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Abstract

Tuberculosis affects millions of people worldwide every year. The current treatment for TB is
divided into a regimen of both first- and second-line drugs, where first-line treatments are more
tolerated and require shorter treatment lengths. With rising levels of resistance, alternative

treatment regimes are urgently needed to fight this disease.

Ethionamide, a second-line drug is administered as a prodrug which is activated in vivo by the
enzyme EthA, which is in turn regulated by EthR. The disruption of the action of EthR could lead
to novel therapeutics which could enhance the efficacy of ethionamide, and raise it to a first-line

treatment.

The work reported in this thesis examines the elaboration of three chemical scaffolds using
fragment-based approaches to develop novel inhibitors capable of disrupting the EthR-DNA
interaction. The first scaffold, 5-(furan-2-yl)isoxazole was investigated by fragment-merging
approaches and produced compounds with the best of these having a Kp of 7.4 pM. The second
scaffold, an aryl sulfone was elaborated using fragment-merging strategies. This led to several
modifications of the fragment, leading to several variants with Kps around 20 uM. With both of
these series the affinity could not be improved below 10 pM and due to the synthetic complexity

a further scaffold was prioritised.

The third scaffold was explored was a 4-(4-(trifluoromethyl)phenyl)piperazine using fragment-
growing from the NH of the piperazine to probe deeper into the EthR binding pocket. In
addition to this, SAR around the 4-(trifluoromethyl)phenyl group was assessed to explore the
interactions with EthR. These modifications led to compounds with nanomolar ICses. A range of
compounds were then screened by REMAssay to determine the boosting effect on ethionamide,

and this identified compounds with up to 30 times boosting in the ethionamide MIC.

The final chapter examines a concept where compounds were designed to exploit the dimeric
nature of EthR by linking two chemical warheads with a flexible linker. These compounds are
examined using mass spectrometry to investigate the stoichiometry of the interaction to
provide insight into the binding of these extended compounds and exploring an alternative

strategy to inhibit EthR.

The work in this thesis demonstrated the successful use of fragment-based approaches for

development of novel EthR inhibitors which showed significant ethionamide boosting effects.
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Abbreviations

°C = degree(s) centigrade

A = angstrom(s)

acetone-ds = deuterated acetone
ATR = attenuated total reflectance
Asn = asparagine

BCG = Bacille Calmette-Guerin
BMS = borane dimethylsulfide

bp = base pair

br. = broad

CDClI; = deuterochloroform

cm! = per centimeter (equivalent to wavenumber)

COMU = (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium

hexafluorophosphate
d = doublet
DCM = dichlormethane
DIPEA = diisopropylethylamine
DMAP = 4-dimethylaminopyridine
DMF =N,N’-dimethylformamide
DMSO = dimethylsulfoxide
DMSO-ds = hexadeuterated dimethylsulfoxide
dRFU = 1st derivative of response fluorescence units
DSF = differential scanning fluorimetry

EDC = N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
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ETH = ethionamide

FBDD/FBLD = fragment-based drug (lead) design
g = gram(s)

HRMS = high-resolution mass-spectrometry

Hz = hertz

ICs0 = 50% inhibitory concentration

INH = isoniazid

IR = infrared

ITC = isothermal titration calorimetry

J = coupling constant (NMR)

Kp = dissociation constant

LCMS =liquid-chromatography mass-spectrometry
LE = ligand efficiency

LHMDS = lithium hexamethyldisilylamide / lithium bis(trimethylsilyl)amide
In = natural logarithm

m = multiplet (NMR)

m = medium (IR)

M = molar

MeCN = acetonitrile

MeCN-d3 = deuterated acetonitrile

MeOD = deuteromethanol

MES-Na = sodium 2-(morpholino)ethanesulfonate
Met = methionine

mg = milligram(s)
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r.f. = retention factor

r.t. = retention time
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RFU = response fluorescence units
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SPR = surface plasmon resonance

T = temperature (Kelvin)
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X-Phos = 2-Dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl
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1.0 Introduction

1.1 Tuberculosis

Despite worldwide efforts, tuberculosis (TB) remains a major public health concern and “a
leading cause of death worldwide”.?-3 Known since ancient times, 246 tuberculosis is caused by
the bacterium Mycobacterium tuberculosis (M.tb.).5710 Currently, the preferred preventative
method for TB is performed using the Bacillus Calmette-Guerin vaccine (BCG). This was
identified in the early 20t century by the French scientists Albert Calmette and Camille Guerin
and first administered in 1921.26 This live, attenuated strain of Mycobacterium bovis 5711

provides some resistance to M.tb., although the effect can be variable.%57

Tuberculosis is acquired primarily by inhalation of bacilli, aspirated from an infected patient,
which lodge in the upper respiratory tract01213 and here, they invade the macrophages.2413
While the lungs remain the most prominent locale, M.th. can infect almost any organ or joint in
the body, including the spine, brain, and heart,”?21¢ and can activate or reactivate months or

years after the initial infection.#5913

It is believed that around one-third of the world’s population carry the bacterium,20.121516 with
over 90% of infected individuals asymptomatic carriers of latent infection.”2!-23 The remaining
10% who develop active TB show a wide range of symptoms, ranging from fever, headache,
malaise or cough to blindness, paraplegia, coma or death.12.121415 The World Health Organisation
(WHO) estimates that 1.8 million people died as a result of tuberculosis in 2015, although the

number of annual fatalities is gradually decreasing.!

Treatment for tuberculosis generally uses a combination of several drugs, which include the
first-line drugs isoniazid 1, rifampicin 2, pyrazinamide 3, ethambutol 4 and streptomycin 5
(Figure 1), in two phases of treatment.”-%417 These treatment regimens typically run for six to
twelve months, and are well tolerated.Z24 Unfortunately, due to low patient compliance and poor
completion of the treatment courses, drug-resistant strains have developed, and these continue
to be a major impediment to treatments.318-20 Where resistance is found against both rifampicin
and isoniazid, the infection is classified as multiple-drug-resistant TB (MDR-TB)..6 Management
of this form of infection requires further treatment with second-line drugs, which include
ethionamide 6, cycloserine 7, fluoroquinolones (e.g. levofloxacin 8), aminoglycosides (other
than streptomycin) and polypeptides (e.g. capreomycin 9). These drugs are more expensive and

less well tolerated than first-line drugs,?72122 and the treatment regimen runs from 20 months to



as long as four years,%920.23 which further contributes to low compliance and incomplete courses
of treatment. Where resistance to a second-line drug is found in addition to isoniazid and

rifampicin, the bacterium is considered to be extensively drug-resistant (XDR-TB),! and can be
extremely difficult to treat.?

First-line drugs:
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Figure 1: Structures of first and second line TB drugs; [soniazid 1, rifampicin 2, pyrazinamide 3,

ethambutol 4, streptomycin 5, ethionamide 6, cycloserine 7, levofloxacin 8, capreomycin 9.

The emergence of resistant strains of M.th. makes it essential to identify new targets for drug

discovery to enhance or replace the current treatment regimens.8913.24



1.2 EthR

1.2.1 Cell Wall and Mycolic Acid Biosynthesis

The mycobacterial cell wall in M.th. is composed of five layers (Figure 2). The first is a lipid
bilayer to contain the cytosol, which is covered on the extracellular side by a layer of
peptidoglycan.?425 This is a common feature of many cell types made of a series of alternating
sugars, crosslinked by a short peptide sequence.’02425 Although normally consisting of
N-acetylglucosamine and N-acetylmuramic acid, in mycobacteria (except M. leprae) the
N-acetylmuramic acid is replaced by N-glycolylmuramic acid.’02426 These sugars are further
crosslinked by a pentapeptide unit.026 Building from the N-glycolylmuramic acid, the
pentapeptide sequence consists of L-alanine, D-glutamic acid, meso-diaminopimelic acid (meso-
DAP), D-alanine, D-alanine. The crosslinking occurs from the meso-DAP to an adjacent meso-

DAP or D-alanine of an adjacent pentapeptide.10.26

0:0“..“0.0“0

B C D E
Figure 2: Structure of the mycobacterial cell wall in M.tb. A: lipid bilayer. The lipid bilayer
contains the cytosol by forming a hydrophobic barrier; B: peptidoglycan. A network of
crosslinked peptides capped with a layer of N-acetylglucosamine and N-acetylmuriamic acid;
C: arabinogalactan. A series of arabinose and galactose sugars which provide an anchor for the
mycolic acids; D: mycolic acids. Waxy esters which influence cell permeability and oxidative
stress in mycobacteria; E: mycosides. Outer layer of the mycobacterial cell wall, consisting of

peptidoglycolipids and phenolic glycolipid dimycocerates.



