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Antibiotic Drug Discovery with an Eye Towards Overcoming Drug Resistance

Abstract

As a species, humans have become ever reliant on the use of antibiotics to facilitate our everyday lives.
The widespread emergence of resistance to currently used antibiotics is commonly attributed to an over
use in our society. Such resistance, coupled with a lack of innovation and production of novel antibiotic
drugs, threatens to return humanity to an era similar to one before the discovery of the first antibiotics.
The need to find new agents to be used in this fight is paramount, as well as learning from our recent
failures to produce such compounds. This document will highlight my efforts to contribute to the field of
antibiotic drug discovery from a medicinal chemist’s perspective. Chapter one will be a brief survey of the
current state of antibiotics. There will be a brief description of various classes of drugs used and some of
their pharmacology. The second chapter will focus on the specific field of drug discovery for the pathogen
Mycobacterium tuberculosis, and some of the difficulties associated with targeting this particular
organism. This includes two classes of inhibitors that have distinct mechanisms of action from
commonly used anti-tubercular compounds. These series have

distinctly different paths to clinical relevance; one seeks improved drug-like properties and the other
seeks unique potency at an old target. The third chapter highlights a structure guided design of new anti-
folate compounds, a reinvestigation of known inhibitors of this biosynthetic pathway and exploratory
repurposing of compounds active against malaria. This chapter also holds a section on chemical
repurposing, a technique becoming increasingly useful in the field of antibiotic discovery. The fourth and
final chapter will be a synopsis and recollection of my graduate work and on the field of antibiotic drug
discovery in general.
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ABSTRACT

As a species, humans have become ever reliant on the use of antibiotics to
facilitate our everyday lives. The widespread emergence of resistance to currently used
antibiotics is commonly attributed to an over use in our society. Such resistance, coupled
with a lack of innovation and production of novel antibiotic drugs, threatens to return
humanity to an era similar to one before the discovery of the first antibiotics. The need to
find new agents to be used in this fight is paramount, as well as learning from our recent
failures to produce such compounds. This document will highlight my efforts to
contribute to the field of antibiotic drug discovery from a medicinal chemist’s
perspective. Chapter one will be a brief survey of the current state of antibiotics. There
will be a brief description of various classes of drugs used and some of their
pharmacology. The second chapter will focus on the specific field of drug discovery for
the pathogen Mycobacterium tuberculosis, and some of the difficulties associated with
targeting this particular organism. This includes two classes of inhibitors that have
distinct mechanisms of action from commonly used anti-tubercular compounds. These
series have distinctly different paths to clinical relevance; one seeks improved drug-like
properties and the other seeks unique potency at an old target. The third chapter
highlights a structure guided design of new anti-folate compounds, a reinvestigation of
known inhibitors of this biosynthetic pathway and exploratory repurposing of compounds
active against malaria. This chapter also holds a section on chemical repurposing, a
technique becoming increasingly useful in the field of antibiotic discovery. The fourth
and final chapter will be a synopsis and recollection of my graduate work and on the field
of antibiotic drug discovery in general.
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CHAPTER 1. INTRODUCTION

Introduction of Antibacterial Agents

The first synthetically derived chemical compound used in the treatment of
bacterial infections, prontosil was synthesized as a dye in 1909 by a graduate student at
the University of Vienna. In 1932 Bayer chemists discovered its usefulness in a mouse
model of Streptococcus pyogenes and the field of medicine changed forever [1]. In the
past 80 years morbidity associated with bacterial infections has reduced dramatically as a
result of the bountiful discovery of novel chemical entities, through both synthetic design
and naturally occurring efficacious compound identification. Penicillin is the classic
example of naturally derived compounds with antibacterial properties, a -lactam
antibiotic that disrupts cell wall integrity through interrupted peptidoglycan biosynthesis.
The “golden age” of antibiotic drug discovery has been described to have occurred in the
decade between 1950 and 1960 as screening soil samples for antibacterial compounds
secreted by soil residing bacteria such as Streptomyces griseus used to outcompete other
bacteria [2]. These compounds had an intrinsic advantage over blind chemical screening
in that they already had an essential antibacterial target and could effectively penetrate
various bacterial outer cell environments. In this era one half of all clinically used
antibiotics were discovered. These fresh discoveries could be classified in two main
categories; bacteriostatic and bacteriocidal agents. Bacteriostatic agents are those that
affect active replication such as through protein synthesis and limit growth and cell
viability that allows host immune response to clear the infection. Bacteriocidal agents
elicit cell death through the release of reactive species or through cell wall perturbations
that cause catastrophic failure of the cell. Certain bacteriostatic agents can be cidal at
high concentrations or in cases of synergistic combination therapies [3, 4]. The discovery
of antibiotics had unprecedented and multifaceted effects on the medical community as a
whole. Organ transplants became possible with the use of immune suppression and
prophylactic antibiotics to protect the patient. Aggressive chemotherapies for cancers
were developed that had less concern for the patients succumbing to bacterial infections
in the weakened state that followed. Surgeries that improved quality of life for the elderly
such as joint replacement became viable. However the following decades leading up to
the present have seen a marked decrease in new agents discovery, for a multitude of
reasons to be discussed later. The need for unique agents, with novel mechanism of
action is being driven by this lack of innovation as well as the emergence of drug
resistant bacterial infections. We will first focus on existing drug classes of antibiotic
compounds, and the pharmacological mechanism of action before going into common
resistance mechanisms and the development of new agents.

Inhibitors of the Folate Biosynthesis Pathway
Folate is critical for the survivability of all living organisms as a co-factor in DNA

synthesis via single carbon transfers in purine nucleotide biosynthesis [5]. Anti-folates
are selective to bacteria because they must produce their folates de novo while humans



and other eukaryotes can obtain folates in their diet. There are two drug targets in this
pathway, the dihydropteroate synthase (DHPS) and dihydrofolate reducatase (DHFR).
Bactrim (Septra) is an orally bioavailable combination therapy used to treat methicillin
resistant Staphylococcus aureus and a host of bacterial infections in a wide array of
tissues. Bactrim is a 5:1 ratio of the DHPS inhibitor sulfamethoxazole (SMX) to the
bacterial DHFR inhibitor trimethoprim (TMP) and is the classic example of antibacterial
synergy (Figure 1-1).

Sulfonamides

Sulfonamides are synthetically derived mimics of para-amino benzoic acid
(PABA), a metabolic precursor that is coupled with dihydropteroate pyrophosphate
(DHPP) by the DHPS enzyme. There are a host of sulfonamide antibiotics that are
generally well tolerated, but a small subset of people can have adverse events associated
with sulfa drug allergies or hyper-sensitivity [6]. High instances of drug resistance have
also been noted with sulfonamide antibiotics, so co-therapy with trimethoprim or another
antibiotic is usually required. The most common mutations associated with sulfonamide
resistance is an alteration in the PABA binding site that disfavors the larger substitutions

[7].

Trimethoprim

Trimethoprim is a competitive inhibitor at the DHFR enzyme. It possesses robust
synergy with DHPS inhibitors as they deplete levels of the endogenous DHFR ligand for
TMP to compete against. Methotrexate, a drug used to treat various cancers and auto-
immune diseases, is similarly a DHFR inhibitor. However TMP has a tremendous
selectivity profile for the bacterial isoform of the enzyme that allows for a very wide
therapeutic index with little toxicity associated with its use. Resistance to TMP is
commonly associated with alterations in cell wall permeability and an overexpression or
alteration of the DHFR enzyme [8].

Cell Wall Biosynthesis Inhibitors

One of the unique distinguishing characteristics used to classify various types of
bacteria are the differences in their cell wall components. Gram staining is used to
delineate the two large groups of bacteria into positive and negative classifications. Gram
positive bacteria tend to have a thick layer of peptidoglycan, a polymer of sugars and
amino acids that form intricate cross-linking leading to a thick outer wall that retains a
deep violet dye [9]. Gram negative bacteria have a much thinner outer cell wall, but have
a difficult to penetrate inner membrane that separates the periplasm and cytoplasm that
disfavors the lipophilic compounds that are able to penetrate the peptidoglycan layer. The
outer wall of gram negative bacteria has lipopolysaccharides, or endotoxins, that
contribute to the toxicity of this group of bacteria. These bacteria tend to lose the violet
stain and instead attach a softer pink dye [10]. Mycobacterium tuberculosis and other
mycobacterium have an even more intricate outer layer, comparable to gram positive, but
have a unique layer of long chain fatty acids called mycolic acids. In addition to this
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waxy, difficult to penetrate outer layer of mycolic acids Mtb’s contains
lipoarabinomannan. This virulence factor is associated with inactivation of host
macrophage immune response and protection against toxic oxidative radicals [11]. These
various cell wall components have unique biosynthesis and transport pathways that offer
scientists’ ample opportunity to selectively target bacterial cells over eukaryotic as well
as dial in selectivity for narrow spectrum of activity across bacterial species.

p-lactams

The most used and arguably important medical breakthrough in the past century
was Ernst Chain, Howard Florey and Alexander Fleming’s discovery of penicillin, and its
therapeutic use in clearing bacterial infections. Penicillin is the first member of the 3-
lactam family of antibiotics that act by disrupting peptidoglycan crosslinking by
covalently bonding to penicillin binding proteins (PBP) found at crosslink junctions. The
series of naturally occurring penicillins, extracted from fungal secretions, spurned
synthetic derivatives that have given rise to various classes of B-lactam antibiotics
(Figure 1-2). B-lactamases are bacteria’s first line of defense against most 3-lactams and
act by hydrolyzing the strained ring system that is the covalent attachment point before
the drug can reach its target. Subsequent discoveries of later generations of B-lactam
antibiotics such as cephalosporins and carbapenems are more naturally resistant to 3-
lactamases and were found to have a broader spectrum of activity. The next big
breakthrough for this class came in 1976 with the discovery of B-lactamase inhibitors
such as clavulanic acid [12]. These inhibitors are now commonly co-administered or even
formulated with a B-lactam (Augmentin is amoxicillin and clavulanic acid). This series of
antibiotics have broad spectrum of activity, including more recent applications in drug
resistant tuberculosis therapy [13-15] and multiple dosage forms, making it the most
versatile antibiotic class available.

B-lactamase inhibitors have had roughly four decades of clinical use, and their
discovery certainly propelled the B-lactams to be perhaps the most clinically relevant
class of antibiotics in history. They, however, are not immune to the development of
resistance either. Over the years as new -lactam antibiotics were discovered and used,
there was a corresponding arms race with the bacteria producing even more potent and
broadly acting B-lactamases. The inactivating enzymes are classified into four groups by
the type of B-lactam they target (A,B,C and D) that will be discussed in more detail later.
B-lactamase inhibitors work by mimicking the ring system that binds to the PBP and
acting as a substrate for the B-lactamase enzymes. These substrates can either form a
permanent covalent bond with the inactivating enzyme through a “suicide” attack or
through slowly reversible, high affinity binding that sterically precludes hydrolysis [16].
The continued development of broad spectrum B-lactamase inhibitors is a major
undertaking to combat drug resistance.

Glycopeptides

Glycopeptides such as vancomycin and teicoplanin (Figure 1-3) are antimicrobial
heptapeptides secreted by actinomycete soil bacteria that inhibit peptidoglycan synthesis
by binding to the D-alanyl-D-alanine dipeptide site and by blocking transglycosylation
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and transpeptitdation [17]. These agents are used to treat serious Gram-positive infections
such as Methicillin Resistant Staphalocacous aeruos (MRSA) and other genera resistant
to B-lactam antibiotics, but are unable to penetrate across the inner membrane of Gram-
negative. These large cyclic molecules tend to have poor drug-like properties and are
limited to intravenous and topical administration, or oral administration for
gastrointestinal tract infections. Drug resistance associated with these glycopeptides is
very serious and treated with late stage f-lactams such as carbapenems, combinations like
Septra (SMX:TMP), and cyclic depsipeptides like daptomycin. The common resistance
mutation is an alteration the the vand gene that results in the productions of VanA that
allows for the peptidoglycan side chain to express a lower affinity substrate and crosslink
like normal [18].

Lipoglycopeptides

Synthetic modifications that added lipophilic side chains to glycopeptides gave
rise to a class of more metabolically stable and more potent of lipoglycopeptides [19].
They still contain the key heptapeptide core that allows for transglycosylation and
transpeptidation inhibition. These agents include dalbavancin, oritavancin and telavancin
(Figure 1-4). The increased stability allows for interesting pharmacokinetics; for
example dalbavancin is dosed just twice, a week apart, and oritavancin is just one dose as
a full course of therapy. The lipoglycopeptides are mainly used for skin and skin structure
infections (SSSIs) of varying degrees of severity. Daptomycin (Figure 1-4) is a unique
lipoglycopeptide in the sense that it interrupts cell membrane integrity, resulting in
porous loss of ions and membrane depolarization in addition to inhibition of intercellular
processes [20].

Cyclic peptides

A distinct class of peptide drugs is the cyclic peptides, which include homodetic
(cyclosporine A) peptides, isopeptides (bacitracin) and depsipeptides (daptomycin)
(Figure 1-5). These terminologies refer to the amount of non-amide linkages they contain
in their main macrocycle. These cyclic peptides are more resistant to proteases than their
glycopeptide and linear peptide relatives so they tend to at least partially survive the
human digestive process required for oral bioavailability. Daptomycin is an excellent
choice as a last resort antibiotic to treat extensively resistant Gram-positive infections.
Resistance is commonly attributed to an increase in cell wall teichoic acid production and
D-alanation, resulting in a thicker and more difficult to penetrate cell wall [21].

Protein Synthesis Inhibitors

Differences between the bacterial and human ribosome make another enticing
drug target that was heavily exploited in the golden age of discovery. This broad
classification of protein synthesis inhibitors includes the aminoglycosides, the
tetracyclines, chloramphenicols, macrolides, oxazolidinones, lincosamides and
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streptogramins. Protein synthesis inhibitors are primarily bacteriostatic with the
aminoglycosides being the only primarily bacteriocidal agents. The bacterial ribosome is
a complex of two ribonucleoprotein subunits (50S and 30S) that organize after the
translocation of a charged tRNA and several initiation factors complex. The ribosome
plays a crucial role in mRNA translation to form functional proteins [22]. mRNA
translation occurs in three stages; initiation elongation and termination that involve the
ribosome and cytoplasmic accessory factors. Drugs that target this mechanism are
generally divided into which subunit of the ribosome they target, either the 50S or 30S.
508 inhibitors typically act by blocking either the organization of the complex or by
inhibiting translocation of the charged tRNA species which dramatically effects
elongation of the growing peptide chain. 30Sribosimal inhibitors work by either blocking
access of the aminoacyl-tRNAs to the ribosome [23] or by binding the 16S rRNA
component of the 30S subunit [24]. Some agents that bind to the 16S component cause an
alteration to the complex that promotes tRNA mismatching and a resultant mistranslated
protein [25].

Aminoglycosides

The aminoglycoside antibiotic class is defined by a three dimensional system of
aminated carbohydrate rings joined via glycosidic bonds (Figure 1-6). These are highly
potent, broad spectrum antibiotics that possess many desirable drug-like physical
chemical properties. Streptomycin was first identified in 1944 and many other similar
compounds were found to be excreted from soil residing bacteria (kanamycin,
gentamycin and tobramycin). This class possessed early Gram negative activity and led
to the development of many semi-synthetic analogs in the 1970s (dibekacin, amikacin
etc.), of which escaped early instances of resistance to the original aminoglycosides. The
most common mutations associated with aminoglycoside resistance are binding site
modulation of the 16S component of the 30S ribosomal subunit as well as an
upregulation of deactivating aminoglycoside acetyltransferase [26, 27] . This is the only
class of protein synthesis inhibitors that is associated with consistent bacteriocidal
activity [28]. This is due to the mistranslation induced by the aminoglycoside interaction
with the 16S rRNA that alters the complex formed between the mRNA and
corresponding aminoacyl-tRNA [25]. This causes improper cell membrane integrity by
the incorporation of mistranslated, and thus functionally attenuated proteins, into the wall
allowing for an increase in aminoglycoside uptake [28].

Chloramphenicol

Chloramphenicol (Figure 1-7) is a bacteriostatic protein synthesis inhibitor. It
acts by specifically binding to the A2451 and A2452 residues of the 23S rRNA of the
50S ribosomal subunit that prevents peptide bond formation [29]. Chloramphenicol is
noted with extensive adverse events and is subsequently rarely used, but its small
molecular size and relative lipophillicity it penetrates the blood brain barrier effectively
and is used in the treatment of abscesses in the brain as well as meningitis. Resistance
associated to chloramphenicol is most commonly attributed to an altered 50S subunit as
well as reduced membrane permeability and an increase in chloramphenicol
acetyltransferase activity.
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Lincosamides

Lincosamides such as lincomycin and clindamycin (Figure 1-8) are bacteriostatic
protein synthesis inhibitors. They bind to the 23S portion of the 50S subunit of the
ribosome and cause a premature detachment of the peptide attached to the tRNA from the
ribosomal complex [30]. Isolated from the soil bacteria Streptomyces lincolnensis and
named after the city they were discovered in, Lincoln, NE, they possess a very similar
pharmacodynamics profile with macrolides and are thus antagonistic when used together.
Resistance emerges upon methylation of the 23S portion that disfavors binding of
lincosamides, macrolides and streptogramins.

Macrolides

The macrolide class of antibiotics is a well-populated class of polyketide
macrocyclic natural products. The typical macrocyclic core is between 14 and 16
membered with various deoxy sugar rings attached (Figure 1-9). They are inhibitors of
protein synthesis by blocking peptidyltransferase from coupling the growing peptide
chain to the next amino acid and inducing a premature dissociation of the peptidyl-tRNA
from the ribosome [30].They bind to the 50S subunit at the same 23S rRNA as the
chloramphenicols and lincosamides. Macrolides tend to accumulate in host leukocytes
[31] and are thus transported to the site of infection by the immune system. This coupled
with their bacteriostatic nature aids in macrolides in being efficient at dealing with
infections used to treat gram positive and a few gram negative infections, and are
commonly used in the case of penicillin allergies. The most common resistance
mechanism associated with macrolides is the methylation of the 23S ribosomal subunit
that also results in cross resistance with lincosamides and streptogramins. The main
macrolide antibiotics include 5 FDA approved agents, most notably azithromycin and
clarithromycin (Figure 1-9). From here structural analogs have generated two subsequent
generations of macrolides used to treat macrolide resistant infections. The ketolides
(telithromycin, Figure 1-9) are particularly effective as they contain two ribosomal
binding units, whereas the experimental fluoroketolides (solithromycin, Figure 1-9) have
three such sites.

Oxazolidinones

Linezolid (Figure 1-10), the first-in-class oxazolidinone antibacterial agent, has
demonstrated excellent clinical efficacy in treating drug-resistant gram positive
pulmonary infections. Oxazolidinones are protein synthesis inhibitors that bind to the 50s
ribosomal subunit of the 23S rRNA. Linezolid use is generally restricted to less than 2
weeks, because the agent can cause myelotoxicity (as a result of mitochondrial protein
synthesis inhibition), cytopenia, neuropathies, lactic acidosis, and rhabdomyolysis [32].
The class has grown to include more agents useful in drug resistant gram positive
infections such as posizolid and tedizolid (Figure 1-10). Recently linezolid and
oxazolidinones have received interest in treating drug resistant Mtb infections [33-37].
This is a promising new area for oxazolidinones that will be discussed in more detail
later.
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Streptogramins

Streptogramins are combinations of two synergistic agents such as synercid;
which is a combination of streptogramin A (dalfopristin, Figure 1-11) and streptogramin
B (quinupristin, Figure 1-11) that are both bacteriostatic protein synthesis inhibitors
when used separately but when co-administered they possess bacteriocidal activity. This
combination therapy, Synercid, is highly efficacious in treating serious gram positive
infections like vancomycin resistant Staphylococcus aureus (VRSA) and Enterococcus
(VRE) and acts with polypharmacology. Dalfoprisin binds to the 30S portion of the 70S
ribosome, altering its conformation which enhances quinupristins binding on the 50S
subunit [38].

Tetracyclines

Tetracyclines work by blocking access of the charged aminoacyl-tRNAs to the
ribosomal acceptor (A) site of the 30S subunit of the ribosome. The naturally occurring
tetracyclines (oxytetracycline, chlortetracycline and demethylchlortetracycline) have
been synthetically modified to give rise to the more commonly used semisynthetic class
(minocycline, doxycycline etc, Figure 1-12). Tetracyclines are broad spectrum acting
agents, having activity against both gram positive and negative organisms as well as more
atypical pathogens such as chlamydiae, mycoplasmas and protozoa. This in conjunction
with their relative lack of adverse events in mammals have led to their common use in
many human and animal infections, including prophylactically in the prevention of
malaria spread [23]. Important to the discussion of antibiotic resistance is the fact that
tetracyclines have traditionally been used in subtherapeutic doses in animal feeds as
growth promoters. The common resistance adaptation many bacteria employ against
tetracyclines is the acquisition of active efflux pumps [23]. Resistance is generally slow
emerging to this class, but the widespread use of subtherapuetic doses has led to a
plethora of bacterial species whom have acquired resistance. Researchers have employed
more synthetic modulation techniques to develop the glycylcyclines, led by tigecycline
(Figure 1-12). This distinct class of tetracyclines have incorporated a bulky substituent
that aids the molecule to be disfavored for efflux [39]. This sort of synthetic modification
with drug resistance in mind will be critical in the reactivating drug classes with noted
drug resistance and has already began with the development of novel spectinomycins for
the treatment of tuberculosis and gram negative pathogens [40].

DNA and RNA Synthesis Inhibitors

Selective inhibition of bacterial DNA or RNA synthesis has been an important
way of inducing bacterial cell death since the discovery of quinolones and rifamycins.
Drugs that work by blocking DNA synthesis work on either the DNA gyrase
(topoisomerase II) or topoisomerase [V. While functionally similar it seems that
targeting one versus the other gives rise to gram species selectivity, for example targeting
topoisomerase IV seems to illicit a greater response in gram positive bacteria while
targeting DNA gyrase effects gram negatives more [41]. Inhibition of RNA synthesis has
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a devastating effect on nucleic acid metabolism and is achieved by rifamycins by
inhibition of the RNA polymerase.

Quinolones

Quinolones and their more clinically relevant fluoroquinolone derivatives work
on inhibition of DNA gyrase and topoisomerase [V. This inhibition results in an
interference in the maintanence of chromosomal topography by preventing proper DNA
supercoiling. This is an attractive target as eukaryotic cells don’t require DNA
supercoiling. They work by trapping the enzyme at the DNA cleavage site and not
allowing for DNA strand reformation, resulting in double strand breakage and covalently
attached complexes of quinolone-topisomerase-DNA [42]. Fluoroquinolones are the
more clinically favored class and generally have a fluorine at the C-6 or C-7 position of
the central ring (Figure 1-13). They are broad spectrum acting agents with a few later
generation iterations being used in M.tb optimized regiments for MDR-TB and pediatric
TB [43, 44]. Later generation fluoroquinolones such as Moxifloxacin and Gatifloxacin
(Figure 1-13) have been used for gram negative respiratory infections, but have noted
issues of toxicity such as dysglycemia and spontaneous tendon rupturing that limit their
use as well as risk of QT interval prolongation [45]. The most common resistance
mutations occur at gyrA and gyrB causing an alteration to DNA Gyrase A/B binding site
(later generations not always cross resistant with first generations) and increased ABC-
type efflux pump expression [27].

Ansamycins

Ansamycins, otherwise known as the rifamycins, inhibit RNA synthesis and
induce cell death by binding to the rpoB subunit of a DNA bound RNA polymerase and
block transcription [42]. Anamycins are easily recognizable by their atypical aromatic
bridge in their macrocycle, the basket that aliphatic portion of the ring is the “handle” for
(ansa = handle in latin). Rifamycins were originally isolated from the soil bacteria
Streptomyces mediterranei (since renamed several times to Amycolatopsis rifamycinica)
in the 1950s, semisynthetic efforts yielded molecules like rifampicin (RIF, Figure 1-14).
Rifamycins are considered bacteriocidal against gram positive and M.tb but bacteriostatic
against gram negative. Resistance emergence is common and rapid [42] so rifampycins
are usually used in combination therapy such as the front-line cocktail for tuberculosis,
rifafour. RIF is considered the most important member of anti-tubercular regimens and
multidrug-resistance is associated with resistance to RIF and isoniazid (INH). Rifamycins
are also noted as potent drug metabolizing and transport enzyme modulators [43]. This is
most important in the increasingly common instance of M.tbh co-infection with the human
immunodeficiency virus (HIV) [44]. RIF is a potent cytochrome p450 (CYP) inducer, the
main metabolizing enzymes for early highly active antiretroviral therapy (HAART)
agents such as zidovudine and efavirenz [45, 46]. The most commonly associated
resistance occurs at the 7poB gene which causes a conformational change at the RIF
binding site of the RNA polymerase [42].
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Reactive Species Generation and Targeting the Respiratory Chain

It is speculated that all bacteriocidal agents elicit their cidal activity from a
common production of reactive oxygen species (ROS) caused by bacterial stress
responses [47]. These lethal species formations are spurned by an increase in the
respiratory and TCA cycles caused by stress responses systems such as envelope stress
(Cpx) and redox-response (Arc) [48]. This alteration to cell metabolism is important in
destabilizing iron-sulfur clusters resulting in an increase in the Fenton reaction that
generates hydroxyl radicals [28, 47]. This section will discuss a few series of new
compounds that both release their own reactive oxygen species and those act on the
respiratory chain to elicit bacteriocidal effects.

Nitroimidazoles

Resistance to nitroimidazoles is quite slow developing and relatively rare
compared to many other classes of antimicrobial agents [49]. They possess a vast range
of activity, active across both gram stains of bacteria as well as protozoa, solid tumors
and M.tb. Metronidazole is perhaps the most famous of these antimicrobials; it has been
in use since the 1960s to treat many anaerobic infections as the reduction required for
activation only occurs in hypoxic environments. This activation is a reduction of the nitro
group that results in a short lived nitro radical anion that can oxidize DNA causing strand
breakage and cell death [49].

Diarylquinolones

The diarylquinolones are the most advanced series of novel antitubercular drugs.
The recently approved bedaquiline falls under this classification. Bedaquiline is highly
selective and specifically inhibits essential ATP-synthase activity in replicating and
dormant mycobacteria but not in other prokaryotic or eukaryotic cells [50, 51]. Through
the growth of drug-resistant mutants, it was discovered that the rotor ring of the
organism’s FoF1 ATP synthase was the target, specifically binding to the ¢ subunit [52].
Mtb survives in a nonreplicating state using a pool of ATP that is used to maintain an
energized membrane produced by the FoFi1 ATP synthase [53]. This makes bedaquiline a
prime weapon for killing the latent Mtb subpopulation. With a distinct mechanism of
action from RIF and INH, bedaquiline is an effective addition to an MDR-TB regimen.
Discovered during a phenotypic screen performed by Janssen, bedaquiline shows
excellent activity against drug-sensitive and drug-resistant isolates, with a minimum
inhibitory concentration (MIC) of 0.03 pg/mL for drug-sensitive Mtb and 0.12 pg/mL for
drug-resistant strains, as well as outstanding activity in in vivo murine models. However,
bedaquiline’s efficacy in mice has not been as pronounced in humans, presumably due to
limited distribution within human granulomas. Bedaquiline is a large lipophilic drug that
is subject to CYP3A4 metabolism and has been noted to have PK drug—drug interactions
with the CYP3A4 inducer RIF, which decreases its activity [54]. Bedaquiline has been
associated with QT-prolongation and must be carefully combined with other drugs that
share this risk, including fluoroquinolones, macrolides, clofazimine, or drugs that inhibit
CYP3A4, which may increase its exposure [55]. Thus, efforts are ongoing to develop
second-generation diarylquinolones that will improve the drug’s physiochemical

19



properties and remove its cardiac liability. This effort has been recently aided by the co-
crystal structure of bedaquiline bound to its active site in the ATP synthase, which should
enable structure-guided design of more potent and less toxic analogs [56].

Rise of Resistance

During the years immediately following the “Golden” age of antibiotic drug
discovery scientists felt the discovery pipeline would never dry up. A quote attributed to
then United States Surgeon General Dr. William Stewart claimed “It is time to close the
book on infectious diseases, and declare the war against pestilence won”. However,
almost as soon as the first antibiotics were administered, resistance began to emerge in
the forms of genetic mutations to the bacteria that allowed them to survive
chemotherapeutic intervention. This phenomenon was predicted by Sir Alexander
Fleming, the man responsible for the discovery of penicillin, as a consequence of
improper and over use of antibacterial compounds [57]. Within a few years of the
widespread manufacturing and use of penicillins in non-WWII situations, over 50% of
isolated bacterial infections were no longer susceptible to penicillin. In current days drug
resistant infections have become a source of great concern. Hospital acquired infections
are problematic, both in increased mortality rates and increased cost burdens. MRSA
infections are 64% more likely to be lethal than their drug susceptible counterparts, and
are expected to cost millions every year [58]. Multiple other pathogens have developed
worrisome resistance including but not limited to M.th, Acinetobacter, Pseudomonas,
Enterococcus and Pneumococcus. These include bacteria that are resistant to one
antimicrobial agent, those resistant to two or more (multidrug-resistant, MDR) and those
that are extensively (XDR) or totally drug resistant (TDR). The rapid spread of resistance
is generally attributed to inappropriate use of these agents, as well as natural evolutionary
pressure for these organisms to overcome chemotherapeutic intervention [57]. We will
discuss some of the specific causes of resistance emergence as well as commonly
occurring mechanisms, most of whom have been discussed in detail in the previous
section. Finally we will close this section with recent discovery efforts in the field, some
success and some lessons learned going forward.

Causes and Common Types of Antibiotic Resistance

It was reported in 2010 that the on average the average US citizen consumed 22
units (unit meaning one dose) of antibiotics, a number that varied greatly by state, with
those in the mid-south being the highest consumers [59]. This combined with the
estimation that 30-50% of antibiotic therapies are either misdiagnosed, use the wrong
drug or are not completed to the proper duration makes for a perfect breeding ground for
drug resistance to cultivate [57, 60]. In addition to improper dosing, agriculture across the
world has been supplementing animal feed with sub-therapeutic concentrations of
antibiotics, albeit usually those not used in humans. This use is to promote health and
growth in animals and prevent disease, but allows bacteria to experience a drug at sub-
lethal concentrations or improper medication for a particular organism. This gives the

20



surviving bacteria a chance to confer resistance and propagate drug resistant strains. This
now resistant organism may eventually drop this resistant mutation, but if the fitness cost
associated with this new found resilience is not too high than it can propagate unabated
[61].

