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Identifying New Probes of Essential Targets in Mycobacterium tuberculosis
Abstract

Despite the availability of effective treatments, Mycobacterium tuberculosis (Mtb)
remains a public health crisis. An estimated 9 million people are infected with Mtb every
year, resulting in 1.5 million deaths. Efforts to control the tuberculosis epidemic are
stymied by a lengthy treatment period, a large reservoir of latently infected individuals,
and the emergence of multi- and extensively drug-resistant strains of Mtb.

Drugs with novel mechanisms of action are urgently needed in order to address
these challenges, but standard screening methods are failing to identify these types of
compounds. While numerous functions have been characterized as essential for the
survival of Mtb, very few are inhibited by current drugs. Furthermore, few existing drugs
are able to kill the non-replicating, phenotypically drug-resistant state of Mtb thought to
contribute to lengthy treatment times and latent infections. This research explores the
mechanisms of new small molecule inhibitors against Mtb, thereby expanding our
knowledge of the bacteria’s inner-workings and identifying new therapeutic targets.

Chapter 2 describes the identification of a novel azetidine, BRD4592, that kills Mtb
through allosteric inhibition of tryptophan synthase (TrpAB), a previously untargeted
enzyme. Given that Mtb can scavenge tryptophan from its environment, questions of
TrpAB’s in vivo essentiality are of top importance. Building on our discovery of BRD4592
and utilizing additional inhibitors of amino acid synthesis, we explore the mycobacterial

response to amino acid starvation (Chapter 3). We show TrpAB is required for the in vivo



survival of Mtb and although the inhibitors induce a protective response to cell stress, the
response does not prevent eventual cell death.

Finally, Chapter 4 details the characterization of four compounds active against
non-replicating Mtb. One of the compounds binds nickel and cobalt and disrupts metal
ion homeostasis. The other three compounds act as prodrugs, requiring modification by
Mtb enzymes for activity. Through this work, we discovered that the Mtb enzyme MymA
can function as an activating enzyme. MymA is not only responsible for activating one of
our newly identified compounds, but also can activate ethionamide, an existing
antitubercular drug. Together, the compounds identified in this dissertation provide tools

to better understand Mtb biology and, ultimately, to combat the Mtb epidemic.
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Abstract
After decades of relative inactivity, the Mycobacterium tuberculosis (Mtb) drug

discovery field has recently been revitalized. This large increase in efforts to discover new
antitubercular therapeutics has brought several insights into the biology of Mtb and
promising new therapies such as bedaquiline, which inhibits ATP synthase and
delamanid, a nitroimidazole that inhibits both mycolic acid synthesis and energy
production. Despite these advances, in order to meet the WHO END TB goal of reducing
tuberculosis incidence by 90% by 2035, the field desperately needs compounds with
novel mechanisms of action capable of inhibiting multi- and extensively-drug resistant Mtb
as well as non-replicating Mtb. This review addresses recent efforts to discover inhibitors

with new targets as well as strategies for tackling such a difficult challenge.



Section 1.1. Background

Mycobacterium tuberculosis (Mtb) is the world’s leading cause of death due to an
infectious disease'. Decades after the introduction of an effective treatment regimen
containing isoniazid, rifampin, ethambutol, and pyrazinamide, Mtb continues to pose a
major global health threat. Though highly effective against drug-sensitive strains, the
front-line antibiotics are slow, requiring 6-9 months of treatment to cure an infection. The
lengthy treatment time often results in patient non-compliance, fueling the development
of multi- and extensively drug-resistant tuberculosis (M/XDR-TB)?. In cases of drug
resistance, patients undergo a 2-year regimen involving thousands of pills and injections
with cure rates of 50% for MDR-TB and only 20% for XDR-TB'. The rising prevalence of
multidrug resistant strains clearly necessitates the development of new therapeutics with
unique mechanisms of action for which there will not be cross-resistance to current
therapies.

Mtb typically causes lung infections where it inhabits numerous cell types,
including alveolar macrophages. Infecting bacteria reside inside phagosomes, preventing
phago-lysosomal fusion®. In humans, pulmonary infection with Mtb stimulates the
formation of granulomas which are dense clusters of immune cells that create a harsh
environment of hypoxia, nutrient deprivation, reactive nitrogen and oxygen species, and
low pH*®. In vitro, these environmental stresses have each been shown to induce a non-
replicating state in Mtb that is, to varying degrees, phenotypically drug-resistant’®. It is
hypothesized that in vivo, subpopulations of dormant bacilli that are phenotypically
resistant to standard antibiotics are responsible for the lengthy time required for Mtb

treatment and serve as a reservoir from which drug-resistant bacteria emerge®®.



Researchers believe that by targeting this subpopulation, they may be able to shorten
treatment time. There has, therefore, been great interest in developing compounds that
have efficacy against non-replicating Mtb. In an attempt to find such compounds,
numerous screens have been conducted in conditions meant to simulate the in vivo

environment, including screens against a nutrient-deprivation model’, a hypoxia model°,

and a multi-stress model'" as well as against Mtb inside macrophages'**2.

Despite this recent activity, a decades-long gap in efforts to discover novel
antitubercular compounds has resulted in a sparse drug development pipeline®. Current
antibiotics target a narrow range of biological processes and, with the exception of
pyrazinamide, the current front line antitubercular drugs have little efficacy against non-
replicating Mtb”'*"". Recent investment in antitubercular drug discovery has created
several promising leads and new therapeutic targets, but there remains a lack of drugs
with novel mechanisms of action in preclinical development to feed into the pipeline as
current trials succeed or fail*'*. Researchers have therefore been exploring new
approaches to treat Mtb, focusing on targets that confer efficacy against M/XDR-TB and
against non-replicating bacilli. Overall, there is general consensus that new antitubercular
therapeutics should (1) be effective against M/XDR-TB, requiring drugs with new
mechanisms of action, (2) be effective against non-replicating Mtb, with the goal of
shortening treatment time, and (3) be compatible with current antitubercular therapeutics

and with HIV therapeutics, as individual suffering from tuberculosis are often co-infected

with HIVZ®18,



Section 1.2. Strategies for discovering Mtb therapeutics

Scientists employ several methods to identify new lead compounds for the
treatment of Mtb (Fig. 1.1). Phenotypic whole-cell screening, in which one is searching
for compounds that inhibit bacterial growth, has produced most current antibiotics'®.
These methods require the least prior knowledge about potential targets and identify only
compounds that both permeate the cell and have an effect on Mtb survival. Target
identification of screening hits remains one of the greatest challenges of whole-cell
screening® and many new chemical scaffolds identified through this type of screening
have redundant mechanisms'®. Further, whole-cell screening has historically been
carried out in conditions dissimilar from the in vivo environment, limiting the translation of

activity in the screen to activity in in vivo models. Screens in conditions meant to mimic

7.11 12,13,20

the in vivo state”’ " and screens against Mtb inside macrophages are beginning to
address this issue.

To date, the other main branch of drug discovery has relied on target-based
methods. In this case, a protein target is determined to be essential for the bacterium and
then researchers either design inhibitors based on substrates or transition states

21-26

(structure/mechanism-based discovery) or screen for compounds that bind the

protein® or inhibit the protein’s function in vitro®®*

. This approach enables the
development of compounds with desired mechanisms, but requires detailed knowledge
of the target and also requires validation of “on-target” activity within the cell. Compounds
developed through target-based approaches often do not have activity against whole cells

due to their inability to permeate the bacterial cell wall or due to incorrect assumptions

about the essentiality of the target. Both GlaxoSmithKline and AstraZeneca recently



Screen against
intracellular Mtb

Kz

Figure 1.1. Drug discovery strategies in Mtb.

e N r R
Whole-Cell
Whole-Cell Target-Based
Approaches el s nich Approaches
L ) Approaches . )
4 Screen for growth h Mechanism-based )
inhibition in rich media discovery
/2 /2@
% 3 4 Screens against ) . \ﬁ &
T knock-down strains ‘ @
g% \prt:;l-nplexnd drug Dandidaw
KScreen in conditions\ ( \
to simulate in vivo C% -~ / Biochemical Screens
environment
substrate ———> product
inhibitor % / Repggtrzre-:gsed \ nhibitor
\ / Ir/ " iniBAC ‘\\I \ )
4 N | 4 N\

“7‘/ Cell wall stress
- bj

Binding Screens

b\‘d

c5e

- J

Researchers employ numerous

strategies for drug discovery. To date, target-based approaches have failed to produce
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published highly significant reviews detailing the results of a combined 135 high-
throughput screens against various bacterial targets'*>. In both cases, despite enormous
effort, target-based discovery failed to progress a single drug to the clinic.

Whole-cell target-based screening bridges these classic approaches. In this case,
small molecules are screened against strains with essential proteins knocked-down'® or
strains engineered to report the activity of a specific enzyme or pathway'®**%*. These
approaches can focus screens toward the discovery of compounds with new mechanisms
of action, while ensuring hits are cell permeable. As this type of screening is just beginning
to be adopted for the discovery of novel Mtb therapeutics, its success remains largely
untested. The collective result of these screening and drug development campaigns are
several new lead compounds, many of which are in preclinical development or clinical
trials (Table 1.1). While there are too many potential targets to discuss within one review,
the rest of this chapter highlights targets against which there has been the most progress
(cell wall synthesis, protein synthesis, and energy metabolism) as well as emerging

targets in exciting new areas such as central metabolism.