Outside this peptidoglycan layer is another sugar layer, formed of arabinogalactan.1025
Mycobacteria produce an additional, waxy layer composed primarily of mycolic acids beyond
this (Figure 2).2527-31 These mycolic acids consist of a B-hydroxy fatty acids of 54-63 carbons
attached to another chain of 22-24 carbons in length.22272830 The longer of these two chains
typically has one of three substitution patterns, termed a-, keto- and methoxymycolates.27.2630,31
The keto- and methoxy- forms are both produced as cis and trans isomers, generating five basic
mycolic acids (Figure 3), which are linked to the arabinogalactan layer.2” Approximately 70% of
the mycolic acids present are of the a-type, with a further 10-15% each of the keto- and
methoxy- forms.?” It is believed that these fatty acids are responsible for preventing damage to

the bacterium, in addition to regulating permeability.253!

10

11

12

13

14

Figure 3: Structure of mycolic acids (from top) a-mycolic acid 10, keto-(cis)-mycolic acid 11,

keto-(trans)-mycolic acid 12, methoxy-(cis)-mycolic acid 13, methoxy-(trans)-mycolic acid 14-.

Beyond this layer resides the final layer of the cell wall, the mycosides (Figure 2).25 These

consist of a series of peptidoglycolipids and phenolic glycolipid dimycocerates.25

The mycolic acids are produced in two parts by two biosynthetic pathways; Fatty Acid Synthase
[ (FAS-I) and Fatty Acid Synthase II (FAS-II). The shorter chain (known as the a-branch) is
produced by the FAS-I pathway. In contrast to the FAS-II pathway, FAS-I utilises CoA rather than

the acyl carrier protein from mycobacterium (AcpM).3!
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Figure 4: FAS-II cycle in M.th. FAS-II catalyses the extension of shorter fatty acids from FAS-I
into the longer meromycolates necessary for mycolic acid production. EthR regulates the
expression of EthA, which is responsible for activating ethionamide - an inhibitor of InhA,

preventing the successful production of mycolic acids by FAS-IL

The longer chain (meromycolate) is produced by the FAS-II pathway (Figure 4). Part of the
meromycolate is produced by the FAS-I cycle and incorporated as the alkyl terminus of the
growing meromycolate, as the FAS-II system (unlike FAS-I) is unable to perform de-novo fatty
acid synthesis.3! The CoA ester produced is converted to Cis-AcpM by a 3-keto AcpM synthase
(mtFabH) using malonyl-AcpM as the additional unit to enter the FAS-II cycle. This alkyl-AcpM
compound is then elongated by two carbons via the [3-ketoacyl AcpM synthase KasA/KasB
complex. The ketoacyl intermediate is subsequently reduced by MabA (a [3-keto AcpM
reductase) with NADPH and dehydrated by B-hydroxyacyl AcpM dehydratase to the enoyl-AcpM
compound. This compound is then reduced by InhA (enoyl AcpM reductase), consuming NADH
to complete one round of the elongation cycle.272831 After modification, the two chains (the
meromycolate from FAS-II and the a-branch from FAS-I) are condensed by Pks13 (poly-ketide

synthase) to form the finished mycolic acid.28



1.2.2 ETH and EthA Activity

Ethionamide, like the structurally similar Isoniazid is administered as a prodrug, requiring
modification into its active form.2532-3¢ Despite their similarities, these drugs are activated by
different enzymes in M.tb. Isoniazid is activated by KatG, a catalase/peroxidase, while
ethionamide (ETH) is activated by EthA, a Bayer-Villager monooxidase.2%3235-37 These different
mechanisms of activation for both drugs function by inhibiting the same enzyme - InhA, a

member of the FAS-II pathway.2529.35

Ethionamide activation involves a series of intermediates. The initial activating step is
recognised to be the oxidation of the thioamide functionality (ETH-SO) 15,22 while the active
product is thought to be the ETH-NAD adduct 16 (Figure 5).222333 The exact sequence of
intermediates is not known, but it is thought that ETH is oxidised to the amidopyridine 20 or the

methanol form,?° possibly via a radical intermediate.322

HO P
0 O*/P\
— - o HO /o
0 H,N N o=r"on
Sa NH, S NH: o) = o)
—_—
e o N
| A | X - X Ho'b //\\N
= P —Z : N —
N N N HO \:N NH,
6 15 16

Figure 5: Structures of (L-R) ETH 6, ETH-SO 15 and ETH-NAD 16. ETH is initially oxidised to
the S-oxide form, which is then converted to the ETH-NAD adduct, which inhibits InhA in the
FAS-II pathway, preventing the synthesis of the mycolic acids, which are essential components
of the mycobacterial cell wall. No intermediates between the S-oxide and the ETH-NAD adduct

have been isolated.

1.2.3  EthR

EthA expression is regulated by the transcriptional repressor EthR which is a 216 amino acid
protein of the TetR family.32-3437-39 Composed entirely of helices, EthR has two domains, a helix-
turn-helix DNA-binding domain, and a ligand-binding domain (Figure 7). In solution, this
dimerizes, and is reported to form an octamer 353738 upon binding to its 55 bp operator, situated
in the intergenic region between the ethR and ethA genes (Figure 6).3537.38 A recent paper by

Chan et al. (2017) however, indicates that EthR binds to its operator as a hexamer instead.#’



75 bp

-Jl

|
| | 55 bp operon I
ethA ethR

Figure 6: Construction of the ethA-R intergenic region. The ethA and ethR genes are expressed
in opposing directions with 75 base pair intergenic region containing the 55 base pair EthR

operon between.

EthR has been considered a validated target for some time.22 Bacteria overexpressing EthR were
shown to be hypersensitive for ETH by both DeBarber et al?® and Baulard et al.#! while
examining the activation process for ETH.22293741 Meanwhile, EthA knockdown models have
proven to be ETH resistant.36 Despite this, no direct evidence for a natural role for EthA has
been forthcoming,343637 although the present theory is that it plays a role in oxidation of
meromycolates or the catabolism of mycolic acids to maintain appropriate levels in the cell

wall.36

Figure 7: Structure of the EthR dimer (PDB: 1T56). Helices are numbered from the N-C
terminal. Helices a1-3 form the helix-turn-helix DNA-binding domain, while helices a4-9 form

the drug-binding domain, with helices a8-9 forming the dimerization interface.3>



The binding domain of EthR (Figure 7) is located between helices 4-9 in an ‘L’ shape, with the
main pocket paralleling helices 4, 5, 7 and 8, while an additional binding region can be observed
running parallel to helix a6 under the side chain of Trp138.3233374243 Amino acids lining this
pocket are largely hydrophobic, aromatic residues resulting in a long greasy surface available
for ligands.3>37 This is reinforced by the presence of the “natural ligand”, hexadecyloctanoate 17,

as reported by Frenois et al.3243 and Willand et al.#* (Figure 8).

Figure 8: EthR bound to hexadecyloctanoate 17 (purple), with key binding site residues

(orange) (only the monomer is shown, PDB: 1U9N).%3

The binding site of EthR is accessible only by a small opening, situated at the opposing end of
the protein to the DNA-binding domain that leads to a pocket of approximately 20 A in
length.3537 Within the binding site, several amino acids of interest have been identified. The
Trp138 provides a border between the regions of the binding site, forming the ‘L’ shape, while
Asn176 and Asn179 provide a polar region within the centre of the pocket.16223339 In addition,

two Phe residues have been shown adopt differing orientations (Phe184 and Phe114).16.22:39

The distance between the binding domains of the dimer is altered upon binding of the
ligand.3243 Frenois, Baulard and Villeret have shown that upon binding of the natural ligand, the

two binding domains increase in separation from 37 A to 48-52 A when compared with



analogous TetR family transcriptional repressors (Figure 9A and Figure 9B), resulting in the

loss of DNA binding capability (Figure 9C and Figure 9D).3243

Figure 9: (A) - DNA-bound structures of TetR family member QacR (PDB: 1JT0) 38.7 A
(Gly37Ca-Gly37’Ca); (B) - DNA-bound structure of TetR (PDB: 1QPI) 31.1 A (Pro39Ca-
Pro39’Ca); (C) - DNA binding domain distance for EthR binding dioxane (PDB: 1T56) 49.5 A
(Thr60Ca-Thr60’Ca); (D) - DNA binding domain distance for EthR binding hexadecyloctanoate
(PDB: 1U9N) 52.5 A (Thr60Ca-Thr60’Ca); Figures A and B adapted from Schumacher et al.
(2002),# figures C and D adapted from Willand et al. (2009).#