In 2014 it was estimated that more than 2 million people in the United States were
infected with drug resistant bacteria, directly resulting in 23,000 deaths [62]. Bacteria can
be intrinsically resistant to drug intervention, such as Pseudomonas’ intrinsic resistance
to the antiseptic triclosan. This has been found to be because Pseudomonas encodes an
extra enoyl-ACP reductase enzyme, fabV, that is insensitive to that drugs primary
mechanism of action [63]. Many gram negative organisms are intrinsically resistant to
agents potent against gram positives due to their differences in cell wall composition,
daptomycin and vancomycin being the best examples of this phenomenon. Understanding
intrinsic resistance factors can be very important in identifying proper combination
therapies to increase the spectrum of activity depending on the type of infection a patient
is afflicted by. The focus of this section will be on the acquired forms of antibacterial
resistance commonly associated with antibiotic use, those acquired via mutations to
chromosomal genes or transferred by horizontal gene transfer. These acquired resistance
mechanisms generally fall into three categories to be discussed individually; decreasing
cellular concentrations of drug through efflux or alterations in membrane penetration,
modulation of the target by mutations or post-translational modifications or through the
use of inactivating enzymes to neuter a drug’s efficacy.

Decreasing cellular concentrations of drug

Gram-negative bacteria are intrinsically more difficult for a drug to penetrate due
to the presence of an outer membrane and the presence of efflux pumps. This outer
membrane allows hydrophilic solutes, including antibiotics, to penetrate through porin
proteins. These porins are often speculated to be largely indiscriminate in their
permeability, size permitting [64]. It has been shown in cases of carbapenem resistance in
Enterobacteriacae, Pseudomonoas and Actinetobacter that a reduction in porin expression
such as oprD led to drug resistance, and is often the first step prior to the acquisition of
extensive carbapenemases [65, 66]. This response to drug exposure is concerning as it
completely precludes a class of drugs based on its physical chemical properties,
something that combination therapies cannot overcome. Logically it follows that a down-
regulation of the bacteria’s ability to incorporate soluble nutrients would result in
attenuated bacteria, a resultant fitness cost of resistance. However gram-negative bacteria
have multiple types of porins that favor different sized molecules and are expressed in
response to certain stress elements [67]. For example larger, more indiscriminant porins
such as OmpF or those that are solute-selective like LamB glycoporins are expressed in
response to nutritional stress. In the cases of antibiotic stress smaller channels such as
OmpC are in more abundance, resulting in decreased antibiotic perfusion but also fewer
nutrients. Such a balance can theoretically be exploited in combinations and rational drug
design and has been a driving force for the development of nutrient state dependent
antibiotics such as siderophore conjugates that may be more efficacious if bacteria are in
a weakened state [68]. The converse of exclusion-based antibiotic resistance is the
bacteria’s ability to promote xenobiotic efflux, and is often found to be complimentary to
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changes in porin expression levels [69]. Efflux pumps are often major contributors to
intrinsic gram-negative resistance to gram-positive agents and can similarly be
overexpressed as a result of antibiotic stress. There are pumps that have very specific
substrates such as the Tet pumps for tetracyclines and other, more broadly acting
multidrug resistant (MDR) pumps which greatly contribute to drug resistant infections
[70]. Genes that encode MDR efflux pumps are found in multiple places on the bacteria
genome, and have been shown to mobilize onto plasmids that can be transferred between
bacteria, a phenomenon known as horizontal gene transfer. The resistance nodulation
division (RND) of MDR pumps is a family found in gram-negative bacteria and is the
most studied family of clinically relevant efflux pumps. In E. coli the RND AcrB is a
homotrimer inside the inner membrane that is coupled to an outer membrane channel
called TolC that allows for complete efflux. The AcrB has two distinct binding pockets
that have vastly different properties, which is what allows the efflux pump to have such a
wide variety of substrates and cause resistance across many classes of antibiotics [71].
Patients have been identified to have been infected by drug resistant bacteria
overexpressing efflux pumps for over 20 years [72, 73]. Research in drug discovery has
put a heavy emphasis on either inhibiting known efflux mechanisms [74, 75] or using
medicinal chemistry to avoid efflux issues that prevent efficacy [39, 40]. Expression of
efflux pumps can be tied into alterations to regulatory networks via mutations at local
repressors, global transcription factors or inter-gentic sites [76]. Understanding how small
molecule intervention as well as nutrient and environmental status affects efflux
regulation is another important aspect to consider when developing drugs with resistance
in mind.

Target modulation

In antibiotic drug discovery, we seek to deliver targeted agents to kill bacteria
selectively with as few off target effects as possible. As such, most agents have a very
specific target that they bind to in order to illicit their effects. For the bacteria this
provides an opportunity to develop resistance at the site of action to disfavor antibiotic
activity. This can be in the actual binding site, as is the case with sulfonamide resistance
[7], or in bioactivation enzymes for prodrug activation as seen in INH with EthA
mutations [77]. In a typical infection there are a host of different species of bacteria and
subpopulations of different strains. A single point mutation in a gene conferring
resistance to an antibiotic gives that strain a much higher survivability chance in cases of
chemotherapeutic intervention. The resistant strain is thus favored to proliferate and a
high pressure is applied to retain that resistant gene. This is highlighted in linezolid
resistance in gram-positive organisms such as S. pneumonia and S. aureus. Linezolid
typically targets the 23S rRNA ribosomal subunit, but in resistant mutants there is a
T460C mutation in the rp/C gene, something these organisms have multiple copies of.
This selected resistant trait quickly undergoes recombination between these homologous
alleles which pushes the overall bacterial population to almost exclusively express this
resistance mechanism [78, 79]. Bacteria can also protect an active site without going
through genetic mutations. This can be accomplished through post translation
modifications of the site, such as methylation via methyltransferases or direct methylases.
The erythromycin ribosome methylases (erm) methylate the 16S rRNA and disfavor the
binding of macrolides, lincosamides and streptogramins [80]. In resistant bacteria the
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armA and rmt methyltransferases have been clinically associated with inactivation of
aminoglycoside antibiotics, although this is not typically the predominant form of
resistance [81]. Plasmid-mediated alterations have been noted in fluoroquinolone
resistance, with a repeat in the genes coding for pentapeptide repeat proteins (PRPs) that
can restore topoisomerase activity by releasing the quinolone [82]. Some species of
bacteria gain resistance to colistin by modulation of regulators that control their
lipopolysaccharide (LPS) production, which in turn alters the negativity of the LPS and
the binding preference for colistin. The multitude of ways that bacteria can adapt in the
face of pressures confers quite the challenge in designing new agents as well as novel
drug regimens to stay one step ahead of emerging resistance.

Inactivating enzymes

Perhaps the bacteria’s best line of defense is the internal ability to inactivate a
parent compound completely. First discovered to be an issue within months of the first
administration of penicillin in the 1940 [83], thousands of different enzymes have been
identified that inactivate various antibiotic classes The best example of bacterial
inactivation is the B-lactamase family of enzymes produced in response to the most
prevalent class of antibiotics. This series of enzymes is responsible for the hydrolysis of
the B-lactam ring of penicillins, cephalosporins, clavams, carbapenems and monbactams,
rendering them incapable of their covalent modification of the penicillin binding protein.
Typically these enzymes can be classified structurally into 4 groups conserved amino
acid differences (A, B, C, D) or function (serine catalyzed or metalloenzyme) [84]. Serine
mediated hydrolysis is accomplished by a covalent nucleophilic attack on the lactam ring
system followed by hydrolysis by water to a carboxylic acid. Metalloenzymes use a zinc
atom to activate a water molecule to perform a similar hydrolysis, and then stabilize the
resulting acid to drive the equilibrium. Especially difficult to treat resistance is associated
with extended-spectrum B-lactamases (ESBLs) and carbapenemases that inactivate the
later stage B-lactams that are typically last line of defense agents in gram-negative
infections such as carbapenem resistant Enterobacteriacae (CRE). The most widespread
carbapenemase is the New Dehli metallo-f-lactamase (NDM) that is found in A.
baumannii, K. pneumonia and E. coli that confers resistance to all B-lactams except
actreonam. NDM is able to confer amongst many species and spread across the world
rapidly due to the high motility of the gene blanpm between plasmid and chromosome
[85]. Another example of enzymatic inactivation of an antibiotic utilized by bacteria is
the macrolide esterases. Macrolide antibiotics typically have labile ester moieties within
their macrocyclic lactone ring that is integral for antibiotic activity. EreA and ereB are
two isolated proteins that perform the cleavage of this bond in highly macrolide resistant
bacteria [86]. While not a particularly common resistance mechanism, it results in highly
resistant erythromycin resistant E. coli and Providencia stuartii and has been identified in
S. aureus and Pseudomonas. Bacteria are also capable of inactivating antibiotics by the
covalent transfer of functional groups to the chemical scaffold to impair target binding.
Natural products have a rich history in antibiotic drug discovery, and these larger
molecules tend to be quite rich in free hydroxyl and amide groups that are ripe for
modifications. Some of these strategies include O-phosphorylation, O-nucleotidylation,
O-ribosylation, O-glycosylation, thiol transfers and acylations. With such a wide variety
of diversity in their arsenal for this inactivation pathway it is unsurprising that this is one
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of the largest families of resistance enzymes. Aminoglycosides are particularly
susceptible to these types of modulations, due to their high molecular weight and
abundance of functionalizable groups. In the cases of aminoglycoside acetyltransferases,
phosphotransferases and nucleotidyltransferases it has been shown that all three mimic
the target ribosomal binding cleft in order to trick the molecule into being a substrate
[87].

Discussion: Mitigating Resistance Through Drug Discovery

To exacerbate the problems of emerging drug resistance all over the world, there
has been a dearth of innovation in the form of new antibiotics. Particularly worrisome is
the lack of novel chemical classes in this field, the agents that have been developed have
primarily been analogs that improve on current agents. This usually results in improved
PK properties for more administration options or improves spectrum of activity, but
commonly are susceptible to previously emerged resistance mechanisms. Our reliance on
antibiotic use is not going to decrease anytime soon; an aging population will require
more surgeries, still will undergo immune-suppressing chemotherapeutics and will in
general live longer and thus be exposed to more pathogens. Physicians are quickly
realizing the benefits of proper antibiotic practices that should slow the emergence of a
resistance epidemic, but the need for new agents with the ability to escape known
mechanisms that render our front-line therapies ineffective is evident. In order to
accomplish this, the biology of resistance obviously needs to be well understood but we
also need agents that hit new targets or have novel ways of inhibiting validated targets.
Some alternative strategies are being implemented in lieu of novel antimicrobial
compounds in the hopes that less stress on the organism will result in less selective
pressure to develop resistance. Agents that target virulence factors, toxin secretion,
biofilms, cell adhesion components, signaling pathways and modulation of the host
immune system and microbiome are all up and coming therapies in this respect [88].

From an antimicrobial perspective, novel mechanisms of action have been scarce
since the introduction of the oxalindiones in 2000. Since then, the only first in class
compounds approved in the US have been daptomycin, retapamulin, fidaxomicin and
bedaquiline [89]. These agents have very narrow spectrum of activity, none of which are
efficacious against gram-negative bacteria. It should be noted that a new p-lactamase
inhibitor has been approved that greatly aids the Fight in multi-drug resistant gram-
negative infections. Avibactam is a non-f-lactam that has demonstrated inactivation of
several important B-lactamases including Klebsiella pneumonia cabapenemase (KPC) and
AmpC-type cephalosporin inactivators. There must be a paradigm shift in the drug
discovery field; the amount of drug resistant gram-negative infections continues to climb
with no relief beyond newer -lactam agents [90]. Even the recently discovered and
highly heralded teixobactin is limited to gram-positive infections and is far away from
being clinically relevant, although its isolation gives great hope in the discovery of a
natural product derivative with potent activity [91].
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Similar to gram-negative pathogens, tropical disease areas such as tuberculosis
have gained relatively little in the ways of novel chemistry added to their arsenal and
have a disturbing uprising in resistance cases. Tuberculosis primarily afflicts poorer
regions of the world and as a result has lacked funding and effort in new drug discovery.
Resistance threatens an effective drug regimen to treat the disease, but it also forces
patients to extend an already lengthy therapy time as well as utilize more toxic agents that
may be difficult to obtain. With only two limited approvals since the discovery of
rifamycin in the 1960’s, the field is desperate for new agents. A struggling drug pipeline
is not very encouraging and there are many challenges associated with targeting the
mycobacterium as well as circumventing its known resistance pathway. In the next
chapter we describe efforts to develop new inhibitors against two drug targets that act on
cell wall construction, perhaps Mtb’s strongest natural defense. First we are exploring an
extremely hot field of anti-tubercular drug discovery by targeting a membrane transport
protein responsible for shuttling a critical membrane component to the outer portions of
the cell. Next we re-investigate the Fatty Acid Synthesis (FAS) II pathway, targeted by
multiple first and second choice drugs used for TB. In doing so, we are taking a unique
approach that is gaining popularity in other fields of drug discovery and should
circumvent both resistance and toxicities associated with previous inhibitors. Both
projects highlight the underlying need for innovation; whether it is inhibiting a new target
or finding a unique way to hit a validated target, both are cognizant of emerging
resistance and take aim at generating useful chemistry for the future.

The history of antibiotics has given us a large knowledge base of pharmacology
and biology of existing therapeutics. We know there are biosynthetic pathways that are
critical for bacterial growth and survival, and we have agents that target many steps in
these cascades. The example often used in this regard is the folate biosynthesis pathway.
Sulfonamide antibiotics are the oldest synthetically derived class that are still highly
clinically relevant today. These work on the heavily studied DHPS enzyme, and are often
used in conjunction with a DHFR inhibitor such as TMP to treat a wide variety of
pathogens. Using the knowledge the field has acquired on this pathway, it only makes
sense to find new ways of both targeting and exploring clinical usefulness of inhibition of
folate production. In chapter three we describe two projects on doing both. First the
development of inhibitors of another essential enzyme in this pathway, using structure
guided and fragment based drug design. Developing a new inhibitor of another enzyme
will circumvent resistance to sulfonamides and could be just as synergistic with TMP for
robust clinical efficacy. The next project will be a drug repurposing screen to utilize both
known bioactive molecules as well as potent inhibitors of DHPS to try and find new
agents to treat Pneumocystis pneumonia (PCP). Efforts such as these are gaining
popularity in the drug discovery field, especially in antibiotics because of the cost
effectiveness and relatively high success rate. In terms of the bioactive agents, the data in
terms of safety and therapeutic index is already acquired, so rapid decision making can
occur to prioritize lead molecules. Exploring DHPS inhibitors is promising for this
disease indication as SMX is already the drug of choice in curative and prophylactic
treatment of this opportunistic organism. As these studies have gone on, we have
generated more hypotheses that can further answer some emerging debate on DHPS
inhibition in general as well as its role in PCP infection treatment.
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CHAPTER 2. TARGETING THE CELL WALL OF MYCOBACTERIUM
TUBERCULOSIS

Introduction: TB as a Global Threat

Mycobacterium tuberculosis (Mtb) has been a major human pathogen since the
dawn of modern human existence, with the evolution of modern Mtb sublineages closely
correlating with the different waves of human migration out of Africa [92]. As the human
race began to form denser population centers, culminating in urbanization, Mtb spread
more easily, and it became one of the leading causes of death by the end of the twentieth
century. The prognosis for patients with tuberculosis (TB) improved dramatically with
the discovery and introduction of antitubercular drugs, starting with streptomycin in 1946
and subsequent research that produced today’s front-line therapies for drug-sensitive
Mtb. It is important to note that despite having an effective treatment regimen, Mtb still
caused an estimated 9 million infections and 1.5 million deaths in 2013 [93].

The current standard of care for drug-susceptible Mtb infection is very effective in
bacillary clearance, provided full compliance by the patient. A 2-month “intensive” phase
of a four-drug cocktail containing rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA)
and ethambutol (EMB) (Figure 2-1) is followed by a longer “continuation” phase of RIF
and INH to eradicate the remaining bacilli that have entered a dormant, non-replicating
latent phase. A looming global issue hidden in the midst of this epidemic was the
emergence of drug-resistant bacteria, a trend that is on the rise, as such strains are easily
spread with low fitness costs associated with transmission [61, 94]. The World Health
Organization (WHO) reported that globally 3.5% of naive infections already expressed
resistance to two most efficacious front-line agents used to treat the disease, RIF and
INH, thereby classifying the infection as multidrug-resistant tuberculosis (MDR-TB)
[93]. Treatment of drug-susceptible Mtb is difficult already, requiring 6 to 9 months of
combination therapy in ideal circumstances. Complicating the issue is that Mtb tends to
be endemic to the developing world; thus, access to adequate healthcare facilities and
drugs can be limited for those patients. This leads to incomplete treatments, a leading
driver for conferring drug resistance; 20.5% of patients with relapsed disease have MDR-
TB [93].

Treatment for MDR-TB can extend upwards of 2 years and relies on more toxic,
less efficacious second- or third-line agents, many of which are even more scarce than
front-line drugs in affected areas [95]. A very common and deadly complication of Mtb
infection is coinfection with human immunodeficiency virus (HIV) [44, 96]. This is
particularly troublesome because RIF, a mainstay in Mtb therapy, is a potent inducer of
drug-metabolizing enzymes, including cytochrome P450 (CYP) 3A4. This induction
dramatically reduces plasma levels of several highly active antiretroviral therapy drugs;
thus, patients are often forced to complete their TB treatment before beginning HIV
treatment [43-45, 96]. Patients who contract MDR-TB with HIV have a very poor
prognosis due to the duration of treatment; these individuals frequently succumb within a
few months.
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Figure 2-1.  Front line therapy of tuberculosis.

Reprinted with permission from Bentham Science. Hoagland, Daniel T et al (2016).
“Advances in Drug Discovery and Development for Pediatric Tuberculosis.” Mini-
Reviews in Medicinal Chemistry 16(6): 481-497
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The urgent need to develop new active agents to combat MDR-TB has been
compounded by the emergence of extensively drug—resistant tuberculosis (XDR-TB)
[97], defined as MDR-TB with additional resistance to fluoroquinolones and one of the
injectable second-line agents. Furthermore, cases of totally drug-resistant tuberculosis
(TDR-TB) have been noted in China, India, Africa, and Eastern Europe. In TDR-TB, the
mycobacterium are resistant to all available therapeutics [98]. Combining the decline in
efficacy of known active agents with the dearth of new chemical entities being moved
into the clinic setting, we have reached the point where a “postantibiotic” era is a very
real possibility [99]. From a clinical perspective, the WHO’s approach to reduce the
number of TB deaths and infections is to implement directly observed treatment, short
course. This regimen implements the following five main elements to increase survival
and decrease transmittance for most developing countries: (1) government commitment
to monitoring and treating Mtb infections; (2) sputum-smear microscopy for all cases to
assess drug susceptibility; (3) standardized treatment regimens with direct observation by
a trained healthcare professional; (4) uninterrupted drug supply; and (5) standardized
reporting system to maximize data interpretation directly from patients’ medical records.
This approach has reduced the overall number of TB infections and deaths, but it has not
affected the increasing numbers of MDR-TB infections [100]. Therefore, more
chemotherapeutic interventions are needed. New agents would ideally have the following
attributes: a novel mechanism of action to attenuate cross resistance; rapid bactericidal
activity to reduce duration of therapy; optimized pharmacokinetic/pharmacodynamic
(PK/PD) properties for once daily oral administration; low potential for drug—drug
interactions to allow combination therapy, especially with other TB drugs and current
HIV therapeutics; and excellent safety profile to allow for use in children and pregnant
women. These ideal criteria are coupled with other practical goals such as inexpensive
manufacturing, high compound stability, narrow spectrum of activity, high tolerability,
and a low rate of spontaneous-resistance emergence.

In recent years, we have seen the first regulatory approvals for new Mtb drugs
(i.e., bedaquiline and delamanid) in decades (Figure 2-2) [55, 101]. Both drugs have
been conditionally approved [delamanid in the European Union’s European Medicines
Agency (EMA)[102]] because adverse events have been noted. The U.S. Food and Drug
Agency (FDA) has approved bedaquiline for MDR-TB and delamanid as a
compassionate care option for XDR-TB and TDR-TB infections, and the EMA approved
both agents for MDR-TB. The fact that these drugs have pronounced issues, including
being very highly lipophilic, and the lack of viable alternatives in late-stage clinical
development is indicative of the state of drug discovery in this field. In this review, we
discuss up-and-coming drug classes that are on the cusp of entering clinical trials. We
focus on the novelty of their mechanisms of action, the advantages they may possess in
targeting MDR-TB in replicating and nonreplicating forms, and their prospects moving
into the clinic.
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Figure 2-2. Bedaquiline and Delamanid

Two recently approved drugs for the treatment of MDR-TB, both with issues that limit
their usage

Reprinted with permission from Elsevier Science. Hoagland, Daniel T et al (2016). “New
Agents for the Treatment of Drug-Resistant Mycobacterium Tuberculosis.” Advanced
Drug Delivery Reviews 102(1): 55-72
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M.tb Life Cycle and Microenvironments

M.tb infection begins upon pulmonary exposure, following inhalation of active bacilli
from the surrounding environment. The risk of being infected is greatly influenced by
many factors, most of which stem from living and working conditions. Population
density, weather, duration and intensity of exposure to the M.¢b (cramped living and work
environments with poor ventilation), a set of virulence factors unique to the infecting
organism, and relative immunocompetency of the would-be host are all variables
associated with succumbing to an M.tb infection. Initial infection occurs when a carrier
exposes M.tb to the air via coughing. Small droplets are expelled from the lungs that
contain small number of individual organisms (<10) that must be inhaled deep into the
lungs. At this point host macrophages in the lung attempt to phagocytize the pathogen
(Figure 2-3A) and transport it across the alveolar epithelium and into the lung. This
triggers a proinflammatory response that will recruit other immune cells to form an
encapsulated granuloma, which is a typical immune response to a pathogen. At this point,
most of the bacterial burden is contained inside what are now considered foamy
macrophages (Figure 2-3B), which begin to line the outside of the granuloma. When the
granuloma is first formed, it is well vascularized and a lot of immune cells are present
(Figure 2-3C), which bolsters the ability of drugs to reach the infection and the host’s
immune system to combat the pathogen. As the granuloma continues to mature against
the relentless immune response, the outer wall begins to harden with a thick fibrous
capsule, and the inner core is walled-off from the immune cells. Foamy macrophages line
the outside of this lesion, cells die and caseum develops at the core, which cuts off the
remaining vasculature. At this point, the granuloma is considered necrotic, and the bacilli
exist extracellularly in this caseum and can enter their largely dormant state (Figure
2-3D). Necrotic granuloma lesions (also known as tubercles) make drug penetration
difficult and render mouse infection models that do not recapitulate this complex
pathology poor surrogates for the human disease. After years or in cases of immune
system compromise, the granulomas will fuse to the airways of the lungs and burst,
releasing the pathogen to spread to new tissue and new hosts (Figure 2-3E) [103]. Each
of these points in the Mtb life cycle have different microenvironments that can affect
drug susceptibility. For example, various degrees of vasculature result in lower blood
flow, decreased oxygen levels, and pH differences in the intra/extracellular fluids that can
affect ionization or activation of drugs, drug targets in Mtb may be turned off, depending
on the replication stage (latent vs. actively replicating), and the ability of the drug to
penetrate tissues and membranes required to reach the mycobacteria.

TB in Children

Tuberculosis in pediatric populations is a horrible and often under reported
affliction that suffers from problematic diagnosis and child specific treatment options.
Children are often a lower priority than adults in many healthcare systems due to
perceptions of a lack of infectiousness, difficulty in obtaining diagnosis using sputum
samples and their rapid progression to a more serious disease state [104, 105]. Globally
children under the age of 15 accounted for half a million infections in 2011 with 64,000
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Figure 2-3. A simplified depiction of the Mtb lifecycle

A.) Initial transmission via aerosolized active mycobacterium. Initial bacterial load met
by macrophages and phagocytosis occurs to quell the infection.

B.) Mtb inside the phagosome of the host macrophage. Nutrient deplete environment
where Mtb relies on host carbon sources like cholesterol degradation and the MCC

C.) The initial immune response to wall off infected macrophages inside a granuloma
using inflammatory response cells. Containment is successful for 90% of immuno-
competent patients. Immuno-suppression can lead to rapid dissemenation. Granuloma
still well vascularized.

D.) Necrotic granuloma where Mtb begins to seep out of the macrophages into the
extracellular caseum layer. Vasculature has been choked out by thick caseum layer. This
phase can last decades or until host becomes immuno compromised

E.) Eventual granuloma rupture that allows Mtb to escape into the airways and
repropagate the cycle and infect others.

Reprinted with permission from Elsevier Science. Hoagland, Daniel T et al (2016). “New
Agents for the Treatment of Drug-Resistant Mycobacterium Tuberculosis.” Advanced
Drug Delivery Reviews 102(1): 55-72
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deaths in HIV negative patients. Children under the age of five are several times more
likely than adults to progress to more serious extra pulmonary dissemination involved in
miliary TB and TB meningitis [104, 106-108] and most will succumb to infection within
a year of initial exposure [109]. With this rapid progression from infection to disease
state, children can be quite indicative of an active epidemic at a local level and are useful
in distinguishing between latent and infectious populations. Neonates have the highest
progression rate to the disease state and in fact can be useful in diagnosis of previously
unknown TB in the mother [110]. As a much understudied population, there is little
clinical or even pre-clinical data behind the dosing regimens for pediatrics. There is a
significant difference in drug delivery, both in their pharmacokinetics and
pharmacodynamics [111-115] when considering a child taking the same medication as an
adult. Children tend to have a much more sensitive therapeutic index [116-118], with
noted adverse effects to TB therapies worse than adults, especially for second-line agents
used for MDR-TB. We will discuss this more in depth later in this review, but for now it
should be noted that there is a dearth of knowledge for this patient subpopulation that is
just now starting to be addressed. Before 2012, the WHO did not distinguish between
pediatric and adult infections when issuing their annual estimate of epidemiology. In
addition, the DOTS strategy largely neglects children, as the primary means of detection
is sputum smear-positive, which pediatrics often don’t display [104, 106, 119]. Other
factors contribute to the delicate disease state of pediatric TB infections including altered
immune response [120, 121], difficulties in proper dosing (both amounts and
formulation)[ 122], and the rapid progression to severe disease state. We will discuss the
future of small molecule M.tb therapeutics, specifically how it pertains to the pediatric
population, as well as alterations in screening and target validation strategies that are
proving helpful in the identification of lead candidates to be advanced to the clinic.

Agents to Treat TB and Known Issues in Adults and Children

The normal TB drug therapy is 6-9 months of the previously discussed front-line
agents. Once a patient no longer responds to INH and RIF they are classified as having
MDR-TB, and further resistance to a fluorquinolone or injectable aminoglycosides they
are deemed to have XDR-TB. These resistant infections are much more difficult to treat
and require longer therapy duration with more toxic or less efficacious drugs. Agents
typically reserved for MDR or XDR infections are grouped into four classes (in addition
to the first line class) based on efficacy, potency, drug class and experience of use [95,
116] (Figure 2-4). The first group of second-line agents includes injectable
aminoglycosides and polypeptides. The next group is the fluoroquinolones, in both oral
and injectable forms, from which generally only one agent is used. The final group of
second-line agents are also oral and of various drug classes. A fifth group exists as a
third-line of anti-TB drugs which include several repurposed compounds such as
clofazimine (leprosy), Linezolid (respiratory infections), amoxicillin plus clavulanate
(broad spectrum use), imipenem plus cilastatin (broad spectrum), and
clarithromycin(respiratory infections). Figure 2-4 depicts a common progression method
to select treatment combinations between these groups of second-line agents as resistance
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Figure 2-4.  General progression of agent addition to MDR-TB infection regimen.
Always add one agent until four active agents are being used. *Streptomycin used only if
resistance to Amikacin, Kanamycin, and Capreomycin is noted

Reprinted with permission from Bentham Science. Hoagland, Daniel T et al (2016).
“Advances in Drug Discovery and Development for Pediatric Tuberculosis.” Mini-
Reviews in Medicinal Chemistry 16(6): 481-497
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is confirmed. Typically physicians will attempt to always be using at least four drugs that
the isolate is susceptible to in order to prevent further resistance from emerging.

Adverse Effects of Front-line Agents

As previously stated, TB primarily affects impoverished portions of the world and
therefore the majority of people being treated for TB live in very resource-scarce areas.
This not only makes obtaining the necessary agents required for first or second-line
therapy difficult; it also blurs the line for monitoring adverse effects from therapy.
Reporting an adverse reaction is very tricky, as many in this patient population are
extremely malnourished and co-infected with one or more serious diseases. However, as
of late, there has been a more concerted effort in keeping track of toxicological events as
it pertains to tuberculosis treatment, as doses must be safe and well tolerated in order to
maintain a high level of patient compliance [123-125]. This is something as a field that
needs to be considered going forward as new agents and regimens are developed.

We will first start with side effects associated with front-line therapies. Two
months of RIF (10-20 mg/kg, max dose 600 mg/day), PZA (30-40 mg/kg), INH (10-15
mg/kg, max dose 300 mg/day) and sometimes EMB (15-25 mg/kg, in areas of high HIV
or INH resistance prevalence) followed by four months of RIF and INH at the above
doses. Despite the recent increase in dosage, it has been discussed by Hiruy et al. that
these doses might be inadequate to reach optimal therapeutic plasma concentrations in
children [122], a subject that definitely merits more investigation. We will focus on noted
adverse effects for current or lower doses of front and second-line agents.

INH has two major reactions, neurologic and hepatic, both of which are relatively
rare. INH competes with vitamin B6’s (pyridoxine) action as a cofactor in synaptic
neurotransmitter biosynthesis [126]. Dose-dependent neurologic toxicity is less common
in children than in adults, which results in peripheral neuropathy, clonic seizures and
paresthesia [127]. These effects are magnified in patients co-infected with HIV or who
have vitamin deficiencies. Pyridoxine supplementation is recommended in patients whom
are severely malnourished or co-infected with HIV [118]. Dosage of INH is dependent on
a specific genotype (N-acetyltransferase 2) of a patient population, as it pertains to their
rate of acetylation [111]. Slow acetylators are associated with more toxicity issues [124,
128] than intermediate or fast acetylators and genotype differs amongst ethnic groups.
Hepatitis is the most severe reaction to INH, with rare reports occurring in children
receiving low doses [129, 130]. However, INH is commonly given prophylactically to
help clear latent infections. Systemic hepatotoxicity is rare in children and shown in
rather large patient studies to have no effect on discontinuation of therapy [131]. Cases
that do devolve into liver dysfunction can result in organ failure and require
transplantation [132, 133].

RIF is notorious for wreaking havoc on other drugs co-administered with it if they

are subject to hepatic metabolism. RIF is a potent ligand for the nuclear hormone receptor
PXR, an inducer of Cytochrome p450s (notably 2C9 and 3A4), P-glycoprotein (Pgp or
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MDR1), ATP binding cassette transporters, lung resistance-related proteins and phase II
conjugation enzymes [44, 46, 134-137]. The most troublesome effect is the induction of
CYP3A4, which is responsible for the metabolism of many anti-retroviral protease
inhibitors, making co-administration of TB and HIV drugs problematic in many parts of
the world where therapeutic options for both conditions are limited. There is very limited
evidence of RIF having adverse hepatic effects when administered alone in children. A
common, albeit benign, side effect of RIF is the discoloration of bodily fluid to an
orange-red color that may impart some social stigma. Other rifamycins are being
developed with similar potency as RIF but with fewer pharmacokinetic disturbances and
greater plasma exposure which will be discussed later.