Section 1.3. New drug targets for Mtb

Macromolecular Synthesis

Cell Wall
Mtb has an unusual cell wall composed of a peptidoglycan layer covalently

attached to arabinogalactan, which is attached to very long 60-90 carbon fatty acids



Table 1.1. Mtb inhibitors in development.
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called mycolic acids®. Lipids, such as the well-described virulence factor phthiocerol
dimycocerosate (PDIM) intercalate into the long hydrophobic chains of the mycolic acids
creating something akin to a second lipid bilayer>*°. This extremely hydrophobic cell wall
creates a strong barrier to xenobiotics and is quite different from Gram-positive cell walls
which contain a single lipid membrane and thick peptidoglycan layer and from Gram-
negative cell walls with their highly impermeable double membrane®. Two of the front-
line antitubercular drugs, isoniazid and ethambutol, as well as several second-, third-, and
fourth-line antibiotics act by inhibiting the synthesis of cell wall components?. As one of
the most well-validated antimicrobial targets, the cell wall remains an epicenter of drug
development. The past several years of research has brought new cell wall-active
compounds with unique targets in the biosynthesis pathway.

In 2009, a class of benzothiazinone (BTZ) compounds (Table 1.1) was found to
act by covalently binding the active site of decaprenylphosphorly-B-D-ribose 2’ epimerase
(2@)34_ DprE1, in concert with DprE2, epimerizes decaprenylphosphoryl ribose to
decaprenylphosphoryl arabinose in an essential step of cell wall arabinogalactan and
lipoarabinomannan biosynthesis (Fig. 1.2)°". Following the initial discovery of BTZs,
several groups independently reported additional DprE1 inhibitors identified through
unbiased, whole-cell phenotypic screens against Mtb'?'%°2** The very diverse chemical
structures of these inhibitors prompted investigation into the basis for the redundant
identification of this target and apparent promiscuity of DprE1. Unexpectedly, it was found
that DprE1 localizes to the periplasmic space, making it more accessible to drugs and
likely explaining its vulnerability”’. BTZs have since been modified into a series of

piperazine-containing benzothiazinone (PBTZs), which show greater potency, safety, and

11
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Figure 1.2. Overview of Mtb drug targets as well as examples of compounds that inhibit them.
Frontline drugs (isoniazid, ethambutol, pyrazinamide, and rifampin) are shown in purple. Of note,
pyrazinamide has a very complex mechanism involving disruption of energy metabolism
andpotentially inhibition of pantothenate synthesis and trans-translation®®. Several pathways are
under investigation as new therapeutic targets for the treatment of Mtb, including numerous
emerging targets against which no compounds have reached pre-clinical or clinical development.

12



efficacy in animal models of mycobacterial infection®"*®. The DprE1 inhibitors PBTZ169
and BTZ043 have progressed to pre-clinical development.

Reminiscent of the discovery of DprE1 inhibitors, in 2012, three groups
independently published unique small molecules that inhibit the previously untargeted
MmpL3*°°% These studies implicated MmpL3 in the transport trehalose monomycolate
(TMM), a mycolic acid-containing cell envelope lipid, from the cytoplasm to the periplasm
(Fig. 1.2) and demonstrated that inhibition of MmpL3 disrupts cell wall biosynthesis.
Quickly thereafter, several groups reported additional chemical scaffolds that inhibit
MmpL3'9%"%* Again, the location of MmpL3 in the cell membrane is thought to be a key
factor in the large number of unrelated compounds that inhibit its function. Multiple
classes of MmpL3 inhibitors demonstrate antitubercular activity in mice, further supporting
MmpL3 as a valuable drug target®'®®. SQ109, a 1,2-diamine structurally related to
ethambutol, was already in clinical trials at the time it was found to inhibit MmpL3 and has
now progressed through phase Il trials®®. Recently, it has been suggested that SQ109
also targets other processes in the bacterium, including menaquinone biosynthesis and
electron transport, which may account for its potency and relatively low frequency of
resistance®.

A third cell wall biosynthesis target is MurX (translocase I), an essential enzyme

required for peptidoglycan synthesis (Fig. 1.2). Interest in MurX arose from the discovery
that capuramycin, a natural product isolated from Streptomyces griseus, acts by inhibiting
the enzyme36. MurX inhibitors kill Mtb in vitro much more quickly than most FDA-approved
antitubercular therapeutics®®. Because capuramycin and its analogs suffer from poor

solubility, cell permeability, and oral absorption, researchers have focused on target-
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based screening to identify inhibitors of the enzyme®” and on medicinal chemistry to
improve the physiochemical properties of the compound. Promisingly, IV administration
of a phospholipid-based nanoemulsion formulation of a semi-synthetic analog of
capuramycin, SQ641, has proven effective in a murine tuberculosis model and Sequella
Inc. is currently pursing SQ641 as a therapeutic for the treatment of mycobacterial and
Gram-positive infections®.

Several other enzymes involved in cell wall biosynthesis are being investigated as
emerging drug targets, including FadD32 and Pks13. FadD32 activates the meromycolic
acid branch from FAS-II after which Pks13 joins it to the alpha-alkyl fatty acid branch from
FAS-l in essential steps of mycolic acid biosynthesis (Fig. 1.2)*2. A group of
diarylcoumarins were shown to inhibit FadD32 in vitro, inhibiting mycolic acid synthesis
in whole cells and resulting in bactericidal activity against Mtb*". Similarly, genetic
evidence implicated Pks13 as the target of a class of thiophene compounds found to
inhibit mycolic acid biosynthesis and researchers went on to demonstrate the thiophenes
inhibit an essential FadD32-dependent function of Pks13 in vitro®. A separate study
found that mutations in pks13 confer resistance to an unrelated benzofuran®.

Cell wall synthesis inhibitors with different targets can have additive or even

synergetic effects®”®°

, and so, the development of multiple drugs that act by inhibiting the
cell wall will continue to have utility. Though effective at combating drug-sensitive and
drug-resistant Mtb, these types of inhibitors are, however, highly effective only against

replicating, aerobically growing bacteria®. Thus, it is critical to look at targets other than

cell wall synthesis in order to find new drugs with the ability to kill non-replicating Mtb.
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Protein Synthesis

Protein synthesis inhibitors are a mainstay in the treatment of other bacterial
infections and there has been great interest in developing similar inhibitors effective
against Mtb. More than 70 years ago, streptomycin, an inhibitor of the bacterial ribosome,
was the first antibiotic discovered to be effective against Mtb’°. In in vitro systems, protein
synthesis inhibitors, such as chloramphenicol and tetracycline, inhibit the Mtb ribosome,
but these antibiotics fail to inhibit growth of the whole organism’". This intrinsic resistance
is attributed to the impermeability of the mycobacterial cell well to these drugs.

Nearly 20 years ago oxazolidinones were discovered to inhibit a very early stage
of protein synthesis in Gram-positive bacteria and to have activity against whole Mtb
cells®®"2. Linezolid, eperezolid, and sutezolid (formerly PNU-100480) were evaluated in
murine models of Mtb infection, with sutezolid demonstrating greater activity than
linezolid"2. At the time, linezolid was already in clinical trials for other indications and was
soon to be approved for the treatment of skin infections and hospital-acquired pneumonia.
A full decade later, sutezolid was again evaluated in murine models. The studies
confirmed previous results, demonstrating that sutezolid is 1-2 orders of magnitude more
effective against Mtb in mouse models compared to linezolid”. Sutezolid also has clear
bactericidal activity in mice, while linezolid’s activity is much weaker and less clearly
bactericidal”.

Linezolid has been used off label to treat multi-drug resistant Mtb for several years,
which has allowed a number of retrospective studies to be conducted; these studies
suggest that linezolid has efficacy against MDR-TB">"®. In recent years, prospective

clinical trials have been conducted to gain more robust data on linezolid’s efficacy. In
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M/XDR-TB patients with limited other options, linezolid has proven successful in
achieving culture conversion with no relapse’’. The major challenge of linezolid treatment
is the high risk of severe adverse side effects, including myelosuppression and
neuropathy, which are experienced by as many as 82% of patients receiving linezolid"”.
These side effects are usually reversible, subsiding when the dose of linezolid is
decreased or when linezolid is temporarily halted. However, at lower doses, is an
increased risk of drug resistance emerging”®. Researchers are experimenting with
intermittent dosing at higher concentrations of linezolid to reduce the risk of side effects
and resistance’®. Meanwhile, sutezolid has advanced through phase Il clinical trials™.
Recently, semi-synthetic spectinamides have been developed as additional
protein synthesis inhibitors®. Spectinomycin is a natural product with narrow-spectrum
antitubercular activity resulting from its inhibition of ribosome translocation, a different
molecular mechanism than that of the oxazolidinones. The efflux pump Rv1258c limits
the potency of natural spectinomycin, but using structure-based design, Lee et al.
developed spectinomycin analogs that are unaffected by this pump. These analogs were
shown to have a high safety margin in mice and have moved to pre-clinical
development®. Such efforts have the potential to deliver highly effective treatments

against MDR-TB with fewer negative side effects than existing alternatives.

