phases were dried over MgSOa. Flash chromatography (CHCls: MeOH +1%
NH4OH, 0 > 5%) yielded 1k/2k.
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2g or 3g was added to a cooled solution (0 °C) of 1j and DIPEA (3 equiv.) in DMF. The reaction
was stirred at 70 °C for 14 h before quenching with water. The organic phase was extracted
with CHCIz and brine (3x) to get rid of DIPEA and DMF. The collected organic phases were
dried over MgSOs. Flash chromatography (heptane:EtOAc, 100% to 50:50) yielded 3k/4k.

N-[(2S)-1-[(tert-butyldiphenylsilyl)oxy]butan-2-yl]-2-[(4,4,4-trifluoro-1-hydroxybutan-2-yl)-

amino]acetamide (1k)

Ca26H37F3N20sSi, orange oil, 40% vyield, APCI-MS: m/z 510.3 [M]*, *H NMR (400 MHz,
Chloroform-d) 6 7.64 (dq, J = 8.0, 1.8 Hz, 4H), 7.49 — 7.33 (m, 7H), 7.15 (d, J = 9.3 Hz, 1H),
7.03 (d, J =9.1 Hz, 1H), 3.97 — 3.85 (m, 1H), 3.76 — 3.59 (m, 3H), 3.48 (dd, J = 11.1, 4.8 Hz,
1H), 3.26 (d, J = 1.7 Hz, 2H), 3.00 — 2.88 (m, 1H), 2.45 (s, 1H), 2.41 — 2.12 (m, 2H), 1.76 —
1.46 (m, 2H), 1.07 (s, 9H), 0.86 (td, J = 7.5, 2.7 Hz, 3H).

N-[(2S)-1-[(tert-butyldiphenylsilyl)oxy]but-3-en-2-yl]-2-[(4,4,4-trifluoro-1-hydroxybutan-2-

yl)-amino]acetamide (2k)

The (S)-2-aminobut-3-en-1-ol was dissolved in DMF and stirred with DIPEA at 0 °C, before
the dropwise addition of 2j. CosH3zsF3N20O3Si, yellow oil, 5% yield, APCI-MS: m/z 453.0
[M+H]*. The low vyield is due to several trials of purification using flash column
chromatography (EtOAc:heptane, gradient elution, 100:0 to 80:20). The *H NMR spectrum
could not confirm the purity of the compound. However, direct mass measurements of the TLC
spots suggested that all the spots were isomers (m/z 453.0) and thus, the compound was taken

to the next step.

(12E)-3,3-dicyclohexyl-6-ethyl-2,2,13,17-tetramethyl-4-oxa-7,10-diaza-3-silaoctadeca-12,16
-diene (3k)

Cs2H4sN20,Si, orange oil, 30% vyield, APCI-MS: m/z 520.4 [M]*, *H NMR (400 MHz,
Chloroform-d) & 7.67 — 7.62 (m, 4H), 7.45 — 7.34 (m, 6H), 5.26 — 5.15 (m, 1H), 5.07 (tt, J =
6.8, 1.5 Hz, 1H), 3.99 — 3.81 (m, 1H), 3.73 — 3.62 (m, 2H), 3.25 — 3.18 (m, 3H), 2.30 (s, 1H),
2.12 — 1.95 (m, 4H), 1.68 (q, J = 1.4 Hz, 3H), 1.62 (d, J = 1.4 Hz, 3H), 1.59 (d, J = 1.2 Hz,
3H), 1.55 — 1.53 (m, 4H), 1.07 (s, 9H), 0.91 — 0.86 (m, 3H).
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6-ethyl-2,2,13,17-tetramethyl-3,3-diphenyl-4-oxa-7,10-diaza-3-silaoctadecane (4Kk)

Ca2Hs2N20,Si, orange oil, 35% vyield, APCI-MS: m/z 524.3 [M]*, 'H NMR (400 MHz,
Chloroform-d) ¢ 7.64 (dqg, J = 6.6, 1.3 Hz, 4H), 7.46 — 7.33 (m, 6H), 3.97 — 3.88 (m, 1H), 3.70
—3.64 (m, 2H), 3.27 — 3.20 (m, 2H), 2.68 — 2.52 (m, 2H), 1.75 — 1.57 (m, 4H), 1.55 — 1.43 (m,
2H), 1.32 - 1.18 (m, 4H), 1.16 — 1.09 (m, 2H), 1.07 (s, 9H), 0.90 — 0.83 (m, 12H).