An integral part of the intensive treatment phase of pediatric and adult drug
susceptible TB infections is PZA. PZA is a unique drug that barely exhibits any anti-
tubercular activity in vitro. However, its introduction to front-line therapy reduced
therapy times by three months. PZA requires acidic conditions such as inside a
macrophage and in granulomas to obtain optimum activity, the exact mechanism of
action of pyrazinamide remains a subject of conjecture [138], but it has been
hypothesized that bioactivation by pyrazinamidase to pyrazinoic acid within the M.tb cell
causes disruption in membrane potential and energy production [139]. The commonly
associated complications with PZA therapy are GI distress, hepatotoxicity and joint
discomfort. In adults, hepatotoxicity is dose and duration of therapy dependent [124].
Hepatotoxicity from PZA has been shown to be relatively rare in children with little
alteration in hepatic enzyme function [113, 140]. Joint problems stem from non-gouty
polyarthralgia and gout-induced arthritis via decreasing renal excretion of uric acid. It has
not been studied in children, but in adults there have been slight increases of systemic
uric acid levels leading to arthritis symptoms.

EMB was developed as a replacement for Thioacetoazone (TAC) in front-line
therapy and serves a very similar role in the combination. EMB is only moderately active
against M.tb but plays an important role in suppression of resistance emergence in the
drug cocktail. TAC is a thiosemicarbazone that can cause extreme skin reactions, such as
lethal Stevens-Johnson reactions, in HIV co-infected patients. Its use is now limited to
the most drug-resistant MDR/XDR infections. EMB is not without toxicity concerns,
being contraindicated in use for pediatrics up until several reviews of pharmacokinetics,
efficacy and toxicity by the WHO and others [141-143]. The biggest concern with EMB
use is the development of optic neuritis, an inflammation of the optic nerve [144]. In the
case of EMB-induced neuritis, the inflammation occurs at the retrobulbar (posterior) of
the nerve and thus is difficult to detect via normal opthalmoloscopic examination.
Disease-state diagnosis is very dependent on patient observation and communication of a
loss of visual acuity and color vision for which there is difficulty in tracking such an
adverse effect in young children (under the age of five) due to their inability to either
comprehend changes in their vision or articulate them to a healthcare provider [142, 144].
Retrobulbar neuritis is reversible, if detected early, and therefore early signs of the
disease-state progression are imperative. Recent advances in detection could allow for
rapid detection of nerve damage and thus discontinuation of treatment. Specifically the
recording visual-evoked potentials (VEPs) in children under the age of five has been
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tested to see if early detection is possible without being reliant on patient communication
of distress [145]. Ocular toxicity with EMB is dose and duration of therapy dependent,
with 40% of adults developing symptoms at doses greater than 50 mg/kg and 0-3% at 15
mg/kg [144].

Adverse Events to Second-Line Therapies

Second-line therapeutics for treating drug-resistant TB have their own unique, and
often worse, adverse events especially in children with toxicity occurring in up to 40% of
cases [146]. Any treatment for multi or extensively drug-resistant pathogens will always
have a slightly larger toleration to adverse events just because the disease state is much
more life threatening. The use of one injectable antibiotic is standard in second-line
therapy for drug-resistant infections. Second-line therapy is now often supplemented
with broad spectrum antibiotics such as fluoroquinolones and linezolid which have a
better efficacy and safety profile than historic second-line agents such as ethionamide
[147-153].

Important recent studies have begun to focus on developing optimal regimens for
the pediatric MDR-TB population. These studies include an examination of
pharmacokinetics specific to pediatrics. There are studies of aminoglycosides given short
course through IV, but little data on the kinetic profile of those dosed long-term, as in the
case with TB therapy, which is generally given intramuscularly (IM) [154, 155].
Injectable agents commonly include aminoglycosides such as amikacin and kanamycin
and the cyclic polypeptide capreomycin. Typically the aminoglycosides are given first
with favor going towards Amikacin, due to its more potent MIC, with capreomycin
withheld for XDR infections [116, 156]. With a high degree of cross-resistance noted
between the aminoglycosides, if resistance develops to one agent, it is generally
recommended to progress to capreomycin or another class. The injectable antibiotics are
associated with extensive ototoxicity. As discussed before, when dealing with pediatrics,
especially infants and very young children, diagnosis of these adverse effects are quite
difficult. The next class for MDR infections are the fluoroquinolones, most common
being moxifloxacin and levofloxacin. Fluoroquinolones have excellent orally
bioavailability and can be administered PO daily, are highly active and display little cross
resistance to other TB therapeutics [157]. The fluoroquinolone class of antibiotics has
well documented toxicity issues from their wide ranging use, most notably peripheral
neuropathy, weakening and inflammation of tendons, dysglycemia and prolongation of
QT intervals with associated cardiotoxicity. Other agents used for the treatment of MDR
and XDR-TB are listed with their noted adverse events in Table 2-1. The need to develop
new therapeutics to treat drug-resistant TB without these negative events is imperative if
we want to not only cure patients afflicted by MDR-TB, but also increase their
subsequent quality of life after beating their infection.
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Table 2-1.

Groups of commonly administered agents for MDR and XDR
infections and their noted adverse events in children

Group Group Eame Drugs Adverse Effects
2 Injectable Agents Amikacin, Kanamycin, Vestibular toxicity,
Capreomycin, nephrotoxicity, auditory
Streptomycin toxicity
3 Fluoroquinolones Moxifloxacin, Sleep disturbance, GI
Levofloxacin, Ofloxacin distress, arthritis, peripheral
neuropathy, prolonged QT
4 Bacteriostatic Ethionamide GI distress, hepatotoxicity,
Second-line (Oral) hypersensitivity, metallic
taste
Cycloserine Neurological distress,
psychosis, convulsions, rash,
drug interactions
Para-aminosalicyclic GI distress, hypersensitivity,
acid hepatotoxicity, sodium load
5 Unclear M.o.A or Clofazimine Gl distress, skin
significant adverse discoloration, organ damage
events due to crystal deposition
Linezolid GI distress, headache,
myelosuppression,
neurotoxicity, lactic acidosis,
pancreatitis
High dose INH Hepeatitis, peripheral

B-lactam/ enzyme
inhibitor
* Amoxicillin
*Meropenem
*Imipenem

Thiacetazone

Clarithromycin

neuropathy

Gl intolerance,
hypersensitivy, seizures,
liver, renal dysfunction

Stevens Johnson Syndrome
w/HIV co-infection, GI
intolerance, hepatitis

Gl intolerance, rash,
hepatitis, prolonged QT and
ventricular arrhythmias
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Drug Resistance in Mtb

Drug resistance in M.tb was noted soon after the introduction of streptomycin, the
first drug to treat tuberculosis. Exposure to a drug induces stress responses inside the
infected cell that favors both genetic and physiological mechanisms that lead to colony
survival. Current antitubercular drugs are commonly associated with specific resistance
mutations (Table 2-2). Most M.tb resistance observed in the clinic can be attributed to
independent, spontaneous mutations that interfere with the drug binding to the target
protein, reduce prodrug-activating enzymes, or overexpress an essential target [158]. For
a more detailed analysis of the molecular basis of resistance to currently used agents, we
refer readers to a review by Palomino et al. [27]. In recent years, our ability to study
resistance mechanisms has been greatly aided by the availability of whole-genome
sequencing. This cutting-edge technology has not only shed light on many direct and
indirect routes of resistance but also added insight into the function of some altered
genes, thereby providing crucial information about new drug targets and rationale for
future drug-design studies. For example, extensive knowledge has been gained in the
areas of lipid metabolism, cell wall homeostasis, purine metabolism, and transcriptional
regulation [159]. However, many resistant strains that have been sequenced express
additional or unique mutations that differ from commonly associated alterations.
Resistance mutations often have an associated fitness cost [160], i.e., the physiological
penalty for developing said drug resistance is that the M.tb’s growth may be limited in
vivo. Bacteria can overcome this fitness via compensatory mutations that allow the
organism to act more energetically (similar to the wild-type bacteria), while maintaining
resistance. An example from MDR-TB clinical isolates in Russia identified 7poA and
rpoC as compensatory mutations in RIF-resistant strains [161]. These genes are mutated
to alleviate the fitness costs associated with the drug-resistant 7poB mutation that
modulates the binding site at the B-subunit of the RNA polymerase. Medicinal chemistry
strategies to target drug-resistant TB infections include designing agents that have novel
mechanisms of action and are thus not prone to cross-resistance or redesign of inhibitors
to target the mutant enzyme form, and identification and development of agents for which
the fitness cost of further resistance development is high.

Notable Recent Advances in Drug Discovery Technologies for Mtb

As discovery and development of novel chemical entities to treat Mtb has
increased significantly in recent years [ 150, 162-164] so have the technologies used to
discover new agents. New technologies have been developed to complement our
increased understanding in the biology of the Mtb life cycle and the success and failures
of prior drug development strategies. While there is not space to adequately discuss all
these advances in this review we do briefly want to discuss the impact of three key
technologies — genomics, screening under defined growth conditions that recapitulate
various microenvironments of the Mtb life cycle, and Multicenter matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) imaging of drug distribution
within the infected lung.
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Table 2-2.

relevant drugs to treat Mtb

Commonly associated drug resistance mechanisms to clinically

Drug Name Mechanism of Action  Mechanism of Resistance
Rifampicin RNA synthesis Mutation of rpoB induces a
inhibition conformational change at -
subunit of RNA polymerase
causing a decrease in binding
affinity
Isoniazid Mycolic acid KatG suppression causing
biosynthesis inhibitor decreased pro-drug activation, and
and effects on DNA, a mutation in the promoter region
lipid, carbohydrate, and  of /nhA causing an overexpression
NAD metabolism of InhA
Pyrazinamide Not fully resolved, may  Mutations in pncA reducing
include membrane conversion to active acid form
potential disruption
Ethambutol Arabinogalactan Mutations in embB at codon
biosynthesis inhibition.  embB306
Amikacin/Kanamycin Protein synthesis 16S rRNA target site modulation
P (1400 and 1401 rrs gene)
inhibition
Increased drug inactivation via
overexpression of eis
aminoglycoside acetyltransferase
Capreomycin Protein synthesis Cross resistance with
inhibition aminoglycosides plus mutation of
tlyA which decreases rRNA
methyltransferase activity
Streptomycin Protein synthesis Mutations in rpsL and rrs confer
inhibition binding site modulation
Fluoroquinolones DNA gyrase and Mutations in gyr4 and gyrB

Topoisomerase [V
inhibitor
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Table 2-2. (continued)

Drug Name Mechanism of Action Mechanism of Resistance

Ethionamide Mycolic acid Mutations in ethA and inhA causing
biosynthesis inhibition decreased pro-drug activation and

InhA overexpression (cross resistance
with Isoniazid)

Cycloserine Peptidoglycan Overexpression of alr4 decreasing
biosynthesis inhibition drug efficiency

Clofazimine Release of Reactive Mutation to Rv0678 causes
Oxygen Species (ROS)  upregulation of MmpLS5, a
and cell membrane multisubstrate efflux pump (cross
disruption resistance with Bedaquiline)

Linezolid Protein synthesis T460C mutation in 7p/C, encoding the
inhibitor (50S subunit) 50S ribosomal L3 protein and possible

efflux mechanisms

B-lactam/ 3- Cell wall disruption via  Overexpression of B-lactamases,

lactamase peptidoglycan (BlaC), point mutations at target site

inhibitor: modulation altering deacylation rate and binding

Amoxicillin affinity, cell permeability (alteration in

Meropenem porins and outer membrane

Imipenem composition) and increased efflux

(Rv0194)

Thiacetazone Inhibits ethA mutation minimizes pro-drug
methyltransferases in activation and mutations to hadABC
mycolic acid operon affecting dehydratase activity
biosynthesis

Clarithromycin  Protein synthesis Low cell wall permeability and the
inhibition (50S subunit)  expression of emr37, confers 23S

rRNA site modulation

Bedaquiline Inhibition of atpE mutations introduces binding site
mitochondrial ATP modulation. Noted efflux via mmpL5
synthase (cross resistance with Clofazimine)

Delamanid Mycolic acid Mutation of reductive activating

biosynthesis inhibition

Rv3547 gene
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As discussed previously, the accessibility of whole genome sequencing and
genetic technologies that can be used to modulate gene expression levels has
revolutionized our
understanding of Mtb. The ability to search the genome for suitable therapeutic targets, to
look for target conservation across multiple strains and lineages of Mtb and the ability to
compare tractability with similar targets in other bacteria now provides a rich pool of
information at the start of any discovery program.[161, 165-168]. It is now usually
required that any new target based drug discovery programs are first validated by gene
knockout and/or gene knockdown experiments [169, 170] to help ensure the druggability
of the target. These experiments give key insight into the sensitivity of the Mtb cell to
inhibition of a biochemical target, as it is clear that not all therapeutic targets are created
equal and inhibition of some are more lethal than others.

The ability to screen Mtb under defined growth conditions that better represent
the microenvironments of the Mtb life cycle is also an advancing technology in this field
displaying great promise [171]. A good example is the high throughput screening of
macrophage-resident Mtb that identified inhibitors active against cholesterol catabolism
in Mtb [172]. Mtb is an intracellular pathogen that infects and multiplies in host
macrophages, which is typically a very resource-deprived environment. In this case, the
pathogen must scavenge carbon sources from the host, so Mtb has evolved specific
catabolic enzymes to break down substrates like cholesterol and particle remnants of low-
density lipids that are also scavenged by macrophages. Once inhibitors were identified in
the macrophage based screen, the researchers tested for inhibition of cholesterol catabolic
pathway (or methyl citrate cycle) inhibition by limiting the carbon source of in vitro
grown cells in the presence of the inhibitor. These studies led to novel inhibitors of
HsaAB, a two-component, flavin-dependent hydroxylase that is crucial to the degradation
of the “A” ring of cholesterol [172]. While these inhibitors are still under development,
they are best considered as chemical probes with which to study the role of cholesterol
catabolism in Mtb infection. The Russell group’s work is a landmark study because it has
identified and validated a new area of Mtb metabolism for chemotherapeutic intervention
and drug design.

Technology that enables us to detect and image drug distribution allows
researchers to gain a better understanding of how TB drugs distribute within the lungs of
patients and how this exposure compares to rodent models of Mtb infection is another
significant recent advance. It is quite easy to look at a single parameter (e.g., plasma
concentration) and be deceived about how a drug will act in a patient. However, plasma
concentration may be a poor indicator of tissue and granuloma perfusion, especially
perfusion into necrotic granulomas’ caseum-filled cores [173]. This phenomenon could
help explain the failure of the Rapid Evaluation of Moxifloxacin in Tuberculosis
(REMoxTB) clinical trial, one of the largest Phase III TB trials ever conducted. The trial,
which included more than 1,900 patients, was proposed to shorten the duration of Mtb
therapy from 6 to 4 months by substituting moxifloxacin for either INH or EMB, was
supported by the results from extensive combination testing in mice [174]. The trial was
unable to confirm the treatment shortening potential of moxifloxacin seen in mice, and
subsequent data has shown that moxifloxacin is not able to fully penetrate human caseous
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lesions that have a low degree of celluarity [173], despite showing high concentrations
inside activated macrophages [175, 176].

These results have further spurred on efforts to study location-dependent drug
concentrations in the Mtb infected lung, taking advantage of new MALDI-MS imaging
technologies [175, 177-180]. In a small study of drug distribution in granulomas taken
directly from the lungs of MDR-TB patients who were treated with drug combinations at
varying time points prior to lung resection, moxifloxacin exhibited several-fold lower
concentrations in caseous regions of pulmonary lesions compared to RIF, concentrating
around the periphery of the lesion. RIF exhibited a slow accumulation until high steady-
state concentrations were achieved deep within lesions, and PZA was seen to rapidly
perfuse throughout the lesion. This inability to efficiently drug the entire lesion probably
explains why shortening the course of REMoxTB trail was not successful. These findings
support a previous in vivo study in rabbits that used similar matrix-assisted laser-
desorption/ionization mass spectroscopy imaging [181, 182], effect. These results suggest
that penetration into caseous lesions is critical for future efforts towards treatment
shortening regimens (Figure 2-5).

Chapter Outline

This chapter will focus on two projects to identify novel drugs to combat drug
resistant Mtb by targeting the cell wall. The first is targeting the clinically relevant FAS II
pathway, the target of multiple currently used anti-tuberculars. Rationale design of new
inhibitors at an essential enzyme in this pathway is used to develop compounds that are
not subject to common resistance mechanisms and overcome poor drug-like properties
that afflict second line agents that already inhibit the pathway. The second project is the
optimization of a whole cell phenotypic screening compound to improve physical
chemical properties. This compound series acts on a novel target, which is good for
targeting MDR-TB. Both of these series highlight the strengths and weakness of two
commonly implemented drug discovery techniques that are discussed at the end of the
chapter.

Fatty Acid Synthase II (FAS-II)

INH is a staple of frontline tuberculosis therapy. Its molecular target is the
mycobacterial enoyl-ACP reductase InhA, which is required for the biosynthesis of
mycolic acids, the dominant feature of the lipophilic outer mycobacterial cell wall that is
essential for growth and virulence. [183, 184]. There are two distinct fatty acid
biosynthesis (FAS) routes; mammals rely on the FAS I pathway, and bacteria rely on the
FAS II. Mycobacteria contain both pathways, with a distinct subset of enzymes included
in FAS II for the biosynthesis of extraordinarily long mycolic acids. These FAS 11
enzymes are where drugs can be designed for mycobacterium specificity, an important
consideration for the development of a therapy for MDR-TB. FAS-II is responsible for
the synthesis of the Cse fatty acids that provide the meromycolate backbone that is
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condensed with the product of FAS I to form mycolic acids. Mycolic acids are
homologous series of 60-90 carbon a-alkyl B-hydroxy fatty acid that are present in all
mycobacterium and are one of the cells best intrinsic defenses from immune and
xenobiotic threats. INH is a prodrug that requires activation by the catalase-peroxidase
KatG to inhibit InhA, and this bioactivation step is where Mtb primarily develops
resistance by inactivating this nonessential enzyme (Figure 2-6). Other drugs such as
ethionamide and thiacetazone inhibit distinct enzymes in this pathway and are also
bioactivated by non-essential mechanisms (monooxygenase EthA). The resulting INH-
NAD adduct inhibits the enzyme and displays remarkable residency time due, in part, to a
conformational shift in helix 6 that occurs after the initial binding, a shift that does not
occur with rapid reversible inhibitors of InhA [185-187]. Peter Tonge and others have
stressed the importance of residency time in drug discovery and lead optimization [188-
190]. Just having tight binding affinity is not enough. Typically, it is the dissociation rate
of the inhibitor from the enzyme that is more indicative of the biological activity in vivo
[191]. The pathway is a sequence of initiation via the carboxylation by FabH of acyl-CoA
produced in FAS-I. The resulting 3-ketoacyl-ACP is reduced by MabA to the hydroxyl
from where it’s dehydrated by HadAB/BC heterodimer complexes. The enoyl produced
by this dehydration is the substrate for InhA where the elongated ACP can be desaturated
and modified by various methyltransferases before the final claisen condensation with the
a-branch from FAS I performed by Pks13 (FadD32) [192]. Fatty acid biosynthesis offers
a tremendous number of drug targets and is a commonly targeted pathway for both
clinically used agents and those under development.

Introduction: HadAB-Known Inhibitors and Pharmacology

The dehydratase portion of the Mtb FAS II cycle is carried out by a pair of
heterodimeric protein complexes, HadAB and HadBC, that are encoded by the essential
hadABC gene. It has been known for some time that drugs like ISO and TAC inhibit
mycolic acid biosynthesis, but it has been demonstrated recently that their exact target
was this essential dehydratase process [193, 194]. Spontaneous mutants were found to
have changes at the HadA and HadC locations and overexpression of HadABC resulted in
a 16-fold increase in whole cell MIC levels. Through biochemical and genetic testing it
was determined that HadAB acted early in the elongation process while HadBC worked
on much longer fatty acyl substrates making this subunit only required for virulence
while HadAB is required for growth [195]. The exact mechanism of how ISO and TAC
inhibit HadAB has recently been shown to be covalent in nature. Both undergo
bioactivation by the flavin-dependent monooxygenase EthA to a sulfinic acid where a
nucleophilic attack by a non-catalytic cysteine occurs forming a disulfide bond (Figure
2-7). From here a distal cysteine residue displaces the drug forming an inactive cross
linked protein and releasing free drug. Herein, we describe work to identify and optimize
a new generation of inhibitors targeting the essential Mtb dehydratase HadAB, the
validated bactericidal target of ISO and TAC. To accomplish this we use structure guided
design of reversible covalent inhibitors that removes the requirement for prodrug
activation and mitigates toxicity, fragment-based drug design approaches and whole cell-
based screening. Once hits are identified they will coupled to an iterative medicinal

44



N\ N \ / O NH/ NH',-
| | NAD'
KatG
! - —— 0/" X / )
P “ N, O .—O—P—O—P—O
07 "NH 0 " 1 OH OH
NH,
HO  OH HO  OH

INH
INH-NAD Adduct

Figure 2-6. Mechanism of INH bioactivation by KatG and forming a covalent
adduct with NAD to inhibit InhA

Reprinted with permission from Elsevier Science Hoagland, Daniel T et al (2016). “New
Agents for the Treatment of Drug-Resistant Mycobacterium Tuberculosis.” Advanced
Drug Delivery Reviews 102(1): 55-72

45



NN
Isoxyl (ISO)
lem

H
N__N
T L
/I\/\o SoH 0
Sulenic Acid

SH SH
O O

HadA | N7 i-vF. Ly -NH HN—
cé1

C105
of<

. O
3 SH
0 0
$N7 HN-VF..LY-NH HN—}

Inactive covalent intermediate

S S

H H
NTN
§-n‘§"f“ ﬁ}‘_g:"i ‘ */\O/O/ S @\o/\)\
o VF. LY

Crosslinked inactive HadA

Figure 2-7. Mechanism of ISO’s bioactivation to a sulfenic acid
Able to inactively crosslink two cysteine residues of HadA

46



chemistry, biological and pharmacokinetic optimization of emerging leads to ultimately
produce potent dehydratase inhibitors showing activity in vivo.

Reversible Covalent Inhibitors of HadAB

The medicinal chemistry field of covalent inhibitors has recently been boosted with the
approval of Ibrutinib [196]. Ibrutinib is a first-in-class Bruton’s tyrosine kinase (Btk)
irreversible covalent inhibitor for the treatment of chronic lymphocytic leukemia (CLL)
and other B-cell malignancies. Ibrutinib is highly selective for Btk (>1000 fold selectivity
by ICso vs other kinases) and is able to fully occupy the Btk active site at just 10 nM.
Such selectivity and potency is critical in its approval since it can be dosed quite low and
still have dramatic effects. Covalent inhibitors have traditionally been stigmatized in
drug discovery, due to their propensity for off target toxicity and selectivity profiles
[197]. However in the past few years there has been a dramatic increase in developing
covalent inhibitors with a high degree of selectivity like ibrutinib that can illicit similar
efficacy and incredible residency time. It has been demonstrated that Btk inhibition could
have promise in collagen-induced arthritis and other forms of autoimmune inflammation
[198, 199]. As selective as ibrutinib is, it still possesses off-target kinase and non-kinase
binding that limits its dosing amount and duration, limiting it from this indication [200].

The Taunton group has worked on new approaches to target non-catalytic
cysteine residues near the active sit, developing semi-covalent reversible inhibitors of the
Btk around the scaffold of ibrutinib [201] (Figure 2-8). The group was able to
successfully demonstrate tunable target residency time and inhibition, dependent on
functionalization to a nitrile activated acrylamide warhead group. This reversible
attachment is crucial for eliminating off-target covalent adducts such as with glutathione,
a cause of concern in most covalent modifiers. There is still a high degree of site
specificity built into the design of these kinase inhibitors, which primarily drives potency.
The primary purpose of the acrylonitrile group is to ability to modulate residency time at
the target, in such a way to balance the pharmacodynamics of inactivation of dehydratase
enzyme through crosslinking of the cysteine. The elucidation of ISO and TAC’s
mechanism of action has opened up the possibility to develop other compounds that act
covalently to modify the non-catalytic cysteine near the active site. As such, a series of
ISO mimics were designed and synthesized to achieve three goals: replace the thiourea
found in ISO and TAC, maintain a covalent modifying group to target HadAB C61 while
mitigating off target binding and do so in a way that doesn’t require bioactivation that
would confer cross resistance with other FAS-II inhibitors.

Fragment-Based Drug Discovery
In the early 2000’s antibiotic drug discovery was dominated by high throughput
screening (HTS) approaches. Academics and industry alike would screen hundreds of

thousands of drug-sized molecules (molecular weight > 300 Da) either against a specific
target, or just to test for cell death. However, target based screening proved to be largely
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ineffective at transitioning between in vitro activity to whole cell and in vivo efficacy.
Phenotypic screening also was not productive in the discovery of new chemical matter,
often suffering from poor physical chemical properties. One of the drawbacks in HTS is
the ability to properly probe chemical space. A normal HTS library has on the order of
10° compounds, but taking into account just commonly associated heavy atoms (HA)
there are upwards of 10°°-2% drug-sized compounds possible leaving this approach
woefully short in exploring chemical space [202]. Using much smaller molecules (< 11
HA) it is only possible to generate 107 combinations, getting a much better sampling of
available chemical matter. Generally most fragment libraries adhere to a Rule of Three:
molecular weight <300 Da, up to three hydrogen bond donors, up to three hydrogen
bond acceptors and a calculated log patrician coefficient (cLogP) of <3 [203]. These
much smaller molecules are also less likely to have intrinsic steric interference with the
binding site and a higher probability of a pharmacophoric match. A large molecule may
have a portion of its structure that is suitable for binding but another feature could
strongly disfavor it, meaning it is lost as a negative in traditional HTS. However these
smaller molecules do not typically have enough binding capabilities to elicit a biological
response in a whole cell system. Sensitive biophysical or biochemical assays such as
surface plasmon resonance (SPR) are required to determine binding affinities and rank
order screening hits. After screening the typical workflow would be to use structure
guided design to rationally develop analogs and up binding affinity. Useful metrics
employed to monitor the growing fragment are ligand efficiency (LE) (AG/ Heavy atom
count) and ligand-lipophilic efficiency (LiPE) (pIC50- cLogP), which links potency to
the cLogP to estimate a compound’s drug likeness. After several iterations of medicinal
chemistry an optimized inhibitor will be closer to a lead-like molecule produced from an
HTS in terms of drug like properties, with high target specificity. We describe efforts to
use our curated library of 4,500 well behaving fragments to establish binding affinities
for molecules at the HadAB complex in the hopes of development into inhibitors on their
own or for addition of the previously described reversible covalent attachment point.

Results

The synthesis of acrylonitrile Michael acceptor group is straightforward and
modular, excellent for diversity oriented synthesis (Figure 2-9A). 11 analogs were first
synthesized to mimic half of ISO’s symmetric structure by coupling of alkyl halides to 4-
hydoxybenzaldehyde and combination with various 3-oxopropanenitriles with
triethylamine and microwave conditions. The other half of the molecule served to install
small electron withdrawing groups in the hopes of both filling the space occupied by the
second benzene ring. This synthesis is open to a wide variety of aldheydes and
propanenitiriles to generate a large number of compounds, as well as is adaptable enough
to anchor this acylonitriles to optimized fragments. A brief covalent docking study was
conducted to design a secondary series of more drug-like side chains (Figure 2-10). ISO
is notorious for poor solubility, undoubtedly a product of a very high lipophillicity
(cLogP = 6.23). After a quick search of commercially available aldehydes, iterative
ligands were generated and docked using the CovDock module in the Schrodinger
software pack. CovDock first docks the ligands in to a receptor where the reactive residue
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That contain the acrylonitrile functional group. In red reflects the election withdrawing
side group and in blue the replacement morpholine ring system chosen from covalent
docking studies shown on the right.
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has been mutated to an alanine. The reactive residue is then switched back and sampled
to form a covalent bond with the ligand in different poses. Covalent complexes are
minimized and scored to determine the top covalent complexes. An apparent affinity
score, based on the docking score of pre-reactive and post-reactive poses, is also
calculated to estimate binding energies for use in virtual screening. The best scoring
series was one that contained a morpholine group; the tertiary nitrogen was predicted in
several poses to form a hydrogen bond with T65. Swapping this side chain for the
branched alkyl chain of ISO dropped the cLogP of 3217 from 4.05 to 2.16 in 3216
whileactually increasing its MW by 43 Da (Figure 2-10). This could have a dramatic
effect on efficiency metrics that are becoming more popular in drug discovery such as
Lipophillic ligand efficiency (LiPE) which links potency to the cLogP to estimate a
compound’s drug likeness. In general it is much easier in medicinal chemistry to add
lipophilic groups, and as such screening hits almost always see their lipophilliticy raised
in optimization.

Enzymatic activity was monitored in two fashions: using an absorption based
readout and an NMR reaction monitoring program, both meant to monitor the rate of
substrate processing by the enzyme. The absorption assay is a spectrophotometric
enzymatic assay developed by Sacco et al to determine the ability of the protein complex
to transform substrate [194]. (R)-specific enoyl hydratase/hydroxyacyl dehydratase
family enzymes have been shown to preferentially catalyze the hydration reaction when
isolated from their enzymatic complex kinetic assays in the presence of trans-2-C12:1-
CoA were monitored at 263 nm (AA of 0.67 for a variation of 100 uM in substrate
concentration). We have also characterized the HadAB functionality using an NMR
reaction monitoring system. Incubating substrate with protein allows us to visualize the
change in the chemical shifts associated with the hydroxylation of the unsaturated bond
in the fatty acid side chain. The addition of inhibitor to the protein before the addition of
the substrate allows us to visualize a lack of transformation, or at least a slowing of the
rate. Ebselen is a selenium based compound commonly used in covalent bond studies,
and has been shown to covalently inhibit the mycobacterium antigen85 complex at a
similar cysteine residue. This led us to use ebselen as a control compound in hopes that it
formed a similar covalent bond with C61. We were able to obtain a crystal structure of
ebselen bound at 2.15A (Figure 2-11); which combined with HadAB inhibition on our
spectrophotometric assay gives us confidence that this is a useful control compound to
screen other potential inhibitors. We have demonstrated that multiple reversible covalent
inhibitors are able to slow this reaction considerably both compared to no treatment and
ebselen control, giving us confidence that we are on target in our synthetic rationale to
design this novel class of anti-tubercular compounds (Figure 2-12).