Energy Metabolism

Disruption of energy metabolism has been an area of great progress in
antitubercular drug development. ATP homeostasis and the maintenance of an energized

membrane are particularly vulnerable targets in hypoxic non-replicating bacteria®®. There
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is precedence for this mechanism of action in pyrazinamide, a front-line Mtb therapeutic
that disrupts the membrane potential of bacilli and is more effective against non-
replicating bacteria than against replicating cultures®. Two recently approved drugs and
many compounds in clinical trials act by disrupting energy production or homeostasis.

In 2005, a diarylquinoline, bedaquiline (also known as TMC207 or R207910) was
found to have bactericidal activity against MDR-TB strains and in a murine model of
infection as well as activity against non-replicating Mtb*°. Point mutations in atpE, part of

the FO subunit of ATP synthase, confer resistance to bedaquiline, suggesting the drug

targets the proton pump of the enzyme (Fig. 1.2)*. In 2012, the first in its class,
bedaquiline was also the first new TB therapeutic to be approved by the US Food and
Drug Administration in 40 years. Though bedaquiline has been associated with severe
safety risks, it remains useful for the treatment of MDR-TB and is part of ongoing trials
evaluating new regimens for their ability to shorten MDR-TB treatment®°.

QcrB, a subunit of the cytochrome bci-aaz complex, has also been explored as a
therapeutic target. Cytochrome b is responsible for transferring electrons to cytochrome
c and is an essential member of the electron transport chain required to generate the

proton gradient used by ATP synthase (Fig. 1.2)%%",

An imidazopyridine amide (IPA)
Q203 was found to target the cytochrome bcy complex, triggering a rapid reduction in
intracellular ATP in both replicating and hypoxic non-replicating Mtb?°. Similar compounds
were identified through whole-cell screening, with genetic evidence again suggesting the

compounds inhibits QcrB®. Q203 is effective against M/XDR-TB as well as in murine

models of infection?® and is currently in phase | clinical trials®®.
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Another enzyme under consideration as a therapeutic target is NDH-2, a
membrane-bound type Il NADH dehydrogenase encoded by either ndh or ndhA that
transfers electrons from NADH to menaquinone (Fig. 1.2)%'. Phenothiazine analogs were
found to specifically target NDH-2, inhibiting both Ndh and NdhA*'. These phenothiazines
inhibit electron transport in Mtb, suppressing growth in a mouse model of acute
infection*'. The compounds are also highly effective against non-replicating Mtb under a
variety of stress conditions including low pH, starvation, and nitric oxide exposure®.
Separately, NdhA was implicated in the mechanism of a 2-mercapto-quinazolinone when
it was found that mutations upstream ndhA resulting in increased ndhA expression confer
resistance to the compound®”.

Finally, menaquinone (MK) biosynthesis is also being explored as a target in
energy generation. MK is a lipid soluble electron carrier essential for the transfer of
electrons between components of the electron transport chain (Fig. 1.2)%'. MenA and
MenE, two of the enzymes required for the synthesis of menaquinone in Mtb, are
essential for growth in mice'”. Aurachin RE, a natural product isolated from Rhodococcus
erythropolis, was discovered to inhibit MenA, resulting in potent killing of non-replicating
Mtb in a low oxygen assay'’. Aurachin RE itself has significant problems as a therapeutic
due to interactions with anti-HIV drugs and so current efforts are focused on developing
inhibitors based on the Aurachin RE structure that have fewer interactions and liabilities"”.
There have also been efforts to develop mechanism-based inhibitors of MenE?'.

Energy generation inhibitors, like bedaquiline, tend to kill Mtb slowly in vitro and in
early bactericidal activity (EBA) studies®®®. This does not, however, preclude them from

having the potential to shorten treatment time. Pyrazinamide also has limited efficacy in
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EBA studies, but its introduction shortened standard therapy by 3 months®. Compounds
that are specifically active against non-replicating Mtb may not rapidly kill replicating
bacteria but could contribute to faster cures by eradicating the subpopulation of non-
replicating bacteria thought to exist in vivo. This hypothesis remains to be rigorously
tested and the development of compounds with activity against only non-replicating Mtb

will provide insight into the utility of targeting this state.

Inhibitors with Complex Mechanisms

Several nitroimidazole compounds are in clinical development including delamanid
(OPC-67683) and pretomanid (PA-824), which are in clinical trials for the US, and TBA-
354 and DC-159 in preclinical development. Delamanid was approved in the European
Union for the treatment of MDR-TB in 2014%’. Delamanid was discovered in program to
search for antitubercular agents that inhibit mycolic acid synthesis®®. Though no specific
enzyme in cell wall synthesis has been identified as the target of these compounds,
detection of "*C-labeled fatty acids and mycolic acids shows that delamanid inhibits the
synthesis of methoxy- and keto-mycolic acids, but not alpha-mycolic acids (Fig. 1.2)%?;
this is in contrast to isoniazid, which inhibits the synthesis of all mycolic acid classes. Also
unlike isoniazid, the nitroimidazoles are active against non-replicating Mtb*?.

Interestingly, both delamanid and pretomanid rely on functional copies of Fgd1, an
F420-dependent glucose-6-phosphate dehydrogenase, and Ddn, a deasaflavin-

dependent nitroreductase, for activity**%%°.

Ddn converts pretomanid into three
metabolites in a process that generates reactive oxygen species, including nitric oxide

(NO)®°. It is hypothesized that the NO reacts with cytochrome ¢ oxidase, interfering with
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respiration and depriving the bacilli of essential energy sources (Fig. 1.2)°*%. The
structure activity relationships governing activity of pretomanid against hypoxic, non-
replicating Mtb do not correlate with activity against aerobic, logarithmically growing Mtb,
suggesting a different mechanism of action against each state®. It is unlikely that the
effects on mycolic acid synthesis are responsible for the activity against non-replicating
Mtb as no other mycolic acid synthesis inhibitors have activity against non-replicating
Mtb®. It is instead believed the activity against non-replicating bacilli is derived from the
compounds’ disruption of energy generation. Along with pyrazinamide and SQ109, which
are reported to affect multiple targets®*®°, the nitroimidazole compounds demonstrate that
multi-target activity may be highly desirable for conferring increased potency and activity

against multiple physiological states of Mtb.

Emerging Targets

Numerous additional targets are being explored using in vitro assays against
purified proteins and against whole Mtb cells. Though compounds with these novel
mechanisms are further from the clinic and often untested in vivo, these new targets are
promising leads for the treatment of drug-resistant and non-replicating Mtb and they
highlight the strategies researchers are using to identify compounds with completely new

mechanisms of action (See Fig. 1.1 for overview of strategies).

Glyoxylate Shunt
Increasingly, researchers are looking to new essential processes for drug targets.

Validation and inhibition of targets in central metabolism poses a unique challenge as
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metabolic pathways tend to be very robust, allowing for stable function over many
environmental conditions and metabolic enzymes may be essential in one condition, but

not in another'%%9

. For example, FASII inhibitors are potent against Gram-positive
organisms in vitro, but ineffective in vivo due to the abundance of fatty acids available in
human serum®. Further complicating drug discovery against central metabolic targets,
the active sites of these enzymes are usually evolved to accommodate hydrophilic
substrates and are typically shallow — an unfavorable starting point for drug design, which
often relies on hydrophobic interactions for potency’>?2. Nevertheless, several processes
in central metabolism, including the glyoxlyate shunt and amino acid biosynthesis have
been areas of recent interest for killing Mtb.

In the absence of carbohydrates, most microoganisms use the glyoxylate shunt for
growth on fatty acids or acetate with the end result of glucose production from fatty
acids®™®*. Although standard Mtb media uses glycerol and glucose carbon sources, fatty
acids are the primary carbon source of Mtb in vivo® . In the glyoxylate pathway, ICL
converts isocitrate to succinate and glyoxylate and malate synthase (GlcB) catalyzes the
production of malate from glyoxylate and acetyl-CoA (Fig. 1.2). The first enzyme in the
glyoxylate shunt, isocitrate lyase (ICL) is essential for the survival of Mtb in mouse lungs
and in non-replicating states. Mtb has two functional isocitrate lyases, Icl1 and Icl2**. Both
icl1 and icl2 are upregulated in bacilli isolated from mouse lungs®. Deletion of ic/1 or icl2
individually has little effect on Mtb fitness, but deletion of both genes results severe
attenuation in mice®. Thus, compounds likely must inhibit both enzymes to be effective.

The ICL inhibitor 3-nitropropionate (3-NP) has little effect on Mtb grown on glycerol or

glucose, but completely eliminates Mtb growth on fatty acids and in murine

21



macrophagesg4. 3-NP is neurotoxic in mice, but several groups have attempted to develop
other inhibitors of Mtb isocitrate lyase. These include salicylanilide derivatives®**?,
hydrazones**, and phthalazines*® each of which show only partial inhibition of ICL and
high ICsgs in vitro, with whole-cell activities against replicating and non-replicating Mtb in
the micromolar range.