1.3 FBDD

1.3.1 What is FBDD?
Fragment-based Drug Discovery (FBDD), also known as Fragment-based Lead Discovery (FBLD)

is an approach that has gained favour among drug design scientists in both academia and

industry.# Pioneered by companies such as Astex Pharmaceuticals and Abbott Pharmaceuticals



in the mid-1990s,#7-53 this relies on a cascade of biophysical assays to quantify binding of small

molecules (or fragments) to known targets.354

This method employs screening of libraries of small molecules, typically less than 250 Da
molecular weight, and ranging in size from around a few hundred to around 10,000
molecules,#751.5557 to identify molecules which can efficiently bind to target proteins. Many
companies are now incorporating fragment-based approaches into their drug discovery

programs.®%-58

To date, there have been three fragment-derived drugs approved for use by the FDA, and there
are a number currently in Phase I, I1, and III clinical trials.>%535459 The first drug approved which
was derived from a fragment-based approach was Vemurafenib, developed by Plexxicon and
Roche to treat advanced skin cancers.#660 The initial fragment hit 7-azaindole 18, showed an ICs
>200 uM against the PIM1 (used as a surrogate for B-Raf),é? and this fragment was developed
into the final drug 23, which exhibited an ICsp of 0.031 pM against the target B-RafV600E
(Figure 10).5260-6¢ The FDA approved Vemurafenib in August 2011,60 taking just six years from

the start of development.5?
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Figure 10: (A) - Development of Vemurafenib 23. The fragment 7-azaindole 18 was identified
and elaborated by fragment growing strategies; (B) - X-ray crystal structure of elaborated
fragment 19 bound to PIM1 (PDB: 3C4E); (C) - Overlaid X-ray crystal structures of compounds
21 (pink; PDB: 3C4C) and 22 (blue; PDB: 4FK3) bound to BRAFV600E 62

In April 2016, the second drug derived from a fragment-based approach was approved by the
FDA, Venetoclax 28 (Scheme 1) and is used for the treatment of chronic lymphocytic leukemia
46515365 and was developed by AbbVie and Genentech as a result of over 20 years of research on
this target.’? With a molecular weight of 865 Da, this would suggest that this would be
inappropriate for an orally administered drug according to Lipinski’s rules.66 Despite this,
Venetoclax has been formulated as an oral drug,’” and shows excellent activity and selectivity

against its target Bcl-2.51.54
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to form compound 26, then elaborated to produce compound 27 (Navitoclax) and finally

Venetoclax (28) with a K; of <0.01 nM.52.54

The latest fragment-derived drug to receive approval is ribociclib from Astex Pharmaceuticals
in conjunction with Novartis. As a treatment for breast cancer, ribociclib is a Cyclin-Dependent

Kinase 4 and 6 inhibitor, and is used with an aromatase inhibitor.68

1.3.2 FBDD in comparison to HTS

Traditionally, pharmaceutical companies have used high-throughput screening (HTS) as the
basis of their drug discovery programmes. This consists of screening libraries that typically

contain upwards of 105 compounds.>3

Estimates of the size of “drug-like” chemical space predict that there may be as many as 1063
individual molecules with 30 or fewer heavy atoms.57.5869-71 In 2013, Polishchuk, Madzhidov and
Varnek predicted that compounds of <500 Da (approximately 36 heavy atoms - C, N, O, S,
Halogens) and following the Lipinski rule of 5 could comprise as much as 1033 compounds.5672
When restricted to 17 heavy atoms (C, H or N), this space is reduced to around 101!
molecules.5272 While estimates of chemical space vary greatly, it is clear that molecules with a
lower molecular weight encompass a smaller amount chemical space, thus allowing the same

number of molecules to cover a much larger portion of that space.57.586973 This allows fragment
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libraries to be smaller in size while still covering the same or a larger portion of chemical space

than HTS libraries.”#

In addition, fragment-based approaches allow for selection of molecules that can have better
physical properties than larger HTS-type molecules. Fragments tend to be more polar than
molecules found in a HTS library, often giving a starting point with better pharmacological
properties.5.5875 The smaller size of fragment libraries (typically 1000-5000 compounds) mean
fewer compounds are screened and subsequently less material such as protein is required. The
nature of fragments also means that binding affinities are weaker than HTS hits (in the order of
0.1 to 10 mM), however these interactions tend to be of higher quality than those gained from
HTS.555659697375 Lead-like molecules derived from high-throughput screening may not be
flexible enough to achieve optimal binding orientations within the protein of interest, while
fragments, by nature of their small size and limited functionality, can better arrange themselves

for higher quality interactions (Figure 11).6

\,,QM%Q:A AA

Fragment hit HTS hit

JA

Figure 11: Fragment hits v HTS hits. While each fragment hit constitutes a small binding
energy, the interactions are generally better quality than those from HTS, which have higher
affinity, but may not possess optimal functionality or flexibility. Figure taken from Scott et al.

(2012).4

1.3.3  Fragment Elaboration Strategies
Once a fragment hit has been obtained, there are a number of methods that can be used to

elaborate the compounds to high affinity inhibitors. These strategies have been classed as

fragment merging, fragment linking and fragment growing. 4951737576

1.3.3.1 Fragment Merging
Fragment merging is perhaps conceptually the simplest of methods, although in practice, this

may not necessarily be true (Figure 12). In the event that library screening identifies molecules

which are found to overlap as determined using X-ray crystallography, the fragments can be
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merged into a single molecule in order to exploit the binding characteristics of both

o HS e

fragments.#9.5169

Figure 12: Fragment merging. When multiple fragments bind in overlapping fashion, fragment
merging takes the best structural components of each fragment and combines them into a single

molecule.

Hudson et al’’ examined a fragment-based approach to targeting cytochrome P450 121
(CYP121) from M.tb. A fragment library of 668 fragments was screened against CYP121 using a
fluorescence-based thermal shift assay which was used as a primary screen followed by ligand-
based nuclear magnetic resonance (NMR) and isothermal titration calorimetry (ITC). Sixty-six
fragment hits were identified and four X-ray crystal structures were obtained. These four
fragments could be divided into two classes; the haem binders (29 and 30), and the non-haem
binding fragments (32 and 33) and the Kps of these fragments were found to range from
400 uM - 3 mM.”” When the X-ray crystal structures of these fragments were overlaid together,

a number of fragment merging strategies were possible.

The first strategy involved the overlay of fragments 29 and 30, where there is clear overlap
between the aniline ring of 29 and the aromatic ring of 30. The synthesis of the merged
compound 31 gave an increase in affinity to 28 pM while maintaining ligand efficiency
(LE = -AGbinding/#non-hydrogen atoms = -RTINKp/#non-hydrogen atoms)’8 (Figure 13). When the NH; of the
aromatic amine was removed, the affinity significantly decreased as this is the key metal

binding group for the haem iron.””
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Figure 13: Fragment merging strategy for CYP121. Fragments 29 and 30 were merged which
led to the development of compound 31; A - Overlaid X-ray crystal structures of 29 (blue) and
30 (green) (PDB: 4G44, 4G45); B - X-ray crystal structure of merged compound 31 (PDB:
4G1X).77

A second fragment merging strategy involved the merging of fragments 32 and 33 (Figure 14),

however the merged structures (34, 35) were not observed to bind to CYP121.77
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35

Figure 14: Fragment merging strategy for CYP121. Fragments 32 and 33 were merged to give
compounds 34 and 35, however neither of these were observed to bind. X-ray crystal structures

of 32 (blue, PDB: 4G46) and 33 (green, PDB: 4G47). 33 binds in two orientations.””