4. Synthesis of the ethylene diamine scaffold (Reduction of the amino acetamide) (37-38)
44

A 2-necked round-bottom flask was dried and flushed with Argon. LiAlH4 (6 equiv.) was
suspended in dry dioxane and cooled to 0 °C. 1-4k (1 equiv.) was diluted in a small amount of
dry dioxane before adding it dropwise to the suspension. The mixture was then left to stir under
Reflux (100 °C) overnight. For workup, the reaction flask was cooled to 0 °C and H.0 (H.O:
LiAlH4, 1:1), NaOH 15% aqg. Solution (NaOH:LiAlHa4, 1:1), and H20 (H20:LiAlIH4, 3:1) were
cautiously added and left to stir overnight at room temperature. The solids were removed by

vacuum filtration and the filtrate was concentrated under reduced pressure.

4,4 A-trifluoro-2-[(2-{[(2S)-1-hydroxybutan-2-ylJamino} ethyl)amino]butan-1-ol (37)

OH

FY]/ \/\H/(S)\/
F
HO

The crude oil was dissolved in CHCIs then drops of heptane were added until 37 crushed out
as a white precipitate. It was filtered and left overnight in the desiccator to dry. C1oH21F3N20,
white solid, 9% vyield, m.p. 118-120 °C, calculated monoisotopic mass m/z 258.15551, ESI-
HRMS: m/z 281.1448 [M+Na]*, *H NMR (400 MHz, Methanol-d,) 6 3.71 — 3.60 (m, 2H), 3.53
(dd, J = 11.2, 5.7 Hz, 1H), 3.45 (dd, J = 11.0, 6.6 Hz, 1H), 2.94 (m, 1H), 2.82 — 2.68 (m, 4H),
2.52 (tt, J = 6.8, 5.0 Hz, 1H), 2.46 — 2.25 (m, 2H), 1.63 — 1.39 (m, 2H), 0.97 (t, J = 7.5 Hz,
3H). 13C NMR (101 MHz, Methanol-ds) & 126.9 (q, CFs, YJcr = 275.9 Hz), 62.6, 62.4 (d, *Jcr
= 1.2 Hz), 60.6 — 60.5 (m), 53.9 (q, 3Jcr = 2.4 Hz), 46.0, 45.8, 34.9 (q, 2Jcr = 27.2 Hz), 23.4,
9.3. 89% purity (HPLC).

7.2. Solubility assays for IPAs

First, equidistant and logarithmic predilutions were prepared in a round-bottomed 96-well plate
using 10 mM stock solutions of the compounds and DMSO. Then, 5 pL of each predilution
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was added to 245 pL of PBS buffer in a straight-bottomed 96 well-plate. Quadruplicates were
prepared for the blank (DMSO+PBS) and final concentrations tested (one plate/compound).
The final concentrations measured ranged from 200 uM to 0.3125 pM. A nephelometer
(NEPHELOstar"s) was used to measure solubilities and Omega-Data Analysis software was

used to evaluate the results.

7.3. Insilico

7.3.1. Structure-activity relationship (SAR) of Q203-Msmeg CI112CIV>

The electron cryomicroscopy generated 3D structure of the Msmeg CIII2CIV2 bound to
Q203 (PDB:7rh7) was used to study the protein-ligand interactions. Protein preparation
wizard of Schrodinger software (Schrodinger Release 2019-1: Protein Preparation Wizard,
Epik, Schrodinger, LLC, New York, NY, 2019; Impact, Schrodinger, LLC, New York, NY;
Prime, Schrddinger, LLC, New York, NY, 2019) was used to prepare the protein for modelling.
First, the structure was split into chains and then chains F (QcrB and ligand ‘Q203°), I (QcrC)
and Y (QcrA) were merged. Merged chains were pre-processed to add missing H-atoms, fill in
missing side chains, and adjust the ionization and tautomeric states of the ligand. The next step
was optimizing H-bond networks between the protein’s amino acids and the ligand. For
example, reorientation of the amino acids side chains (His, Asn, Asp, Glu, Gln,...) and
prediction of their ionization and tautomeric states.'®® Finally, structure refinement to remove