Compounds like 3213 and 3216 contained the morpholine ring that was
prioritized due to the CovDock studies and were able to slow the reaction rate more than
their simple branched alkyl chain analogs (3214 and 3217 respectively Figure 2-13).
Extension beyond 5 atoms past the unsaturated bind with a sulfonyl resulted in four
inactive compounds relative to DMSO control (Figure 2-14), 3187, 3189 and 3210
actually significantly increasing the rate of hydroxylation. This could imply activation of
the enzyme, but certainly requires more extensive investigation before making any
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Ebselen

Figure 2-11. Ribbon diagram of the Had AB heterodimer co-crystal structure with
ebselen

HadA in green and HadB in cyan. Ebselen shown covalently bound to C61. Crystal
captured at 2.15A
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Figure 2-12. Spectrophotometric inhibition assay

Used to measure HadAB enzyme activity using a trans-2-Ci2.1-CoA substrate and
monitoring absorbtion at 263 nM with 100uM of inhibitors. Rates normalized to DMSO—
only control and ebselen used as a positive control.
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Figure 2-14. Four poor acrylonitrile inhibitors

Demonstrate extension beyond 5 atoms is deleterious to inhibition using sulfone and
carbonyl as the electron deficient linker and both studied side chains.
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claims. Interestingly the substituted phenylsulfones (3188 and 3209, Figure 2-15) which
only extend five atoms past the unsaturated bond are modest inactivators where the
morpholine ring is still the more potent side group. Analogs are planned to harness more
amide linkages and more diverse heterocyclic groups to further modulate polarity and
proton affinity (Figure 2-9B), but more precise assays are required to generate concrete
enzymatic SAR analysis. We have performed a ligand detection, reaction monitoring
NMR based assay that collaborates our absorption based findings for the reversible
inhibitors (Figure 2-16). Protein was incubated with substrate and we were able to gauge
reaction kinetics using MestReNova’s reaction monitoring software. We tracked the
chemical shifts associated with protons labeled 1 and 2 in Figure 2-16C, and monitored
their transfer upfield as the substrate became hydroxylated (Figure 2-16A). We
demonstrate a protective effect upon pre-incubation of the HadAB protein with 100uM of
3216 (Figure 2-16B) and after 45 minutes there is still limited hydroxylation, especially
compared to just protein and substrate alone (Figure 2-16A). There are corresponding
upfield shifts in the aliphatic region (ppm ~4.0 and 2.7, not shown) in unprotected protein
that correlate to hydroxylation of the substrate that do not appear in pre-incubated
sample.

At St Jude we have access to a library of 4,500 fragments from commercial
sources, pre-screened to remove promiscuously destabilizing compounds and those which
interfere with assay conditions. Using purified HadAB, SPR binding studies were
conducted to register affinities and off rates for these molecules. SPR is the preferred
primary screening method due to its amenability to be both high throughput as well as
highly sensitive for weaker affinity compounds that we expect these fragments to be. We
have identified 63 hit molecules (50% of control response) and 12 fragments with Kp’s
under 100 uM. Going forward with medicinal chemistry, scaffolds will be prioritized
using lipophilic ligand efficiency metrics discussed previously using our binding affinity
(Kp) as our potency marker. The lab has used this technique successfully in optimization
processes for HTS screening [204] and we believe it can be a powerful guiding tool for
fragment based drug discovery. Looking at Figure 2-17 we discuss how we will
reprioritize our hits early based on structure and lipophilic efficiency. Currently one
would select chemically diverse series with the best binding affinity (i.e 1-3). However 2-
aminothiazoles like 1 are known to be a promiscuous inhibitors across many screens
[205] and have been nicknamed PrATS (Promiscuous 2-AminoThiazoles). As such it will
be treated with trepidation and has a highly likelihood of being dropped early. Moving
the discussion back to efficiency, normally 2 would be prioritized over 3 based on
affinity, however based on LiPE 3 would be the top choice. These rules are not
completely rigid, as removal of the chlorine atom from 2 could yield a similarly potent
fragment with a dramatically reduced cLogP (3.88 = 2.0) and thus much higher LiPE. A
better example of prioritization would be looking at compounds 4-6. 4 and 5 are much
tighter binders than 6, but their high degree of lipophillicity relative to 6 would score
them much lower than the modest binder. These modest binders are easier to build out for
potency while maintaining favorable properties associated with a high LiPE. It cannot be
understated that the use of one efficiency metric can be problematic, looking at multiple
data sources will always give a more complete understanding.
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Figure 2-16. Ligand detected '"H NMR study

NMR based substrate processing assay. Reaction monitoring software tracked the
spectral shifts of positions 1 and 2 as hydroxylation occurred (A). Corresponding shifts
occur upfield (not shown) and there is a demonstrative protective effect by 3216 (B) for
up to 45 minutes.
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Figure 2-17. Representative fragment hits used to discuss the application of
lipophilic ligand efficiency as a filter to select scaffolds to pursue going forwards.
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X-ray crystallography conditions are being optimized to verify the binding modes
of these fragments for structure guided medicinal chemistry. Not unexpectedly, none of
the fragments made a significant enough interaction with the protein to illicit any
distinguishable rate change in our enzymatic assays. We are also looking into the binding
mechanisms of a small library of covalent fragments recently purchased. These fragments
will be biased to bind near our residue of interest which should give more structural
information about binding pocket itself. Ultimately the idea is merge tight binding
fragments to our reversibly covalent functional group approaches to generate site
specificThese molecules will then be further optimized to obtain and maximize MIC and
pharmacokinetic properties.

Discussion

Fatty acid biosynthesis is a tantalizing drug target for drug resistant tuberculosis.
There are multiple enzymatic targets that are previously validated as clinically relevant
anti-tuberculars and ample opportunity to mitigate common resistance mechanisms while
developing more effective drugs. The recent discovery of a naturally occurring InhA
inhibitor gives us even more confidence that the FAS-II pathway is not only druggable,
but in fact evolutionarily critical as an antibiotic target [206]. The results we have
generated give us hope that we can design a highly specific reversibly covalent inhibitor
of the HadAB enzyme that can be mycobacteria specific with limited off target events.
With on-going crystallography studies guiding medicinal chemistry we hope to learn a
great deal about the binding mechanics required to have potent inhibition without the
need for a long lasting covalent bond. We need to develop an optimized substrate with a
longer aliphatic chain to gain more sensitivity in our inhibition to delve into proper dose
response. The current substrate is not optimized for HadAB, the endogenous substrate has
a much longer aliphatic chain giving it a much higher affinity. However outside of the
cellular environment these longer chain analogs lose solubility that renders these assays
suspect. We are working on the production of longer chain ACP analogs that may have
higher specificity and provide a much more sensitive biochemical assay. We are currently
developing a native state mass spectrometry method of detecting binding, a technique
that is gaining traction in the fragment drug discovery field [207, 208]. We have had
difficulties establishing binding affinities of our reversible inhibitors, due to
complexation with the chemical matrix used to immobilize the protein. This technique
has proven capable of working in concert with high throughput biophysical techniques
such as SPR, and has good track record of predicting molecules that will form co-crystal
structures [207]. Adding a secondary biophysical screen will help in prioritizing
compounds to be sent for these crystallography studies and should allow us to gauge
relative affinities [208]. Structure guided design will be invaluable to the continued
optimization of this series. These inhibitors will bypass the most common resistance
mechanism in targeting FAS-II, the requirement of bioactivation by the mycobacterium.
In fact, the covalent modifier’s activity should be primarily driven by normal binding
enthalpy in its hydrogen bond and hydrophobic interactions with the protein. This could
actually help these molecules avoid both of ISO and TAC’s common resistance, as
mutations at the C61 position might not diminish their affinity enough to overcome any
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associated fitness cost. It certainly is an intriguing prospect that this project will continue
to push towards.

In addition to target guided design of new inhibitors we are also working on
identifying HadAB inhibitors from known anti-tubercular compounds using whole cell
phenotypic screening. Using a library of 1,500 known anti-tubercular compounds
provided by Global TB Alliance, collaborators have overexpressed HadAB to find a drug
whose MIC shifts. This approach harnesses the advantages intrinsic to phenotypic
screening while accounting for our target of interest; it accounts for cellular penetration
and efflux by requiring an active molecule to get to the target of interest to actually illicit
its effect. Drug screening will be discussed at length in the next chapter, as will the
advantages of repurposing known bioactives that have extensive preclinical data available
already.

As we learn more about the function and role of this protein complex and how
potential inhibitors behave in this environment we can begin to have a better grasp of the
most effective way to use this target clinically. Ideally a novel anti-tubercular drug will
have a unique mechanism of action to minimize cross resistance, which we can achieve
here by circumventing bioactivation. Mechanistically there is potential for synergy by
targeting two targets in the FAS-II system. INH forms a covalent adduct with NAD that
binds tightly to InhA and acts as a competitive inhibitor. By out-competing the natural
enoyl-ACP, INH is acting in a similar fashion as SMX. SMX out competes PABA for
conjugation to DHF, which removes this metabolic precursor from the pathway making
the bacteria work harder to produce its co-factor. When TMP is introduced there is
marked synergy because there is less DHF for TMP to compete for binding at the DHFR.
It could be a good investigation to look at the potential synergy of co-administration of
FAS-II inhibitors upstream of InhA to see if similar metabolic depletion could aid in
efficacy. Similar studies with current HadAB inhibitors would be difficult due to their
toxicity concerns and common bioactivation pathway, EthA, which activates 3 of the
existing FAS-II inhibitors (Ethinoamide, ISO and TAC) making combinations highly
susceptible to resistance. The success of this project could lead into very interesting
studies with the potential to drastically alter MDR-TB therapy for the better.

MmpL3 as a Drug Target

Function and Druggability

The Mycobacterial membrane protein Large (MmpL) is a family of export
proteins involved in transportation of metabolites from the cytosol of Mtb. The Mtb
genome contains 12 genes that express the MmpL proteins that are considered resistance-
nodulation-division proteins, which play an important role in Mtb survival and
pathogenesis [209]. MmpL3 is required for the export of mycolic acids in the form of
trehalose monomycolates to the periplasmic space or outer membrane. Established as the
only protein in this family that is essential for mycobacterial survival, MmpL3 is an

59



attractive drug target. It is an important membrane protein, and a very common target
elucidated in hits from whole-cell phenotypic assays, similar to DprE1 and QcrB [210].
Because MmpL3 is an easily druggable target with proven essential roles in Mtb survival,
there is immense interest in MmpL3 inhibition as a novel mechanism of action for a new
anti-tubercular agent.

There are a host of compounds that have been found to elicit their anti-tubercular activity
via inhibition of MmpL3 (Figure. 2-18). The most advanced MmpL3 inhibitor is SQ109,
a structural derivative of EMB’s diamine moiety [211]. The initial effort in discovering
SQ109 was undertaken using a combinatorial chemistry approach to find an EMB analog
with improved activity because EMB is the weakest agent of the frontline therapeutics.
However, retrospective analysis using SQ109-resistant mutants showed that this
inhibitor’s mode of action differs from EMB, with action associated with MmpL3
inhibition. It is now accepted that SQ109 has polypharmacology properties, as it has
activity on fungi and bacteria that do not possess mycolic acids [212, 213] and activity
against latent cells that do not require active cell wall synthesis [162, 214]. Further
investigation of SQ109’s mechanism of action divulged additional inhibition of
menaquinone synthesis, cellular respiration, and ATP synthesis that results in a
dissipation of the electrochemical proton gradient [162]. These multiple mechanisms of
antitubercular activities suggest that SQ109 (Figure 2-18) would be an effective agent to
add to MDR-TB therapies and will cause limited instances of resistance if used in such a
regimen, though it does have some pharmacological limitations due to its amphipathic
structure.

More specific classes of MmpL3 inhibitors were discovered via a whole-cell
phenotypic screen performed at the Novartis Institute for Tropical Diseases (NITD;
Singapore). Indolcarboxamides (Figure. 2-18) that have excellent PD properties,
including potent bactericidal activity, display both concentration and time-dependent
killing [215]. Lead molecules are orally bioavailable and display limited toxicity,
including no inhibition of HepG2, hERG, AMES, or CYP450. They possess a narrow
spectrum of activity against gram-positive and -negative bacteria, a positive attribute for
a potential antitubercular agent. Researchers working with indolcarboxamide-resistant
Mtb discovered no cross-resistance associated with any commonly used drugs for Mtb
treatment. Cross-resistance was noted with other MmpL3 inhibitors, including SQ109
(16-fold shift in MIC), AU1235 (>1,024-fold, Figure 2-18), and BM212 (2-fold, Figure
2-18) [216]. This range of MIC shifts can be explained by different binding sites of the
inhibitors in MmpL3 and that fact that some MmpL3 inhibitors are notorious
polypharmacologic. One crucial advantage that the indolcarboxamides display is a
dramatic accumulation in the lungs in vivo. Early analogs of the initial HTS hit showed a
5-fold higher Cmax and a 10-fold increase in AUCo.24 1, in respect to lung concentrations
vs. plasma concentrations of drug [216]. In general, MmpL3 inhibitors are quite
lipophilic, which is not surprising, given the role of MmpL3 in exporting mycolic acids.
This lipophilic nature, in turn, causes problems with distribution and propensity for
oxidative metabolism of the inhibitors.
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Figure 2-18. MmpL3 inhibitors

The class of MmpL3 inhibitors is highly chemically diverse, but is hallmarked by
lipophilic molecules with less than ideal physiochemical properties.
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Isocamphonyl Ureas for TB

In the past we have identified multiple series of ureas with potent Mtb activity.
These were initially discovered via a phenotypic high throughput screening (HTS) effort
of 12,000 compounds and further optimized in multiple stages to improve
physicochemical properties. Early iterations of this initial hit were noted to be very
structurally similar to mammalian soluble epoxide hydrolase (SEH) inhibitors as well as
Mtb epoxide hydrolase enzymbe B (EphB) inhibitors, which was the presumed target of
the urea HTS hit [217, 218] (Figure 2-19). Early medicinal chemistry efforts not only
attempted to improve on the poor in vitro adsorption, distribution, metabolism,
elimination and toxicity (ADMET) properties but to gain selectivity away from the
human isoform of SEH. It was only through genome sequencing of lead compound
resistant mutants that the true target of these inhibitors was identified. It was identified
there was a single point mutation in the gene that encodes the MmpL3 transport protein
that transports trehalose monomycolates across the inner membrane of the Mtb cell
envelope to the outermost layer of mycolic acids [219]. MmpL3 is the only member of
the MmpL family that is essential for Mtb growth and survival and is a frequently
identified target of phenotypic screens [210, 219]. The lead MmpL3 inhibitor SQ109
[220] is in Phase II clinical trials to treat TB and MDR-TB as a potential replacement for
the currently used ethambutol, another mycolic acid disrupting agent. This work focuses
on continuing earlier efforts to optimize already mycobacterium potent ureas previously
identified from a HTS phenotypic screen [217, 221]. These previous ureas were quite
potent in vitro against Mtb but had very poor ADMET properties; notably poor solubility,
high plasma protein binding and poor metabolic stability (1235, Figure 2-20). This series
also suffered from an off target promiscuity issue, with relatively high inhibition of
human soluble epoxide hydrolase (hSEH). The driving force of this exploration was to
determine the impact of a pharmacological biosteric replacement of the adamantyl ring
with a unique lipophilic ring system, the iso-camphonyl ring. Iso-camphonyl is a
structural derivative of the natural product camphor, a fused ring system with a host of
pharmacological properties and very well tolerated in humans. In previous studies it was
discovered that substituted heteroaromatics gave the greatest Mtb activity and modulation
of these was used to tweak in vitro ADMET properties (Figure 2-20). This study looks to
incorporate previous SAR studies on the adamantly urea with the pharmacological
biostere iso-camphonyl moiety. Efforts are focused on improving PK properties such as
solubility and microsomal stability while maintaining the robust Mtb activity and find an
agent with in vivo efficacy that is still very safe.

Results

The goal for this series was to improve pharmacokinetic properties and increase
selectivity for Mtb MIC versus sEH while maintaining or improving ADMET properties
from previous generation of adamantly urea compounds. The compounds were
synthesized by first forming an isocyanate from 1R, 2R, 3R, 5S- isocamphonyl amine
using triphosgene at 0°C. This mixture was added carefully to substituted hetroaromatic
amines deprotonated by butyl lithium at -78°C. Care had to be used in temperature
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Figure 2-19. The initial HTS hit (1235) compared structurally to a known Mtb
soluble epoxide hydrolase inhibitor.
Concerns of specificity spurned the initial medicinal chemistry investigations.
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Figure 2-20. Initial optimization
After two reported iterations of medicianal chemistry optimizations, 1608 emerged as a
lead compound with improved drug-like properties and comparable MIC activity.
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regulation and speed of addition to avoid the production of symmetric isocamphonyl
ureas that were the main byproduct of these reactions. Compounds were then evaluated
for whole cell Mtb activity before having their in vitro ADMET properties tested by the
High Throughput Analytical Chemistry (HTAC) core (Table 2-3). The new iso-
camphonyl caged ring system we were able to improve on the MIC activity of the more
potent compounds from previous series such as 1608 (Figure 2-21) and increase the
LiPE. We were also achieved selectivity away from hSEH inhibiton, doubling the 1Cso
from 1608 while improving MIC activity which opens our therapeutic window wider.
However, we were unable to dramatically improve or even maintain PK properties
(Figure 2-21) decreasing in vitro solubility, metabolic stability and returning to 99%
plasma protein binding. In the case of compound 1, a t-butyl isoxazole isocamphonyl
urea, we were able to get a lead compound for our series that was submitted for in vivo
studies. From this compound we will discuss some general SAR, mainly involving the
hetero-aromatic off the 3 position of the urea core.

It tracked across most similar compounds that the more polarity an analog possessed
(lower cLogP) the better PK parameters it would have. This increase in solubility and
lower plasma protein binding generally came at a cost to Mtb activity as MIC values
increased. We have applied the same LiPE efficiency coefficient to directly compare
compounds in relation to their lipophilicity. Comparing 1 to 2 these is a clear shift in the
MIC but a noticeable improvement in solubility, marginal improvement in protein
binding and microsomal stability with a simple t-butyl to methyl swap on the same
isoxazole ring. Overall there is a decrease in the LiPE from 3.30 to 0.33 (Figure

2-22). This trend is replicated across multiple aromatic groups such as when comparing 3
and 4 to 5, removing a methyl from the thiazole ring to again decrease lipophilicity, with
the same negative effects on MIC and slight improvements on PK properties. This is
possibly due to the location and lipophilic substrates of the presumed cellular target
MmpL3. This is a membrane bound protein that transports mycolic acids to the cell
surface.

Next, the opposite enantiomer of 1, 2, 3, 6 and 8 were synthesized. Switching the
chirality of the four chiral centers in the ring system results in a ring that is essentially
turned inside out, which allows us to probe a different chemical space relative to the
unchanged urea and substituted heterocycle. This was achieved by using the 1S, 2S, 3S,
5R enantiomer of the iso-camphonyl amine in the same reaction with triphosgene to
generate the isocyanate and urea formation with a deprotonated heteroaromatic amine.
This inversion was shown to be deleterious to Mtb activity, in addition to not providing
any benefits to PK properties (Figure 2-23). This demonstrates that wherever that drug is
binding, it is not solely dependent on lipophilicity but its site is spatially constrained;
most likely through specific binding to a protein target rather than simple membrane
disruption. If these compounds were simply integrating into the membrane and causing
destabilization than an alteration to how the ring orients in space would not affect
activity; but if there is a specific site in a protein that it binds to than altering the molecule
in this way could disfavor binding causing a loss in efficacy. This same spatial restriction
phenomenon was noted in the previous adamantly urea series, where changing the
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Table 2-3.  All urea compounds with in vitro data

Mtb MIC 2 s Solubility Protein Microsomal sEH ICso
#  Structure (ug/mpy  cbogP LIPE 0 )3 Binding (%) Stability* (nM)*
1 iy =2 0.049 5484 323 7.8 99.1 0.90 132.6
2 iﬁ% 3.13 4157 033 14.8 98.1 0.93 139.1
3 iﬁé 0.098 4855  3.15 3.8 99.3 0.40 397.1
(e} N
4 SRS 0.391 4855  1.77 6.0 99.6 0.80 178.5
H H
[e] S A\
s T R0 3.13 4356 0.14 15.8 98.9 0.86 220.5
H H
Cl
6 iN 0.049 5980  2.76 0.2 98.8 0.70 42
H H
7 iNi@ 0.02 5950  3.76 0.12 77.3 14.18 298.7
8 rg F 3.13 4.146  0.48 29.9 98.5 1.13 452.8
9 *”*oH 3.13 4071 051 13.2 98.6 0.71 1331.6
10 kd 0.098 5329  2.84 6.5 98.2 0.72 5.7
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Table 2-3. (continued)
Mtb MIC 2 rs Solubility Protein Microsomal sEH ICso
# Structure (g/mry  cLogPt LIPE o o 1)3  Binding (%) Stability* (M3
11 s 0.39 4883 1.82 6.2 99.4 1.52 357.1
12 *ﬁ? 12.5 4584 -138 2.7 97.5 0.31 463.7
2e 8
14 HXHJ\% >200 4157 -3.83 21.0 97.7 0.14 322.6
15 @Hkuis 12.5 4.855  -1.70 5.8 99.0 0.17 1670.4
R cl
16 @\H*H 3.125 5980 -1.39 0.4 98.6 0.21 3.5
17 kkfp 25 4146  -1.60 26.5 98.0 0.88 798.2
01 1
18 oo >200 4071  -3.64 21.1 98.1 0.71 960.1
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Table 2-3: (continued)

Mtb MIC ) v Solubility Protein Microsomal sEH ICso

#  Structure (ug/mry  cbogP LIPE o) Binding (%) Stability* (M)’
BB

9 77 12.5 4670 -139 8.3 99.2 0.21 4135
Y,

20 [ 7F 50 4920 -3.02 12.5 99.2 0.11 1791.5

Notes
!'In vitro Mtb MIC using H37RV 2 Calculated log of partition coeffiecent between octanol and water * Solubility in simulated

biological fluid * Chemical stability in purified human hepatocytes in hours > In vitro inhibition of human soluble epoxide hydrolase
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Figure 2-21. Urea lead comparisons

Comparison of the physiochemical properties of the previous 2-adamantyl urea lead 1608
with the iso-camphonyl lead 1. There was an improvement in lipophilic efficiency that
may be able to overcome the decrease in some PK properties.
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Figure 2-22. Decreasing lipophilicity
Replacing a t-butyl with a methyl resulted in a dramatic reduction in potency and a
tenfold hit to lipophilic efficiency.
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cLogP = 5.485 cLogP = 5.484
Mtb MIC = 0.049 ug/mL Mtb MIC = 6.25 pg/mL
Solubiility = 7.8 ug/mL Solubility = 8.7 pg/mL
LIiPE = 3.30 LiPE = -1.55

Figure 2-23. Inversion of the stereochemistry
On the iso-camphonyl ring resulted in a 100fold increase in Mtb MIC activity. This

implies there is a spactial limitation to the molecule and that it is binding to a specific site
rather than simple membrane disruption.
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attachment point of the amine from the 1 to 2 position of the ring system resulted in a 10
fold increase in Mtb activity [221]. With roughly 100 fold reduction in activity, the
generation of further analogs with this enantiomer was quickly abandoned.

Finally a brief study was conducted to see if the urea core could be replaced by a
2-aminoactamide to achieve free secondary amines, similar to other proven TB drugs like
SQ109. The theory behind this is the free amine could aid in a greater volume of
distribution of the drug and a higher degree of lung accumulation, which would make
these more potent in vivo drugs [222]. Using a slightly different synthesis,
chloroacetylchloride was coupled with either the lipophilic ring system or the t-butyl
isoxazole amine first and the other second to generate 19 and 20 (Figure 2-24). However,
it was easily seen with both the iso-camphonyl and previously studied adamantyl that the
efficacy was lost when a methylene spacer was placed on either side of the urea to give a
secondary amine proximal to either ring. The modest gains in the PK profile were not
enough to overcome the dramatic loss in efficacy so this series was also discontinued.

After the brief medicinal chemistry exploration around the urea core, compound 1
was selected for in vivo studies. First the maximum tolerated dose was evaluated to see
how safe this compound was. 1 dose per day (QD) was administered into C57BL/6 mice
from Charles River Laboratories (females, 6-8 weeks old) for 3 days, followed by 7 more
days of observation. Compound 1 was found to be safe at 100, 200 and 400 mg/kg given
both subcutaneously and by oral gavage. This safety profile was encouraging and pushed
for further PK trials for 1 to establish proper dosing regimens for an efficacy trial. We
were able to improve oral bioavailability over the adamantyl lead compound from F =
2.0% to F = 8.6% but still not in the range to be therapeutically relevant for oral
administration (Table 2-4). Using a two-compartment model for PK analysis we found
after an IV dose of 10 mg/kg that plasma levels of 1 reached 4.27 mg/L and had an
average area under the curve (AUC) of 5.04 mg*hr/L. The average half-life was 6.98
hours and the compound achieved a modest volume of distribution of 5.01 L/kg.

Discussion

These data suggest that 1 could be efficacious in vivo if oral bioavailability could
be improved, or if the route of administration was altered. Recently bedaquiline has been
approved as an oral treatment for MDR-TB, despite being highly lipophilic and violating
many Lipinski’s rules for oral bioavailability [55, 223]. In addition, newer therapeutic
options of directly delivering agents to pulmonary lesions via aerosol are gaining traction
and could be a more effective way to deliver our potent compounds [224]. Since these are
very well tolerated compounds in regards to any acute toxicity, these exploratory PK
formulation studies could be very helpful in producing ideal drug compounds for clinical
success. Currently there are no MmpL3 inhibitors in the clinic, so this series fits most of
the criteria for an emerging lead candidate in MDR-TB; highly potent for the possibility
of reducing therapy time, no cross resistance with current agents and cheap to produce
with facile chemistry. However there are limitations to formulation that would make
once-a-day oral dosing almost impossible. It should be noted that this series was by and
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Figure 2-24. Decreasing lipophilicity
Replacing a t-butyl with a methyl resulted in a dramatic reduction in potency and a
tenfold hit to lipophilic efficiency.

cLogP = 4.157

Mtb MIC = 3.13 pg/mL
Solubility = 14.8 pg/mL
LePE =0.33

Table 2-4.  Compound 1 in vivo PK data
Rat AUCpo AUCiv Dosepo (ng)  Doseiv(ng) %F
(hr*mg/L)
1 3.75 4.71 24100 2220 7.33
2 5.47 5.36 24400 2220 9.27
3 4.26 5.05 23900 2230 7.87
4 5.24 5.02 23200 2220 10.0
Mean: 4.67 5.04 23900 2222.5 8.62
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large mycobacterial specific, having limited MIC activity in a panel of 15 gram-positive
and negative species. This reassures that they are on target since prokaryotes do not
possess mycolic acids and thus do not need their transport for effective cell replication.

Discussion on TB Drug Discovery

All of our efforts to develop new drugs to treat drug resistant Mtb have always
been designed with the same principles core to the field as a whole. A series must have
anovel mechanism of action, whether that is a new enzymatic target, a new biosynthetic
pathway or a unique means of hitting a clinically relevant area that eludes its common
resistance mechanisms. There is very little point in developing agents that might well be
cross resistant to currently used therapies, especially in a disease area like tuberculosis
where the resources and available medications are already scare. Next, a lead molecule
should possess good drug-like properties such as solubility and plasma stability, in the
hopes of easy formulation for once a day oral therapy. We have applied a host of drug
discovery techniques to try and fill the discovery pipeline with good molecules for further
development. We have described exploring an old clinical target in new ways in trying to
find novel FAS-II inhibitors. This approach has allowed us to harness many target based
discovery techniques to assess enzymatic activity and biophysical interactions with the
protein of interest, as well as screen known Mtb active compounds to identify existing
material that works at this target. I also detailed work on a phenotypic screening hit that
required further optimization despite robust Mtb activity from the start.

Our Enoyl-ACP dehydratase inhibitors offer a unique way of inhibiting a
clinically relevant drug target. We have shown ways to re-explore a validated enzymatic
protein in HadAB that is the target of ISO and TAC in a manner that overcomes their two
most common resistance mechanisms as well as eliminates the thiourea moiety that leads
to poor PK properties and some toxicities. With our unique mechanism of semi covalent,
reversible inhibitors we are also seeking to harness the long residency afforded by
covalent inhibitors while circumventing off target binding that may have limited their
dosage and duration of use. All of this combined with a fragment based screen that has
identified efficient binders that are primed for structure guided design led by efficiency
metrics to ensure drug-like properties. This project has a long way to go before
generating clinical compounds of interest, but has strong possibilities along the way to
make useful compounds. Producing and confirming a reversible covalent inhibitor library
will greatly aid in studying the underlying mechanisms of the dehydratase enzyme,
specifically the crosslinking inactivation. Tight binding fragments can be grown to strong
inhibitors, some for attachment of the acrylonitrile but others can be grown out for better
biochemistry control compounds. For example, tight binders can have fluorescent probes
attached for fluorescence polarization assays which would be a vastly superior
biochemical screening assay than what we currently have.

Phenotypic screens are not always significantly better at generating drug-like hits.

Phenotypic screens tend to produce large, lipophilic molecules with a high degree of
aromaticity that lead to poorly soluble drugs, for reasons to be discussed in Chapter four.
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This, combined with the fact that medicinal chemistry optimizations only tend to add
grease to molecules (or at least do so at a higher rate than adding polarity) quickly
exacerbates issues in solubility, plasma stability (high hepatic metabolism), CYP issues
and cardiac toxicities. Our urea series for Mtb highlights these short comings. The series
presented is the third round of optimizations on a phenotypic screening hit, and still fall
short in terms of obtaining a true drug-like lead. It is true that there have been significant
advances in formulations that make highly potent “bad” drugs efficacious (i.e.
bedaquiline), but even this successful example is stuck with cardiac liabilities and an
inability to penetrate all of Mtb’s life cycles. Efficiency metrics are almost a must for
phenotypic screens, and I believe curated libraries with chemical properties in mind are
the next step in advancing phenotypic screening. In our efforts to optimize a phenotypic
screening hit [ have learned a great deal about the importance of drug-like properties and
how difficult it can be to modulate them. We describe many attempts to alter our active
scaffold in the hopes of making a better behaved drug; none of which were very
successful. Despite having a highly potent series we could not get the required PK to
have an effect in vivo, something the field struggles with quite a bit. The transition from
in vitro potency to in vivo efficacy is the most challenging aspect in drug discovery, and
it is a transition that is made more difficult in Mtb. Efficiency metrics are just as
important in phenotypic screening as they are in target based, and tracking a series
progress with such markers early will only improve their long term chances.

Materials and Methods

FAS-II Methods
Protein purification

HadAB fused protein was expressed in BL21* (DE) cells. These cells were
cultured in the presence of ampicillin and colonies that grew were picked stock cultures
were established and frozen. Stock culture was grown in 4L of ampicillin containing
growth media plus 1% glucose at 37°C. At mid log 1mM IPTG was added and cells were
incubated 16 hours at 18°C. Cells were then centrifuged at 25000rpm for 30 minutes.
Pellets were re-suspended in lysate buffer (50mM Tris-HCI pH 8.0, 150 NaCl, 10%
glycerol and Roche protease inhibitor cocktail) before sonication for lysis. Cell debris
and unburst cells were spun down again and supernatant was purified using GE His-Trap
affinity and size exclusion columns to produce pure HadAB. Verified using LC-MS using
an Agilent 6220 TOF (time-of-flight) mass spectrometer equipped with a multimode
source (positive mode) and an Agilent 1200 binary pump. The column used was a Zorbax
(2.1 x 150 mm 300 SB-C8 3.5 uM) and separation was done using a gradient of solvent
A (water, 1 % formic acid) and solvent B (acetonitrile, 1 % formic acid). The drying gas
temperature was 310 °C, and the vaporizer temperature was set at 200 °C. Flow rate was
0.25 ml/min, and the total run time was 27 min. The fragmentor voltage was set to 180 V.
The runs were later analyzed using the Agilent’s Mass Hunter program. Protein was
concentrated to Spug/mL stock solutions and flash frozen before storage at -80°C.