GIcB has also been explored as a drug target. Researchers have attempted to use
structure-guided discovery to design active-site inhibitors of the enzyme with a degree of
success. For example, phenyl-diketo acid derivatives designed to inhibit GIcB in vitro
have activity against whole Mtb cells under replicating and low-oxygen conditions, and
reduce Mtb CFU in an acute mouse model of infection?®. Though an abundance of
evidence supports the hypothesis that Mtb uses fatty acids as a primary nutrient source
during infection, high throughput screening often uses media containing glycerol as the
primary carbon source®®°. Because the glyoxylate shunt is not required for growth on
glucose or glycerol, screens in standard mycobacterial growth media will not identify ICL
or GlcB inhibitors®™. Efforts to develop inhibitors against ICL and GlcB highlight the

necessity of validating targets in vivo as well as the importance of conducting screens in

conditions that are similar to the in vivo environment.

Amino Acid Biosynthesis

Another emerging target in central metabolism is amino acid biosynthesis.
Mounting evidence suggests that Mtb’s endogenous biosynthetic machinery for several
amino acids is required for survival during an infection?®®, but it also appears that Mtb

responds differently to various amino acid starvations®”**®. While deletion or inhibition of
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some amino-acid-synthesizing genes results in Mtb cell death in vitro (e.g. tryptophan,
histidine, and methionine), other amino acid starvations (e.g. proline and leucine) are
better tolerated, producing a static response®?®. This is more complicated in vivo, where
Mtb can scavenge nutrients from host cells?®, resulting in gene essentialities that are
heavily dependent upon the environment. Among the twenty amino acids, tryptophan,
and branched-chain amino acid synthesis, in particular, have been the focuses of recent
drug discovery efforts?®%°.

First, tryptophan biosynthesis has long been recognized as essential for Mtb in
vitro and in vivo®. Recent reports have shown that the dependence in vivo is at least
partially due to the effect of CD-4 T-Cell-produced interferon-y (IFNy)®. Host
macrophages contain some level of tryptophan, which can be scavenged by resident Mtb.
However, upon IFNy stimulation, a host enzyme degrades tryptophan pools increasing
Mtb’s reliance on its endogenous tryptophan biosynthesis?®. Building on the knowledge
that tryptophan biosynthesis is essential for Mtb during in vivo infections, Zhang et al.
tested halogenated anthranilates, which are structural mimetics of tryptophan
intermediates, and found them to be effective against Mtb in vitro and in a murine model
of infection®®. Other groups have used computational modeling to predict potential
inhibitors of the active site of tryptophan synthase, the final enzyme in tryptophan
biosynthesis'®. Interestingly, deletion of trpD, further upstream in tryptophan
biosynthesis results in slower cell death than deletion of trpA. While the basis for these
differences is unknown, it underscores the necessity of studying each potential target

within a given metabolic process.
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Branched-chain amino acid (leucine, isoleucine, and valine) synthesis has also
been an area of recent activity. ilvB1 codes for acetohydroxyacid synthase, which is the
first dedicated enzyme in the branched-chain amino acid biosynthetic pathway, and is
essential in the absence of supplemented amino acids. When the gene is deleted, Mtb is
severely attenuated, losing viability in vitro and failing to grow in mice®. Herbicides and
antimicrobial agents have been developed based on the chemical sulphometuron methyl,
which has been demonstrated to inhibit branched-chain amino acid synthesis*®*°.
Importantly, these inhibitors are potent against Mtb in vitro and in restricting the growth of
Mtb in the lungs of infected mice®. Despite this progress, much work remains to define

nutrient availability during Mtb infection of humans and the essentiality of each amino acid

synthesis pathway.

CIpP Protease

ClpP, in conjunction with the ClpX/CIpC ATPase subunits, forms a proteasome
that degrades misfolded or damaged proteins and is essential for Mtb viability in vitro'".
In Mtb, the proteolytic core is formed from two rings of ClpP1 or ClpP2, which interact
with a ring of CIpC or CIpX'%. A series of acyldepsipeptides (ADEPs) was found to inhibit
the growth of Gram-positive firmicutes by activating the ClpP protease, resulting in the
unregulated degradation of essential proteins*’. In Mtb, however, ADEPs significantly
reduce proteolytic activity by disrupting the interaction between the proteolytic core and
the regulatory ATPase'%, Unlike in other bacteria, the CIpP protease is indispensable for
Mtb growth and the primary mechanism of ADEPs against mycobacteria is believed to be

inhibition of proteolytic activity rather than unregulated degradation'®.
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Multiple classes of cyclic peptides, including cyclomarin A% and lassomycin®’,

have been found to act against the CIpC1 ATPase of the protease*®*°. Such peptides

bind CIpC1 in a manner that is not competitive with ATP and have bactericidal activity
against both replicating and non-replicating Mtb. Interestingly, despite acting on the same
target protein, the cyclic peptides have quite different mechanisms. Cyclomarin A was
found to increase proteolytic activity of the protease against a model substrate in whole
mycobacterial cells*®. Lassomycin, on the other hand, increases ATPase activity while
inhibiting proteolytic activity, thus preventing the essential degradation of specific proteins
within the cell*®. More recently, researchers have completed a whole-cell targeted screen
using a GFP-based reporter of CIpP activity®>. The pilot screen identified bortezomib, an
inhibitor of the human 26S proteasome, as an inhibitor of Mtb ClpP1P2 activity and
validated this mechanism-based approach of whole-cell screening for proteasome

inhibitors®:.

Pantothenate Synthetase

Several groups have been working to develop inhibitors of pantothenate
synthetase (PanC), an essential enzyme involved in the synthesis of pantothenate, which
is a precursor for both coenzyme A (CoA) and acyl carrier protein (ACP). While humans
lack panC homologs, panC has been shown to be essential for Mtb survival in mice'®%,
Additionally, pantothenate synthesis was recently implicated as part of the mechanism of
pyrazinamide against Mtb, via the observation of panD mutations amongst pyrazinamide-

resistant strains®®. Techniques to identify PanC inhibitors have primarily focused on

finding compounds that inhibit or bind the protein in vitro using fragment-based screening,
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rational design based on reaction intermediates, and unbiased screening of small
compound libraries?”2°'%_ Such efforts have resulted in inhibitors of PanC with varying
degrees of activity, some with ICsps in the nanomolar range. A few of these compounds
have activity against whole Mtb cells, though their MICs remain in the high micromolar
range. Recently, a whole-cell target-based screen against PanC was carried out by
Abrahams et al.'®. This screen identified compounds with activity against whole Mtb cells
and increased activity against cells depleted for PanC. None of these compounds,
however, have activity against the purified PanC enzyme.

Part of the challenge in targeting PanC could be that Mtb is not particularly
sensitive to pantothenate depletion'®, with panC deletions resulting in a static, rather
than bactericidal, response®. Interestingly, disruption of genes further downstream in the

104 Asin

CoA pathway is bactericidal, perhaps making them better targets in the pathway
tryptophan biosynthesis, the basis for these differences is not understood, but they
highlight that not all targets within a single pathway are equal in terms of effect on the

bacterial cell and support the need for rigorous target validation in vivo.

Iron Uptake

Human serum and tissue is an iron-poor environment, and so, pathogens must
synthesize iron-chelating siderophores for survival and virulence'%'%. Mtb produces two
siderophores: mycobactin, which is cell wall-associated and carboxymycobactin, which is
secreted'””. The enzymes involved in mycobactin synthesis are essential in vitro in media
with low concentrations of iron and in animal models of infection'®”. Several groups have

attempted the rational design of inhibitors of enzymes involved in mycobactin synthesis?*.
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The first compound developed, 5’-O-[N-salicyl-sulfamoyl adenosine] (salicyl-AMS),
potently inhibits MbtA in vitro and inhibits the growth of Mtb in iron-deplete media®*.
Salicyl-AMS was recently shown to have modest activity in a murine model of Mtb
infection, providing in vivo proof of concept for this new antitubercular target'®. However,
at higher doses, severe toxicity to the mice was observed'®. This toxicity was potentially
due to off-target effects or drug metabolites as mammals do not have homologues of
mycobactin biosynthesis enzymes. Several groups are attempting to improve the
specificity and the pharmacokinetic properties of this original compound'®®""".
Researchers have also been exploring salicylate synthase (Mbtl) as target within
the mycobactin biosynthesis pathway. Inhibitors have been created using rational-design
based on substrate or proposed transition state structures, while others were discovered

through in vitro high throughput screening®**"2""3 To date, inhibitors active against the

enzyme in vitro have not translated to inhibitors with potent whole-cell activity.