any atomic clashes (geometry minimization, force field: OPLS3e35885) 190

The crystal structure of Msmeg Cl11>CIV2 bound to Q203 (PDB:7rh7) was used for docking.
The protein preparation wizard with Schrddinger software (Schrodinger Suite 2022-3,
Schradinger, New York, USA, NY, 2021) was used to prepare the protein for modeling. This
time structure was refined through an energy minimization step using OPLS4! force field.

The receptor grid was generated using the receptor grid generator panel without any
constraints, assigning the co-crystallized ligand (Q203) as the center of the grid. Ligands were
prepared using the LigPrep (LigPrep, Schrodinger, LLC, New York, NY, 2021.) using default

settings. The protonation states were generated using Epik*®% 1% (Epik, Schrodinger, LLC, New

HI The electron cryomicroscopy structure was determined by David Yanofsky in the Lab of Prof. John
Rubinstein, Hospital for Sick Children, Toronto, Canada.

35888 Optimized potential liquid simulation.
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York, NY, 2021). Following this step, bioactive conformers (maximum of 20) of the prepared
ligands were generated using the Confgen'®* panel (ConfGen, Schrodinger, LLC, New York,
NY, 2021). Glide'®> " (Glide, Schrédinger, LLC, New York, NY, 2021.) was used for
docking: the precision mode was set to standard precision (SP) and no constraints were applied.

Q203 was re-docked as well for validation and the RMSD calculated was < 2.
7.3.2.SAR of EMB and synthesized analogues

The 3D structure of the Mtb EmbA-EmbB bound to EMB (PDB:7bvf) was used to study the
protein-ligand interactions. Protein preparation wizard of Schrodinger software (Schrodinger
Release 2019-1: Protein Preparation Wizard; Epik, Schrodinger, LLC, New York, NY, 2019;
Impact, Schrédinger, LLC, New York, NY; Prime, Schrodinger, LLC, New York, NY, 2019)
was used to prepare the protein for modelling. First, the structure was split into chains and only
chain B (EmbB-EMB) was used. Chain B was pre-processed to add missing H-atoms, fill in
missing side chains, and adjust the ionization and tautomeric states of the ligand. The next step
was optimizing H-bond networks between the protein’s amino acids and the ligand. For
example, reorientation of the amino acids side chains (His, Asn, Asp, Glu, Gln,...) and
prediction of their ionization and tautomeric states.'®® Finally, structure refinement to remove

any atomic clashes (geometry minimization, force field: OPLS3e*).1%

The minimized chain B was used for docking compounds 32-37. EMB was re-docked for
validation. the receptor grid was generated using the receptor grid generator panel without any
constraints, assigning the co-crystallized EMB as the center of the grid. Ligands were prepared
using LigPrep (LigPrep, Schrodinger, LLC, New York, NY, 2019) and pH was adjusted to 5
to insure the ionization of the amino groups. The protonation states were generated using
Epik!% 19 (Epik, Schrodinger, LLC, New York, NY, 2019). Following this step, bioactive
conformers (maximum of 20) of the prepared ligands were generated using the Confgen!®
panel (ConfGen, Schrédinger, LLC, New York, NY, 2019). Glide'*®>% (Glide, Schrodinger,
LLC, New York, NY, 2019) was used for docking: the precision mode was set to XP and no
constraints were applied. Docking using XP precision mode gave better results than SP
(standard precision) mode (rmsd < 2).
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7.4. Biological evaluation
7.4.1. Biochemical assays for IPAs