73



Spectrophotometric enzymatic assay

Hydratase activity was monitored by spectrophotometry at 263 nm in the presence
of trans-2-dodecenoyl-CoA (C12:1-CoA) substrate (500 uM) using a spectrophotometer.
Comparison of the initial reaction rates obtained for the trans-2-enoyl-CoAs (C4 to C20)
was performed at a fixed substrate concentration and 80 nM HadAB plus 100uM of the
inhibitors. Control experiments lacking the enzyme were included in each run.

NMR analysis of HadAB reaction

Trans-2-dodecenoyl-CoA (C12:1-CoA) substrate (500 uM) was dissolved into
buffer (50mM POj4, 2mM dueterated-DTT and 150 mM NaCl in D,0) and protein (200
nM) was added to a final volume of 600 pL. Solution was scanned using water
suppression via excitation sculpting '"H method on a 500 MHz Bruker NMR. Time points
were taken at initial mixing, 2 minutes, 5 minutes, 10 minutes, 20 minutes and 45
minutes. Spectra were then analyzed using a reaction monitoring method from the
MestReNova suite.

NMR analysis of 3216 inhibition of HadAB reaction

Protein (200 nM) and inhibitor (100 pM) were added to dueterated buffer and
allowed to incubate for 5 minutes. Substrate was added to a final volume of 600 uL and
spectra were collected and analyzed using the previously described methods.

Fragment screening by SPR

Fragment library (4,500 compounds) was procured from St. Jude inventory and
composed of commercially available fragment libraries from Life, Enamine and
Maybridge. Fragments have previously been curated to remove indiscriminate protein
destabilizers and those which interfered with many assays. SPR experiments were
conducted at 20°C using a SensiQ Pioneer optical biosensor (SensiQ Technologies).
Neutravidin (Thermo Sci-entific) was covalently immobilized on a polysaccharide
hydrogel-coated gold surface (COOHS chip; SensiQ Technologies) using routine amine
coupling chemistry in immobilization buffer (10 mM HEPES pH 7.4, 150 mM NaCl,
0.005% Tween20). Carboxyl groups on the hydrogel were activated with N-ethyl-N°-(3-
dimethylamino-propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS), and
neutravidin was injected until immobilization levels of 5000— 7000 RU were achieved.
Remaining active sites were blocked by reaction with ethanolamine. The instrument was
primed with binding buffer (20 mM Tris pH 8.5, 100 mM NaCl, 10 mM MgCl, 1 mM
TCEP, 0.005% Tween20, 10% glycerol, 5% DMSO), and HadAB was injected until
3000-3700 RU of protein was captured. Unoccupied biotin-binding sites of neutravidin
on both the reference and HadAB surfaces were blocked with amine-PEG:-biotin
(Thermo Scientific) to minimize potential non-specific binding by the compounds.®®> The
compounds were prepared in running buffer as a 3-fold dilution series starting at 100uM
and were injected at a flow rate of 80uL/min. A series of buffer-only (blank) injections
was included throughout the experiment to account for instrumental noise. The data were
processed, double-referenced, solvent cor-rected and analyzed®>*¢ using the software
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package Qdat (version 2.1.0.21, BioLogic Software). The equilibrium dissociation
constants were determined by fitting the data to a 1:1 interaction model

LC-MS-MS

Chromatographic separations were carried out using a Shimadzu liquid
chromatograph (Shimadzu Corporation, USA) consisting of two pumps, online degasser,
system controller and a CTC Leap auto sampler (Leap Technologies, Carrboro, NC).
Mobile phase consist of 0.1% Formic acid spiked acetonitrile (Pump B) and 0.1% Formic
acid spiked HPLC grade water (Pump A) was used at a flow rate of 0.6 mL/min in
gradient mode. A Phenomenex® C18(2),3 um, 50 % 2.0 mm column (Phenomenex,
Torrance, CA) protected with a guard column was used for the separation. The samples
(20 uL) were injected on column and the eluate was led directly into a mass
spectrometer.

UPLC/MS/UV

LC-MS chromasolv grade acetonitrile (ACN) was purchased from Fisher
Scientific (Loughborough, UK). LC-MS chromasolv grade methanol, ammonium
bicarbonate and formic acid were obtained from Sigma-Aldrich (St. Louis, MO). Milli-Q
water as an ultrapure laboratory grade water was used in aqueous mobile phase.
Chromatographic separation was performed on an Acquity UPLC BEH C18 1.7 pm, 2.1
x 50 mm column (Waters Corporation, Milford, MA) using an Acquity ultra performance
liquid chromatography system. Data were acquired using Masslynx v. 4.1 and analyzed
using the Quanlynx software suite. This was coupled to an SQ mass spectrometer. The
total flow rate was 1.0 mL/min. The sample injection volume was 10 uL. The UPLC
column was maintained at 55 °C. Samples were separated on the column under acidic or
basic mobile phase based on their physical-chemical properties. For the acidic mobile
phase, solvent A was 0.1% formic acid in MilliQ H20O and solvent B was 0.1% formic
acid in ACN. For the basic mobile phase, solvent A was 10 mM ammonium bicarbonate
in MilliQ H20 and solvent B was methanol. Samples were eluted from the column under
one of the gradients listed in table 1. The mass spectrometer was operated in positive-ion
mode with electrospray ionization. The conditions were as follows: capillary voltage 3.4
kV, cone voltage 30 V, source temperature 130 °C, desolvation temperature 400 °C,
desolvation gas 800 L/hr, cone gas 100 L/hr. A full scan range from m/z = 110-1000 in
0.2 s was used to acquire MS data. A single ion recording mass spectrometry for each
compound was used to determine the quantification of the samples.

General synthesis of aldehydes

A microwave vial was charged with a stir bar and 4-hydoxybenzaldehyde was
added (1.221g, 10mmol) followed by alkylhalide (1.1 eq, 1 Immol), potassium carbonate
(2.073g, 15mmol) and DMF (2mL). Vessel was sealed and heated to 120°C for 15
minutes. Water was added to reaction mixture and extracted with ethyl acetate. Organic
layer was washed in sequence with 1N sodium hydroxide, water and saturated sodium
choloride before being dried over sodium sulfate and concentrated under reduced
pressure. Crude was carried forward to subsequent steps without purification.
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General synthesis of acrylonitriles

Aldehyde (leq, 0.2mmol), 2-nitrile (1.2eq, 0.24mmol) and triethyl amine were
suspended in ethanol and added to a microwave vessel. Reaction heated to 70°C for 30
minutes, cooled to ambient temperature and concentrated. Crude residue was purified by
flash chromatography using a 40-100% hexane:ethyl acetate gradient.

Below is a listing of analytical purity of compounds discussed in this section.
Experimental details for determination are described in the methods above.

(E)-2-((4-chlorophenyl)sulfonyl)-3-(4-(isopentyloxy)phenyl)acrylonitrile (3187)

56.9mg (73% yield) white powder '"H NMR (500 MHz, Chloroform-d) & 8.13 (s, 1H),
7.94 (dd, J = 14.6, 7.9 Hz, 4H), 7.58 (d, J = 7.9 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H), 4.09 (t,
J=6.6 Hz, 2H), 1.85 (dp, J=13.2, 6.6 Hz, 1H), 1.72 (q, J = 6.6 Hz, 2H), 0.99 (d, J = 6.6
Hz, 6H). ESI-MS [M+H]: Calc: 389.89 Found: 390.03

(E)-3-(4-(isopentyloxy)phenyl)-2-(phenylsulfonyl)acrylonitrile (3188)

58.6mg (82% yield) white powder "H NMR (500 MHz, Chloroform-d) & 8.05 (s, 1H),
7.93 (d,J=8.1 Hz, 2H), 7.83 (d, J = 8.8 Hz, 2H), 7.60 (t, /= 7.1 Hz, 1H), 7.51 (t, J= 7.7
Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 1.75 (dp, J=13.3, 6.7 Hz, 1H), 1.62 (t,J = 6.7 Hz,
2H), 0.88 (d, J = 6.7 Hz, 6H). ). ESI-MS [M+H]: Calc: 355.45 Found: 356.13

(E)-3-(4-(isopentyloxy)phenyl)-2-tosylacrylonitrile (3189)

42.5mg (57.5% yield) off-white powder 'H NMR (500 MHz, Chloroform-d) & 8.13 (s,
1H), 7.91 (t,J= 8.4 Hz, 4H), 7.40 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 4.09 (t, J
= 6.6 Hz, 2H), 2.48 (s, 3H), 1.85 (dp, /= 13.3, 6.7 Hz, 1H), 1.72 (q, /= 6.7 Hz, 2H), 0.99
(d, /= 6.6 Hz, 6H). ESI-MS [M+H]: Calc: 369.48 Found: 369.96

(E)-2-(4-chlorobenzoyl)-3-(4-(isopentyloxy)phenyl)acrylonitrile (3190)

53.0mg (74.9% yield) yellow powder 'H NMR (500 MHz, Chloroform-d) & 8.06 (d, J =
7.4 Hz, 3H), 7.86 (d, J= 7.5 Hz, 2H), 7.51 (d, J= 7.6 Hz, 2H), 7.02 (d, /= 8.2 Hz, 2H),
412 (t,J=6.6 Hz, 2H), 1.87 (dp, J=13.2, 6.6 Hz, 1H), 1.74 (q, J = 6.5 Hz, 2H), 1.00 (d,
J=16.6 Hz, 6H). ESI-MS [M+H]: Calc: 353.85 Found: 354.05

(E)-3-(4-(2-morpholinoethoxy)phenyl)-2-(phenylsulfonyl)acrylonitrile (3209)

103.8mg (97% yield) dark red oil 'H NMR (500 MHz, Chloroform-d) & 8.16 (s, 1H), 8.03
(d,/J=79Hz 2H), 7.94 (d, J= 8.5 Hz, 2H), 7.72 (t, J="7.4 Hz, 1H), 7.63 (t, J=7.6 Hz,
2H), 7.01 (d, J = 8.5 Hz, 2H), 4.27 (s, 2H), 3.80 (s, 4H), 2.92 (s, 2H), 2.67 (s, 4H). ESI-
MS [M+H]: Calc: 398.48 Found: 398.89

(E)-3-(4-(2-morpholinoethoxy)phenyl)-2-tosylacrylonitrile (3210)

78.5mg (87% yield) dark red oil 'H NMR (500 MHz, Chloroform-d) & 8.11 (s, 1H), 7.95
—7.81 (m, 4H), 7.38 (d, /= 7.8 Hz, 2H), 6.98 (d, /= 7.7 Hz, 2H), 5.30 (s, 3H), 4.19 (s,
2H), 3.80 — 3.65 (m, 4H), 2.83 (s, 2H), 2.58 (s, 4H). ESI-MS [M+H]: Calc: 412.50
Found: 413.09
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(E)-2-((4-chlorophenyl)sulfonyl)-3-(4-(2-morpholinoethoxy)phenyl)acrylonitrile (3211)
82.2mg (88% yield) orange powder 'H NMR (500 MHz, Chloroform-d) & 8.12 (s, 1H),
7.92 (t,J=9.1 Hz, 4H), 7.57 (d, J=9.8 Hz, 2H), 7.00 (d, J = 8.3 Hz, 2H), 4.20 (s, 2H),
3.73 (s, 4H), 2.84 (s, 2H), 2.59 (s, 4H). ESI-MS [M+H]: Calc: 432.92 Found: 433.07

(E)-3-(4-(2-morpholinoethoxy)phenyl)-2-(thiophene-2-carbonyl)acrylonitrile (3213)
40.0mg (54.3% yield) orange powder '"H NMR (500 MHz, Chloroform-d) & 8.28 (d, J =
3.8 Hz, 1H), 8.26 (s, 1H), 8.09 (d, /= 8.6 Hz, 2H), 7.78 (d, J=4.9 Hz, 1H), 7.22 (t, J =
4.4 Hz, 2H), 7.04 (d, J = 8.3 Hz, 2H), 4.28 — 4.23 (m, 2H), 3.78 (s, 4H), 2.91 — 2.87 (m,
2H), 2.65 (s, 4H). ESI-MS [M+H]: Calc: 368.45 Found: 369.05

(E)-3-(4-(isopentyloxy)phenyl)-2-(thiophene-2-carbonyl)acrylonitrile (3214)

20.4mg (31.3% yield) yellow powder '"H NMR (500 MHz, Chloroform-d) & 8.30 (d, J =
3.8 Hz, 1H), 8.28 (s, 1H), 8.10 (d, /= 8.6 Hz, 2H), 7.78 (d, /= 4.9 Hz, 1H), 7.23 (t, J =
4.4 Hz, 1H), 7.03 (d, /= 8.6 Hz, 2H), 4.12 (t,J= 6.6 Hz, 2H), 1.88 (dt, /= 13.2, 6.6 Hz,
1H), 1.77 — 1.73 (m, 2H), 1.01 (d, /= 6.7 Hz, 6H). ESI-MS [M+H]: Calc: 325.43 Found:
326.11

(E)-2-(furan-2-carbonyl)-3-(4-(2-morpholinoethoxy)phenyl)acrylonitrile (3216)
46.5mg (66.0% yield) orange powder 'H NMR (500 MHz, Chloroform-d) § 8.35 (s, 1H),
8.10 (d, J=8.7Hz, 2H), 7.87 - 7.71 (m, 2H), 7.04 (d, J = 8.7 Hz, 2H), 6.65 (s, 1H), 4.35
—4.22 (m, 2H), 3.84 —3.73 (m, 4H), 2.91 (s, 2H), 2.66 (s, 4H). ESI-MS [M+H]: Calc:
352.39 Found: 353.32

(E)-2-(furan-2-carbonyl)-3-(4-(isopentyloxy)phenyl)acrylonitrile (3217)

26.1mg (42.5% yield) orange powder 'H NMR (500 MHz, Chloroform-d) § 8.35 (s, 1H),
8.10 (d, J=8.6 Hz, 2H), 7.77 (d, /= 14.0 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 6.65 (s, 1H),
4.11 (t,J=6.5Hz, 3H), 1.87 (dt, /= 13.2, 6.6 Hz, 2H), 1.74 (q, J = 6.5 Hz, 3H), 1.00 (d,
J=06.6 Hz, 6H). ESI-MS [M+H]: Calc: 309.37 Found: 310.1

MmpL3 Methods

Protein binding study

Plasma protein binding was determined by equilibrium dialysis. The red device
inserts are supplied ready to use (Thermo Scientific, Rockford, USA) containing plasma
and buffer chambers for dialysis. The inserts were placed in base plate. Two different
concentrations (500 ng/mL and 5 pg/mL) of Lee 1804 were prepared in rat plasma and an
aliquot of 300 uL was added in the plasma chamber in duplicate. A 500 pL aliquot of
PBS was added in the buffer chamber for dialysis. The base plate was covered with
sealing tape and incubated at 37°C at approximately 100 rpm on an orbital shaker for 4
hours to achieve equilibrium. After incubation 50 pL of each post-dialysis samples were
pipette out from the plasma and buffer chambers into separate micro-centrifuge tubes. 50
uL of plasma was added to the buffer samples and an equal volume of PBS to the
collected plasma samples and vortex. Pipette out 50 pL and analyzed for bound and
unbound drug concentrations by LC-MS/MS
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Animals

Catheterized male Sprague-Dawley rats (femoral vein for drug administration and
jugular vein for blood sample collection) from Harlan Bioscience (Indianapolis, IN),
weighing approximately 200 g, were kept on a 12h light/ dark cycle with access to food
and water ad libitum. The study protocol was approved by the Institutional Animal Care
and Use Committee of the University of Tennessee Health Science Center.

Drug formulation and administration

Formulation of 1804 (10 mg/kg) was prepared by dissolving the drug in 40%
DMSO, 40% Propylene glycol and 20% PEG 300. The i.v. doses were administered via
femoral vein catheter followed by flushing the catheter with locking solution. A group of
5 rats were dosed for each of the compound.

Sampling procedure

Blood samples (250 puL) were collected at 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 4.0, 6.0,
8.0, 12.0, 24.0, 36.0 and 48.0 h after drug administration for all the three compounds.
Plasma was separated immediately by centrifugation (10,000xg for 10min at 4°C) and
stored at —20°C until analysis. Urine samples were collected at an interval of 0-6, 6-12,
12-24, 24-36, 36-48, 48-60 and 60-72 h post-dose and stored at -20°C until analysis.

In-vivo pharmacokinetics

Catheterized male Sprague-Dawley rats (jugular vein for blood sample collection) from
Harlan Bioscience (Indianapolis, IN), weighing approximately 190-230 g, were kept on a
12h light/ dark cycle with access to food and water ad libitum. Prior to the dosing the
animals were fasted overnight and given access to water ad libitum. The study protocol
was approved by the Institutional Animal Care and Use Committee of the University of
Tennessee Health Science Center.

Drug formulation and administration

Formulations of Lee 1804 (100 mg/kg) were prepared in 10% Vitamin E TPGS (vitamin
E d-alpha tocopheryl polyethyleneglycol 1000 succinate). The oral doses were
administered using oral gavage needle fitted to 1.0 mL syringe. A group of 5 rats were
dosed for each of the compound.

LC-MS-MS

Chromatographic separations were carried out using a Shimadzu liquid
chromatograph (Shimadzu Corporation, USA) consisting of two pumps, online degasser,
system controller and a CTC Leap auto sampler (Leap Technologies, Carrboro, NC).
Mobile phase consist of 0.1% Formic acid spiked acetonitrile (Pump B) and 0.1% Formic
acid spiked HPLC grade water (Pump A) was used at a flow rate of 0.6 mL/min in
gradient mode. A Phenomenex® C18(2),3 um, 50 x 2.0 mm column (Phenomenex,
Torrance, CA) protected with a guard column was used for the separation. The samples
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(20 uL) were injected on column and the eluate was led directly into a mass
spectrometer.

UPLC/MS/UV

LC-MS chromasolv grade acetonitrile (ACN) was purchased from Fisher
Scientific (Loughborough, UK). LC-MS chromasolv grade methanol, ammonium
bicarbonate and formic acid were obtained from Sigma-Aldrich (St. Louis, MO). Milli-Q
water as an ultrapure laboratory grade water was used in aqueous mobile phase.
Chromatographic separation was performed on an Acquity UPLC BEH C18 1.7 pm, 2.1
x 50 mm column (Waters Corporation, Milford, MA) using an Acquity ultra performance
liquid chromatography system. Data were acquired using Masslynx v. 4.1 and analyzed
using the Quanlynx software suite. This was coupled to an SQ mass spectrometer. The
total flow rate was 1.0 mL/min. The sample injection volume was 10 uL. The UPLC
column was maintained at 55 °C. Samples were separated on the column under acidic or
basic mobile phase based on their physical-chemical properties. For the acidic mobile
phase, solvent A was 0.1% formic acid in MilliQ H20O and solvent B was 0.1% formic
acid in ACN. For the basic mobile phase, solvent A was 10 mM ammonium bicarbonate
in MilliQ H20 and solvent B was methanol. Samples were eluted from the column under
one of the gradients listed in table 1. The mass spectrometer was operated in positive-ion
mode with electrospray ionization. The conditions were as follows: capillary voltage 3.4
kV, cone voltage 30 V, source temperature 130 °C, desolvation temperature 400 °C,
desolvation gas 800 L/hr, cone gas 100 L/hr. A full scan range from m/z = 110-1000 in
0.2 s was used to acquire MS data. A single ion recording mass spectrometry for each
compound was used to determine the quantification of the samples.

Synthesis of urea compounds: General method

In a dry round bottom flask equipped with a stir bar, 0.5 mmol of triphosgene was
dissolved in three mL of anhydrous dichloromethane under nitrogen. To this was added
dropwise over ten minutes, a solution of 1.350 mmol Isocamphonyl amine, 1.500 mmol
of diisopropylethylamine, and three mL of anhydrous dichloromethane. This reaction was
allowed to stir at room temperature for fifteen minutes while the next reaction was run. In
a separate dry round bottom flask, the appropriate amine was dissolved in 15 mL of THF.
Flask was cooled to -78° C and 1 mmol of 2.5M Butyl Lithium in hexane was added
slowly. Reaction was allowed to stir while coming to room temperature for 20 minutes.
After 20 minutes the first reaction was added carefully to the second and combined
reaction was allowed to react for one hour before remaining Butyl Lithium was quenched
with methanol. Solvent removed under vacuum and product was purified via flash
chromatography (Hexane to Ethyl Acetate).

Below is a listing of analytical purity of compounds discussed in this section.
Experimental details for determination are described in the methods above.
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1-(5-(tert-butyl)isoxazol-3-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1. 1 [heptan-3-
ylurea: (1)

Yield: 22.7 mg (14.07%) of white powder M.P. 145-147 °C; 'H NMR (400 MHz,
Chloroform-d) 6 9.12 (s, 1H), 7.14 (s, 1H), 5.93 (s, 1H), 4.22 (h, J=7.1, 6.5 Hz, 1H),
2.65 (ddt, J=13.3,10.2, 2.6 Hz, 1H), 2.70 — 2.59 (m, OH), 2.43 (ddt, J = 8.5, 6.3, 3.9 Hz,
1H), 2.03 — 1.91 (m, 2H), 2.02 — 1.92 (m, 2H), 1.86 (dt, /= 5.9, 3.0 Hz, 1H), 1.86 (t, J =
5.9 Hz, 1H), 1.71 (ddd, J = 14.0, 6.1, 2.4 Hz, 1H), 1.34 (s, 9H), 1.25 (s, 3H), 1.17 (d, J =
7.1 Hz, 3H), 1.07 (s, 3H), 1.00 (d, /= 9.8 Hz, 1H).; ESI-HRMS m/z: [M+H]+ calcd:
320.2293, found: 320.2327

1-(5-methylisoxazol-3-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1. 1] heptan-3-
yDurea (2)

Yield: 71.3mg (51.4%) of an off-white powder; M.P: 133-138°C; 'H NMR (400 MHz,
Chloroform-d) § 9.50 (s, 1H), 7.07 (s, 1H), 6.01 (s, 1H), 4.27 — 4.13 (m, 1H), 2.63 (dddd,
J=13.8,9.9,3.6,2.1 Hz, 1H), 2.43 (dtd, /= 9.8, 6.0, 2.2 Hz, 1H), 2.37 (s, 3H), 2.03 —
1.90 (m, 2H), 1.85 (td, /= 5.8, 1.9 Hz, 1H), 1.69 (ddd, J = 14.0, 6.1, 2.4 Hz, 1H), 1.25 (s,
3H), 1.16 (d, J=7.2 Hz, 3H), 1.06 (s, 3H), 0.98 (d, /= 9.8 Hz, 1H).; ESI-HRMS m/z:
[M+H]+ Calcd: 278.1824, found: 278.1879

1-(4-methylthiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1.1]heptan-3-
ylurea: (3)

Yield: 76.7mg (51.8%) of colorless oil; M.P. N/A; '"H NMR (400 MHz, Chloroform-d) &
6.76 (s, 1H), 4.02 (q,J=17.5, 7.0 Hz, 1H), 3.32 (s, 2H), 2.46 (t, J=11.9 Hz, 1H), 2.18 (s,
3H), 1.76 — 1.64 (m, 2H), 1.50 (dd, J=13.9, 6.1 Hz, 1H), 1.06 (s, 3H), 0.98 (d, /=7.2
Hz, 3H), 0.87 (s, 3H), 0.76 (d, J = 9.8 Hz, 1H).; ESI-HRMS m/z: [M+H]+ Calcd:
294.1595, found: 294.1626

1-(5-methylthiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1. 1| heptan-3-
yDurea: (4)

Yield: 91.6mg (62.4%) of colorless oil; M.P. N/A; 'H NMR (400 MHz, Chloroform-d) &
10.31 (s, 1H), 6.35 (s, 1H), 4.35—-4.11 (m, 1H), 3.51 (s, 1H), 2.67 (dddd, J = 13.7, 10.0,
3.7,2.2 Hz, 1H), 2.51 — 2.39 (m, 1H), 2.35 (d, /= 1.1 Hz, 3H), 2.05 — 1.95 (m, 1H), 2.00
—1.82 (m, 2H), 1.70 (ddd, J=13.9, 6.1, 2.4 Hz, 1H), 1.26 (s, 3H), 1.18 (d, /= 7.2 Hz,
3H), 1.07 (s, 3H), 0.94 (d, J=9.8 Hz, 1H). ESI-HRMS m/z: [M+H]+ Calcd: 294.1595,
found: 294.1623
1-(thiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1.1]heptan-3-yl)urea (5)
Yield: N/A; M.P. N/A; 'H NMR (400 MHz, Chloroform-d) & 11.24 (s, 1H), 7.35 (dd, J
=3.7,1.4 Hz, 1H), 6.82 (d, J=3.7 Hz, OH), 4.25 (p, J= 7.5, 7.0 Hz, 1H), 2.73 — 2.58 (m,
1H), 2.51 —2.40 (m, 1H), 2.05 - 1.82 (m, 3H), 1.71 (dd, J= 14.0, 6.3, 2.3 Hz, 1H), 1.26
(d,J=1.5Hz,4H), 1.19 (dd, /= 7.3, 1.6 Hz, 3H), 1.18 — 1.02 (m, 4H), 0.96 (d, /=9.9
Hz, 1H).; ESI-HRMS m/z: N/A

1-(benzold|thiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1. 1 ]heptan-3-
yDurea (7)

Yield: 117.2 (71.1%) of a white powder; M.P. 185-187°C; '"H NMR (400 MHz,
Chloroform-d) 6 11.32 (s, 1H), 7.78 (dd, /= 12.2, 8.0 Hz, 2H), 7.42 (ddd, J = 8.3, 7.3,
1.3 Hz, 1H), 7.27 (ddd, /= 8.3, 7.3, 1.1 Hz, 1H), 4.37 — 4.24 (m, 1H), 2.77 — 2.65 (m,
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1H), 2.51 —2.40 (m, 1H), 2.07 (s, 1H), 2.11 — 1.96 (m, 1H), 1.96 — 1.84 (m, 1H), 1.74
(ddd,J=14.1,6.2,2.4 Hz, 1H), 1.29 (d,J=7.2 Hz, 1H), 1.26 (d, 3H), 1.22 (d,J=7.2
Hz, 3H), 1.08 (s, 3H), 1.02 — 0.83 (m, 2H). ESI-HRMS m/z: [M+H]+ Calcd: 330.1595,
found: 330.1654

1-(5-cyclobutyl-1,3,4-oxadiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)urea (8)

Yield: 78.0mg (49%) of brown oil; M.P. N/A; 'H NMR (400 MHz, Chloroform-d) &
10.34 (s, 1H), 8.16 (s, 1H), 4.31 —4.18 (m, 1H), 3.65 (p, /= 8.3 Hz, 1H), 2.70 — 2.57 (m,
1H), 2.50 — 2.34 (m, 5H), 2.18 — 1.93 (m, 4H), 1.90 — 1.80 (m, 1H), 1.73 (ddd, J = 14.0,
6.0, 2.4 Hz, 1H), 1.25 (s, 3H), 1.17 (d, /= 7.2 Hz, 3H), 1.07 (s, 3H), 1.06 — 1.00 (m, 1H).
ESI-HRMS m/z: [M+H]+ Calcd: 319.2089, found 319.2154

1-(5-isopropyl-1,3,4-oxadiazol-2-yl)-3-((1R,2R,3R,5S)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)urea (9)

Yield: 9.0mg (5.87%) of Yellow oil; M.P. N/A;'H NMR (400 MHz, Chloroform-d) &

8.01 (s, 1H), 7.28 (s, 3H), 4.23 (p, J=7.7, 7.3 Hz, 1H), 3.12 (p, /= 6.8 Hz, 1H), 2.65 (t,
=12.1 Hz, 1H), 2.45 (s, 1H), 1.99 (d, J = 6.8 Hz, 2H), 1.87 (s, 1H), 1.72 (dd, J=14.0, 5.9
Hz, 1H), 1.39 (dd, /= 7.1, 1.9 Hz, 5H), 1.26 (d, /= 2.0 Hz, 3H), 1.17 (dd, J=7.2, 1.9
Hz, 3H), 1.08 (d, /= 1.8 Hz, 3H), 1.01 (d, J=9.9 Hz, 1H). ESI-HRMS m/z: [M+H]+
Calcd: 307.2089, found: 307.2140

Methyl 2-hydroxy-4-(3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/[3.1.1]heptan-3-
ylureido)benzoate (10)

Yield: 86.7 mg (50.1%) of clear film on glass; M.P. N/A; 'H NMR (400 MHz,
Chloroform-d) 6 10.60 (s, 1H), 7.48 (d, J = 8.8 Hz, 1H), 6.87 — 6.75 (m, 2H), 6.67 (d, J =
2.1 Hz, 1H), 4.91 (s, 1H), 3.69 (s, 3H), 3.67 (s, 1H), 3.29 (s, 1H), 2.47 — 2.34 (m, 1H),
2.21-2.10 (m, 1H), 1.74 — 1.67 (m, 1H), 1.62 — 1.55 (m, 1H), 1.56 — 1.47 (m, 1H), 1.41
—1.30 (m, 1H), 0.99 (s, 2H), 0.91 (d, /= 7.2 Hz, 3H), 0.78 (s, 3H), 0.56 (d, /= 9.9 Hz,
1H). ESI-HRMS m/z: [M+H]+ Calcd: 347.1926, found: 347.1956

1-(5-methyl-1-propyl-1H-pyrazol-3-yl)-3-((1R,2R,3R,5S)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)urea (11)

Yield: 46.4mg (29.1%) of off-white powder; M.P. 139-141 °C; '"H NMR (400 MHz,
Chloroform-d) & 7.86 (s, 1H), 6.99 (s, 1H), 5.55 (s, 1H), 4.20 (dddd, J=9.9, 8.3, 6.8, 5.8
Hz, 1H), 3.87 (t, J= 6.9 Hz, 2H), 2.67 (dddd, /= 13.7,9.9, 3.6, 2.2 Hz, 1H), 2.43 (dtd, J
=9.7,6.1,2.2 Hz, 1H), 2.22 (d, J= 0.7 Hz, 3H), 2.03 — 1.94 (m, 1H), 1.91 — 1.76 (m,
5H), 1.68 (ddd, J = 14.0, 5.9, 2.5 Hz, 1H), 1.25 (s, 3H), 1.18 (d, J = 7.2 Hz, 3H), 1.07 (s,
3H), 0.94 (t,J= 7.4 Hz, 4H). ESI-HRMS m/z: [M+H]+ Calcd:319.2453, found: 319.2536

1-(5-chloropyrimidin-2-yl)-3-((1R,2R,3R,5S8)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-
yhurea (12)