Section 1.4. Challenges and Prospects for Moving Forward

Despite significant improvement compared with 10-15 years ago, the number of
novel series in clinical development for the treatment of tuberculosis remains low'.
Compounds with novel mechanisms of action are unrepresented and target-based
screening has failed to yield a single antimicrobial drug®'*'®. Though whole-cell screening
has resulted in viable hits, the same mechanistic targets have been uncovered in multiple
screens, highlighted by the numerous DprE1 and MmpL3 inhibitors identified

37,52-54,57,59-62

simultaneously by multiple research groups . These may be the most

accessible and vulnerable targets in Mtb, but these redundant hits are also a product of
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the screening methods employed. Rather than whole-cell screens conducted in rich
media or target-based screens, the field has begun to use what we know about Mtb in
vivo to combine the two”'"8%3"% There is a growing shift toward in vitro growth
conditions that better mimic the in vivo environment and toward pathway directed whole-
cell screening, either by screening based on a pathway-relevant metric other than cell
death (e.g. upregulation of iniBAC operon to identify cell wall inhibitors'®) or by screening
against strains depleted of essential protein targets'®3%33 .

Limiting the utility of these whole-cell target-based approaches is our lack of
understanding about which genes and functions are truly essential in vivo. We are just
beginning to explore targets such as the glyoxylate shunt and iron acquisition, which are
required for survival in vivo but not in vitro in rich media. As our understanding of Mtb
pathogenesis grows, it should be possible to use newly validated drug targets to develop
more relevant screens that fuel the next generation of Mtb therapeutic leads. To find
compounds potent against the non-replicating state, we will likely need to turn to these
previously unexplored targets. To date, the cell wall has been a very attractive target due
to its vulnerability and accessibility, but no cell wall synthesis inhibitors show activity
against non-replicating bacteria®. While novel cell wall synthesis inhibitors will continue
to be critical in treating drug-resistant Mtb, to meet the goal of targeting non-replicating
bacteria and shortening treatment time, we will need move beyond enzymes in cell wall
biosynthesis.

Screening in conditions similar to the in vivo environment, rather than target-based
whole-cell screening, eliminates the need to identify appropriate targets beforehand and

can lead to important discoveries in biology through investigation of targets that emerge.
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Additionally, many of the most successful antibiotics have multiple targets and this is
exactly what makes them so effective while also limiting resistance’*®°. Target-based
screening may restrict the opportunity for such discovery. However, whole-cell screening
comes with its own challenges. Despite many advances, the field continues working to
develop in vitro models that accurately recapitulate the in vivo environment and targets
still must be shown to be required for survival in vivo once identified as in vitro essential
through a whole-cell screen. Additionally, target identification after whole-cell screening
is very difficult, creating a bottleneck that slows drug development and results in attrition,
with compounds dropping out of pipelines due to an inability to determine their
mechanisms'.

Of course, the future of Mtb drug discovery lies in some intermediate. We will
continue to learn more about Mtb, building better in vitro models and better target-based
whole-cell screening, both of which will be important for the discovery of novel inhibitors.
To reach the 2035 WHO END TB goal of reducing tuberculosis deaths by 95%, the field
must move into new target space, rather than continuing to rely on the 4 traditional pillars
of antibacterial therapy: cell wall synthesis, protein synthesis, DNA replication and
transcription. This will require creative strategies and new approaches to screening and
drug discovery.

This dissertation details efforts to identify novel inhibitors of both replicating and
non-replicating Mtb. By screening new chemical matter, we discovered a highly potent
allosteric inhibitor of tryptophan synthase, a new molecular target in Mtb (Chapter 2).
Further, we show that tryptophan synthase is essential in vivo and study the basis for the

bactericidal response to tryptophan starvation (Chapter 3). Additionally, we identify new
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compounds that kill non-replicating Mtb and by studying their mechanisms identify metal
ion homeostasis as a vulnerable target in Mtb and also identify MymA as a new activating
enzyme in Mtb (Chapter 4). This research provides probes for the future study of Mtb
and highlights the power of screening and of chemical genetics to uncover promising

targets and new biological insights.
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Chapter 2: Identification of a specific allosteric small-
molecule inhibitor of Mycobacterium tuberculosis tryptophan

synthase
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Abstract

The discovery of antibiotics with novel targets is greatly needed, but has been slow
and challenging. While there are numerous functions required for cell survival and growth,
only a small fraction of these processes — primarily those involved in macromolecular
synthesis — are inhibited by current antibiotics. Targeting metabolic enzymes has been
the focus of recent interest, but effective inhibitors have been difficult to identify. Here,
we describe a novel azetidine, BRD4592, which kills Mycobacterium tuberculosis (Mtb)
through allosteric inhibition of tryptophan synthase (TrpAB), a previously untargeted
metabolic enzyme that is highly allosterically regulated. BRD4592 binds the protein—
protein interface of TrpAB and acts via a complex mechanism affecting multiple steps in
the overall TrpAB reaction, giving rise to inhibition that is not easily overcome by changes
in metabolic environment and is, in fact, enhanced by increases in substrate or product
concentration. This work thus supports the effectiveness of allosteric inhibition for
targeting proteins that are naturally highly dynamic and suggests a framework for the

discovery of a next generation of allosteric inhibitors.
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Section 2.1. Background

Resulting in 9.6 million infections and 1.5 million deaths in 2014, Mycobacterium
tuberculosis (Mtb) has now surpassed HIV as the leading cause of death worldwide due
to an infectious disease'. The rise of multidrug resistance necessitates a deeper
understanding of this complex bacterium in order to facilitate the development of more
efficient treatments, including therapeutics with novel mechanisms of action®*'®. Recent
efforts to discover new antitubercular agents have brought novel insights into Mtb biology
along with promising new therapies such as bedaquiline, which inhibits ATP synthase*’,
and delamanid, a nitroimidazole that inhibits mycolic acid synthesis and disrupts energy

production®®6°

. Despite some promising advances, however, many of the recently
identified antitubercular compounds found in whole-cell screening disproportionately hit
cell wall targets including MmpL3, DprE1, FadD32, and Pks13'%%>*" perhaps because of
the vulnerability imparted by their relatively high accessibility to xenobiotics. Thus, the
excitement from uncovering different chemical scaffolds in these efforts has been

dampened by the redundancy of the identified targets (i.e., MmpL3 and DprE1)'9:52-3457.5%-

62115 and the failure to capitalize on the plethora of other targets that should seemingly
be available. This slow progress in identifying and developing new antitubercular
candidates is likely a product of both the types of chemical libraries screened and the
methods used for their screening.

In order to uncover new chemical matter with activity against Mtb, we took
advantage of a diversity-oriented synthetic (DOS) library that contains rich stereochemical

and skeletal diversity of compounds to perform whole-cell screening against wild-type

(WT) Mtb. We identified a novel chiral azetidine derivative, BRD4592, which has
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bactericidal activity exclusively in one of eight stereocisomeric forms. We go on to show
that BRD4592 allosterically inhibits Mtb tryptophan synthase (TrpAB) — an enzyme
catalyzing the last two steps of L-tryptophan (L-Trp) biosynthesis''® (Fig. 2.1a).

TrpAB is encoded by trpA and trpB, which correspond to the a and B subunits of
the functional opBa heterotetramer'™. The a subunits convert indole-3-glycerol
phosphate (IGP) to glyceraldehyde 3-phosphate (G3P) and indole, while the B subunits,
using pyridoxal 5’-phosphate (PLP) as a cofactor, catalyze the B-replacement reaction in
which indole displaces the hydroxyl group of L-Serine (L-Ser) to produce L-Trp''® (Fig.
2.1a, 2.2). Decades-long studies of Salmonella typhimurium TrpAB have shown that
indole is transferred from the a subunit to the B subunit along a 25 A hydrophobic
channel’®"® to react with an L-Ser-PLP adduct''®. Because L-Trp is the most

d120

energetically costly amino acid'®, requiring the equivalent of over 70 ATP molecules'?’,

its biosynthesis is typically exquisitely regulated both at the transcriptional level of the

operon as well as the allosteric level of the enzyme complex'®.

Notably, the enzymatic
activities and substrate channeling between the two active sites of TrpAB are coordinated
by complex allosteric regulation between the subunits to optimize indole

utilization116:122.123

, perhaps making the enzyme primed for allosteric inhibition by small
molecules.