7.4.1.1. M. smegmatis growth, cell lysis, and protein purification

*hkkhkk

The protocol followed was the same as described previously.’®” An M. smegmatis strain
with a 3xFLAG tag at the C terminus of subunit QcrB was grown on 7H9+hygromycin plates
for two days at 30 °C. A colony from the plate was transferred to a 20 mL preculture of 7H9
(Sigma) supplemented with TDS (10 g/L, tryptone, 2 g/L dextrose, 0.8 g/L NaCl) and grown
for two days in the dark at 30 °C and 180 rpm before inoculating in a 6 L culture and growing
under the same conditions for 48 hours. Cells were harvested by centrifugation for 20 min at 4
°C, and then cell pellets were frozen in liquid nitrogen and stored at -80 °C. Thawed cell pellets
were resuspended in ~150 mL lysis buffer (50 mM Tris-HCI pH 7.5, 100 mM NacCl, 0.5 mM
EDTA) and homogenized first with a Dounce homogenizer, then filtered with cheesecloth
before using an Avestin homogenizer at 20 kpsi. Lysed cells were centrifuged at 39000 xg for
30 min to remove cell debris. The supernatant was then centrifuged at 149,000 xg for 60 min
(Type 70Ti Beckmann rotor) to isolate the membranes. Membrane pellets were resuspended in
lysis buffer (12 mL/g membranes) before aliquoting in falcon tubes, freezing, and storing at -
80 °C. To isolate and purify ClI12CIV2, thawed membranes were solubilized with 1% (w/v)
dodecyl maltoside detergent (DDM), stirring for 45 minutes at 4 °C. Following addition of 117
detergent, the solution was centrifuged at 149,000 xg for 50 min to remove insoluble material.
The supernatant was filtered (0.45 um) before loading onto a columnof 1.5 mL Anti-FLAG
M2 Affinity gel (Sigma). The column was washed with DTBS buffer (50 mM Tris-HCI pH
7.4, 100 mM NacCl, 0.02% DDM) and eluted with 6x 500 pL 150 pg/mL 3xFLAG peptide.
The purified protein was exchanged into 50 mM Tris-HCI pH 7.4, 100 mM NacCl, and 0.003%
(w/v) glyco-diosgenin (GDN) with a 100 kDa molecular weight cut-off concentrator
(Sigma).1%”

sk sk ok

The M. smegmatis QcrB-3xFLAG was generated by colleagues in the group of Prof. John Rubinstein,
Hospital for Sick Children, Toronto, Canada.
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7.4.1.2. NDH-2 purification from Caldalalibacillus thermarum strain TA2.A1

C41 (DE3) cells were transformed with the ppTRC99A-ndh vector®? and grown on LB + 100
pg/ml ampicillin plates overnight. A single colony was selected and grown in a 20 mL
preculture in LB + 100 pg/ml ampicillin at 220 rpm overnight which was used to inoculate a
1L growth. The 1L culture was grown under the same conditions as the preculture until the
OD600 ~ 0.6 when the cells were induced with 1mM of isopropyl B-D-thiogalactopyranoside
(IPTG) and grown for 4 hours before being harvested by centrifugation at 6,5000 xg for 20
min then were frozen. "7 Cells were thawed and resuspended in 20 mL NDH-2 lysis buffer
(50 mM Tris-HCI pH 7.5, 2mM MgCl,, 0.001% PMSF) and sonicated (Q Sonica Q500) for 10
min with 2 sec pulses and 2 sec pause between pulses and an amplitude of 30%. After lysis,
cell debris was spun down at 10,000 xg for 15 min. Membranes from the supernatant were then
harvested at 125,000 xg for 1 h and resuspended in buffer A (50 mM Tris-HCI pH 8.0, 20 mM
imidazole, 150 mM NaCl, 0.05% w/v DDM, 0.001% (w/v) PMSF). Membranes were
solubilized with 1% DDM at 4 °C for 2 h. This solubilization was followed by
ultracentrifugation at 125,000 xg for 1 h to remove insoluble material. The supernatant was
filtered (0.45 um) before loading on a HisTrap column (5 mL) previously equilibrated with 50
mL of buffer A before loading the sample at 1 mL/min. then washed with 25 mL of buffer A
to remove the unbound sample. To elute, 55% buffer B (50 mM Tris-HCI pH 8.0, 500 mM
imidazole, 150 mM NacCl, 0.05% (w/v) DDM, 0.001% (w/v) PMSF) was applied over 10
column volumes. Fractions with high absorbance at 280 nm were pooled and dialyzed against
50 mM Tris-HCI pH 8.0, 150 mM NacCl, and 0.05% w/v DDM to remove imidazole.