Interestingly, in the X-ray crystal structure of fragment 33, this was observed to bind in two
orientations, and merging of these led to the development of a series of compounds (36-40)
with Kps from 500 pM - 4 mM (Figure 15).77 However, no significant improvement in affinity
was observed. When the 1,2,3-triazole ring was changed to a pyrazole ring only a small increase
in affinity was observed. Introduction of an amino group onto the pyrazole resulted in
compound 41, where an increase in affinity to 40 puM was observed. Substituting the amine
group with a phenol ring 42 again increased potency to a Kp of 15 uM.”” Further work by
Kavanagh et al.”? in optimisation of this fragment merged series resulted in compound 43 which
had an affinity of 15 nM. The key to the increase in affinity of this compound was to build

towards the haem iron using an aniline, which was discovered in the original fragment series.
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Figure 15: Structures of compounds 36-43 bound to CYP121; (A) - X-ray crystal structure of 36
(PDB: 4G2G);77 (B) - X-ray crystal structure of 40 (PDB: 4G48);77 (C) - X-ray crystal structure of
compound 41 (PDB: 4KTF);7¢ (D) - X-ray crystal structure of compound 42 (PDB: 4KTL);”¢
(E) - X-ray crystal structure of compound 43 (PDB: 5IBE).7?
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1.3.3.2 Fragment Linking
Fragment linking may be thought of as ‘chaining’ two fragments together. These may be

fragments that bind in different sites or even different parts of the same pocket, or they may be
different compounds that result in different but not overlapping positions on the target
(Figure 16).#9516973 An interesting effect may be observed when fragment linking approaches
are used, and that is super-additivity.828! This relates to the amount of energy necessary to
overcome the entropic loss on binding the ligand to the protein - the rigid body entropy. In a
linked compound, there is only one rigid body entropy term to overcome, as opposed to two
terms in the non-linked fragments, therefore raising the potential for a linked fragment to have

a greater binding affinity than the sum of the two fragment affinities would suggest.#9.61.82 The

major difficulty that can arise in this strategy is trying to identify the optimum linker.52.5461

[1® (@

Figure 16: Fragment linking. Where two fragments bind in close but non-overlapping positions,
these separate fragments can be connected to create one compound, which retains the binding
of both fragments. This linked compound may show binding greater than the sum of the two
fragments, since there will only be one rigid body entropic penalty to be overcome when

binding to the target.

Pelz et al.#3 examined linking strategies for Mcl-1 inhibitors. Using a known ligand 44 to bind in
the P2 site, seven fragments were identified which bound within the nearby P4 subpocket
(Scheme 2). Of the seven fragment hits identified, compound 51 was reported as being the most

potent, with a Kp of 1.5 mM.83
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Scheme 2: Structures of compound 44, and fragments 45-51. Taken from Pelz et al.83

Compound 52 was synthesised whereby the acid functionality of 44 was replaced with an
acylsulfonamide to retain important interactions with R263, however a drop in affinity was

observed in comparison to the original compound 44 (Figure 17).

The authors then proceeded to link the fragments to compound 52, resulting in compounds 53
and 54, with Kis of 278 and 308 nM respectively. From here, the authors continued to optimise

the compounds until they produced compound 55, with a K; of 1 nM.83
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Figure 17: A - structure of compound 52; B - X-ray crystal structure of 52 bound to Mcl-1

showing important interactions. Figure taken from Pelz et al. (2016).83; C - Structures of

compounds 53-55 which were shown to bind to Mcl-1.83
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1.3.3.3 Fragment Growing
Fragment growing allows the greatest degree of freedom in design of new molecules. This

requires the synthesis of larger molecules to probe the space near the fragment (Figure 18).5.69

TC

Figure 18: Fragment growing. When one fragment is bound in the binding pocket, potential

nearby interactions may be probed by building new functionality onto the existing fragment.

An example of the use of fragment growing was reported by Wyatt et al.84 in their development
of the cyclin-dependant kinase (CDK) inhibitor AT7519 (Scheme 3). The initial fragment hit
indazole 56, was grown from the 3-position, and guided by X-ray crystallography (Figure 19),
additional H-bonding interactions were obtained which led to the development of compound
57. This subsequently had the sulfonamide group removed (58) to simplify synthesis, and this
did not lead to a loss in ligand efficiency from 57. The introduction of two fluorine atoms at the
2 and 6 positions of the phenyl group and addition of an amide as a hydrogen-bond acceptor led
to compound 59, with an improved ligand efficiency and a 100-fold improvement in activity

over compound 52.84
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Scheme 3: Development of CDK inhibitor 63 (AT7519).%4 Indazole 56 was developed by
fragment growing strategies into compound 63, which has an improvement in ICso of almost

4000 times over compound 56, while still maintaining a ligand efficiency >0.4.54

23



Figure 19: A - Overlay of X-ray crystal
structures of 56 (green, PDB: 2VTA), 57
(pink, PDB: 2VTI) and 58 (orange, PDB:
2VTL) with CDK; B - Overlaid X-ray crystal
structures of 59 (pink, PDB: 2VTN), 60
(grey, PDB: 2VTO) and 61 (orange, PDB:
2VTP); C - X-ray crystal structure of 59

C \ (PDB: 2VTN) with measurements. Nitrogen
= shown in dark blue, fluorine in light blue,

oxygen in red and sulfur in yellow.54

Modification of the amide with a phenyl ring, 60, resulted in an improvement in activity
(ICso 0.14 pM), at the expense of torsional strain of the phenyl ring. The introduction of a
2,6-disubstitution (61) increased both activity and ligand efficiency. Replacing the opposing
4-fluorophenyl group with piperidine for improved hydrophilicity led to 62, after which the two
fluorines in the 2 and 6 positions were swapped with chlorines (63) to better fill the binding
pocket (Figure 20), with the end result being a compound of higher activity (ICso = 0.047 pM)

and ligand efficiency (0.42) when compared to compound 62.54
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Figure 20: X-ray crystal structure overlay of 62 (yellow, PDB: 2VTQ) and 63 (orange, PDB:
2VU3) bound to CDK. Nitrogen shown in dark blue, oxygen in red, chlorine in green and fluorine

in light blue.84

1.3.4  Biophysical Screening Techniques

Fragment-based drug discovery approaches rely on a suite of biophysical data to provide
information on the binding nature of fragments to the protein target.5¢51 These are usually used
as a cascade of screening techniques (Figure 21) designed to enrich the fragment hits through
successive rounds of biophysical screening.’3 Each technique provides different information
about the binding interaction under investigation,>3 so multiple techniques should be used in

parallel to confirm the binding to the protein and lead to an enrichment of the fragment

hits.5359.74
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Figure 21: Fragment screening cascade. The primary screen identifies fragment hits from the
fragment library, which are validated in the secondary screen. Validated fragments are then
iteratively examined through a cycle of design, synthesis and biophysical analysis to improve

the compound properties towards a lead candidate.

1.3.4.1 Surface Plasmon Resonance
Surface plasmon resonance (SPR) is a functional assay, where the binding of the protein of

interest to its target is assessed in the presence of the ligand. SPR uses the change in refractive
index to determine changes to the material under investigation,5..535485 without the requirement
for labelled materials or additional fluorescent substrates,° with the exception of the

immobilised component.50.51.59

SPR relies on the total internal reflection of the IR light beam by the gold-coated surface of a
chip.8> When the free component binds to its immobilised partner, the sample changes
refractive index, causing a change in the total internal reflection angle, which can be recorded as
a change in intensity of the reflected signal.5 SPR can be used to measure several parameters
about the binding interaction, including ICso, binding stoichiometry, specificity, and kinetic

parameters (e.g. Kp, association and dissociation rate constants).5385
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1.3.4.2 Differential Scanning Fluorimetry
Differential Scanning Fluorimetry (DSF or Thermal Shift) is a technique used as a first-line

screening technique due to its high-throughput nature.5252 The technique involves heating the
samples of protein with or without ligand at a fixed rate in the presence of a fluorescent dye
such as SYPRO® Orange, which fluoresces upon binding to hydrophobic surfaces5-3 as the
protein unfolds. As this happens, more of the internal hydrophobic surface is exposed, and the
change in fluorescence in recorded (Figure 22A). The first derivative of the fluorescence curve
(Figure 22B) is obtained, from which the change in melting temperature (ATm) between the

control and ligands/fragments can be calculated.5!
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Figure 22: DSF plots for thermal denaturation of a protein in the presence of varying
concentrations of ligand. (A) - RFU (response fluorescence units)/temperature; (B) - dRFU (1st
derivative response fluorescence units)/temperature, where minima represent Tw. a) DMSO
control Ty, b-d) sample Twus at increasing concentrations of compound added (b = 0.01 mM; c =

0.1 mM; d = 1 mM).
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1.3.4.3 Ligand-observed NMR
Ligand-observed NMR utilises the phenomenon of magnetisation transfer to investigate the

binding of the ligand to the macromolecule.5359 Three different experiments are commonly used,
saturation transfer difference (STD), water-ligand observed by gradient spectroscopy
(WaterLOGSY) and Carr-Purcell-Meiboom-Gill (CPMG) spin-lock relaxation edited experiments
(Figure 23).69.7586