Here we present the first comprehensive report describing Mtb TrpAB and its
inhibition by BRD4592. Through detailed kinetic, thermodynamic, and structural
characterization, we demonstrate that BRD4592 is an allosteric, mixed-type inhibitor

binding to a novel site with a highly unique mechanism of inhibition. Specifically,

BRD4592 potently inhibits both reactions of the TrpAB enzyme allosterically through its
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Figure 2.1. BRD4592 activity against Mtb. (a) L-Trp biosynthesis pathway (b) Chemical
structure of BRD4592 (c) Kill kinetics showing a decrease in colony forming units (CFU) of Mtb
grown in rich media containing BRD4592. (data are mean % s.d. for three biological replicates and
are representative of three independent experiments). (d) Dose response showing growth
(measured by ODggo) of WT Mtb as well as WT Mtb with an episomal copy of WT or mutated frpA
(WT:trpA"T and WT:trpAP"*®" respectively) treated with BRD4592. WT + 1 mM L-Trp is H37Rv
grown in media supplemented with L-Trp. Growth of WT:trpA®"*®*" and WT + 1 mM L-Trp is
unaffected by BRD4592. (data are mean * s.d. for four replicates and are representative of three
independent experiments).
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Figure 2.2. Steps of the TrpAB catalytic cycle. (a) Adapted from Ngo, H., et al.'**. Simplified
representation of the TrpAB catalytic cycle. Both the a and B subunits begin in an open, lowly
active conformation (light blue ovals). In S. typhimurium, the two subunits allosterically affect each
other, with closing of the B subunit enhancing closing of the a subunit and vice versa'?*'®. (b)
Chemical steps in the B reaction adapted from Dunn, M."*®. Intermediate enzyme conformations
exist, but have not been included. Please see references for more details on conformations and
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long-range interactions with the a and [ subunits. These interactions result in a
combination of effects including, paradoxically, stabilization of active conformations of the
enzyme complex, which have increased affinity for substrates and products, as well as
stabilization of the interaction between the a and 8 subunits. The compound’s multi-
component mechanism is highly unique and results in inhibition that is not overcome by
changes in the metabolic environment. Collectively, our findings demonstrate the
effectiveness of a strategy to target conditionally essential metabolic enzymes using

allosteric small molecules and suggest general principles for allosteric probe discovery.

Section 2.2. Results
Identification of an azetidine that targets tryptophan synthase stereospecifically.
We screened the Broad Institute DOS library, which at the time comprised 82,762

compounds synthesized using the build/couple/pair strategy'?*'?’

, against log-phase Mtb
using a previously reported GFP-based assay'®. From this screen, the azetidine
BRD4592 ((2R,3S,4R)-3-(2'-fluoro-[1,1'-biphenyl]-4-yl)-4-(hydroxymethyl)azetidine-2-
carbonitrile) (Fig. 2.1b) was determined to have in vitro activity with an MICqy of 3 uM
against Mtb. The compound contains three stereogenic centers and only the BRD4592
stereoisomer is active, suggesting a high degree of target specificity. Similarly to the
delayed bactericidal response observed in bedaquiline treatment of Mtb®, after several
days of treatment, BRD4592 reduces the colony forming units (CFUs) of Mtb cultures by
2-3 logs (Fig. 2.1c). The compound also has comparable activity against a diverse panel

of clinical isolates of Mtb, including drug-resistant strains (Table 2.1). Importantly,

BRD4592 is specific with a CCsp against hepG2 cells >100 uM and no activity in 36
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Table 2.1: Activity of BRD4592 against various Mtb strains

Strain Description EII?CD?pSI\?I?
H37Rv (WT) Wild-type M. tuberculosis 3
BAA-812 Clinical isolate, isoniazid resistant 3
01-R0348 CIirllicaI isolate, isoniazid and streptomycin 16
resistant
98-01436 Clinical isolate, streptomycin resistant 1.6
CI-10 CIir)icaI isolate, Beijing SolDB4 family, ofloxacin 16
resistant
Cl-14 Clinical isolate, T1 SpolDB4 family, ofloxacin and 3
isoniazid resistant
HN-878 CIiniggI isolate, Beijing SpolDB4 family, pan- 3
sensitive
Cl-11 Clinical isolate, H3 SpolDB4 family, pan-sensitive |1.6
AS?2 Clinical isolate, LAM10-CAM SpolDB4 family, 3
pan-sensitive
AS4 Clinical isolate, T1 SpolDB4 family, pan-sensitive |3
Cl-5 Clinical isolate, T2 SpolDB4 family, pan-sensitive |3
CDC1551 Clinical isolate, X3 SpolDB4 family, pan-sensitive |3
Clinical isolate, EAl2-Manilla SpolDB4 family,
Cl-4 o 1.6
pan-sensitive
RM1 H37Rv TrpAD136G >100
RM2 H37Rv TrpA D136H 250
RM3 H37Rv TrpA D136G >250
RM4 H37Rv TrpA G66V >250
RM5 H37Rv TrpAD136G 125
RM6 H37Rv TrpA D136H >125
RM7 H37Rv TrpA D136G 125
RM8 H37Rv TrpA D136G 125
RM9 H37Rv TrpA D136G 125
RM10 H37Rv TrpB N185S 31
RM11 H37Rv TrpB N185S 31
RM12 H37Rv TrpA P65Q 62.5
RM13 H37Rv TrpA D136N 125
RM14 H37Rv TrpAD136G 125
RM15 H37Rv TrpA G66A >250
RM16 H37Rv TrpA D136G 125
WT:trpA™" H37Rv harboring pUV3583c_trpA"'" 1.5
WT:trpAP 1" H37Rv harboring pUV3583c_trpA°"*®" >100
H37RvAtrpA H37Rv containing a clean deletion of {rpA N/A*
H37RvAtrpA::trpA |H37RvAtrpA harboring pUV3583c_trpA™" 2

* H37RvAfrpA must be grown in media supplemented with L-Trp and so, BRD4592 was not tested

against this strain.

** RM1-16 are spontaneous BRD4592-resistant mutants isolated from WT H37Rv.
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screens reported in PubChem (substance SID 131446886) against 19 unique and diverse
targets including enzymes involved in DNA repair, bacterial glycoprotein synthesis, Mtb
biotin synthesis, and bacterial protein synthesis as well as against whole-cell
Trypanosoma cruzi, Cryptococcus neoformans, and Plasmodium falciparum.

To determine the mechanism of action of BRD4592, we selected for resistant Mtb
mutants. Spontaneous mutants were obtained at a frequency of about 8 x 10® and each
had an MICq, at least 10-fold greater than the parent strain (Table 2.1). All resistant
mutants studied contained point mutations in trpA (Rv1613) corresponding to alterations
in three amino acids, aD136, aG66, and aP65, or in trpB (Rv1612) corresponding to
alterations in residue BN185 (Table 2.1; Fig. 2.3a). Episomal expression of mutated trpA,
but not wild-type trpA, was sufficient to confer resistance to BRD4592 in WT Mtb, showing
that the resistant allele is dominant (Fig. 2.1d).

To assess if BRD4592 may be more broadly active, we tested it against a panel of
Gram-negative and Gram-positive bacterial species. We found that BRD4592 is active
against several mycobacterial species, but does not affect the growth of any other
bacteria tested (Fig. 2.3b). Interestingly, by sequence alignment, we found aG66 is
conserved in all sensitive mycobacterial species (Fig. 2.3c). These data, coupled with
the observation that non-glycine substitutions at this position confer resistance to
BRD4592 in Mtb (Table 2.1), indicate that substitutions at the a66 position are the cause
of the intrinsic resistance of non-mycobacteria to BRD4592.

In order to complement the genetic data identifying TrpAB as the potential target
of BRD4592, we obtained metabolic evidence supporting this same conclusion. Addition

of L-Trp to the growth media rescues Mtb from the lethal effects of BRD4592 (Fig. 2.1d).
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RM1

Gene Gene Product Mutation
Rv0815c | CysA2 Ser-165-Ser
Rv1067 | PE-PGRS family Gly-153-Gly
Rv1091 | PE-PGRS family Ala-521-Gly
Rv1307c | Transposase Ala-95-Glu
Rv1613 | TrpA Asp-136-Gly
Rv1787 | PPE family lle-165-Leu
Rv3070 | CrcB Gly-22-Trp
Rv3508 | PE-PGRS family Ala-1365-Ala
RM2

Rv1452c | PE-PGRS family Ala-348-Gly
Rv1613 | TrpA Asp-136-His
RM3

Rv0515 | 13E12 repeat family | Tyr-325-His
Rv0515 | 13E12 repeat family | Ala-326-Ala
Rv1613 | TrpA Asp-136-Gly
Rv3508 | PE-PGRS family Asp-1174-Gly
Rv3508 | PE-PGRS family Ala-1702-Asp
RM4

Rv1613 | TrpA Gly-66-Val
Rv2553c | Membrane protein insertion
Rv3514 | PE-PGRS family Phe-1339-Phe

M. tuberculosis FYST

M. smegmatis FPY¥ET

M. marinum PYST
M. fortuitum PYSD
M. gordonae  PY¥SL
M. kansasii PYST

M. abscessus

Bacteria MICgo (UM)
Mycobacterium tuberculosis 3
M. smegmatis 6
M. marinum 4
M. fortuitum 8
M. gordonae 16
M. kansasii 2
M. abscessus > 250
Salmonella typhimurium > 250
Pseudomonas aeruginosa > 100
Staphylococcus aureus > 100
Vibrio cholerae > 250
V. cholerae AtolC > 250
Escherichia coli > 100
E. coli AtolC > 250

GPTIARATERATRGGVRVRDTLAAVEATSIA--GGRAVVMTYWNEVLEYGVD 118
GPTIAARTETALAGCVEVRDTLTAVEATSHA--GERAVVMTYWNEVLREEGVD 110
GPTIQRATERALSGGVRVRDALTAVESISKA--GGRAVVMTYWNEVLREYGVD 117
GPTIARRTERATAGGVRAVRDTLAAVEATSHA--GGRAVVHMTYWNEVLERGVD 110
GPTIQRATEQALSGGVRAVRDTLTAVEALISAR--GERAVVMTYWNFVLHYGVD 117
GPTIQRATERATLRGGVRVRDTLAAVEATSRA--GGHAVVMTYWNEVLREYGVD 117