7.4.1.3. Sub-mitochondrial particle (SMP) preparation

Bovine hearts were kept on ice and all subsequent steps were carried out at 4°C. Fat, blood
vessels and connective tissues were removed from the hearts and the remaining material was
cut into ~2 cm? pieces before being ground with a meat grinder. For each minced heart, 1400
mL buffer A (250 mM sucrose, 10 mM Tris-HCI pH 7.8, 2-mercaptoethanol) was added. The
buffer was squeezed out of the mince through muslin. Buffer B (1600 mL per heart; 250 mM
sucrose, 10 mM Tris-HCI pH 7.8, 5mM 2-mercaptoethanol, 0.2 mM EDTA, and 1mM Tris-

Rubinstein, Hospital for Sick Children, Toronto, Canada.
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succinate) was added and 25 mL Tris (not pH adjusted) was added per heart. The suspension
was blended for 30 s on high setting. Cell debris was removed by centrifugation at 1,600 x g
for 15 min. The supernatant was filtered through muslin cloth and mitochondria from the
filtrate were harvested at 18,542 xg for 27 min. The mitochondria were resuspended in 3600
mL buffer B per heart and harvested again at 18,542 xg for 27 min. A total of ~30 mL of
mitochondria was obtained per heart were flash frozen in liquid nitrogen and stored at -80 °C.
HHH |n a falcon tube, 0.5 mL of bovine heart mitochondria were added to 4 mL of the isotonic
buffer (0.25 M sucrose, 10 mM MOPS, 2mM EDTA pH 8). To form SMPs, the sample was
sonicated while keeping the tube in a beaker of ice mixed with NaCl. The sonicator (Q Sonica
Q500) was adjusted to provide ten 5 sec pulses with a 30 sec pause between pulses and an
amplitude of 20%. SMPs were then centrifuged at 16000 xg for 10 min at 4 °C to remove

mitochondrial debris.!%: 19
7.4.1.4. Oxygen Consumption assays

All oxygen consumption assays were done using an Oxygraph Clark-type electrode
(Hansatech). For assay of M. smegmatis purified proteins with inhibitors, 500 nM superoxide
dismutase (SOD, Sigma), 25 nM purified CI11>2CI1V2 (SC), 114 nM NADH-dehydrogenase type
Il (NDH-2 purification described above), 100 uM 2,3-dimethyl[1,4]naphthoquinone (DMW,
sigma), and 10 uM of inhibitor in DMSO or DMSO alone (blank) were incubated in a 500 pL
reaction (GTBS: 50 mM Tris-HCI pH 7.4, 100 mM NacCl, and 0.003% (w/v) glyco-diosgenin,
GDN) at room temperature for 1 h. The reaction was initiated by injecting 1 mM NADH. To
account for the effect of autoxidation of DMWHo>, a baseline oxygen consumption was
measured by monitoring oxygen consumption without the addition of CI11.CIV2. The rate of
oxygen consumption was calculated using a custom Python Script®88588 where the baseline was

subtracted.

To calculate the half-maximal inhibitory concentrations (ICso) of Q203 and compound 27,
different concentrations of the two compounds (10 uM, 1 uM, 0 .1 uM, 0.01 pM, and blank)

Hi The handling of bovine heart and harvesting mitochondria were done by colleagues in the group of Prof.
John Rubinstein, Hospital for Sick Children, Toronto, Canada.

S8388% Al Python Scripts were written by Dr. Justin M. Di Trani in the group of Prof. John Rubinstein, Hospital
for Sick Children, Toronto, Canada.
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were tested using the above protocol. The assays were repeated four times on different days
and using different batches of purified CII12CIV2. The ICsos were calculated with a custom
Python script and errors were estimated using Monte Carlo simulations.?® Briefly, the overall
standard deviation a,4,, Of the data was estimated by taking the average standard deviation of
all the inhibitor concentrations. The best fit curve was calculated and simulated data sets were
created using the best-fit parameters. Random errors N(0, d44t¢) (Normal random numbers
with standard deviation = a,,.,) Were added to each data point and the simulated data with
errors was fit to extract an ICso. The addition of random errors and fitting was repeated 10,000
times and the standard deviation of the 10,000 best-fit parameters was taken to be the standard

deviation of the 1Cso. The Python matplotlib library was used to generate plots for figures.