Yield: 33.3mg (21.6%) of white powder; M.P. 184-185°C; 'H NMR (400 MHz,
Chloroform-d) & 8.57 (d, /= 8.3 Hz, 1H), 8.41 (s, 2H), 8.02 (s, 1H), 4.25 — 4.10 (m, 1H),
2.67—-2.55(m, 1H), 2.42 —2.33 (m, 1H), 1.95-1.90 (m, 1H), 1.89 — 1.83 (m, 1H), 1.83
—1.77 (m, 1H), 1.61 (ddd, J = 14.0, 6.0, 2.5 Hz, 1H), 1.17 (s, 3H), 1.10 (d, /= 7.2 Hz,
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3H), 1.00 (s, 3H), 0.89 (d, 1H). ES-HRMS m/z: [M+H]+ Caled: 310.1374, found:
309.1478

1-(5-(tert-butyl)isoxazol-3-yl)-3-((1S,2S,3S,5R)-2,6,6-trimethylbicyclo[3.1. 1 | heptan-3-
yDurea (13)

Yield: 9.2mg (5.76%) of clear film on glass; M.P. N/A; 'H NMR (400 MHz, Chloroform-
d) 6 8.60 (s, 1H), 7.16 (s, 1H), 5.87 (s, 1H), 4.22 (ddt, J=10.1, 8.4, 6.6 Hz, 1H), 2.72 —
2.59 (m, 1H), 2.49 — 2.38 (m, 1H), 2.04 — 1.90 (m, 2H), 1.86 (td, J=15.9, 1.8 Hz, 1H),
1.71 (ddd, /= 14.0, 6.1, 2.4 Hz, 1H), 1.35 (s, 8H), 1.26 (s, 3H), 1.18 (d, /= 7.2 Hz, 3H),
1.08 (s, 2H), 1.00 (d, J = 9.8 Hz, 1H). ESI-HRMS m/z: [M+H]+ Calcd: 320.2293, found:
320.2354

1-(5-methylisoxazol-3-yl)-3-((1S,2S,3S,5R)-2,6,6-trimethylbicyclo/3. 1. 1| heptan-3-
ylDurea (14)

Yield: 21.9mg (15.8%) of off white powder; M.P. N/A; '"H NMR (400 MHz, Chloroform-
d) 6 8.52 (s, 1H), 7.12 (s, 1H), 5.92 (s, 1H), 4.26 — 4.15 (m, 1H), 2.70 — 2.59 (m, 1H),
2.47 —-2.40 (m, 1H), 2.39 (s, 3H), 2.04 — 1.90 (m, 2H), 1.86 (td, /= 5.9, 1.9 Hz, 1H), 1.70
(ddd, J=14.0, 6.0, 2.4 Hz, 1H), 1.26 (s, 3H), 1.17 (d, /= 7.2 Hz, 3H), 1.08 (s, 3H), 1.00
(d, J=9.9 Hz, 1H). Calcd: 278.1824, found: 278.1881

1-(4-methylthiazol-2-yl)-3-((1S,28,3S,5R)-2,6,6-trimethylbicyclo[3. 1. 1 [heptan-3-yl)urea
(15)

Yield: 26.3 mg (17.93%) of yellow oil; M.P. N/A; '"H NMR (400 MHz, Chloroform-d) &
6.15 (s, 1H), 4.16 — 3.89 (m, 1H), 2.47 (dddd, J = 14.0, 10.1, 3.8, 2.3 Hz, 1H), 2.30 —
2.18 (m, 1H), 2.14 (s, 3H), 1.83 — 1.62 (m, 3H), 1.49 (ddd, /= 14.1, 6.1, 2.4 Hz, 1H),
1.06 (s, 2H), 0.98 (d, /= 7.1, 1.2 Hz, 3H), 0.86 (s, 2H), 0.74 (d, /= 9.7 Hz, 1H). ESI-
HRMS m/z: [M+H]+ Calcd: 294.1595, found: 294.1659

1-(5-cyclobutyl-1,3,4-oxadiazol-2-yl)-3-((1S,2S,3S,5R)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)urea (17)

Yield: 54.8 mg (34.4%) of Pink oil; M.P. N/A; '"H NMR (400 MHz, Chloroform-d) &
9.71 (s, 1H), 8.13 (d, /= 8.0 Hz, 1H), 4.28 — 4.18 (m, 1H), 3.65 (p, /= 8.4 Hz, 1H), 2.65
(dddd, J=13.8, 10.0, 3.7, 2.2 Hz, 1H), 2.51 — 2.36 (m, 5H), 2.22 — 1.97 (m, 3H), 1.87
(td, J=5.9,1.9 Hz, 1H), 1.74 (ddd, /= 14.0, 6.1, 2.4 Hz, 1H), 1.26 (s, 3H), 1.18 (d, J =
7.2 Hz, 3H), 1.08 (s, 3H), 1.03 (d, /= 9.8 Hz, 1H). ESI-HRMS m/z: [M+H]+ Calcd:
319.2089, found: 319.2153

1-(5-isopropyl-1,3,4-oxadiazol-2-yl)-3-((1S,2S8,3S,5R)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)urea (18)

Yield: 55.7mg (36.4%) of tan powder; M.P. 148-156 °C; 'H NMR (400 MHz,
Chloroform-d) 6 6.82 (s, 1H), 4.96 (s, 1H), 4.15 (d, J=8.3 Hz, 1H), 2.66 — 2.57 (m, 1H),
2.44 —2.34 (m, 1H), 1.99 — 1.91 (m, 1H), 1.86 — 1.78 (m, 1H), 1.77 — 1.66 (m, 1H), 1.57
(ddd, J=13.9, 6.1, 2.4 Hz, 1H), 1.23 (s, 4H), 1.14 (d,J=7.1 Hz, 4H), 1.01 (s, 3H), 0.78
(d, J=9.7 Hz, 1H). ESI-HRMS m/z: [M+H]+ Calcd: 307.2089, found: 307.2138
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Isocyanate preparation of ureas

In a round bottom flask equipped with a stir bar, Isocamphonyl amine (1 mmol)
was added to DCM (10 ml). To this solution, appropriate isocyanate (1.2 mmol was
added followed by triethylamine (3.60 mmol) was added. The reaction was stirred at
room temperature overnight. Final product separated by a Hexane to Ethyl Acetate
gradient flash column.

Below is a listing of analytical purity of compounds discussed in this section.
Experimental details for determination are described in the methods above.

1-(4-chlorophenyl)-3-((1R,2R,3R,5S)-2,6,6-trimethylbicyclo/3.1.1]heptan-3-yl)urea (6)
Yield: 304.3 mg (98.7%) of yellow oil; M.P: N/A; '"H NMR (400 MHz, Chloroform-d) &
7.68 (s, 1H), 7.28 — 7.24 (m, 2H), 7.22 — 7.13 (m, 2H), 4.16 — 4.03 (m, 1H), 3.51 (d, J =
5.3 Hz, 2H), 2.62 — 2.50 (m, 1H), 2.40 — 2.29 (m, 1H), 1.93 — 1.86 (m, 1H), 1.77 (td, J =
5.8, 1.8 Hz, 1H), 1.67 (pd, /= 7.2, 1.8 Hz, 1H), 1.60 — 1.48 (m, 2H), 1.20 (s, 3H), 1.09
(d,J=7.2 Hz, 3H), 0.93 (s, 3H), 0.72 (d, /= 9.8 Hz, 1H). ESI-HRMS m/z: [M+H]+
Calcd: 308.1469, found: 307.1559

1-(4-chlorophenyl)-3-((1S,2S,3S,5R)-2,6,6-trimethylbicyclo/3. 1. 1] heptan-3-yl)urea (16)
Yield: 264.7 mg (86%) of yellow oil; M.P: N/A; '"H NMR (400 MHz, Chloroform-d) §
7.33 —7.20 (m, 4H), 6.82 (s, 1H), 4.96 (s, 1H), 4.15 (d, /= 8.3 Hz, 1H), 2.66 — 2.57 (m,
1H), 2.45 —2.34 (m, 1H), 1.95 (dt, /= 6.3, 3.0 Hz, 1H), 1.82 (td, /= 5.9, 1.8 Hz, 1H),
1.71 (q, J=7.0 Hz, 1H), 1.57 (ddd, J=13.9, 6.1, 2.4 Hz, 1H), 1.23 (s, 3H), 1.14 (d, J =
7.1 Hz, 3H), 1.01 (s, 2H), 0.78 (d, /= 9.7 Hz, 1H). ESI-HRMS m/z: [M+H]+ Calcd:
308.1469, found: 307.2136

Preparation of methylene-spaced ureas

5-(tert-butyl)isoxazol-3-amine (1 mmol) was in solution with 3mL of DCM and
2-chloroacetyl chloride (1.1 mmol) and stired for 30 min. Solid was filtered off and
purified with flash chromatography (Hexane to ethyl acetate). In a separate reaction
sodium hydride (1.24 mmol) was added to 2-Adamantyl Amine Hydrogen Chloride (0.79
mmol) in 3mL of DMF and was also stirred for 30 min. After 30 min the Isoxazol
reaction was added and the combined reactions were allowed to stir for 30 min at 35 °C .
Water (10mL) was added to the crude mixture and product was extracted with Ethyl
acetate (2x15mL), the organic layer washed with water (2x20mL) and dried over
Na2S04. Solvent removed under vacuum and flash chromatography (Hexane to Ethyl
acetate) was used to obtain pure product.

Below is a listing of analytical purity of compounds discussed in this section.
Experimental details for determination are described in the methods above.

2-((1r,3r,5r,7r)-adamantan-2-ylamino)-N-(5-(tert-butyl)isoxazol-3-yl)acetamide (19)

Yield: 57.4mg (17.32%) of white powder; M.P. 114-117 °C; 'H NMR (400 MHz,
Chloroform-d) 6 10.00 (s, 1H), 6.72 (s, 1H), 3.44 (s, 2H), 2.71 (d, /=3.3 Hz, 1H), 1.96 —
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1.77 (m, 10H), 1.75 — 1.66 (m, 2H), 1.60 (dd, J = 12.9, 3.4 Hz, 2H), 1.36 (d, J = 0.5 Hz,
9H). ESI-HRMS m/z: [M+H]+ Caled: 332.2293, found: 332.2378

2-((5-(tert-butyl)isoxazol-3-yl)amino)-N-((1S,2S,3S,5R)-2,6,6-

trimethylbicyclo[3. 1.1]heptan-3-yl)acetamide (20)

Yield: 46.7mg (14%) of clear oil; M.P: N/A; '"H NMR (400 MHz, Chloroform-d) § 10.01
(s, 1H), 6.71 (s, 1H), 3.45 (d, /= 9.1 Hz, 2H), 2.96 — 2.85 (m, 1H), 2.51 — 2.32 (m, 2H),
1.97 (tt,J=5.9,3.4 Hz, IH), 1.87 — 1.74 (m, 2H), 1.58 (ddd, /= 13.6, 5.4, 2.6 Hz, 1H),
1.35 (s, 7H), 1.38 — 1.27 (m, 1H), 1.22 (s, 3H), 1.16 (d, J= 7.1 Hz, 3H), 0.94 (s, 3H),
0.89 (d, /= 9.8 Hz, 1H). ESI-HRMS m/z: N/A
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CHAPTER 3. DESIGN AND REPURPOSING OF ANTI-FOLATE
ANTIBIOTICS AND BIOACTIVES

Anti-Folate Antibiotics

The easiest way to selectively target bacteria over human cells is to target
metabolic pathways required for bacterial growth or survival that either don’t exist in
humans or are not essential through metabolic redundancies or circumvention. Prontosil
is an example of a prodrug that has an active metabolite that inhibits the folate
biosynthesis pathway. Folate is critical for the survivability of all living organisms as a
co-factor in DNA synthesis via single carbon transfers in purine nucleotide biosynthesis
[5]. Humans obtain folates through diet as vitamin B9, whereas bacteria must synthesize
folate utilizing the folate biosynthesis pathway (Figure 3-1). This discrepancy in
metabolic requirements is where the anti-folate antibiotics become selective and effective
in treating a wide variety of pathogens [225]. This transfer of a single carbon atom is
often a critical step in the biosynthesis of required nucleobases such as thymine and in the
generation of other metabolites including the amino acid methionine.

The primary approach to target folate biosynthesis is the drug combination of
TMP and SMX (Bactrim), which also an excellent illustration of antibiotic synergy. By
targeting two enzymes in the same biosynthetic cascade this combination slows the
emergence of resistance and is able to be more efficacious than the sum of their two
activities [3]. SMX is a sulfonamide antibiotic, and as discussed before, is a PABA
mimic designed to inhibit DHPS. Inhibition of the folate biosynthesis by sulfonamides
has recently been postulated to be via inhibition of downstream enzymes by the
incorrectly conjugated product of the sulfonamides to DHPP as well as a depletion of
DHPP required for proper DHPS function (Figure 3-2) [226]. This conjecture originated
when it was shown that overexpression of DHPS has little effect on SMX MIC [226].
This has led to the synergy theory that SMX not only forms an inactive conjugate with
DHPP that alleviates competitive binding for TMP at the DHFR, but that this conjugate
could in fact be inhibiting later enzymes in this biosynthetic cascade. Bactrim
(SMX:TMP) is one of the only generic orally bioavailable treatments for MRSA and is
useful for a number of infections in a plethora of tissue sites. TMP is often considered the
more potent of the two in combination, and in most bacterial species it does in fact have
the highest antibacterial potency. However in the yeast-like fungus Prnuemocystis
Jirovecii, the causative agent of Pneumocystis pneumonia (PCP), that trend is reversed.
Bactrim is the common front line prophylaxis therapy used to prevent PCP [227], an
opportunistic lung infection that takes hold of immune suppressed patients, and it has
been shown that SMX provides most of the antimicrobial activity [228].

Chapter Outline

In this chapter my efforts are outlined towards the discovery of new anti-folate
agents in two mini studies: (i) A structure guided synthesis project for novel HPPK
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inhibitors with fragment screening to identify new scaffolds (ii) Drug repurposing screens
for PCP using known DHPS inhibitors St Jude and malaria actives collection. Work in
this chapter reflects multi-disciplinary efforts that broadened my experiences beyond just
medicinal chemistry. The first project introduced me to structural biology and the power
that structure guided design can bring to a project. The second allowed me a chance to
gain experience with how running and prioritizing a screening workflow goes, invaluable
experience for drug discovery projects. We worked in close collaboration with the White
lab, who have provided key structural biology and biochemical expertise. Data and
conclusions presented herin have been in part taken from our prior joint publications
[229].

Structure Guided Design of HPPK Inhibitors

HPPK is a small (~18 kDa) highly conserved enzyme with an af} fold that
catalyzes the transfer of pyrophosphate from ATP to 6-hydroxymethyl-7,8-dihydropterin
(DHP) to form 6-hydroxymethyl-7,8—dihydropterin-pyrophosphate (DHPPP), one of the
two substrates of DHPS. DHP binds within a ridged pocket with the pterin ring n-stacked
between two conserved aromatic residues, the triphosphate is coordinated by two
essential Mg?" ions that form a very anionic region and the adenosine ring fits into a
conserved cleft. HPPK uses an ordered enzyme mechanism in which the ATP cleft is
first occupied, followed by the binding of DHP. Similar to DHPS [7], HPPK uses
stabilizing loop conformational changes to assemble the complete active site and the
DHP binding pocket [230-233]. As such pterin-pocket binders can only bind in the
presence of ATP, an important distinction going forward.

We recently have shown that DHPS from the pathogen Francisella tularensis is a
bifunctional enzyme and fused to 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase
(HPPK) that catalyzes the previous step in the pathway [234]. We also showed that a
known DHPS pterin-pocket inhibitor (1, Figure 3-3) engages the HPPK pterin pocket,
even though there is no structural similarity between the pockets. Despite its high
conservation and pivotal role in folate synthesis, there have been relatively few drug
discovery efforts against HPPK [235-237]. This is somewhat surprising because there
are a plethora of solved HPPK crystal structures available [234, 235, 238-241] and its
catalytic mechanism is well understood [230, 231, 236, 237, 242-246]. This untapped
potential has been noted, and there has recently been renewed interest in HPPK as an
antimicrobial drug target [247-251]. The initial study yielded a number of compounds
with significant binding affinity and inhibitory properties as ‘hit” molecules, and using a
structure-based approach, we have synthesized analog compounds and derived an initial
SAR pattern. Based on these data, we then performed a similarity search of the NCI
compound database for inhibitory pterin-like fragments, and identified and structurally
characterized several potent scaffolds. As part of our lab’s new initiative towards
fragment based drug discovery, we have also performed thermal shift assays on our in-
house fragment set with SPR validation to identify more diverse chemical matter. HPPK
provides us a potential novel mechanism of action for antibiotic development for drug
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Figure 3-3.  Crystal structure of 1 and 2 bound at the active site of HPPK

Depicts the loop2 (cyan) and loop3 (magenta) stabilizing interactions. Hydrogen bonding
shown in red dashed lines, conserved waters shown as red spheres and phosphates shown
in orange/green. A. Compound 1 bound B. 1 crystal structure overlayed with DHP
structure highlighting the W89 shift to accommodate the 8-thioguanine substituent. C.
Overlay of 1 and 2 showing the deeper reach of 1 and proximity to R121.

Reprinted with permission from Elsevier Science. Yun, M et al (2014). “The
Identification, Analysis and Structure-Based Development of Novel Inhibitors of 6-
Hydroxymethyl-7,8-Dihydropterin Pyrophosphokinase.” Biorg. Med, Chem. 22(1):2157-
65
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resistant bacteria as there are no agents in the clinic targeting this conserved and essential
drug target.

Results

During the course of our drug discovery studies on DHPS, our project team has
generated a library of 230 pterin pocket targeted binding molecules. These compounds
were designed to mimic the interactions with neighboring pyrophosphates and the
neighboring pABA site of DHPS substrate’s (DHPP) pterin core, and some minor
substructure modifications. With the use of an endpoint HPPK assay that monitors
unprocessed ATP substrate as a direct readout of inhibition, we screened these
compounds against E. coli HPPK (EcHPPK). The screen revealed 2 compounds that
significantly inhibit HPPK at 250 uM (compounds 1 and 2, Table 3-1). To characterize
the binding of 1 and 2 to ECHPPK in more detail, we used SPR to measure their binding
characteristics. ECHPPK was immobilized on a sensor chip, and binding was measured in
the absence and presence of 2 uM of the non-hydrolysable ATP analog AMPCPP. As
noted previously, compounds showed no appreciable binding in the absence of AMPCPP
but robust binding in the presence of AMPCPP. The assembly of the pterin-binding
pocket depends on ATP-dependent conformational changes in the three active site loops
[230], and the SPR data are therefore consistent with 1 and 2 both engaging the pterin
pocket (Table 3-1). We used this SPR protocol to measure the Kp of DHP (Table 3-1),
and this confirmed that 1 and 2 are weak initial hit molecules in need of medicinal
chemistry optimization to effectively compete with the HPPK substrate. It should be
notes that our measured Kp for DHP is significantly higher than that previously reported
[233] but we attribute this discrepancy to using a much lower concentration of AMPCPP
used in our experiment (2 uM vs 100 uM) which may have an effect on the pocket
stability. Isothermal titration calorimetry experiments support this explanation.

Compounds 1 and 2 are both substituted 8-thioguanines, and their ability to
mediate the inhibition of ECHPPK is consistent with similar studies on Staphylococcus
aureus HPPK (SaHPPK) [247]. This study was structural characterizations using X-ray
crystallography on the unsubstituted 8-thioguanine, and determined that that similar -
stacking occured between the two conserved aromatic side chains and the oxygen and
nitrogen atoms on the 8-thioguanine engaging in hydrogen bonding interactions similar to
those of DHP. However, compounds 1 and 2 appear to be more potent than either 8-
thioguanine itself or derivatives that were recently reported [250]. Overall, both
structures are very similar to that of the previously reported HPPK AMPCPP DHP
substrate ternary complexes; Figure 3-3A shows a detailed stereo view of the compound
1 ternary complex. Much like the unsubstitued 8-thioguanine, this scaffold occupies the
pterin pocket in much the same way as the pterin ring of DHP. It is sandwiched between
Tyr53 and Phel23, and ring oxygen and nitrogen atoms engage in specific hydrogen
bonding interactions with the side chains of Thr42 and Asn55, the main chains of Pro43
and Leu45, and a number of structured water molecules. Loop2 and loop3 both adopt
ordered structures to facilitate these interactions that closely resemble their conformations
in the substrate ternary complex. The DHP ternary complex suggests that substituents at
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the 8-thio position would not be tolerated because of steric clashes with the side chains of
Leu45 and Trp89. However, the various 8-thio substitutions create a new cryptic binding
pocket by an induced fit mechanism in which these residues rotate to generate the
required space for the linked phenyl rings (Figure. 3-3B). These structural
conformational changes held true for compound 2 which looks virtually identical apart
from a slightly different orientation of the substituent within the induced pocket, perhaps
due to the shorter extension away from the core 8-thioguanine scaffold and the lack of a
sp2 carbon in the linker (Figure 3-3C).

SAR Analysis of 8-Substituted-8-Thioguanine Derivatives

The enzyme end-point assay and the SPR data both suggest that 1 is a marginally
better inhibitor of ECHPPK than 2 (Table 3-1). Although the crystal structures are very
similar, the source of this potency appears to be a key interaction in 1 that involves the
carbonyl group on the linker between the phenyl and 8-thioguanine moieties (Figure. 3-
3A). Specifically, the carbonyl group stacks onto the guanidinium group of Argl21 that,
in turn, forms a stabilizing salt bridge interaction with the c-phosphate of AMPCPP. The
carbonyl group is not present in 2, and the terminal phenyl group moves further into the
pocket to partially stack with Argl21 (Figure. 3-3C). However, this movement puts
additional strain on Leu45 (Figure. 3-3C), and appears to result in a more hindered
binding conformation within the cryptic pocket.

Having established the importance of the carbonyl group within 1, we synthesized
and tested the activities of a number of variants with different substitutions on the phenyl
ring. Table 3-1 shows the 7 derivatives (compounds 3—9) with comparable activities to 1
and 2, and 7 compounds with significantly reduced activities (compounds 11-17). Initial
structure activity analysis of the latter compounds reveals some seemingly prohibitive
substitutions. Extension of the phenyl substituent (11) using a Williamson ether synthesis
to attach a morpholine ring resulted in an abolition of activity when compared to its p-
hydroxyl parent (4). Loss of the aromaticity off the end of the chain with and without the
carbonyl resulted in a deletion of inhibition (12 and 17) when compared to any of 3-9. A
slightly larger methoxy substitution at the ortho position of the phenyl ring (13) saw a
dramatic reduction in activity when compared to the methyl at that position (9). Finally
we attempted to introduce chiralilty by introducing a methyl in the linker system (14 and
15), to break up any crystal packing that these relatively flat, polar molecules may be
experiencing. There racemic mixtures were tested and found to be relatively weak
binders compared to their corresponding linear partners.

It was difficult to distinguish the activities of the active inhibitors using this end-
point inhibition assay, and we therefore determined their Kp values using SPR and also
measured their ICso values by conducting the enzyme assay at increasing concentrations
of compound between 0 and 500 uM. The SPR data and the ICsp measurements are
shown as Kp (uM) and 1Cso (UM) respectively in Table 3-1. Overall, small substitutions
at the para and meta positions (3, 4, 5, 7 and 8) are preferred over larger para
substitutions (6) and ortho substitutions (9). To investigate this pattern more
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systematically, the crystal structures of the ternary complexes with 3, 7, 8 and 9 were
determined (Figure 3-4B-E).

All four ternary complex structures are virtually identical to that of 1, and the only
significant differences occur in the revealed cryptic pocket (Figure 3-4B—E). In the 3 and
7 ternary complexes (Figure 3-4B and C), the para-substituents extend directly away
from the pocket, and this appears to ‘push’ the phenyl group deeper into the interior of
the pocket by 1 A compared to 1. This results in a more favorable stacking interaction
between the planar carbonyl and the guanidinium group of Argl21, and may explain why
the para substitutions generally display superior activities. The 8 structure (Figure 3-4D)
shows that the meta-substituent has little effect on the binding conformation of most of
the structure, and is able to form a favorable van der Waals interaction with Leu45
explaining its modest increase in affinity. Finally, the 9 structure (Figure 3-4E) reveals
that the ortho-methyl group is directly adjacent to Leu45 which is forced to rotate further
away compared to the other structures. This explains the slightly diminished activity of 9,
and the much lower activity of 13 in which the ortho-substituent is somewhat larger and
would force Leu45 to an even more strained position.

Fragement Studies on the HPPK Pterin-Binding Pocket

We found that 8-thioguanine (10) is a very poor inhibitor of ECHPPK and shows
minimal binding by SPR in the presence of AMPCPP (Table 3-1). This explains why,
despite a number of attempts, we have failed to obtain a crystal structure of ECHPPK
bound to 10. It was previously predicted that the sulfur atom in 10 would form a van der
Waals interaction with Trp89 [247], and our structures of 1, 2, 3, 7, 8 and 9 have not only
confirmed this but revealed the potential for a steric clash (Figure 3-5). It appears that
our inhibitory compounds that contain this scaffold are only able to bind because the
substituents ‘pull’ the scaffold away from Trp89 and also rotate the side chain, thereby
relieving the steric clash. This in turn suggests that 10 is actually a suboptimal scaffold
that compromises the binding of all the compounds that contain it. Given this limitation,
as well as a derth of any significant whole cell antibacterial activity we decided to search
for alternative scaffolds for optimization. To do this we launched a multifaceted fragment
based approach; first to identify novel pterin-like fragments around the 2D structure of a
more potent 6-thioguanine, and next an unbiased screening thermal denature screen of
fragments in the presence and absence of AMPCPP.

We first examined 6-thioguanine (18) in which the sulfur atom is moved to a
position on the scaffold that would not interact with Trp89. Although solubility issues
prevented the measurement of a meaningful 1Cso value, 18 has demonstrated to be a far
superior inhibitory scaffold than 8-thioguanine based on percent inhibition (Table 3-2)
and has now been made into our control compound for all biophysical screening
approaches. This superiority was confirmed by SPR that revealed a low uM Kp value and
showed that it binds to the pterin pocket in complex with AMPCPP. The crystal structure
of the ternary complex (Figure 3-6A) confirms that 18 engages the pterin pocket in the
same fashion as the 8-thioguanine scaffold, but without the steric clash with Trp89. 18 is
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Figure 3-4. A-E. Abridged crystal structures of HPPK and inhibitors

1 (in grey carbons) overlayed with 2, 3, 7, 8 and 9 (yellow carbons) depicting 3 key
residues. F. 3 in a surface representation of the active site highlighting the induceded
cryptic pocket formed to accommodate the 8-substituted thioguanines.

Reprinted with permission from Elsevier Science. Yun, M et al (2014). “The
Identification, Analysis and Structure-Based Development of Novel Inhibitors of 6-
Hydroxymethyl-7,8-Dihydropterin Pyrophosphokinase.” Biorg. Med, Chem. 22(1):2157-
65
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Figure 3-5.  Crystal structure of HPPK ternary complex with compound 7
7 (green) overlaid endogenous DHP (gray), showing the steric interaction with TRP§9.
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Table 3-2.  HPPK inhibition data from 2D fragment screen
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Figure 3-6. Two dimensional fragment screen

Crystal structure of HPPK ternary complex with compound fragments 18 (A) and 21 (C).
B. The 2D pharmacophore used to screen the fragment database.

Reprinted with permission from Elsevier Science. Yun, M et al (2014). “The
Identification, Analysis and Structure-Based Development of Novel Inhibitors of 6-
Hydroxymethyl-7,8-Dihydropterin Pyrophosphokinase.” Biorg. Med, Chem. 22(1):2157-
65
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a low molecular weight efficient HPPK binder that can be considered a fragment ‘hit’,
and its ligand efficiency can be monitored using the ‘Percent Efficiency Index’ (PEI)
metric [252]. This value for 18 confirms the suitability of the molecule for future
elaboration. Given the highly polar nature of fragments expected to bind at this particular
site, pure ligand efficiency is more a more practical way of analyzing hits for this
particular series.

Next, applying best practices from other fragment-based drug discovery programs
[253, 254], we decided to search for fragments similar to 18’s scaffold to identify the best
starting templates for further elaboration. We did this by conducting a 2D similarity
search for new fragments with high Tanimoto similarity to 18 against the NCI database of
compounds and applying a molecular weight cutoff of 300 Daltons. 25 fragments were
shortlisted, and 17 were able to be obtained from the NCI and verified to be >95% pure
using HPLC analysis. Docking simulations using AutoDock showed that they all have the
potential to bind within the pterin-binding pocket in a similar manner to 18 (Figure
3-6B). When tested, three of these fragments, 19, 20 and 21 (Table 3-2), showed
inhibitory activities around 50% with PEI values similar to 18. All three are
dihydropurine fragments that also showed AMPCPP-dependent binding by SPR with Kp
values comparable to 18 (Table 3-2). These fragments suffered from limited solubility
that did not allow an accurate measurement of their ICso values. 19 and 20 both resemble
8-thioguanine, but with the 8-position sulfur atom replaced with a hydrogen atom and a
methyl group, respectively. Their improved potencies from 10 and our abilities obtain a
crystal structure confirm our theory that the bulky sulfur atom in 8-thioguanine leads to a
steric clash with Trp89 that disfavors binding. Compound 21 is unique from any of the
other scaffolds but still binds to the pterin site. The sulfur atom engages the same space
as that of 18 adjacent to Asn55, but slightly different pocket conformations allows a
slightly higher binding affinity.

Finally, a full biophysical fragment screen was conducted to establish alternative
binders that may escape some of the PK issues that have plagued our scaffolds so far. We
conducted a thermal shift assay first, a high throughput means of detecting ligands that
stabilize a protein complex which is interpreted as binding affinity. Protein is heated in
the presence of a fluorescent dye until a temperature is reached which destabilizes the
protein and reveals the inner hydrophobic regions which react with the dye and produce a
readable signal. In the presence of a ligand, the free energy of binding that allows a
molecule to bind also stabilizes the protein. In theory, the higher the affinity of the ligand,
the higher the degree of stabilization for the complex and will result in a corresponding
“shift” in the melting temperature. We screened our 4,500 fragments in the presence and
absence of AMPCPP to sample fragments that would be expected to bind in the pterin
binding pocket. Pterin specific hit molecules were rescreened on the SPR to confirm
binding and determine affinity. To date we have produced three more potential scaffolds
that seem to bind with weaker affinity, but offer more in the way of chemical diversity
(Figure 3-7). These fragments are being re-procured to properly assess accurate binding
affinity from freshly prepared pure stocks and for submission for X-ray crystallography.
We are still deconvoluting promiscuous binders to determine if there may be another
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Figure 3-7. Biophysical fragment screen
Weak affinity fragments from biophysical screen. All three bound tighter in the presence
of PP; which implies they are binding at the pterin binding pocket.
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binding site that inhibitors could occupy regardless of ATP and its corresponding loop
conformational change.