AYSOPMMDGPMIAAARETALANGVRVADVFTTVRAITDA--GGHAVVMSYWNEVLRYGVD 113

S. typhimurium PESOPLADGPTIONANLRAFAAGVTPAQCFEMLALIREKHFTIPIGLLMYANLVEFNNGID 112
GPAIQLANIRALDGGOTLARTLOMVREFRSGDSETPFLVLMGYFNPIHHEYGVE 112

P. aeruginosa FPFTT
S. aureus PF5O
V. cholerae

E. coli

HE

whw W w 'i'-:

ADGPVIMERAGOQAIKQGITIDYIFNOLEEHGDQ-IKCHNYVLMTYYNITICHYGED 93
FFSOFALADGPTIQGANLRATLAAKTTFDICFELIAQIRARNFETFIGLLMYANLVYARGID 112
PFSOPLADGPTIONATLRAFAAGVTFAQCFEMLALIRQEHPTIFIGLLMYANLVEFNEGID 112

F W 3

* oz

Figure 2.3. Activity of BRD4592 against selected bacterial species. (a) Mutations identified in
BRD4592-resistant Mtb mutants. (b) MICy, of BRD4592 against selected bacteria, including
strains engineered to be more permeable than wild-type (V. cholerae AtolC and E. coli AtolC). (c)
Alignment of the amino acid sequence of TrpA from multiple bacteria. aP65 (blue box) is
conserved across all species tested, while aG66 (red box) is not. All bacteria that have an amino

acid other than Gly at a66 are resistant to BRD4592.
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Taken together, these data implicate TrpAB as the physiological target of BRD4592 in

Mtb.

BRD4592 is an allosteric inhibitor of Mtb TrpAB. With these data in hand, we
investigated the effect of the compound on recombinant Mtb TrpAB. To study the a
reaction in the presence of L-Ser bound at the 3 site (IGP - indole + G3P), we measured
G3P production using a modified fluorescence-based assay'?®. At L-Ser concentrations
= 0.1 mM, the a reaction is rate determining and therefore, the overall reaction can also
be studied by this method. To follow the overall reaction with IGP and L-Ser as substrates
(IGP + L-Ser - G3P + L-Trp), we developed a complementary LC-MS method to
separate and quantify indole and L-Trp simultaneously. With L-Ser and indole as
substrates, we also used this assay to measure B subunit activity specifically (indole + L-
Ser - L-Trp).

We first characterized the kinetic mechanism of Mtb TrpAB to demonstrate that it
is similar to previously characterized TrpAB complexes. We determined Ky, 2PParen L-Ser =
0.50 + 0.12 mM and Ky P2 1P = 32 6 + 8.1 uM, with ket = 19.6 + 3.9 min™" (Fig. 2.4a,
2.5a, b). These values are in a similar range to those reported for E. coli TrpAB'?.
Reciprocal plots of velocity versus L-Ser and IGP concentrations are linear (Fig. 2.5c, d),
indicating that Mtb TrpAB, like the E. coli enzyme, uses a double displacement
mechanism in which the reaction proceeds via two distinct half-reactions'® with either
IGP or L-Ser binding first'?®.

We then interrogated which step(s) of the TrpAB reaction BRD4592 inhibits. Under

balanced conditions ([substrate] = Ky), BRD4592 potently inhibits both the a and 3
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Figure 2.4. BRD4592 inhibition of TrpAB in vitro. (a) Kinetic parameters for Mtb TrpAB and
ICso of BRD4592 against the a and B reactions (ICs,and ICsoﬁ, respectively). (data are mean +
s.e.m. for at least four independent experiments with three technical replicates each). (b)
BRD4592 inhibits TrpAB G3P production from IGP and L-Ser in a dose-dependent manner. (c)
Double reciprocal plot of 1/Rate vs. 1/[L-Ser] at various [BRD4592] showing that BRD4592 is a
mixed-type inhibitor with respect to L-Ser (K; @™ BRP492 = 40 5 + 1.7 nM, a = 0.81 + 0.06). (d)
Double reciprocal plot of 1/Rate vs. 1/IGP concentration at various [BRD4592] showing that
BRD4592 is uncompetitive with respect to IGP (aK? ™ BRP492= 62 9 + 13.0 nM). (e) BRD4592
inhibits Mtb TrpAB L-Trp production from indole and L-Ser in a dose-dependent manner. (f)
1/Rate vs. [BRD4592] measured over varying concentrations of IGP-mimetic IPP. BRD4592 and
IPP inhibit Mtb TrpAB in an additive manner. (data for b-f are mean * s.d. for three technical
replicates and are representative of at least three independent experiments).
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Figure 2.5. Kinetic characterization of Mtb TrpAB. (a) Rate of the TrpAB reaction vs. [L-Ser]
under conditions of saturating [IGP]. (b) Rate of the TrpAB reaction vs. [IGP] under saturating [L-
Ser]. The sigmoidal shape suggests cooperativity between L-Ser and IGP binding. Fitting of an
allosteric sigmoidal kinetic model yields a hill coefficient of 1.7 £ 0.3, indicating positive
cooperativity. (¢) Double reciprocal plot of 1/Rate vs. 1/[IGP] at varying [L-Ser]. (d) Double
reciprocal plot of 1/Rate vs. 1/[L-Ser] at varying [IGP]. The linear nature of the double reciprocal
plots is similar to data reported for E. coli TrpAB'?® and suggests Mtb TrpAB uses a double
displacement reaction characterized by two distinct half reactions'?®. (e) Double reciprocal plot of
1/Rate vs. 1/[L-Ser] at saturating [indole] and varying [BRD4592]. In the TrpAB TrpB half reaction
indole and L-Ser react to yield L-Trp and H,O. Production of L-Trp from indole and L-Ser is
measured by LC-MS. BRD4592 is noncompetitive vs. L-Ser (R* = 0.92), binding TrpAB equally
well with or without L-Ser. (f) Double reciprocal plot of 1/Rate vs. 1/[indole] at saturating [L-Ser]
and varying [BRD4592]. BRD4592 is uncompetitive vs. indole (R? = 0.9616). (g) Table of kinetic
parameters of TrpAB in the TrpB half reaction. Values are mean + s.e.m and all data are
representative of at least three independent experiments consisting of technical quadruplicates.
(h) Gel of TrpAB purification. Lane 1: Ladder (La); 2: lysate (Ly); 3: Supernatant (S); 4: TrpAB
following immobilized metal affinity chromatography (IMAC); 5: TrpAB following size exclusion
chromatography (SEC).
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reactions equally, with an ICs,® (against the a reaction) of 70.9 + 7.0 nM and an ICso®
(against the B reaction) of 22.6 £ 11.5 nM (Fig. 2.4b, 2.4e, 2.5e-g). TrpAB enzymes
containing the amino acid substitutions aG66V and BN185S each showed a much higher
BRD4592 IC5,® (>1000 nM and 239.3 + 3.1 nM, respectively), which correlates with the
higher whole-cell MICyo of BRD4592 against Mtb harboring these mutant enzymes. These
data provide further evidence that inhibition of TrpAB is indeed responsible for the activity
of BRD4592 against whole Mtb cells.

The fact that both steps of the reaction are affected suggests that BRD4592’s
mechanism is more complex than simple inhibition of one of the individual active sites.
To understand this phenomenon better, we examined the relationship between BRD4592
and substrate binding. Under saturating [IGP], we found BRD4592 is a mixed-type
inhibitor versus L-Ser, with K@ 1"S¢" = 40 5 + 1.7 nM and a = 0.81 + 0.06 (Fig. 2.4c).
The low a value (a < 1) indicates that BRD4592 binds TrpAB more tightly when L-Ser is
also bound'®®, and isothermal calorimetry (ITC) confirmed this finding (Fig. 2.6a, b). We
found that BRD4592 is uncompetitive versus IGP under saturating [L-Ser], with aKzPPae
'6P = 62.9 + 13.0 nM (Fig. 2.4d). Together, these data support a model in which BRD4592
is an allosteric inhibitor of both reactions where substrate binding to either subunit
enhances inhibitor affinity.