To establish the specificity of compounds 27 and Q203, oxygen consumption was measured
with bovine heart SMPs. In 500 pL reaction buffer (0.25 M sucrose, 10 mM 3-(N-morpholino)
propanesulfonic acid) (MOPS) pH 8.0, 2 mM EDTA) 200 puL SMPs were incubated at room
temperature with different concentrations (10 uM, 1 uM) for 1 h. The reaction was initiated by
adding 10 mM NADH. Rotenone, KCN and Antimycin A were used as positive controls for
inhibition.

7.4.1.5. NDH-2 activity assay

To confirm that Q203 and the analogues that were synthesized do not inhibit the NDH-2 used
in oxygen consumption assays, the oxidation of NADH to NAD" was monitored
spectrophotometrically at A= 340 nm for 1.5 h. In a 96-well plate, 500 nM SOD, 3.15 nM NDH-
2, 100 uM DMW, and 10 uM of one of the putative inhibitors (28 in total) were added to each
well. The plate was loaded into a Synergy neo2 multi-mode plate reader and 100 uM NADH
(100 pL) was injected to start the reaction (Total volume = 200 pL).

7.4.1.6. Bos taurus complex I activity assay

In a 96-well plate, SMPs (1/5 of the total volume of the reaction), 10 uM of positive control
(Rotenone, Antimycin A or KCN) or inhibitor (Q203 or 27) were added to each well. 200 uM
NADH was injected to start the reaction (Total volume = 200 pL). The oxidation of NADH

was monitored spectrophotometrically for 8 min at A= 340 nm.
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*hkkhkkk

7.4.1.7. Candida albicans complex Il activity assay

The isolation and purification of Clll, followed the protocol described previously.?! The
reduction of cytochrome ¢ was followed spectrophotometrically at A= 550 nm to measure the
activity of C. albicans complex I11. In a 96-well plate, 50 pL reaction mixture containing ~25
nM purified cytochrome bcy, 150 pM equine cytochrome c in reaction buffer (50 mM KPi pH
7.4,100 mM KCI, 0.1 mM EDTA, 0.01% GDN, 0.5 mM KCN) was added to each well. Q203,
24, and 27 were each dispensed from 376 uM DMSO stock to their final concentrations (10
MM and 1pM). The final DMSO concentration was 2.66%. After 10 min of incubation at room
temperature, 100 pL of 120 uM DBH: (decylubiquinol) in reaction buffer was added column
by column in the well plate to start the reaction. After shaking for 5 min, absorbance was
recorded every 15 seconds for 15 minutes. Inz-5, a cytochrome bcs inhibitor was used as a

positive control for complex I1 inhibition.?%

7.4.2. In vitro mycobacterial growth inhibition assays (IPAs and EMB)
7.4.2.1. M. tuberculosis

7.4.2.1.1. Testing of IPAs T

M. tuberculosis strain H37Rv, harbouring the red fluorescent protein (RFP)-expressing
plasmid pTEC27, was used for measuring growth. The plasmid confers resistance to
hygromycin. M. tuberculosis was grown in 7H9 broth (Difco Middlebrook) supplemented with
10 % (v/v) OADC (5% bovine albumin fraction, 2% dextrose, 0.004% catalase, 0.05% oleic
acid, and 0.8% NaCl) and 0.05 % (v/v) Tween-80 at 37 °C in standing cultures. Hygromycin
B was added to the medium at a final concentration of 50 pg/mL to suppress/inhibit the growth

of non-transformed (non-plasmid containing) Mtb strains.