Discussion

The bacterial enzymes HPPK and DHPS catalyze adjacent steps in the folate
biosynthetic pathway, and they each have very specific pockets that engage their pterin
substrates. Although the two pockets have clearly evolved independently and have very
different architectures, our recent demonstration that a small molecule can bind both
pockets [234] suggests that generating more pterin-like scaffolds could be useful in
identifying potent inhibitors of both enzymes. The successful identification of HPPK
inhibitors from our library of molecules designed to engage the DHPS pterin-binding
pocket supports this proposal. We identified and discussed three classes of HPPK
inhibitors, one containing an 8-thioguanine core, fragments with pterin-like bicyclic
scaffolds, and several unique fragment molecules that engage the pterin pocket in ways
that have been characterized by X-ray crystallography and SPR. These new fragment
molecules can now be elaborated and optimized as HPPK inhibitors, and we will also
investigate their potential for being developed as novel inhibitors of DHPS.

Independent studies have previously identified 8-thioguanine as an HPPK
inhibitor suitable for development [247], and preliminary attempts to do this were
recently reported [250]. These studies, using HPPK from S. aureus, showed that 8-
thioguanine can bind in the absence of nucleotide, but our SPR data show that binding is
minimal both in the absence and presence of nucleotide. In the published structure, 8-
thioguanine displaces the Trp89 of the flexible loop3 which seems to disfavor
crystallization. Our structures have confirmed the prediction [247] that the sulfur atom is
directly adjacent to Trp89 in the ternary complex and causes a steric interaction.
However, the binding of our 8-thioguanine derivatives only appears possible because the
8-position substituents displace Trp89 and create the necessary space in the form of a
cryptic pocket. Even more recent work than what has been discussed has emerged that
delves into the structural basis of these inhibitors and their selectivity for HPPK [251].

Our future goals will be to use these preliminary data to develop more potent
inhibitors of HPPK with whole cell activity using structure-based approaches. Our
current results have suggested a number of avenues to achieve this that will be pursued.
First, we have identified a number of novel and quite potent pterin pocket binding
scaffolds, and each of these will be elaborated into mini libraries for further screening.
Crystal structures of ternary complexes containing two of these fragment scaffolds have
revealed unanticipated plasticity in the HPPK pterin pocket. Second, our analyses of the
8-thioguanine derivatives have provided key information on how these scaffolds can be
elaborated to take advantage of a pocket adjacent to the active site that is induced upon
binding. This pocket has in fact been previously identified from earlier structural studies
of an HPPK inhibitory molecule that contains the pterin scaffold [236]. Our initial
analyses have revealed several SAR features of substituents that improve binding within
this pocket, and additional optimization will be pursued. Finally, the nucleoside and
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triphosphate binding sites are potentially rich unexploited locales for further optimization
of our evolving molecules. The build-out of our inhibitors into these sites offers the
possibility of generating tight-binding nucleotide-independent inhibitors. Encouragingly,
similar strategies involving the synthesis of bisubstrate analogs (pterin-nucleotide
adducts) have already demonstrated the feasibility of this approach for this target [237,
249], and have provided important clues as to how to proceed.

Antimicrobial anti-folate therapeutics that contain a combination of sulfa drugs
(DHPS) and dihydrofolate reductase inhibitors have proven to be very effective [255],
and HPPK/DHPS pterin-based inhibitors offer the possibility of alternate combination
therapies. The high conservation of the HPPK and DHPS pterin pockets in all micro-
organisms should mean that these therapies have broad spectrum potential that are less
prone to resistance mutations. Not only would agents targeting HPPK be incredibly
useful in sulfonamide resistant bacterial populations; these agents would help patients
with sulfa-allergies and in patient populations with high incidence of sulfa allergies such
as those with HIV undergoing prophylaxis to prevent pneumocystis pneumonia [228].
To obtain such therapeutics, it is clear that these compounds must be further optimized to
enhance target affinity and microbial penetration, and to maximize exposure in the host.
We believe that the structural and biochemical data presented in this study have provided
an excellent basis to enable such efforts to move forward rapidly.

Repurposing for Preumocystis Pneumonia

Pneumocystis pneumonia (PCP) first emerged in the United States as a serious
infection risk in the late 1970’sin patients undergoing intense chemotherapy or suffering
from severe immune suppression. PCP is an opportunistic infection of the lungs that
relies on the host immune system to be compromised (CD4+ T-lymphocyte cell count <
200 per mm>(200 x 10°per L)). The causative pathogen in humans is Prnuemocystis
Jirovecii, previously known as Pnuemocysistis carinii (this name denotes the murine form
still), a yeast-like fungus that shares some ancestral lineage with protozoan parasites
Trypanosoma cruzi and Plasmodium falciparum [256]. The primary prophylaxis of PCP
was developed at St Jude by Dr. Walter Hughes, that being SMX:TMP. In contrast to
most bacterial infections, SMX is the more potent in this combination as TMP has low
affinity for the Pneumocystis isoform of the DHFR enzyme. Inhibitors have been
designed to target the P. carinii DHFR (pcDHFR) in mice with limited clinical success
[257]. However in this vein, researchers have shown that the pcDHFR can be
preferentially selected in TMP analogs in comparison to the human form [258]. This is
due to slight differences in a few key residues, similar to the difference in selectivity
between TMP and the human DHFR inhibitor methotrexate. This section will focus on
two drug repurposing screens that take advantage of the intrinsic susceptibility to sulfa
drugs and the relationship pneumocystis have with protozoan parasites.
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Introduction: Repurposing for New Leads Against Pneumocystis

Drug repurposing is rapidly becoming more popular in antibiotic drug discovery
[259]. The cost of developing novel chemical entities from initial discovery into the clinic
is a major deterrent for large pharmaceutical companies to enter into antibiotic drug
discovery. This is especially problematic with unknown properties associated with
attempting to drug a new target. With federal safety regulations as high as they have ever
been, long term toxicity is equally as important as efficacy in many cases. Drug
repurposing of either FDA approved drugs or classes of drugs that have extensive
preclinical safety data is a fantastic way to bias “hit” compounds towards having a high
safety profile. As previously discussed, this is a popular area in TB drug discovery with
the B-lactams, oxazolidinones and fluoroquinolones all being repurposed agents that have
had high degrees of success. There are many examples of non-antibiotic drugs that have
been found to have activity in both gram-positive and negative bacteria [259], that have
invigorated researchers to take up this approach in earnest.

Neglected disease drug discovery has leaned heavily on drug repurposing to
generate new lead molecules to be optimized. These fields are not typically high revenue
generating areas, so large companies are hesitant to pour resources into a space with
limited return on investment. In addition to the TB drugs discussed before, many
preclinical anti-malaria drugs have been identified off of so called “piggy-back”
discovery [260]. This is where investigators pick a drug target being investigated in a
different organism that has a high degree of similarity to a known target in the parasite.
The cited example is repurposing anti-cancer histone deacetylase inhibitors and
osteoporosis cysteine protease inhibitors for anti-parasitic activity. Once leads are
identified, SAR studies are generated to increase potency and disease specificity to
develop highly specific antagonists. Pneumocystis is notoriously difficult to grow in
culture, and this makes screening very difficult. This is likely why there is not a lot of
screening data available currently and why there is a serious lack of therapeutic
alternatives in the cases of drug resistance. With the help of Dr. Melanie Cushion at the
University of Cincinnati College of Medicine we have been able to screen our libraries of
compounds in an ex vivo model from rat lung cultures, a system outlined in the results
and methods.

DHPS inhibitors (ie sulfadoxine and sulfamethoxypyridazine) have been shown to
be useful agents in the treatment of malaria, especially in combination with
pyrimethamine, a DHFR inhibitor. These agents have a particular affinity for the P.
falciparum 1soforms of their respective enzymatic targets, hence their use over the more
traditional SMX:TMP combination. At St Jude we have a large and data laden library of
anti-malaria compounds generated by the Guy laboratory and available for screening in
other projects. Many of these do not have known mechanisms of action, but it is likely
that many would be inhibitors of this essential pathway. We have clustered and selected
chemically diverse, potent and non-cytotoxic compounds from this library for screening
against Pneumocystis. Eventually the hits we have produced will be screened for DHPS
activity and then optimized for selectivity and potency. Our second repurposing screen is
the re-examination of legacy compounds from our lab, inhibitors of the DHPS enzyme
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designed to be effective in sulfonamide resistant bacteria, to target Pneumocystis
infections. These two diametrically opposed ways of screening highlight the advantages
and disadvantages of targeted phenotypic screening.

Results

Using data from the previous HTS of St Jude library of 500,000+ compounds and
malaria targeted compounds, we selected compounds with a high therapeutic index (TI)
relative to their malaria ICso and multiple mammalian cell line toxicity ICsos. The
hypothesis here was that malaria actives may be a good source of novel anti-
pneumocystis compounds, due to overlap in anti-folate efficacy. These compounds were
clustered into 33 chemically diverse series, 16 of which are shown in Figure 3-8. These
representative molecules were cherry picked and screened at high concentrations (100
ng/mL) against P. carinii. Cryopreserved and characterized P. carinii isolated from rat
lung tissue was distributed into triplicate wells of 48-well plates with a final volume of
500ul and a final concentration of 5x107 nuclei/ml. Controls and test compounds were
added and incubated at 37 C. At 24, 48, and 72 hours, 10% of the well volume was
removed and the ATP content was measured using Perkin Elmer ATP-liteM luciferin-
luciferase assay. The luminescence generated by the ATP content of the samples was
measured by a BMG PolarStar optima spectrophotometer. A sample of each group was
examined microscopically on the final assay day to rule out the presence of bacteria.
Background luminescence was subtracted and triplicate well readings of duplicate assays
were averaged. For each day’s readings, % reduction in ATP for all groups was
calculated: experimental - experimental/vehicle control x100. Positive hits from the
initial sceen (>50% inhibition) were subjected to rescreening in dose response to
determine an ICso. These compounds were taken from a screening library that contained
many analogs that are ready to be tested, another advantage of this approach as early
SAR studies are available without synthesis. SMX was included in these screening run as
a control and registered an ICso of 13.39 pug/mL.

From this bioactive screen we identified 3 potent scaffolds with P. carinii ICso <
22 pg/mL including one with ng/mL activity. More important, the TI for these hits was
quite high in mammalian cell lines (Table 3-3). Being comparable or vastly superior ex
vivo to SMX makes these scaffolds very intriguing and warrants a follow up
investigation. Currently, in vivo toxicity trials have begun in a rat model as well as
preliminary PK analysis to gauge formulations and administration before a full range
efficacy study. These studies will further guide which scaffold to pursue, as many times
the most potent compound could less favorable than one with a good in vivo PK or
toxicity profile. Synthetic schemes have been postulated such as in Figure 3-9 to
generate analogs around these scaffolds in an effort to improve drug like properties.
Genetic sequencing of resistant mutants has begun in the hopes of identifying novel
mechanism(s) of action that can be further studied.

Our second repurposing screen was multifaceted, centralized around screening
DHPS inhibitors for p. carinii activity. First we focused on legacy compounds that had
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Figure 3-8. 16 representative anti-malaria compounds of the 33 chemically
diverse scaffolds selected for Pneumocystis screening
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Table 3-3. Malaria bioactive screen hits and their in vitro data

Compound Structure Prnuemocystis MAR3D7 HEPG2 BJICso HEK

ICso(ng/mL) ICso ICso (ng/mL) ICso
(ng/mL) (ng/mL)/ /TI (pg/mL)
TI /TI

550762 Q 0.0023 0.204 5.524/ 53975/ 9.514/

J
N
2401.7  23467.4 4136.5
S
\ S
~O

551074 HQ O 4.89 0.074 9.426/ 437.729 68.129/

J_/ o}
" Cl
14207 EWE/@/ 21.97 0.009 18.72/ 7023.060 3.868
p - 0.852
OH F
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Figure 3-9. Reaction scheme to generate analogs around one of the repurposing
hits that demonstrates modularity and the ability to rapidly generate diverse
analogs
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been previously synthesized as enzymatic inhibitors. This series in particular had potent
DHPS ICso values, but were never able to achieve a high degree of whole cell activity;
most likely due to poor solubility and cell penetration issues. They were designed to
mimic the pterin portion of the DHPS substrate as well as the conjugated product of
various approved sulfa drugs (Figure 3-10). Once we discovered some of the best
inhibitors of Pneumocystis were the conjugate mimics, their corresponding sulfas were
screened to see if we could increase potency with drugs that have better drug like
properties. Most sulfa drugs are very soluble and have great oral bioavailability which
would be attractive for developing new agents. Unfortunately these sulfas were by and
large less efficacious than their conjugates (data not shown), but there are a few possible
explanations in the discussion as to why this might be the case. The lone exceptions to
this were SMX and the second line PCP drug dapsone, also a known DHPS inhibitor. To
date we have identified 6 legacy compounds with comparable or superior activity to that
of SMX (Table 3-4), not including 3 additional strong hits that need to be confirmed
upon resynthesis for an accurate ICso. Just like with the bioactive screening, these top
hits will be investigated in in vivo toxicity and PK studies to further delineate lead
compounds to pursue.

Discussion

Due to the success of screening malaria actives against Pneumocystis so far, we
are considering revisiting these anti-malaria molecules to find even more chemical
diversity. This active subset of compounds is an excellent primary source of chemical
matter to work on, especially with readily available analogs already generated, many with
existing ADME and toxicity data. The results of genomic sequencing should lead to more
micro- and molecular biology studies for target validation and resistance patterns, which
in turn further aids our efforts to find new anti-pneumocystis drugs. Eliciting resistance
mechanisms could help identify new drug targets in this opportunistic pathogen. It is very
important for the field to be open and collaborative, there are countless compounds
already produced and tested that are available for screening. This approach is powerful on
any number of organisms and is a tremendous approach for both academics and industry
alike to take advantage of. The kinase field alone has generated hundreds of thousands of
non-specific kinase inhibitors. Many of these are ripe for this type of screening, finding
those with higher affinity for a bacterial or other infectious pathogen that can be quickly
optimized for even greater specificity. Such approaches have been successful in other
neglected diseases [261], and the opportunity will grow with continued advances in
screening and informatics handling of data.

Compound 550762 has an ICsp of 2.27 ng/mL (Table 3-3), which is over a
thousand fold more potent than SMX. This degree of potency combined with a large TI
(ng/mL ICsps in multiple mammalian cell lines), is highly encouraging despite the
presence of a possible indiscriminate covalent binding motif. /n vivo toxicity studies will
rapidly determine if this core scaffold is toxic, otherwise there is ample room for
chemical modification on both symmetric ring systems to explore any possible SAR.
Compound 551074 is also quite potent with an ICso of 4.89 w/mL (Table 3-3). This
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Table 3-4.  DHPS inhibitors repurposing screen against Pneumocystis

Compound Structure Pneumocystis Pneumocystis DHPS FP ICso
ICso (ng/mL) % Inhibition pg/mL
72 h +PPi
(100 pg/mL)
937 R . 22.8 74.91 5.42
HzNﬂﬁNjﬁN\p
1238 e o 2.81 N/A 3.02
HoN N‘ N/\/\OQ
1481 PP 6.32 94.35 8.52
H Nlj\‘\\N ‘ N N 0
1522 . LA N/A 78.18 6.27
HN&NYHQOH
1525 N 3.26 92.08 9.89

o o-N
1530 o ©/ ~ N/A 91.97 3.57
HNHJ\‘\\N ‘:j/\u h
1578 g 1 on N/A 69.22 1.16
HN
HoN \N‘ N‘N ©
1830 Q 10.33 N/A 9.69
HN)ENO [
HQN)\\N H/\/N\
0
1838 HN\)%‘LNO O 15.59 N/A 11.40
HoNT NN
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structure is interesting, it contains a long aliphatic chains off a tertiary amine, which
could favor blood brain barrier penetration and lysosomal trappgng but could also give
rise to a high volume of distribution. Since PCP is a pulmonary disease, compounds need
to be able to accumulate in lung tissues and have a high free fraction available to be
successful. Early PK analysis of this compound and its distribution patterns in various
tissues of interest could determine its future as a lead like scaffold. Concurrently,
shrinking or eliminating the aliphatic chains from that position could modulate BBB
penetration without a significant loss in activity. Structural modifications will begin there
as well as modulation of the aromatic nitro group. Compound 14207 has excellent
chemical tractability, in that it contains many sites that are easily manipulated to generate
extensive SAR. This is excellent to start producing analogs that can raise its TI and
improve on drug like properties. Interestingly, 14207 shares a good deal of structural
similarity to the MmpL3 inhibitor, tetrahydropyrazolo[1,5- a]pyrimidine-3-carboxamide
(THPP) (Figure 3-11). This is intriguing due to the proposed primary target of THPP
being mycolic acid transport, something that P. carinii does not possess. This could add
credence to the theory that THPP is polypharmacologic, similar to SQ109 [162].
Resistant mutants to 14207 in P. carinii could unveil an alternate mechanism of
antibacterial activity that could be helpful in PCP and TB drug discovery. Discoveries
such as this are a huge positive for this type of screening effort, gaining unique insights
into the biology of these pathogens in serendipitous ways.

As for our target based repurposing efforts, success will be further gauged as new
compounds are procured. We have identified 9 strong hits from our repurposing efforts
that will continue to be validated and investigated. The ICsos in P. carinii closely
matched the ICsos of fluorescent polarization assays performed on purified DHPS (data
not shown), which gives confidence that these are on target. The most interesting
development from this screening effort was the difference in activities between the
sulfonamide drugs and their corresponding pterin conjugates. These conjugates are rife
with solubility issues, rendering their enzymatic and whole cell data difficult to interpret
at times. However, almost unilaterally they were more potent than their corresponding
lone sulfonamide. This could go back to slight differences in the DHPS isoforms between
bacteria and Prneumocystis, or it could be an artifact of the in vitro assay conditions tied
to the conjugates poor solubility. /n vivo testing should flesh out which of these series is a
more suitable lead going forward.

Recent efforts in the lab to begin fragment based drug discovery on the DHPS
enzyme give rise to an interesting possibility for more selective P. carinii/jirovecii
agents. As discussed previously, the known DHFR inhibitor TMP is significantly less
active in PCP than in other infections due to its lower affinity for the P. jirovecii isoform
of the enzyme. There has been work to develop new pcDHFR selective inhibitors, using
structure guided design [257]. DHPS is much more highly conserved across bacterial
species, but the possibility remains to have a drug emerge with higher pcDHPS affinity
that can be used more preferentially in cases of PCP. With the tremendous resources
provided in both fragment based drug discovery and structure guided medicinal
chemistry optimization, known inhibitors of a critical enzyme such as DHPS should be
employed against as many pathogenic species as possible to find their best applications.
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Figure 3-11. Structural comparision of 14207 to THPP

THPP is a preclinical MmpL3 inhibitor with suspected polypharmacology. Preumocystis
has no mycolic acids, so establishing a common means of antimicrobial activity could
give insights into both compounds mechanisms of action.
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Many under explored or emerging diseases should be able to harness screens like this,
using conserved pathways with known inhibitors.

Discussion on Antibacterial Drug Discovery and Repurposing

As drug resistance becomes more of issue in the years coming, finding new ways
to attack pathogens becomes imperative. One of the most successful approaches to
identify new antibiotics is to revisit pathways that are known to be critical for survival
and have a strong clinical track record of being targeted. At the same time, you must be
cognizant of the very real threat of cross resistance or easily mutable targets. The folate
biosynthesis pathway is an excellent example of a highly druggable pathway with
significant clinical relevance. Bactrim has been a staple therapy for decades, in a host of
different infections both bacterial and otherwise. Retargeting this known pathway is very
likely to lead to something with a high degree of clinical relevance, especially with
combination therapies in mind.

A novel HPPK inhibitor could provide a similar degree of synergy when
combined with TMP if it is able to significantly deplete the levels of DHF that TMP
competes with at the DHFR. The added benefit here would be sulfonamide resistant
infections should in theory be susceptible to this alternative therapy. Additionally those
patients that already suffer from sulfonamide allergies would be able to have a stop-gap
therapy option before escalating to stronger agents. Not only would this be a quality of
life improvement for the patient, this could help belay resistance to last line of defense
agents such as daptomycin and the carbapenems as fewer bacterial populations would be
exposed to them. With the power of structure guided design coupled with a good set of
fragments to develop, the opportunity for fragment development and optimization is one
that is incredibly promising on this essential enzyme. As higher and higher affinity is
achieved, potent inhibitors that emerge will concurrently serve as important tools in
studying the enzymes function and importance to many pathogenic organisms. We have
already described successful repurposing of DHPS inhibitors in P. carinii so there is hope
that such a broadly essential and conserved enzyme could have demonstrative effects on
more than just bacterial infections. Tight binders can also be repurposed for biochemical
screening. A high affinity molecule that suffers from poor physiochemical properties that
disfavor it as a drug lead can be useful in designing probes for HTS, something our group
has done previously [262, 263]. Such tools can be invaluable in the discovery of new
chemical entities that push discoveries and understanding forward.

The difficulty of translating target activity to whole cell potency phenomenon is
observed in our design of anti-folate antibiotics. We have established modest inhibitors of
the HPPK enzyme, many of which bind tightly to the purified enzyme. However we fail
to replicate similar potencies in the whole cell, despite this being an essential enzyme.
Newer studies are being designed to test how much inhibition is actually occurring in the
cell [264], which could help answer many questions for compound series such as these.
We have restarted this project using fragment based drug design, screening the
aforementioned 4,500 fragments we have to identify tight binders. With crystallography
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in-house, the next set of HPPK inhibitors will be optimized with efficiency in mind as
well as target occupancy and whole cell target inactivation. It is a nice academic pursuit
to identify enzyme inhibitors; they can be used for mechanism studies and other non-drug
like utilities. If the end goal is a standalone therapeutic agent, than more stringent filters
need to be applied to projects from the get go if a series ever hopes to be clinically
relevant.

Drug repurposing can be done in two ways: phenotypically looking for whole cell
response (death in our case) or more target based using biochemical assays to assess
specific enzymatic modulation. Each way contains its own advantages and disadvantages,
and each has produced results in terms of interesting molecules. However, it is evident
that better approaches need to be incorporated in both, as there is still a tremendous lack
of innovation in emerging anti-bacterial drug compounds. Advances in our knowledge of
the disease biology are becoming more and more appreciated in setting up these types of
screens. Knowing which pathways could be useful in what organisms, or knowing
conditions to run your assays to properly recapitulate physiological relevance is integral,
and is something the field is becoming better at. The folate biosynthesis pathway has
been drugged for almost 80 years, and just recently it was hypothesiszed that the
sulfonamide’s best antibacterial contribution could be from something other than DHPS
inhibition [226]. Such a revelation is startling, but can be capitalized on. Further
understanding of synergy mechanisms can be exploited as mentioned earlier, and it opens
up the possibility of a new druggable target downstream of DHPS. I believe our drug
repurposing screens highlights new ways of screening that can be incredibly powerful.
Using whole cell screens of known active compounds (enzymatic with weak bacterial
inhibition or bioactive with unknown mechanism) we immediately identify useful
compound series and start to observe SAR trends that make an impact on the whole
organism, rather than just purified enzyme. With the use of targeted libraries such as our
legacy DHPS inhibitors we were able to flesh out a biosynthetic pathway of importance
in a different organism than the project originally sought out to inhibit. This rational
approach exemplifies the benefits of a target screen that are often overlooked due to lack
of success the approach has suffered, while still harnessing the intrinsic advantages of
phenotypic screening. The positives from an academic standpoint are; less deconvolution
of the mechanism of action and pre-guided SAR to generate hypotheses since you are
working with a library of known enzymatic inhibitors. In this case we suspect a slightly
different isoform of the enzyme could be occurring in Pneumocystis which we hope to
investigate further by purifying the pcDPHS to make sure our SAR rules hold true.
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Materials and Methods

HPPK

Enzyme preparation

The ECHPPK-GST fusion gene was kindly provided by Dr.Honggao Yan. The
EcHPPK-GST fusion enzyme was expressed in E.coli and purified as previously
described in three steps: (1) GSTrap FF column (Amersham Biosciences), (2) thrombin
digestion to remove the GST tag, and (3) size exclusion chromatography (Hevener, et al.,
2010; Li, et al., 2003).

Enzyme assay

HPPK activity was determined by measuring unprocessed ATP substrate using
the Kinase-Glo Luminescent assay kit (Promega)(Chhabra, et al., 2012). The enzyme
activity of HPPK was measured in a reaction mixture of 50 pl containing 0.75 uM 6-
hydroxymethyl-7,8-dihydropterin hydrochloride, 0.75 uM ATP, 100 mM Tris, pH 8.5, 10
mM MgCI2, 10 mM BME, 0.01%(V/V) Tween 20, 0.01%(W/V) BSA, 5% DMSO, and 5
ng EcHPPK. Inhibitor compounds were dissolved in DMSO, and inhibition was tested at
250 uM. After 20 minutes of incubation at 23 °C, the unprocessed ATP was detected
using the Kinase-Glo assay kit with a plate reader spectrophotometer (Thermo Scientific)
according to manufacturer’s suggested protocols. To determine the half maximal
inhibitory concentration (IC50) values, ECHPPK activities were measured in the presence
of various concentrations of the compounds. Data were analyzed using GraphPad Prism
software.

Biotinylation of HPPK

HPPK was minimally biotinylated by reaction with EZ-Link Sul-fo-NHS-LC-LC-
Biotin (Thermo Scientific). The biotin reagent was added to the protein at a 0.5:1 molar
ratio, and the reaction was incubated on ice for 5 h. Unconjugated biotin was removed by
pro-cessing the samples through two Zeba Spin Desalting Columns (Thermo Scientific)
that had been equilibrated with storage buffer (20 mM Tris (pH 8.0), 100 mM NaCl, 10%
glycerol). Bovine serum albumin (BSA) was added to the reaction at a final concentration
of 0.1 mg/mL immediately prior to processing through the spin col-umns to improve
recovery.>* The biotinylated protein was aliquot-ted, flash-frozen and stored at 80 LC for
use in subsequent binding experiments.

Affinity analysis of compound binding by surface plasmon resonance

SPR experiments were conducted at 20 LC using a SensiQ Pioneer optical
biosensor (SensiQ Technologies). Neutravidin (Thermo Sci-entific) was covalently
immobilized on a polysaccharide hydrogel-coated gold surface (COOHS chip; SensiQ
Technologies) using routine amine coupling chemistry in immobilization buffer (10 mM
HEPES pH 7.4, 150 mM NaCl, 0.005% Tween20). Carboxyl groups on the hydrogel
were activated with N-ethyl-N°-(3-dimethylamino-propyl) carbodiimide (EDC) and N-
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hydroxysuccinimide (NHS), and neutravidin was injected until immobilization levels of
5000- 7000 RU were achieved. Remaining active sites were blocked by reaction with
ethanolamine. The instrument was primed with binding buffer (20 mM Tris pH 8.5, 100
mM NaCl, 10 mM MgCl,, 1 mM TCEP, 0.005% Tween20, 10% glycerol, 5% DMSO),
and biotinylated HPPK was injected until 3000—3700 RU of protein was captured.
Unoccupied biotin-binding sites of neutravidin on both the reference and HPPK surfaces
were blocked with amine-PEG:-biotin (Thermo Scientific) to minimize potential non-
specific binding by the compounds.* For the binding of compounds 5, 6, 7, 8, 10 and 20
to HPPK in the absence of AMPCPP, the data were collected in screening mode (i.e. a
single injection at 100uM). For all other experiments, the compounds were prepared in
running buffer as a 3-fold dilution series starting at 100uM and were injected at a flow
rate of 80pL/min. A series of buffer-only (blank) injections was included throughout the
experiment to account for instrumental noise. The data were processed, double-
referenced, solvent cor-rected and analyzed*>-*® using the software package Qdat (version
2.1.0.21, BioLogic Software). The equilibrium dissociation constants were determined by
fitting the data to a 1:1 interaction model.

Crystallographic analyses

The purified protein was concentrated to 6 mg/ml and crystals were grown by the
vapor diffusion method at 18 °C. EcHPPK was incubated with 4 mM AMPCPP, 20 mM
MgCI2, and 1~2 mM inhibitor (final 4% DMSO). Initial crystals were identified
robotically using the PEGs suite, PEGs II suite, and JCSG+ suite crystallization screening
kits (Qiagen), and these were manually optimized. The co-crystallization conditions for
compounds 1, 15, 19, 22 and 23 are 0.1 M Tris, pH 8.5, 0.2 M CaCl2, and 25% PEG 4K,
in a 1:1 ratio with the protein complex solution. The condition for compounds 2 and 34
is 0.1 M Hepes, pH 7.5, 0.2 M CaCl2, and 25 % PEG 4K. The condition for compound
33 is 0.1 M sodium cacodylate, pH 6.5, and 1 M tri-sodium citrate. Crystals were
cryoprotected with 30% glycerol, and then flash frozen in liquid nitrogen. All diffraction
data were collected at the SERCAT beam lines 22-ID and 22-BM at the Advanced
Photon Source, and processed using HKL2000(Otwinowski and Minor, 1997). Structures
were solved by molecular replacement using the ECHPPK structure as the search model.
Structures were refined and optimized using PHENIX(Adams, et al., 2002) and
COOT(Emsley and Cowtan, 2004), respectively. Data collection and refinement
statistics are presented in Table 2.

Virtual fragment screening

Based on the hit fragment 6-thioguanine that binds at the pterin-binding site, a 2D
pharmacophore search was conducted against the NCI database (265,242 compounds) for
fragment-like molecules (Molecular weight cutoff) yielding 25 compounds. The
resulting hits were docked into the pterin site receptor derived from EcHPPK / 6-
thioguanine structure using AutoDock 3.05 and ranked with the native scoring function.
Compounds that were found unable to bind to the site in these calculations were
excluded, and the remaining 17 fragment-like compounds were acquired from the Drug
Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of
Cancer Treatment and Diagnosis, NCI and tested against the purified ECHPPK.
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Synthesis of compounds: Materials and instrumentation

All chemicals and solvents were purchased from commercial sources. The
chemical reactions were tracked by TLC using Silicycle Silica Gel 60F254 plates and
spots were visualized by UV lamp or 12 condensation. 1H NMR were recorded on a 400
MHz Bruker NMR and chemical shifts were reported relative to solvent peak. Analytical
RP-HPLC was determined on a Waters Acquity UPLC system equipped with an Acquity
BEH C18 column (1.7 um), flow rate of 0.5 mL/min and a gradient of solvent A (water
with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid): 0-0.25 min
97% A; 0.25-3.0 min 3-100% B (linear gradient); 3.0-4.5 min 100% B; 4.5-4.75 min 0-
97% A (linear gradient); 4.75-5.0 min 97% A. Both UV absorbance (monitored at 225 —
475 nm) and ELSD were used as detection methods. All compounds were found to have
>95% purity with the described analytical methods.

Synthesis of compounds: General procedure

In a round bottom flask equipped with a stir bar was dissolved 2-amino-8-
mercapto- 1 H-purin-6(7H)-one (2 mmol) in 10 mL of .4 N sodium hydroxide in water and
2-bromo-1-substituted ethanone (2.5 mmol) dissolved in 2 mL of EtOH was added.
Mixture stirred for one hour at room temperature. Solution was neutralized with drop
wise addition of 1 N HCI to yield precipitate which was collected via vacuum filtration
and was washed with diethyl-ether and verified to be pure via LC-MS and NMR.