STD is performed by irradiating the methyl groups on the protein, and observing the transfer of
magnetisation to the ligand signals.”>86 The technique is performed in two parts; an ON- and
OFF-resonance, which are combined to generate a difference spectrum.6%758687 Ligand peaks are
only observed when nOe is transferred from the irradiated protein to bound ligands, therefore
the presence of ligand peaks in the difference spectrum is indicative of ligand binding.69.8687
Since the intensity of the observed signal is dependent upon the rotational properties of the
protein-ligand complex, larger (and therefore slower rotating complexes) will be able to
transfer more magnetisation, generating stronger signals and greater sensitivity in the

spectrum.’8

WaterLOGSY observes the change in nOe of the ligand after irradiation of the bulk water.6%758687
The ligands receive the transferred magnetisation from water while bound to the protein,
causing a build-up of nOe of opposite sign to that of free ligand. Tris (which does not generally
bind to proteins) can be used as an internal reference when present in the buffer to phase the
spectrum to a negative signal, meaning signals from ligands in the bound state present as

positive (or less negative) signals, while free ligands appear as negative signals.8688

CPMG relies on the difference in transverse relaxation time between the slow-moving proteins
(giving rise to broad signals and fast relaxation) and fast moving ligands (resulting in sharp
signals and slow relaxation). The experiment eliminates the protein and protein-ligand complex
signals by delaying the acquisition for a few hundred milliseconds, allowing the slow tumbling
molecules to relax before acquisition begins. Comparison of the signals to an equivalent sample

without protein can be used to identify ligands binding to the target.69.86
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Figure 23: Ligand-observed NMR. (A) - STD difference spectra. Ligands will produce a signal
only in the presence of the protein if binding. Non-binding ligands will not be observed;
(B) - WaterLOGSY spectra. In the presence of the protein, the ligand has a signal which is less
negative than the spectrum without protein, indicating binding; (C) - CPMG spectra. The change
in intensity of the ligand signal is indicative of binding. Figure adapted from Sledz, Abell and
Ciulli (2012).86

1.3.4.4 X-Ray Crystallography
X-ray crystallography is considered the gold standard for the identification of fragments that

bind to the protein of interest.525359 Protein crystals are grown and can be soaked with solutions
of the desired ligand, and the resulting protein-ligand complex structure determined by X-ray
analysis.>#597589 In some cases, where soaking does not produce suitable results,
co-crystallisation can be used, whereby both protein and ligand are crystallised together before
X-ray analysis.”>89 Key considerations in the use of X-ray crystallography for drug design include
the ability to produce diffraction quality crystals, which are sufficiently stable for soaking and

X-ray data generation, and generate sufficient diffraction.”#
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1.3.4.5 Computational Docking
Computational docking, although useful in some respects, can be difficult when working with

fragments due to the small energies involved in binding, small size of the molecules and the
design of programs which favour larger molecules.5%7375 It has been reported that
computational docking accurately predicts binding mode between 40 and 70% of the time.73.90
Docking is performed by loading a protein model and ligand structure(s), and the program
generates one or more binding poses for the ligand and searches for an energy minima with the
protein, with constraints on the available binding site.? Docking is useful for gaining insight into

possible binding motifs and molecules, and can be used to assist in directing synthesis.#

1.3.4.6 Isothermal Titration Calorimetry
Isothermal Titration Calorimetry (ITC) can be used to measure the binding energy (as heat)

released or absorbed upon binding of the ligand molecules to the protein of interest.#5253 The
technique is performed by titrating one component of the system into the other, where this is
typically the ligand being titrated into the protein.5392 As each aliquot of ligand is injected into
the mixing cell, the change in heat is recorded by comparison to a reference cell which
maintains a constant energy input for a stable temperature.®34 Upon completion, the heat

profile is integrated and fitted to a sigmoidal curve model.?#

Isothermal titration calorimetry is typically used as a second-line screen due to the low
throughput nature of the technique.’3 The ITC experiments (Figure 24) can provide
measurement of several important thermodynamic properties of the binding, most importantly
the Gibbs free energy and association constant (Ka), which is inversely proportional to the
dissociation constant (Kp) in addition to giving an indication as to the stoichiometry of the

interaction (N value).235492.93
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Figure 24: ITC Trace. Top - Heat profile. This is the change in heat measured during the
experiment plotted against the experiment time; Bottom - integrated heat profile (binding
isotherm) measured against molar ratio of the two components, fitted to a single site binding

model.

1.4 Research Focus

The focus of this thesis will be to examine the use of fragment-based drug discovery to target
the mycobacterial transcriptional repressor EthR. Three fragment scaffolds (Figure 25) will be
explored using a combination of fragment merging, growing and linking. Chapter 2 will
investigate two scaffolds, the first is based on 1-(3-(furan-2-yl)-1,2,4-oxadiazol-5-yl)-N-
methylmethanamine 64 and examines fragment linking strategies. The second scaffold based on
2-((4-chlorophenyl)sulfonyl)ethanethioamide 65 will be investigated using fragment merging

strategies.

Chapter 3 examines (5-trifluoromethyl)pyridin-2-yl)piperazine 66 through fragment growing,
producing a series of compounds which show strong affinity for EthR. Results of a resazurin
microtiter assay (REMAssay) are reported to demonstrate the effectiveness of these molecules

in boosting the efficacy of ethionamide.

Chapter 4 will examine the synthesis of linked molecules designed to stabilise the dimeric form

of EthR in an inactive conformation.
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Figure 25: Fragments 64-66. These fragments form the scaffolds examined in chapters 2 and 3,

while chapter 4 examines linking strategies using compounds based on fragment 66 developed

in chapter 4.
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2.0 Fragment merging and growing approaches for

targeting EthR

2.1 Oxadiazoles and sulfones in drug design

This chapter will describe fragment growing and merging approaches to targeting EthR. The
first strategy employs a 1,2,4-oxadiazole fragment as a starting point for elaboration. A second

strategy will examine fragment merging and growing employing an aryl-sulfone fragment.

Oxadiazoles have been used in a variety of applications in the medicinal and materials
chemistry fields.?>97 These 5-membered heterocycles have been shown to be important
scaffolds in drug design 969 due to their increased lipophilicity when compared with other
isomers such as the 1,3,4-oxadiazole.?s97 The 1,2,4-oxadiazole scaffold (Figure 26) has gained
interest as bioactive molecules for a variety of conditions ranging from anti-asthmatic and anti-
diabetic agents, to apoptosis promoters and immuno-suppressants due to their synthetic
tractability, altered H-bonding capacity and high metabolic turnover. They have also shown

promise in antimicrobials, with a particular focus on anti-tuberculosis medicines.?597
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Figure 26: Selected examples of 1,2,4-oxadiazole-containing bioactive molecules.9597

The use of fragment-merging strategies with sulfur-containing fragments was utilised by
Goswami et al. where they described the use of the technique with a sulfonamide-containing
compound to develop inhibitors of matriptase.’? A targeted library of benzamidine analogue
fragments were screened and fragments 73 and 74 were observed to bind to matriptase with
Kis of 79 uM and 81 pM respectively. As these compounds were binding in overlapping binding
sites P1/P4 and P1/P71’, a fragment linking strategy was employed. Compound 75 (S-isomer)
gave a K; of 7.4 puM, while the R-isomer was shown to be less active than the original fragment

hits, with a K; of 99 uM (Figure 27).100
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Figure 27: (A) - Structures of compounds 73-76. Compounds 73 and 74 were identified by a
fragment screen, and subsequently merged to form compound 75. Moving the imidamine group
to the meta-position (compound 76), a sub-micromolar K; was obtained against matriptase;1%
(B) - X-ray crystal structure of matriptase with compound 76 bound (orange, PDB: 4ROI).

Inset - close-up of compound 76 in the binding pocket of matriptase.00
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When the imidamine group on compound 75 was moved from the para- to the meta-position
(compound 76) the K; improved to 0.3 pM which was a result of a change in the binding mode.
The replacement of the naphthalene ring with a sterically bulky 2,4,6-triisopropylbenzene ring
yielded the strongest binding inhibitor with a K; of 0.1 pM.190 This demonstrates a successful

fragment merging strategy resulting in an over 700-fold improvement in K.

The scaffolds investigated in this chapter rely upon fragment-merging strategies as the primary
technique for elaborating the fragment hits, containing 5-membered heterocycles and sulfones

as core functionalities.

2.2 Fragment merging strategies to target EthR

The fragment 64 was identified previously from a fragment screen against EthR, and a ATy of
+6.9 °C [10 mM] was measured (Narin Hengrung, Dept. of Biochemistry). The X-ray crystal
structure (Sachin Surade, Dept. of Biochemistry) showed that two molecules of 64 bind in
opposing directions and in close proximity (Figure 284, ‘1’ and ‘2"), with the NH of molecule 1
situated 1.4 A from the CH: of molecule 2. This suggests the merging of these two binding

positions through an amine or amide bond as a possible strategy for elaboration.