MICgo determination: MICoos were determined by the broth microdilution method using flat-
bottom 96-well Corning Costar plates. In the first well in each row, two times the desired

highest concentration (50 uM) of each compound was added in growth medium 7H9 medium

s 3k ok ok o sk ok

This assay was performed by Zhong Liu in the Lab of Leah E. Cowen, Department of Molecular Genetics,
The University of Toronto, Toronto, Canada.

Medicine and Microbiology and Immunology, University of British Columbia, Vancouver, Canada.
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supplemented with 10% OADS, and 0.05% Tween 80 and hygromycin (50 pg/ mL). Each well
was then diluted 2-fold in a 10-point serial dilution. Subsequently, 100 pL of the bacterial
inoculum was added to each well to give a final volume of 200 pL. The concentration of the
inoculum of 5 x 10° cells/mL (ODeoo, 0.1 = 0.33 x 108 CFU/mL) was prepared from a starting
inoculum that was diluted from a preculture at the mid-log phase (ODeoo, 0.3 to 0.7). In each
plate, a negative control (1% dimethyl sulfoxide [DMSO]) and a positive control (4 puM
bedaquiline) were included. The plates were sealed with parafilm, placed in a container with
moist tissue, and incubated for 6 days at 37 °C. After incubation, the fluorescence intensity
(signal) of each well was measured (Synergy H4 plate reader (BioTek), excitation 530 nm,

emission 590 nm) and the growth inhibition was calculated with the following equation:

( Signalsample - SignalDMSO)
(SignalDMSO - Signalsample)

MICgo was calculated as the concentration of the compound that caused more than 90% growth

% growth inhibition = (—100) x

reduction. Each test was done in duplicate.

7.4.2.1.2. Testing of EMB analogues *##

M. tuberculosis (Mtb) strain H37Rv (ATCC 25618) carrying a mCherry-expressing plasmid
(pCherry10)?°? was cultured in 7H9 complete medium (BD Difco; Becton Dickinson)
supplemented with oleic acid-albumin-dextrose-catalase (OADC, 10%; BD), 0.2% glycerol,
and 0.05% polysorbate 80 as previously described. At the mid-log phase (OD600 = 0.4)
cultures were harvested and frozen in aliquots at —80 °C.2% Frozen aliquots of mCherry-Mtb
H37Rv were thawed and centrifuged (3700xg, 10 minutes). Supernatants were discarded and
bacteria were thoroughly resuspended in 7H9 medium (10% OADC) in the absence of glycerol
and Tween80 by use of a syringe and a 26-gauge syringe needle. The bacterial suspension was
passed in and out of the syringe about 10 times. Compounds were tested in 2-fold dilutions
starting at 64 UM in triplicates (2x10e6 bacteria, volume 100 pl) for their anti-tubercular
activity using 96-well flat clear bottom black polystyrene microplates (Corning® CelIBIND®,
New York, USA). Each plate was prepared with rifampicin (National Reference Center,
Borstel) as a reference compound. Plates were sealed with an air-permeable membrane (Porvair
Sciences, Wrexham, UK) in a 37°C incubator with mild agitation (TiMix5, Edmund Biihler,
Germany), as previously described?®*. Bacterial growth was measured as relative light units

(RLU) from the fluorescence intensity obtained at an excitation wavelength of 575 nm and

HIEH mtp assays were done in the laboratory of PD Dr. Norbert Reiling, Research Center Borstel.
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emission wavelength of 635 nm (microplate reader, Synergy 2, BioTek Instruments, Vermont,
USA) at the indicated time points. Obtained values were normalized to RLU values of the
solvent control (DMSO)-treated bacteria set to 100%) and MICgs of each compound was
determined. MICgs was defined as the minimum concentration of the compound required to
achieve a reduction in fluorescence by 95%. Obtained MIC values were validated by a visual
Resazurin microtiter assay (REMA)?® by adding 30 pL of 0,02% Resazurin (Cayman) solution
to each well followed by another 20 h of culture without agitation.