Below is a listing of analytical purity of compounds discussed in this section.
Experimental details for determination are described in the methods above.

2-amino-8-((2-oxo-2-(p-tolyl)ethyl)thio)-1H-purin-6(7H)-one:

"H NMR (400 MHz, DMSO-d6) & 2.38 (s, 3H), 2.55 (s, 4H), 4.67 (s, 2H), 6.05 (s, 2H),
7.32(d, J=7.94 Hz, 2H), 7.87 — 8.00 (m, 2H), 10.57 (s, 1H). ESI-MS: [M+H]+ Found:
316.3

2-amino-8-((2-(4-hydroxyphenyl)-2-oxoethyl)thio)-1 H-purin-6(7H)-one:
'"H NMR (400 MHz, DMSO-d6) § 4.71 (s, 2H), 6.36 (s, 2H), 6.70 — 6.79 (m, 2H), 7.79 —
7.88 (m, 2H). ESI-MS: [M+H]+ Found: 318.2

2-amino-8-((2-(4-fluorophenyl)-2-oxoethyl)thio)-1H-purin-6(7H)-one:
'"H NMR (400 MHz, DMSO-d6) § 4.75 (s, 2H), 6.41 (s, 2H), 7.27 — 7.34 (m, 2H), 8.05
(dd, J =5.63, 8.71 Hz, 2H). ESI-MS: [M+H]+ Found: 320.2

4-(2-((2-amino-6-oxo-6,7-dihydro-1H-purin-8-yl)thio)acetyl)benzonitrile:

1H NMR (400 MHz, DMSO-d6) 6 4.89 (s, 2H), 6.29 (s, 2H), 8.03 — 8.06 (m, 2H), 8.15 —
8.19 (m, 2H), 10.60 (d, J =27.50 Hz, 2H), 12.35 — 12.64 (m, 1H). ESI-MS: [M+H]+
Found: 327.2
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2-amino-8-((2-(4-methoxyphenyl)-2-oxoethyl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 3.87 (s, 3H), 4.82 (d, J = 19.12 Hz, 2H), 6.32 (s, 1H),
6.96 —7.27 (m, 2H), 8.00 (dd, J = 6.36, 8.71 Hz, 2H), 10.48 (s, 1H), 12.53 (s, 1H). ESI-
MS: [M+H]+ Found: 332.2

2-amino-8-((2-(4-(2-morpholinoethoxy)phenyl)-2-oxoethyl)thio)-1H-purin-6(7H)-one:
1H NMR (400 MHz, DMSO-d6) 6 2.42 (d, ] =5.07 Hz, 4H), 2.60 (dt, J = 6.42, 30.99 Hz,
2H), 3.53 (t, ] =4.51 Hz, 4H), 4.01 (t, ] = 6.27 Hz, 1H), 4.25 (t, ] = 6.30 Hz, 1H), 4.70 —
4.90 (m, 2H), 6.13 (s, 1H), 6.86 (dd, J = 2.73, 8.78 Hz, 2H), 7.89 (dd, J =4.31, 7.68 Hz,
2H), 10.76 (s, 1H). ESI-MS: [M+H]+ Found: 431.2

2-amino-8-((2-morpholino-2-oxoethyl)thio)-1H-purin-6(7H)-one: 1H NMR (400 MHz,
DMSO0-d6) 6 3.45 (d, ] =4.97 Hz, 3H), 3.49 — 3.59 (m, 6H), 3.61 (d, J =4.71 Hz, 3H),
4.22 (s, 3H), 6.32 (s, 2H), 10.52 (s, 1H), 12.52 (s, 1H). ESI-MS: [M+H]+ Found: 311.2

2-amino-8-((2-oxo-2-(m-tolyl)ethyl)thio)-1 H-purin-6(7H)-one:
1H NMR (400 MHz, DMSO-d6) 6 2.39 (s, 3H), 4.87 (s, 1H), 6.28 — 6.39 (m, 1H), 7.41 —
7.52 (m, 2H), 7.81 — 7.94 (m, 2H), 10.57 (s, 1H). ESI-MS: [M+H]+ Found: 316.1

2-amino-8-((2-oxo-2-(o-tolyl)ethyl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 2.37 (s, 3H), 4.71 (s, 2H), 6.33 (s, 1H), 7.28 — 7.38
(m, 2H), 7.46 (td, J = 1.38, 7.57 Hz, 1H), 7.91 (d, J = 7.60 Hz, 1H), 10.55 (d, ] =42.42
Hz, 1H), 12.69 (d, J = 132.88 Hz, 1H). ESI-MS: [M+H]+ Found: 316.1

2-amino-8-((2-(2-methoxyphenyl)-2-oxoethyl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 3.93 (s, 3H), 4.68 (s, 2H), 6.28 (s, 2H), 6.89 — 7.39
(m, 2H), 7.47 — 7.86 (m, 2H), 10.57 (s, 1H), 12.58 (s, 1H). ESI-MS: [M+H]+ Found:
332.1

2-amino-8-((1-oxo-1-phenylpropan-2-yl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 1.54 (d, ] = 6.84 Hz, 3H), 5.44 (q, J = 6.89 Hz, 1H),
6.35 (s, 2H), 7.52 (t, J = 7.74 Hz, 2H), 7.60 — 7.70 (m, 1H), 7.96 — 8.06 (m, 2H), 10.68 (s,
1H), 12.66 (s, 1H). ESI-MS: [M+H]+ Found: 316.0

2-amino-8-((1-oxo-1-(p-tolyl)propan-2-yl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 1.53 (dd, J =2.07, 7.01 Hz, 3H), 2.38 (d, J = 2.05 Hz,
3H), 5.43 (s, 1H), 6.34 (s, 2H), 7.27 — 7.43 (m, 2H), 7.91 (dd, J = 2.04, 8.33 Hz, 2H),
10.60 (s, 1H), 12.49 (d, J = 31.18 Hz, 1H). ESI-MS: [M+H]+ Found: 330.0

S-(2-amino-6-0xo0-6,7-dihydro-1H-purin-8-yl) 4-fluorobenzothioate:

1H NMR (400 MHz, DMSO-d6) § 6.45 — 6.61 (m, 2H), 7.20 — 7.46 (m, 2H), 7.89 — 8.07
(m, 2H), 10.73 (s, 1H), 12.97 (s, 1H). ESI-MS: [M+H]+ Found: 306.2

117



2-amino-8-((2-morpholinoethyl)thio)-1H-purin-6(7H)-one:

1H NMR (400 MHz, DMSO-d6) 6 2.35 — 2.47 (m, 4H), 2.61 (t, ] = 6.88 Hz, 2H), 3.56 (t,
J=4.62 Hz, 4H), 6.32 (s, 2H), 10.60 (s, 1H), 12.53 (s, 1H). ESI-MS: [M+H]+ Found:
297.2

Repurposing Screening

Bioactive molecule selection

The selection of compounds was performed with simple structural clustering
using Schrodinger Maestro software package. Unique clusters were analyzed for
therapeutic index by comparing their ICso values in drug sensitive (MAR 3D7) and drug
resistant (MAR K1) P. falciparum to 1Cses in multiple human cell lines (BJ, HepG,
Hek293). Compounds were obtained from the St Jude REMP storage system at 10mM in
DMSO and prepared for P. carinii screening.

DHPS active set

Known DHPS inhibitors were selected from legacy screens that possessed low
ICsos in the presence of pyrophosphate. These compounds were obtained at either 10mM
or 10pg/mL and prepared for P. carinii screening.

Compound preparation

Compounds were obtained in 100% DMSO solution at 10mM and stored at 4 C
prior to testing. Compounds were diluted to S0uM for initial testing in RPMI-1640
containing 20% horse serum, 1% MEM vitamin solution, 1% MEM NEAA, and 2,000
units/ml Penicillin-Streptomycin. Negative controls were media alone and 10pg/ml
ampicillin. Positive control was 1pg/ml pentamidine isethionate.

P. carinii ATP assay

Cryopreserved and characterized P. carinii (Pc) isolated from rat lung tissue was
distributed into triplicate wells of 48-well plates with a final volume of 500ul and a final
concentration of 5x107 nuclei/ml. Controls and test compounds were added and incubated
at 37 C. At 24, 48, and 72 hours, 10% of the well volume was removed and the ATP
content was measured using Perkin Elmer ATP-liteM luciferin-luciferase assay. The
luminescence generated by the ATP content of the samples was measured by a BMG
PolarStar optima spectrophotometer. A sample of each group was examined
microscopically on the final assay day to rule out the presence of bacteria. Hits were
qualified as a 50% reduction after 72 hours and rescreened for dose response to calculate
an ICs,

Calculations

Background luminescence was subtracted and triplicate well readings of duplicate
assays were averaged. For each day’s readings, % reduction in ATP for all groups was
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calculated: experimental - experimental/vehicle control x100. 50% inhibitory
concentration (ICso) was calculated in INSTAT linear regression program.
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CHAPTER 4. OVERALL DISCUSSION ON ANTIBIOTIC DRUG
DISCOVERY: LESSONS AND EXPEIRENCES

Difficulties Facing the Field

As discussed extensively throughout this document, there is a disturbing lack of
new antibacterial efficacious chemical matter. Almost every antibiotic brought to market
since the 1980’s has simply been an expansion on previous drug classes. Bacteria
continue to develop more and more extensive resistance mechanism to any antibiotic they
are exposed to, eventually we will lose this medicinal chemistry arms race. The need for
new targets, and novel ways of approaching old and new targets alike is evident There are
a multitude of reasons why this field has struggled to progress in the last three decades,
and the combination of these issues has left us in the state we find ourselves in currently.
The prospects of returning to a “post-antibiotic” era are real, if perhaps overstated at
times. The more realistic immediate outcome would be much more rigorous controlled
use of our last line agents such as carbapenems and glycopeptides, which might make
some procedures more risky and disfavored. I will highlight some commonly associated
problems in antibiotic drug discovery and discuss how my experiences in this field have
shaped my views on the subject.

Screening Issues

The 90’s and early 2000’s brought on the era of HTS. Massive combinatorial and
diversity oriented synthesis programs were launched to generate large libraries of
chemically unique scaffolds. Corresponding to the shift in chemistry, there was a turning
point in biology in the form of whole genome sequencing. Bacteria could be sequenced
quickly, and when coupled with other molecular biology techniques such as DNA
microarray and gene knockouts, provided a litany of essential drug targets for chemists to
pursue [265]. The targets were purified and biochemical assays were developed to launch
a highly lauded period of rational drug design. Hopes were high that chemical entities
could be isolated that possessed high degrees of target specificity and optimizations could
occur to ensure drug like properties. This approach has largely failed as there were often
difficulties translating in vitro potency to in vivo cures. Typically the biggest obstacle is
ADME properties of lead compounds and difficulties establishing relevant concentrations
at the sites of infection. The problems can even be traced back to simple bacterial
penetration. As previously discussed gram-negative bacteria are difficult to kill due to
their outer membrane and their possession of efflux mechanisms. However, even tightly
bound, highly specific inhibitors can have difficulty penetrating and killing gram-positive
species. Phenotypic screening has had more relevant success, but is not without its own
short comings. Many times these screens produce indiscriminate electrophiles, or
compounds that are converted to covalent modifiers that have immediate toxicity
concerns. Also physical chemical properties have historically been poor for drugs
emerging from such screens, often due to the library composition from the start.
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Selectivity is difficult to achieve using whole cell unbiased screening as well. Clearly,
smarter screening strategies are required if we want to produce new chemical matter for
drug resistant pathogens.

Target based screening was implicated as the wave of the future, with massive
combinatorial chemistry efforts and diversity oriented synthesis producing immense
compound libraries combined with advances in HTS techniques and capabilities.
Scientists felt they could brute strength screen enough compounds against a known and
validated target that eventually a drug-like lead would emerge that was highly target
specific and thus safe and efficacious. However most of these target based screens were
done using purified protein to study binding, or enzymatic activity. This has led to many
highly specific compounds that have poor drug like properties, and even those that do
have a good profile in vitro, fail to recapitulate their effects in vivo or even worse, fail to
be efficacious or are toxic once they get tested on a human patient. Part of the failure of
many of these screens was their inability to recapitulate the true cellular environment,
especially in antibacterial drug discovery. Mechanisms such as cellular penetration or
xenobiotic efflux are rarely accounted for and metabolic redundancies in the organism
can be overlooked. Recent advances in biophysical screening could be implemented to
account for cellular penetration [264]. Thermal denaturing assays, or thermal shift assays
(TSA), are a popular HTS technique used to find ligands that stabilize a protein complex.
Proteins are heated in the presence of a fluorescent dye and either control or drug,
eventually the protein will destabilize due to the heat and the exposed hydrophobic sites
will excite the dye creating a signal. In the presence of a drug that binds this denaturing
will occur at a higher temperature, and the degree of the “shift” in the denaturing
temperature can be converted into a binding affinity. Cellular Thermal Shift (CETSA)
applies this theory, but incorporates the ability of the compound of interest to not only
penetrate the cell but also its ability to reach and bind to the protein. After dosing a cell,
heat shock is applied at escalating temperatures after which the cell is lysed and spun
down. Denatured protein will crash out of solution and be spun into the pellet and stable
protein will still be in the supernatant. From here, Western blot analysis can confirm how
much of your protein remained stable, and similar curves can be calculated to give an
effective intracellular binding affinity. With advances in proteomics this technique should
be able to actually screen libraries of different compounds and determine where active
compounds are binding

Whole-cell, phenotypic screening has been discussed previously in the context on
Mtb drug discovery. The basics of this technique in the context of antibiotic discovery are
to grow bacteria in vitro and drug them with pure compound or compound mixtures (ie
natural product crude extracts or fractions). After a specified amount of time (depending
on growth rate of the organism) you will examine the bacterial cultures to look for cell
death or inhibited growth, whether this is visually or with biochemical assistance. Hits
are identified and typically rescreened for dose response confirmation. Mechanism of
action for diverse screens is deduced by the growth of bacteria in the presence of sub
lethal concentrations of the hit until resistant mutants are colonized that display
significant increases in their MIC. These resistant mutants are genetically sequenced and
compare to the wild type to see where what domain changes occur in. As with target
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based screening there are examples of success for drug discovery here, it is easy to state
that this system has been more successful at generating large amounts active antibiotic
drug compounds [266]. The limited approval of bedaquiline is the most recent example of
the successes this system can provide, but it also highlights the potential limitations of
this approach. Compounds emerging from phenotypic screening tend to be highly
lipophilic molecules that are often toxic and polypharmacologic. High lipophillicity as
well as multiple aromatic rings are highly correlated with hERG inhibition, a common
predictor of cardiac toxicity in humans [267]. HTS libraries are becoming increasingly
biased towards both of these conditions, generally due to the bias of the chemists
supplying them. Palladium coupling reactions have become exceedingly popular in the
synthesis world and tend to produce very flat and often unsaturated molecules [268]. This
lack of diversity is problematic for the issues described previously, but there is also a
failure to properly evaluate all chemical space. Techniques like FBDD are useful for
increasing chemical sampling, but often lack the specific potency to illicit a response in a
phenotypic screen. Thus these screens are less likely to pick out specifically interacting
compounds and often have to spend many years in optimization to tailor a hit down to
specifics and then build back out for optimized PK/PD parameters. Better library curation
could be the solution to aiding in phenotypic screening. Instead of using huge 500+ Da
compounds, smaller and more diverse sets should be designed. Molecules around 300-
350 Da with a low cLogP (~3) can sample a large amount of chemical space and have the
potency to illicit whole cell responses. With the added benefit of structural clustering,
medium sized libraries of small, diverse molecules can be set up for HTS; both
phenotypically and target based.

Big Pharma Pulling Out

Another large reason for the decline in antibiotics is the withdrawal of large
pharmaceutical companies from research and development. Antibiotics typically offer a
small market share to begin with, especially with the emergence of resistance. Physicians
want to use as little antibiotics as possible and would want to use new antibiotics as a last
resort. This makes for a tough sell to a board of directors to invest a lot of money in a
research program. This fact coupled with a lack of tangible results over several decades
caused a mass exodus when an economic recession hit [269]. Now only a handful of large
companies are invested in research, and when it is estimated to take so long to recoup the
cost of developing an antibiotic that is unsurprising. Government agencies around the
world are taking notice and are looking for ways to step in and help incentivize discovery
and development of new antimicrobials. Academics, smaller biotechnology companies
and non-profits such as the Global TB Alliance have taken up the mantle in the meantime
of early discovery and development. Once a developed compound is produced though, it
almost always requires a large firm to step in and handle the cost of conducting large
scale clinical trials required for approval.

The discovery of late stage toxicity or a failure in Phase II efficacy trials is

especially problematic for pharmaceutical companies, who are on the hook for a
tremendous amount of money to push lead compounds through clinical trials. It is
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expected that a drug will cost upwards of a billion dollars to reach market approval, and
with toxicity concerns coupled with a lower than average return on investment, antibiotic
drug discovery is just a risky endeavor for a profit driven entity. To make investments
more sound, multiple actions need to be taken.

First, the barriers to entry must be altered to get more innovation stimulated. The
FDA is taking this step in antimicrobial development with initiatives such as the
Generating Antibiotic Incentives Now (GAIN) provisions signed into law in 2012. This
bipartisan legislation grants an expanded period of patent exclusivity for a developer of a
new antibiotic against high risk pathogens that are dubbed as Qualified Infectious Disease
Products (QIDP). This period is in addition to existing exclusivity protections that can
favor orphan diseases and pediatric specific medications. Agents that are covered by
GAIN also receive the benefit of expedited regulatory approval in the form of fast track
and priority review status in their clinical trials. At the end of 2015 these incentives have
resulted in 58 drugs with QIDP status and will hopefully continue to spurn interest and
activity in the field.

Secondly, researchers and clinicians need to work together in optimizing clinical
trials to have the best patient populations selected for successful results as well as
meaningful discoveries. Drug combinations will only become more important in the fight
against drug resistance and understanding the underlying mechanisms behind synergy
will be integral. Individual patient populations will undoubtedly react differently to drug
cocktails; differences in metabolic rates, existing conditions (i.e. renal/liver function),
other medications and even the make-up of their micro flora will play roles in efficacy.
The effective design of clinical trials for drug repurposing and combination studies could
dramatically lower the investment required for drug companies to make a significant
impact.

Finally, continued funding and awareness for academic and non-profit research is
vital for establishing a strong foundation for drug development to build on. Academics
can be more adventurous and take risks early in the process; this can drive the field in
unexpected ways. The NIH has seen recent expansions in funding that should aid in this
endeavor, but continued advocacy for antimicrobial resistance is still needed. As more
young investigators enter the field, they bring with them fresh ideas, fresh perspectives
and unique backgrounds that could aid in scientific dogma in this field. These new
outlooks could be exactly what the field needs to jump start innovation into unforeseen
areas of combating this issue. Ultimately I believe the field is going in the right directions
in terms of eliminating previously head ideas that led to poor results. I think surviving
through thin periods of funding and pharmaceutical company withdraws forced the field
to re-evaluate itself it has emerged craftier. Screens will be smarter going forward, leads
will be investigated differently and more carefully scrutinized early and the chemistry
going into optimization will be driven by efficiency and with an end goal in mind.
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Discussion on TB Drug Discovery

There is an obvious need to continue the push to discover novel chemotherapeutic
options to treat MDR-TB infections. Resistance continues to spread across the world, and
an ever-expanding global population and global strife will only serve to aid in this
expansion. This review has highlighted some of the more promising classes of agents
being developed by various research groups, but this global effort must be maintained to
ensure adequate weapons are available in this ever-evolving fight. Advances in drug
discovery approaches, technological tools, a better understanding of the mycobacterium
biology and disease states, and some hard learned lessons from failures in clinical trials
have made this paradigm appear more promising as of late, and there is reason to hope
for improved outcomes for this serious disease are in the pipeline. In the past decade four
primary strategies have been applied to discover the new agents discussed previously in
this review: target based screening; phenotypic based screening; semisynthetic natural
product chemistry driven approach; and repurposing of antibacterial agents. Each of
these approaches has its own advantages and disadvantages.

When the whole Mtb genome sequence became available in 1998 [270], it greatly
aided the identification of essential genes and facilitated the recognition of many novel
Mtb drug targets. This increased target knowledge was thought to hold great potential and
ushered in an era of target-based drug discovery primarily through the use of high
throughput screening (HTS). However, the HTS target-based approach has to date only
produced a few advanced leads with the current most advanced compounds being the
InhA inhibitor class discussed earlier [271]. Interestingly, this mirrors the experience of
the broader antibacterial drug discovery community, though lessons in this regard were
slower to be accepted in the Mtb field. The primary limitations of this approach relate to
target selection, screening library composition, and the concomitant hurdle of generating
compounds that can penetrate and accumulate in the Mtb bacilli and remain stable to
human metabolism. To address these limitations there needs to be a better understanding
of which targets are suitable for this approach, chemical libraries need to be improved
upon and new approaches like fragment based drug design should be implemented,
enabling the building out of high affinity inhibitors with concomitant drug like and Mtb
penetrant properties [272, 273].

Once the difficulties of target based approaches to TB drug discovery became
apparent, whole-cell MIC driven HTS approaches dominated this discovery space, efforts
that were fueled by the discovery of bedaquiline. This is in essence a reversion to an old
approach that identified INH and EMB, but on a much larger screening scale, taking
advantage of vast pharmaceutical screening libraries that have been put together in the
intervening decades. The primary advantages of this approach are: is not limited to
inherent target bias, thus allowing all potential chemically tractable targets to be explored
simultaneously; common efflux and penetration issues are also addressed along with
target-sensitivity validation. After an active compound is identified, resistant mutants can
be generated and sequenced to identify genetic variations and thus the presumed
mechanism of action. The most common targets identified in Mtb via typical phenotypic
whole-cell screening were MmpL3, DprE1, and QcrB [164, 274, 275] all of which have
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produced preclinical leads discussed earlier. Another advantage of this method includes
the relatively low costs associated with this approach. Many companies have legacy
compound libraries can be quickly repurposed for TB drug discovery, which can be
compared to published hit data sets for comparative purposes to identify novel leads.
Disadvantages include: an often difficult in vitro to in vivo active transition; mitigating
off target pharmacology as the hits are often derived from compound classes generated
for other human disease indications; repeated discovery of compounds targeting the same
enzymes (MmpL3, DprE1, and QcrB); frequent discovery of prodrug activated
electrophiles, for which care must be taken to ensure these agents are not activated by
central human metabolism, though it must be noted as evidenced by the nitroimidazoles,
delaminid and pretomanid this is achievable.

These challenges are often compounded in lead optimization process, as it is
common to increase lipophilicity from the initial HTS hit [276], and drug discovery in
TB is no different. The NITD recommends monitoring lipophilic efficiency to guide
phenotypic-hit selection and development. Development of such compounds will be a
delicate balance of maintaining potency and optimizing exposure via ADME (absorption,
distribution, metabolism, and excretion) properties. As shown in Figure 4-1, there has
been a trend in developing new oral agents from phenotypic screening to better adhere to
Lipinski’s rule of five, such as BTZ043, Azaindoles and TCA1 [223, 277]. However it
should be noted that most of the newer agents are still on the high end of lipophilicity
range (cLogP > 3). This not only makes formulation difficult and increases the risk of
drug-drug interactions, but may also play a role in limiting drug distribution into the
caesum microenviornment. The success of bedaquiline and delaminid are examples that
high lipophillicity (cLogP values of 7.3 and 5.6, respectively) can be overcome with
advances in formulation to achieve proper oral-exposure levels and advanced medicinal
chemistry to block sites of oxidative metabolism. However, they have had limited success
in reducing treatment duration, as in vitro and in vivo mouse efficacy testing may have
suggested. The results of Q203 in clinical trials could add more evidence to the theory
that these large lipophillic molecules have trouble clearing mycobacterium from necrotic
granulomas. The feasibility of combining multiple high-liphophilic drugs in MDR-TB
combination therapy will likely need to be addressed. This is due to addative liabilities
and consequent drug-drug interactions causing decreased bioavailability and additive
toxicities if such combinations of lipohilic drugs are to be attempted. These
complications, combined with the more favorable distribution across multiple
microenviornments, favors the identification and prioritization of phenotypic MIC
screening hits with more hydrophilic properties. All of these are concerns when it comes
to the isocamphonyl urea series discussed earlier, and is just more evidence that drug
discovery is not simply finding the most potent compounds and making them work.
Much more goes into a final drug which is why efficiency metrics like LIPE are so
important at early stages of drug discovery. If a target cannot be efficiently inhibited than
it may not be worthy of extensive studies and medicinal chemistry efforts.

During the golden age of antibiotic discovery, many unique natural product

scaffolds were discarded in favor of compounds with more favorable properties or
activity. Recent efforts to optimize some of these previously identified natural products
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for MDR-TB therapy, using a semisynthetic chemical modification approach has also
proven highly productive, yielding the macrolide SEQ-9, spectinamides, griselimycins,
and capuramycins, all of which are suitable to treat MDR-TB. The advantages of these
molecules include: in vitro to in vivo efficacy conversion is higher than with purely
synthetic compounds; they hit targets complementary to those identified in phenotypic
screens; they represent novel chemical classes and with different physicochemical
properties from those found in synthetic screening libraries. The primary disadvantages
include: these are often resource intensive and difficult programs to initiate; the natural
product scaffolds are often of high molecular weight, contain metabolic hotspots and
have poor consequent oral bioavailability requiring parenteral administration; this
approach often employs difficult and sometimes costly chemistry to generate these
analogs. However the above examples of success in structural modifications to turn
natural products into preclinical candidates lend great hope to this branch of study. The
recent discovery of the so-called “natural” INH in pyridomycins is just more evidence
that we can use bacteria to fight other bacterium. Advances in culturing capabilities and
more rigorous stress inductions could result in many more natural scaffolds to tweak with
medicinal chemistry to get optimal activity.

Repurposing existing antibiotics such as B-lactams (faropenem, meropenem),
oxazolidiones (linezolid), and fluoroquinolones (moxifloxacin) is another productive
strategy to identify new MDR-TB treatment options [95, 278]. Linezolid is the
prototypical example in terms of MDR-TB treatment [34]. Its proven efficacy in the
treatment of MDR-TB has generated further studies on sutezolid and AZD5847, second
generation oxazolidiones with greater mycobacterium selectivity and lower side effect
potential. This strategy has the advantage of very rapid advancement into clinical trials,
as ample human safety and PK data often exists. One factor that limits this approach is
the number of new antibacterial agents that are available for repurposing, as the number
of new antibacterial agents approved has dropped significantly in recent years. Currently
the best untapped opportunity for this approach probably lies in new wave of -lactamase
inhibitors being developed to tackle multidrug resistant Gram-negative bacterial
infections. It remains to be seen if they have sufficient in vivo potency against Mtb BlaC
enzyme [279, 280] to enable future B-lactam B-lactamase inhibitor combinations to move
forward for MDR-TB. However, the failure of the recent REMoxTB Phase III clinical
trial designed to reduce treatment time is a cautionary note for this approach [174].

At the time of this writing, 10 Mtb drug clinical trials are registered in the United
States (Table 7), including six compounds classified as “novel chemical entities” by the
Stop TB Partnership. There are also 3 Phase III trials for optimized combination studies
ongoing with bedaquiline and delamindib and pretomanid (formerly PA-824, another
nitroimidazole) being added to optimized background regimens for patients with MDR-
TB infections. These studies are seeking to enroll more than 1,000 patients suffering from
MDR-TB, including some who are co-infected with HIV (NCT00910871,
NCTO01600963, and NCT01424670). This progress is much improved over past decades,
but the need for new drugs that are safer and more efficacious with the ability for
treatment shortening is still apparent. A strong discovery pipeline requires many more
agents in early stage trials, as attrition rates increase the further drugs progress down the
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pipeline. Thus we believe more new entities are urgently required as some of these agents
will inevitably fail.

In conclusion, it is evident that the discovery and development of new agents to
treat Mtb is a very active drug discovery field, with the primary goal of developing a
shorter, more effective MDR-TB therapy regimen. Shortening treatment makes patient
care easier, reduces the chance of resistance emergence and will decrease the costs
associated with addressing this epidemic in the long-term. With the ability to correctly
assess where current drugs and their emerging counterparts accumulate and are most
effective, clinicians will be able to devise more optimized combination therapies, with
particular Mtb life cycles and microenvironments in mind. This field is however not
without its challenges, as evidenced by the small numbers of new drugs currently in early
stage clinical trials (only 2 compounds in phase I), and by the pharmacological
redundancy of many of the new agents in the pipeline that share either similar mechanism
of action or side effect profiles, suggesting that significant hurdles still exist and further
investment in drug discovery is warranted. Caseum penetration and killing activity has
emerged as a key concept in clearing latent bacterial populations and should be examined
during the early stages of preclinical evaluations of individual lead compounds and drug
classes as a whole. Combination therapy is required for MDR-TB treatment; therefore,
how all these new agents may be best clinically combined while minimizing the number
of trials needed to be performed remains a key challenge moving forward.

Conclusion and Reflections

With so much to learn and understand, the challenge to develop agents that will
help stymie the flow of antibiotic resistance seems daunting. However, everyday new
discoveries reveal an unforeseen path towards progress. With the work being done all
over the increasing connected and collaborative world, researchers have an opportunity to
discuss and innovate like never before. Nothing will ever be solved by one person or
idea, but the free exchange and transmission of ideas will lead to a more complete
understanding that will push the boundaries of what we often think we know. I have been
granted an unbelievable opportunity to not only learn about drug discovery, but also dive
into this unique and challenging world. I have gained experience in a multitude of
concentrations, but my focus has always been the chemistry behind making these drugs
work. I think the evolution of the field will be continued synergy between chemistry and
biology, the more both field knows and understands about the other will be much more
significant than increasing knowledge in one concentration alone. I have been incredibly
fortunate to be in a highly multi-disciplinary position, and I have learned skills in and an
appreciation for all aspects of early stage drug discovery. I have had wonderful guidance
and the ability to pursue independent ideas, which I am immensely grateful for.

I have always viewed drug discovery as an intricate and large puzzle; one that you
only receive a few pieces at a time and don’t have the completed image on the box to
guide you. Some pieces are potency of a compound, others are target validation and
essentiality and still others are physical properties. The successful completion of this
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puzzle of course requires dedication and patience, but it also mandates the ability to step
back and look at the larger picture, often many times. Pieces that seemingly fit together
will ultimately be found to be misleading and require rearrangement of your perceptions.
Serendipity is ubiquitous in science; it is no exception in this field. Sometimes we must
simply be grateful when we find a corner piece that lets many pieces fall in place
logically around it. Other times the least likely scenario is the one that ends up solving a
large portion of the puzzle. As the puzzle comes together more and more concepts and
ideas begin to make sense, and often you can continue to grow and implement these ideas
in similar parts of the big picture. It has been a fun and unique challenge for me these
past few years, which has shaped me into a better and more inquisitive person and
scientist. It is my hope to carry these skills forward into all my future endeavors and
continue to foster the multi-disciplinary and collaborative approaches I believe to be
crucial in all areas of science.
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