O\‘N ’
N\ N
ATy +6.9 °C

Figure 28: (A) - X-ray crystal structure of fragment 64 (blue and green), bound twice to EthR.
The NH of 1 (blue) is 1.4 A from the CH: of 2 (green); (B) - Structure of fragment 64.
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2.2.1 5-(Furan-2-yl)-isoxazole fragment-linking approach
A fragment linking strategy, guided by X-ray crystallography was applied by linking fragments

(5-(furan-2-yl)isoxazol-3-yl)methanamine (77) and 5-(furan-2-yl)isoxazole-3-carboxylic acid
(78). This was achieved in an amide bond forming reaction, using COMU to obtain the

compound 79 in 74% yield (Scheme 4).

CoOMU

o oy N,’O o DIPEA o) O‘|N y N,’O o
=9 Mj WMJ
2
DCM
0 r.t., 4 hrs 0
77 78 Yield 74% 79
ATy +9.3°C

Kp 7.4 uM

1) oxalyl chloride

o- _ DCM/DMF
e} N LiAlH, O~p rt,1hr

O~ -0
DS oH— 3 ° \ e N b °
|/ NS OH \ /N N 7\ |
THF
(o] N
NH,

O~

O,
r.t, 3 hrs |
S
78 80 W Yield 3% 81

DMF ATy +3.0 °C
80 °C, 4 hrs

Scheme 4: Synthesis of compounds 79 and 81. Compound 79 was synthesised by coupling the
amine 77 and acid 78 using COMU. Acid 78 was reduced to the alcohol 80 with LiAlH4, then

coupled to the amine 77 via the alkyl chloride to form compound 81.

In order to obtain the symmetrical molecule (81), the acid (78) was reduced using LiAlH4 to the
alcohol (80). The acyl chloride was synthesised using oxalyl chloride and the amine (77) was
coupled to yield the compound (81).

Compounds 79 and 81 were examined by differential scanning fluorimetry (DSF), and ATws
[1 mM] of +9.3 and +3.0 °C were measured respectively. Compound 79 was examined by
isothermal titration calorimetry (ITC), where a Kp of 7.4 pM was measured. These results

demonstrate a significant improvement in binding affinity over the starting fragment 64.
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2.2.2 1,2,4-Oxadiazole fragment-linking approach

In order to allow for potential modification of the terminal furan ring of fragment 64, a synthetic
strategy was selected using a 1,2,4-oxadiazole heterocyclic ring to synthesise the molecules,
allowing the compounds to be treated as modular in nature. Willand et al. showed that 1,2,4-
oxadiazoles were tolerated as scaffolds that can bind in the EthR-binding pocket.## The
synthesis of these heterocyclic rings can be achieved where the starting materials are prepared
from commercially available carboxylic acids combined with amidoximes which are synthesised
from the corresponding nitriles. Benzonitrile was utilised as the starting nitrile to provide a

simplified aromatic functionality.

Benzonitrile (82) was converted to benzamidoxime (83) through heating with hydroxylamine
hydrochloride in the presence of diisopropylethylamine (DIPEA). The product was obtained in
76% yield. This was reacted with Boc-glycine and HBTU in the presence of DIPEA to synthesise
the Boc-protected compound. This was deprotected with HCI to yield compound 85 in 42%
yield (Scheme 5). The benzamidoxime (83) was coupled with ethyloxalyl chloride at 0 °C in the
presence of pyridine to yield the ester (87) in 25% yield, in order to synthesise the carboxylic
acid for the linking strategy. The hydrolysis of this ester was attempted with sodium hydroxide,
however the acid was not obtained due to decarboxylation which was observed by MS and NMR.
An attempt to synthesise the amide directly from the ester 87 and amine 85 was also

unsuccessful, as was synthesising the tert-butyl ester with deprotection by TFA.

1) HBTU, DIPEA, DMF

NH,O0H.HCI r.t., 4 hrs _0
DIPEA ’ 120 °C, 4 hrs N NH,
/
—_—
NHBoc
EtOH HCI
reflux, 1 hr 2) HCl, MeOH 85
0°CO0.5hr
Yield 76% Yield 42%
ATy +0.5 °C
pyridine N’O NaOH N’O
©* ”Y’v = N e o ~
OC 2 hrs
Yield 25%
ATy +0.3 °C

Scheme 5: Synthesis of compounds 83-87. The amidoxime 83 was synthesised from
benzonitrile (82) with hydroxylamine hydrochloride. This was used to synthesise compound 85
from Boc-glycine (84) followed by deprotection of the amine with HCL. The amidoxime (83) was

also used to synthesise compound 87 from ethyloxayl chloride (86).
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As the carboxylic acid 88 proved difficult to synthesise, an alternative strategy was employed
where an amine linked compound (93) was proposed. This was synthesised using a one-pot
strategy from glycine (89) and isobutyl chloroformate (90) at 0 °C with triethylamine (TEA) and
activated 4 A molecular sieves. This was followed by the addition of benzamidoxime and heating
the reaction to reflux where compound 91 was isolated in 86% yield. The carbonate (91) was

treated with sodium hydroxide to yield the alcohol (92) (Scheme 6).

~OH Et;N
(0] al O\)\ | powdered 4 A sieves
JJ\/OH + \n/ + NH2 - >
HO 0 toluene
89 90 83 0°C, 10 min

reflux, 18 hrs

}\l~o \)\ NaOH N=o
/
®f<N/)\/O\n/O —_— @,( /)\/OH
s MeOH/H,0 N

r.t, 3 hrs

Yield 86% 1 Yield 85% 92

ATy +1.3°C

1) oxalyl chloride
DCM O/N\
0°C-rt,1hr
N >_/
2) N-O  NH, |7

| p— N
N .
Hel Yield 59%
93 ATy +2.5°C

DMF Kp 5.0 pM
80 °C, 2 hrs

Scheme 6: Synthesis of compounds 91-93.

Compounds 92 and 85 were used to synthesise the linked compound 93 by treatment of 92
with oxalyl chloride followed by addition of the amine 85 and heating to 80 °C, to yield 93 in
59% yield (Scheme 6).

During the course of this work, Huguet et al. reported that the treatment of 1,2,4-oxadiazole-5-
carboxylate esters with base results in the decarboxylation of the starting material rather than
the hydrolysis of the ester.2¢! In light of this, the oxadiazole strategy was changed to use a
5-aryl-1,2,4-oxadiazole as the starting scaffold. As proof of concept, compound 97 was
synthesised by reacting 95 with benzoyl chloride (94) in DCM with pyridine at room

temperature, followed by heating in DMF to promote the ring closure to the oxadiazole
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(Scheme 7) and this yielded the ester 96 in 80% yield. The ester product was hydrolysed with
lithium hydroxide to yield the corresponding acid 97 in 62% yield.

1) pyridine, DCM

I HO\N r.t, 18 hrs orl\{ o—/ LiOH O"\{ OH
Ccl + ! O. —_— X\ Q( —_— \N s:
HoN ~ N © THF/EtOH/H,0 ©
o 2) DMF 96 w1 97
120 °C, 18 hrs
¢ r.t, 2 hrs ;
i 4 Yield 62%
94 95 Yield 80% 0

ATy +2.0 °C

Scheme 7: Synthesis of compounds 96 and 97.

The ester (96) was screened by DSF, where a ATwu of +2.0 °C [1 mM] was observed. Due to the
difficulties in synthesising the desired 1,2,4-oxadiazole compounds, and solubility difficulties
with this series of compounds this series was discontinued in favour of other fragments which

were more synthetically tractable.