7.4.2.2. M. intacellulare, M. smegmatis and M. abscessus

7.4.2.2.1. Bacterial cells and culture media

M. intracellulare ATCC 35761, M.abscessus ATCC19977 or M. smegmatis mc2 155 pTEC27,
expressing RFP tdTomato were used for the activity assays. Stocks of the bacteria grown in
complete 7H9 broth were stored in approximately 15% glycerol at -80°C. Using an inoculation
loop, bacteria were spread on 7H10 plates (containing 400 mg/mL hygromycin) and grown in

an incubator at 37°C.

Bacteria were grown in 7H9 broth supplemented with 10% ADS (0.8% sodium chloride, 5.0%
bovine serum albumin, and 2.0% dextrose), 0.05% Tween 80 and hygromycin (400 mg/mL).
The culture volume was 10 mL in a 50-mL Falcon tube. The tubes were covered to protect the

photosensitive hygromycin and shaken in an incubator at 37°C.

7.4.2.2.2. MIC determination

In 7H9 medium

MICs were determined against M. intracellulare ATCC 35761, M.abscessus ATCC19977 or
M. smegmatis mc? 155 pTEC27, the broth microdilution method. 96-Well flat bottom tissue
culture plates (Sarstedt, 83.3924.500) were used. In the fourth well of each row two times of
the desired highest concentration of the tested compound was added in 7H9 medium. Each
compound was diluted twofold in a ten-point serial dilution. The concentration of the starting
inoculum was 5x10° cells mI~L. The starting inoculum was diluted from a preculture at the mid-
log phase (ODsgoo 0.2 to 0.8, mid-log phase) and an ODeoo of 0.1 was correlated to 1x108 CFU
ml-t. The plates were sealed with parafilm, placed in a container with moist tissue and
incubated at 37 °C. The incubation period for M. intracellulare is five days, the incubation
period for M. smegmatis and M.abscessus is three days. Row three of the 96-Well plate

included eight negative controls (1% dimethyl sulfoxid [DMSO]) and row two eight positive
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controls (100 uM amikacin). After incubation, the plates were monitored by RFP measurement
(hex = 544 nm Aem = 590 nm) (BMG labtech Fluostar Optima). The assay was performed in

duplicate and results were validated by OD measurement.

Every assay plate contained eight wells with 1% DMSO as the negative control, which
corresponds to 100% bacterial growth and eight wells with the respective inhibitor as a positive
control in which 100 % inhibition of bacterial growth was reached. Controls were used to
monitor the assay quality through the determination of the Z' score. The Z' factor was calculated

as follows:

3(SDiphibitor tSDpmso)
Minhibitor-MbDMSO

Z=1

(SD = standard deviation, M = mean)
The percentage of growth inhibition was calculated by the equation:

RFPg;p,1 (sample)-RFPg,n, (DMSO)
RFPsignal (DMSO) _RFPSignal (1nh1b1t0r)

% growth inhibition=-100 % x

Medium with Oleic acid

For the glucose-free Medium (7H9, 0.05% T80, 0.01% oleic acid) oleic acid solution (1.8%
oleic acid: 120 mL double distilled water, 2.4 mL 6M NaOH, 2,2 mL Oleic acid) was used.
Bacteria were grown to mid-log phase (OD 0.2 to 0.8) and adapted to the new media for 24 h
before the bacteria were used.'®® The liquid culture assay in 96-well plates in glucose-free

media was performed after the method described above.

7.4.2.2.3. MBC determination

After 3 days of incubation (M. smegmatis), wells were selected for MBC determination.
Subsequently, the MBC was determined by CFU counting: For this, Petri dishes with three
sections were used, each petri dish was filled with 25 mL 7H10 agar supplemented with 0.5%
glycerol, 10% ADS and 400 pg/mL hygromycin. From the selected drug concentrations of the
microplate dilution assay, 10 pL of the respective dilution was plated in one section of the
plate. The colonies were counted after 3 days of incubation at 37°C for M. smegmatis or 10-14
days for M. intracellulare. Based on the result, the concentration of CFUs per mL was
calculated. The number of CFUs was also determined in the inoculum at day O before the

incubation time.
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Experimental procedures

The MBCg, MBCg, and MBCgog Were defined as the lowest concentrations of drug that
reduced the number of CFUs per millilitre by 10-fold, 100-fold, and 1,000-fold, respectively,
relative to the day O value.
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