2.3 Sulfone fragment merging strategies

Fragment 65 (Scheme 8) was identified from the fragment screen as having a ATy of +4.5 °C,
and a Kp of 36 pM suggesting that this is a good starting point for fragment elaboration. X-ray
crystallography (Sachin Surade, Department of Biochemistry) showed that fragment 65 bound
twice within the EthR binding pocket. The first molecule (Scheme 8a) is located in the centre of
the binding pocket, making interactions between the sulfonyl oxygens and the side-chain
nitrogen of Asn179, while the thioamide nitrogen H-bonded with the side-chain carbonyl of
Asn176. The second molecule of 65 (Scheme 8b) was shown to bind at the solvent exposed end
of the EthR binding pocket, lying across the entrance making a H-bonding interaction with the

hydroxyl of Tyr148.
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bromoacetamide
K,CO3

50 °C, 18 hours Br

98 Yield 83%

SH sieves (3 A)
—_—
Br/©/ acetone /©/
99

ATy +4.5 °C
Kp 36 pM
1C50 0.28 mM

Oxone (1.5 eq)
H,0/THF/MeOH
(3:2:2)
rt, 21 hours

(e}
s
NH, —1

w=0

—>/©/
Br

Oxone (4.0 eq)
H,0/THF/MeOH
(3:2:2)
rt, 21 hours

0
\)LNHZ

Yield 48% 100
o Lawesson's o
\\S O  Reagent \\S
Ly \\/Y — W
O NH, O NH,
THF
Br reflux, 3 hours Br
vield 71% 101 vield39% 102

Scheme 8: (A) - X-ray crystal structure of 65 showing H-bonding interactions. The oxygens of

the sulfonyl of ‘a’ is able to interact with the N of Asn179 at distances of 2.9 and 3.2 A (green

dashed lines), while the nitrogen of the thioamide sits at 3.0 A from the oxygen of Asn176

(orange dashed line). One oxygen of the sulfonyl of ‘b’ rests at 3.0 A from the hydroxyl of Tyr148
(red dashed line); (B) - Structure of 65; (C) - Synthesis of compounds 99-102.
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The synthesis of the thioether 99 was carried out where the thiol of 4-bromothiophenol (98)
was alkylated with bromoacetamide in the presence of potassium carbonate in 83% yield
(Scheme 8). The sulfur was oxidised using Oxone™, controlling the quantity of Oxone™ at 1.5
(sulfoxide) and 4 (sulfone) equivalents to produce a hydrogen-bond donor near the Asn179
side-chain nitrogen of EthR. When these compounds (99 and 100) were screened by DSF
against EthR, they showed no indication that they stabilised EthR, while the sulfone compound
101 produced a Kp of 43 uM by ITC. The thioamide (compound 102) was synthesised from
compound 101 using Lawesson’s reagent in 39% yield. This compound gave a Kp of 17 pM as

measured by ITC, an improvement by a factor of two over fragment 65 (Table 1).

Table 1: DSF and ITC results for compounds 99-102. DSF solutions: 1, 2.5 or 5 mM fragment,
20 mM EthR, 150 mM NaCl, 20 mM Tris-HCI (pH 8.0), 2.5x SYPRO® Orange, 100 pL final volume.
ITC conditions: buffer 300 mM NaCl, 20 mM Tris-HCI (pH 8.0), glycerol (matched to EthR stock).
Compounds (100 mM in DMSO) were diluted to 0.75 mM in buffer. EthR (75 uM) prepared in
buffer with 10% DMSO.

ATum Kp
#
°Q) (uM)
0
0.3
99 S\)LNHZ -
[1 mM]
Br
ﬂ 0
-0.3
100 S\V/H\NHZ }
[2.5 mM]
Br
Q% © -1.0
101 é:\Ei 43
2 [5 mM]
Br
A

S 0.5

S .
102 é:\Ii 17
2 [1 mM]
Br

An overlay of the X-ray crystal structures of fragments 103 and 65 (Figure 29) led to the
development of merged compound 104 (Scheme 9). The synthesis employed a method similar

to those described by Curti et al.192 where the sodium sulfinate intermediate was synthesised,
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followed by oxidative addition of bromoacetamide in the presence of pyridine. The amide 107
was converted to the thioamide using Lawesson’s reagent in 53% yield. This compound (104)

was shown to bind to EthR when screened by DSF (ATm +4.2 °C [1 mM]), ITC (Kp 21 uM), and
SPR (ICsp 20 pM) (Table 2).

A \/\n/NHz

760 e

NH,

i) Na,SO3, H o
B o reflux, 30 min o_>—NH2
OOz OO
8 ii) bromoacetamide g
pyridine, DMF
rt, 18 hours Yield 61%

Lawesson's reagent

S
o NH,
THF 1l
reflux, 3 hours 0

Yield53% 104

Scheme 9: (A) - Fragment merging strategy of fragments 65 and 103. Overlap (blue) of the
phenyl ring of 65 with the pyridine ring of 103 led to compound 104; (B) - Synthesis of
compounds 104 and 106.

44



103

Figure 29: (A) - Structure of compound 103; (B) - Overlay of X-ray crystal structures of 65
(pink) and 103 (orange) bound to EthR (Sachin Surade) with compound 104 (green, Michal
Blaszczyk). This overlay led to the merged fragment series containing the biphenylsulfonyl
scaffold; (C) - X-ray crystal structure of 104 showing the H-bonding interactions between the
compound and Asn179. The oxygens of the sulfonyl group are able to interact with the side-
chain NH; of Asn179 at 3.4 and 2.9 A (red dashed lines). The thioamide orientation changes in

comparison to 65, where it no longer makes an interaction with Asn176.
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Table 2: Biophysical screening results for compounds 106 and 104. DSF solutions: 1 or 5 mM
fragment, 20 mM EthR, 150 mM NaCl, 20 mM Tris-HCI (pH 8.0), 2.5x SYPRO® Orange, 50 pL final
volume. ITC conditions: buffer 300 mM NaCl, 20 mM Tris-HCl (pH 8.0), glycerol (matched to
EthR stock). Compounds (100 mM in DMSO) were diluted to 0.75 mM in buffer. EthR (75 puM)
prepared in buffer with 10% DMSO. SPR solutions: running buffer 2 mM MgCl;, 10 mM Tris-HCI
(pH 7.5), 0.1 mM EDTA, 200 mM NacCl, 2% DMSO. EthR prepared as 2 pM in running buffer.

Compounds were prepared at varying concentrations in running buffer.

4 ATwm Kb ICso
(°Q) (uM) (uM)
O
0 12.5
106 Q O g}“”z 25 >100
i [5 mM]
O
S
1] NH 4.2

104 g o 21 20.0

2.4 Fragment growing by modification of the thioamide group

Modification of the thioamide functionality of compound 104 (section 2.3) was explored where
this was incorporated into a thiazole ring to investigate the necessity of the amide NH;
hydrogen-bond donating group, while providing a potential handle for fragment-growing into
the deeper region of the EthR binding pocket. The first compound synthesised was a thiazole
(110) which was synthesised by reacting sodium sulfate with the 2-(bromomethyl)thiazole,
produced from 2-(hydroxymethyl)thiazole with phosphorous tribromide (Scheme 10). The
second compound, a thiophene (111) was synthesised using the same method, where
2-(hydroxymethyl)thiophene was used as the starting material. The thiazole 110 gave a ATy of
+5.0 °C [1 mM], and subsequent SPR testing recorded an ICso of 11 uM. The thiophene 111
produced a stronger thermal stabilisation with a ATy of +9.0 °C [1 mM], in addition to a Kp of
12 uM by ITC and ICso of 9 uM suggesting that the nitrogen is not essential for the activity of the

molecule.
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reflux, 30 min o
l

105
PBr3 pyridine S/S
S

+

reflux, 1 hour rt, 18 hours (0]
108 109 110
Yield 7%
87 .
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ICSO 9.2 HM

Scheme 10: Synthesis of compounds 107-111.
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Asnl76

Figure 30: (A) - Overlay of X-ray crystal structures of 65 (pink) and 111 (orange);
(B) - H-bonding interactions between the sulfonyl oxygens of 111 and Asn179 of EthR at
distances of 2.9 and 3.4 A (red dashed lines). Potential interactions with the amide carbonyl of

Tyr148, and with the hydroxyl of Thr149 (orange arrows) shown.

Three potential interactions of compound 111 were identified from the X-ray crystal structure
(Figure 30). The meta-carbon of the phenyl ring is 4.1 A from the amide carbonyl Tyr148, while
the carbons ortho to the biphenyl linkage is 3.2 and 3.7 A from the hydroxyl of Thr149. In order
to exploit the potential Tyr148 interaction, compound 114 was synthesised (Scheme 11).
Although the Kp of 114 was found to be 8 pM, this improvement in affinity was not supported by
an improvement in ICso of 15 pM over that of 111. This suggests that the improvement in
binding affinity was not translated into an improved functional interaction. The synthesis of
compounds with a 2-pyridyl ring in place of the 3-pyridyl ring of 111 was attempted, however
due to the de-boronyation of 2-pyridylboronic acids under Suzuki conditions, and the failure of
2-pyridylboronate-MIDA esters,03-105 neither of these proved successful via the methods

employed.
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Previous work by Frenois et al.#3 has shown that hexadecyloxtanoate resides deeper in the
binding pocket of EthR than the fragments thus far examined. In an attempt to probe deeper
into the EthR binding pocket, compound 120 was synthesised (Scheme 11), providing an
extended, flexible hydrophobic group. Screening of compounds 119 and 120 produced ATy
values of +3.8 and +1.8 °C [1 mM] respectively, with a ICs5o of 12 puM for compound 120 (Sherine
Thomas). This suggests that this is a potential means for extending the compounds from the

thioamide nitrogen while still maintaining potency.

A K,CO5
% s OH  pd(PPh,), (10 mol%)
s B
A\ S~

OH

(@)
NS
+
S/
/

H,0, DMF
112 113 90 °C, 2 hours Yield 22%
ATy +6.0 °C [1 mM)]
Kp 8.3 uM
IC5 15.2 uM
ethyl bromoacetate o)
SH cho3 Oxone \\S/,O o
3\)1\
== g O
Br acetone :ilel()gH};:lzg Br 0
98 reflux, 5 hours ) u Yield 64% \

116

benzeneboronic acid
Pd(OAc), (10 mol%)

N O\\ OH hexylamine
PPhs, K,CO; \\/\n/ NaOH ! S\\/\n/ DIPEA, COMU

©0 — 0 >
DMF, DCM
Yield 66% MeOH,/THF O 118 rt, 18 hours
90 0C 18 hours (5:1) Yield 88%
50 °C, 4 hours

H
A NN
D

/W S
THF
119 reflux, 2 hours 120
Yield 54% Yield 27%

ATy 3.8°C [1 mM] ATy 1.8°C [1 mM]
IC5p 11.5 uM

Lawesson's Reagent

Scheme 11: (A) Synthesis of compound 114; (B) Synthesis of 120, the thiol (98) was acylated
with ethyl bromoacetate, then the thioester (115) oxidised to the sulfone (116) using Oxone™.
Suzuki cross-coupling chemistry was used to add the second benzene ring before the ester was
hydrolysed to the acid (118). Hexylamine was added by COMU coupling and the amide

converted to the thioamide 120 with Lawesson’s reagent.
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2.5 Conclusions

The use of both fragment merging and growing strategies has been applied to two fragments
previously identified through a fragment screen against EthR. The first fragment (64) was
elaborated using a fragment merging approach where the use of structural biology was key in
the development of novel compounds. The best compound in this series was compound 79,
which had a Kp of 7.4 uM, however due to the synthetic complexity of this series, they were

discontinued.

The second fragment (65) examined contained an aryl-sulfone core, and was elaborated by
fragment-merging strategies with fragment 103. This led to compound 104 with a Kp of 21 pM
and an ICsp of 20 uM. The oxidation states of the sulfur were explored and this indicated that
only the sulfone was beneficial to binding, confirming the importance of the sulfone interaction

with Asn179 seen in the X-ray crystal structure (Scheme 8).

On changing of the thioamide into a thiazole ring (compound 110) the ICso decreased to 11 pM,
while the corresponding thiophene (compound 111) demonstrated an ICso of 9 uM. The thiazole
and thiophene rings provided greater stability against oxidation for the sulfur group compared
to the thioamide, without compromising the functional activity of the scaffold. On substituting
the biphenyl ring system with a 4-(pyridine-3-yl)benzene group (compound 114), this did not

provide an improvement in affinity.

This chapter has explored the linking of adjacent fragments within the EthR binding pocket, in
addition to the use of sulfone-containing compounds to provide an anchor through the
interaction with Asn179 of EthR to allow for growth into the EthR binding pocket. The
thioamide was further investigated, and by fixing the sulfur into a 5-membered ring generated a
compound which was more stable and offered further vectors for elaboration. While both of the
fragment series discussed in this chapter offered increased affinity upon elaboration, these were
not explored further as other fragment growing strategies were prioritised, and these will be

discussed in chapters 3 and 4.
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3.0 Fragment growing strategies for targeting EthR

3.1 Piperazines as a privileged structure in drug discovery

This chapter will discuss fragment-growing strategies to target EthR. A piperazine scaffold
derived from a fragment hit 66 provides the focus of the fragment-growing strategy where
growth is achieved in the EthR binding pocket by the addition of a linker to the piperazine NH
and modification of the 5-(trifluoromethyl)pyridine group (Figure 31). This resulted in
compounds which are shown to provide a boosting of the effectiveness of ethionamide against

M.tb.

Figure 31: Fragment 66 bound to EthR. This fragment hit was used as the basis for the
fragment-growing strategies. Arrow indicates the direction of the primary growth vector

examined, extending from the NH of the piperazine.

The piperazine heterocyclic ring is widely utilised in drug discovery as it provides a useful
synthetic handle for elaboration from both nitrogens. It has been found to improve the solubility
of drugs while providing additional H-bond acceptors.’% Several drugs containing the

piperazine scaffold are known for their psychoactive effects, others have become well known
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such as Viagra (Sildenafil, 121), and in the treatment of a variety of conditions ranging from

depression and anxiety to hypertension, malaria and epilepsy (Figure 32).107

\N/\l 21 122
K/ N \S’/O l/\ N
/y N \)
o
o F
Sildenafil para-fluorophenylpiperazine
(vasodilator for erectile dysfunction) (psychodelic/euphoric)

. 123 (\N)N\\i] O 124
dil/()\/\/N\) ) O O\/\O/\H/OH

Buspirone (antidepressant) Cetirizine (antihistamine)

e

N

Fluphenazine (antipsychotic)

Figure 32: Structures of drugs that contain a piperazine scaffold.

Christopher et ali% examined the use of fragment-based approaches for targeting the
B1-Adrenergic Receptor (1AR) where SPR was used to identify fragments 126 and 127
containing a piperazine ring. The binding pocket of :AR is lined by hydrophobic residues
(tryptophan, phenylalanine, tyrosine, valine and alanine) with a polar region at the bottom of
the pocket. A library of 650 fragments was screened against both $1AR and Adenosine Aza
receptor. Fragments 126 and 127 were identified which were selective for 1AR, and Kps of
16 uM and 6 pM were measured respectively by SPR. Structure-activity relationships were
explored to evaluate changes to the aromatic group, and compound 128 showed the greatest K;
by their assay at 68 nM. Protein X-ray crystallography of this compound with :1AR indicated
that the indole was forming a H-bonding interaction with Ser211, while the NH of the piperazine

forms interactions with Asn329 and Asp121 (Figure 33).108
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Figure 33: Structures of fragments 126-128. Compound 128 bound to 3 1-Adrenergic Receptor
(PDB: 3ZPQ). Only the monomer is shown. Inset - compound 128 bound to (:AR showing

residues near the fragment and H-bonding interactions (green dashed lines).108

The strategies described in this chapter use a piperazine scaffold to provide dual vectors for
fragment growth oriented along the EthR binding pocket, allowing fragments to be grown

deeper and shallower within the binding site.
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3.2 Fragment identification and merging

Fragment 66 was previously identified in a fragment screen against EthR and shown by X-ray
crystallography (Dr Vitor Mendes) to bind in two orientations (Figure 34). The two orientations
overlap at the piperazine ring, with the 5-trifluoromethylpyridine rings facing either deeper

into the pocket, or towards the solvent exposed end of the binding pocket (Figure 34). This

fragment gave a ATwm of +4.3 °C as determined by differential scanning fluorimetry (DSF), and an

B F3C—@—N NH
—N \_/

66

ATy +4.3 °C
Kp 35 uM

affinity (Kp) of 35 uM with EthR by ITC.

Figure 34: (A) - X-ray crystal structure of compound 66 bound to EthR. Only the monomer is
shown; (B) - Structure of compound 66; (C) - X-ray crystal structure of compound 66 (green
and pink) bound to EthR showing the two binding poses where the CF3 group faces into the
pocket (green) and out of the pocket (pink). In both orientations, the piperazine ring occupies

the same position.

In order to examine the dual binding mode of 66, compound 130 was synthesised (Scheme 12)
by alkylation of the NH of compound 66 with 2-bromo-5-trifluoromethylpyridine. A ATw of
+7.3 °C [1 mM] was determined by DSF and an ICso of 2.2 uM was measured by SPR. This
fragment merging strategy shows that building from both nitrogens of the piperazine can
provide compounds with increased affinity and could be used as a strategy to develop novel

inhibitors of EthR.
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Kp no heats
IC5y 2.2 uM

Scheme 12: Synthesis of compound 130. Fragment 66 was merged with 2-bromo-5-
trifluoromethylpyridine (129) to yield the merged compound 130, which retains elements of

both binding poses from fragment 66.

3.3 Fragment growing strategy

3.3.1 Amine linkers
With the knowledge that the binding site of EthR is largely hydrophobic,3537 a series of

compounds were synthesised based on the piperazine fragment hit 66 (Scheme 13) to
investigate the possibility of growing the fragment from the NH of the piperazine ring. A 