To confirm that BRD4592 is indeed an allosteric inhibitor of the a reaction and
demonstrate that it behaves distinctly from direct inhibitors of the a active site, we
compared BRD4592 to previously developed IGP substrate mimetics including indole-

propanol phosphate (IPP), F6 and F9'%>"%°_ Unlike BRD4592, these substrate mimetics
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Figure 2.6. Binding of BRD4592 to TrpAB. (a) Isothermal calorimetry of BRD4592 titrated
into TrpAB. (b) Isothermal calorimetry of BRD4592 titrated into TrpAB with L-Ser. ITC graphs
are representative of two independent experiments. (c) Fluorescence spectrum of 8-anilino-1-
naphthalenesulfonic acid (ANS) (dashed line) bound to TrpAB (black line) with L-Ser (red line),
BRD4592 (blue line) or L-Ser and BRD4592 (purple line). Small molecules (such as BRD4592)
displace ANS from the protein, decreasing ANS fluorescence'??. This decrease depends on
inhibitor concentration and affinity. (d) Change in fluorescence signal from ANS bound to TrpAB
over varying concentrations of BRD4592 (open squares; Ky*Pe™ BRP4592 = 139 + 8 nM) or
change in fluorescence signal from ANS bound to TrpAB with L-Ser over varying concentrations
of BRD4592 (closed circles; Ky?Pae™ BRP4592 = 49 + 11 nM). A hyperbola fit to the change in
fluorescence was used to calculate the K 2°#®" of BRD4592. Values are mean + s.e.m. for
three independent experiments.
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are competitive with IGP'°. Moreover, these a active site inhibitors are orders of
magnitude less potent than BRD4592 (IPP, F6, and F9 ICs,” = 255 + 41 uM, 2.6 + 0.02
mM, and 1.3 + 0.08 mM, respectively). Further, in contrast to these a site ligands that
have limited efficacy against the Mtb (3 reaction, BRD4592 equally inhibits both reactions
(BRD4592 ICs® = 23 + 12 nM compared to IPP ICs® = 4.4 + 0.7 mM). Finally, combination
inhibition studies of TrpAB with BRD4592 and IPP, indicated that the enzyme is inhibited
in an additive manner (Fig. 2.4f). In sum, these data support a model where BRD4592
binds to a different pocket than IPP and operates through a mechanism distinct from that

of a active site inhibitors.

BRD4592 stabilizes closed, active states of the B subunit. The a and 8 subunits of
TrpAB interact extensively throughout the catalytic cycle. Each of the subunits initially
adopts an open, lowly active conformation (o or B°) and transitions to a closed, highly
active conformation (GC or BC) as the multi-step reaction proceeds’®. Upon L-Ser binding
to the open conformation of TrpAB complexed with PLP (aOBO), the substrate is rapidly
converted to an aminoacrylate intermediate (Eaa) and the communication (COMM)
domain of the B subunit, responsible for allosteric interactions between the two

16 shifts into a closed, highly active state (B€) (Fig. 2.2). Likewise, binding of the

subunits
IGP substrate to the a subunit promotes closing of the a subunit (a®) via movement of the
al6 loop. In S. typhimurium, allosteric activation is mutual, with closing of the B subunit

triggering closing of the a subunit and vice versa''®'?. Both reactions and indole

translocation occur with the enzyme in the closed state (a°B€). Once catalysis is
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complete, the enzyme recycles back to the a®BC state to begin a new catalytic cycle (Fig.
2.2).

Having demonstrated that BRD4592 is an allosteric inhibitor of the a reaction, we
turned to understand BRD4592’s mode of inhibition against the 3 reaction. We used the
absorbance spectrum of the B subunit PLP cofactor to study the chemical state of
cofactor-substrate adducts and, by inference, conformational states of TrpAB'#. As
observed for the Salmonella TrpAB enzyme, Mtb TrpAB PLP absorbance spectra are
consistent with the B subunit shifting from an open, lowly active state (Ea nt) to a closed,
highly active state (Eaa) upon the addition of L-Ser (Fig. 2.7a, 2.2). Because this shift is

122

associated with changes in absorbance that are dependent upon [L-Ser] ““, we could

measure the apparent K¢~°% in the presence and absence of BRD4592 to be 9.1 + 1.1
MM and 83.4 + 3.2 uM, respectively (Fig. 2.7b). Importantly, this result suggests that
though BRD4592 inhibits the B reaction, in fact, it is promoting the highly active closed
conformation of the 8 subunit.

Using PLP absorbance, we assessed the impact of BRD4592 on other chemical
states of TrpAB and found that BRD4592 also stabilizes two additional closed forms of
the B subunit: f bound to the indole analog indoline (2,3-dihydro-1H-indole) (Eqindoiine) and
B bound to its product L-Trp (Eq3) (Fig. 2.2, 2.8a, b). We also found that BRD4592
increases affinity of TrpAB for L-Trp 4.5-fold (Fig. 2.8c). These data show that BRD4592
consistently shifts the conformational equilibrium toward chemical states associated with
a closed, highly active B subunit. Differential scanning calorimetry (DSC) confirms these

findings in that BRD4592 does not stabilize the open, L-Ser-free conformation of TrpAB

in a thermal melt (Fig. 2.7c). In contrast, in the presence of L-Ser, BRD4592 binding
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Figure 2.7. BRD4592 stabilizes closed, active states of the B subunit. (a) Absorbance
spectrum of the Mtb TrpAB (black solid line) with BRD4592 (blue dashed line) or BRD4592 and
L-Ser (pink dotted line). The peak at 412 nm is attributed to a substrate-free PLP adduct that
typically assumes an a®B° conformation (Ea ) and the peak at 350 nm is attributed to an a®B°
state (Eaa). These spectra are consistent with TrpAB PLP spectra reported for S. typhimurium? .
(data are representative of three independent experiments). (b) Change in TrpAB absorbance at
412 nm vs. [L-Ser] shows BRD4592 increases TrpAB affinity for L-Ser (K P2 S = 83.4 + 3.2
MM in the absence of BRD4592 and 9.1 £ 1.1 yM with BRD4592 co-bound). Black squares:
TrpAB; Open circles: TrpAB + BRD4592. (data are representative of three independent
experiments with Ky reported as mean + s.e.m.). (¢) DSC of TrpAB with (blue) or without (pink)
BRD4592. (d) The same as (c¢) with the addition of L-Ser to each sample. BRD4592 stabilizes
TrpAB + L-Ser against thermal melting, increasing T,,8°C (T, = 73.5 £ 1.0°C without BRD4592
and 81.6 + 0.2°C with BRD4592). (data are representative of four (no BRD4592) or two (TrpAB +
BRD4592) independent experiments).
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Figure 2.8. Effect of BRD4592 on TrpAB chemical state equilibrium. (a) Absorbance
spectrum of Mtb TrpAB with the indole analog indoline and L-Ser (solid line). The peak at 466 nm
is consistent with the formation of an indoline-L-Ser-PLP adduct (Eqingoine), Which is associated
with a closed B subunit'®?. Addition of BRD4592 (dashed line) increases the absorbance of this
species, indicating that binding of BRD4592 increases the proportion of enzyme in this state. (b)
Absorbance spectrum of TrpAB (black line). Upon L-Trp binding (blue line), the enzyme forms two
different L-Trp-PLP adducts, one associated with an open B subunit, with maximum absorbance
at 415 nm (Ea,ex2), and another associated with a closed 8 subunit, with maximum absorbance at
475 nm (Eq3)™'. At saturating [L-Trp], BRD4592 (pink line) increases absorbance at 475 nm,
suggesting BRD4592 increases the proportion of the enzyme in the closed 3 conformation (Eq3).
(c) Change in absorbance of 475 nm light by TrpAB vs. [L-Trp] with BRD4592 (magenta dashed
line, K~ = 25 + 12 yM) and without BRD4592 (blue line, Kg='™ = 114 + 20 uM). Ky is calculated
by fitting a hyperbola to the change in absorbance. (d) Jump dilution analysis in which enzyme
was pre-incubated with BRD4592 and/or L-Ser, then diluted 100-fold in buffer containing IGP to
begin the reaction. There is no apparent difference in rate when TrpAB is pre-incubated with a
high concentration of compound (cyan) vs. treated with compound when the reaction is started
(blue), indicating a relatively rapid off-rate’®?. However, when the enzyme is pre-incubated with
neither L-Ser nor BRD4592 (grey vs. light grey and pink vs. red), rate dramatically drops
suggesting the enzyme dissociates upon dilution (also supported by SEC-MALS showing
oligomerization depends on protein concentration) and that L-Ser or BRD4592 binding can
stabilize a/B subunit interactions. Graphs are representative of two independent experiments.
Values are mean + s.e.m. for two independent experiments.
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increases the Tr, of TrpAB in the active € conformation by 8°C (Fig. 2.7d). Interestingly,
BRD4592 also apparently stabilizes the interaction between the two subunits, stabilizing
the enzyme complex against dissociation upon dilution (Fig. 2.8d). Therefore, we

conclude BRD4592 specifically stabilizes closed states of the B subunit.

Crystal structures reveal BRD4592 binds the TrpAB protein-protein interface. To
understand better how BRD4592 interacts with the enzyme, we solved five crystal
structures of Mtb TrpAB including an inhibitor-free/substrate-free form in the lowly active
a®BP state, the aminoacrylate-bound form (Eaa) in the a®B° state (Fig. 2.9a, c), the
BRD4592-bound form in the a°B° state (a°B°-BRD4592), and the BRD4592-bound Ean
form in the a°B° state (a°B°-BRD4592), as well as the aG66V mutant in the inhibitor-
free/substrate-free form (aG66V°B°).

Mtb TrpAB is structurally heterogeneous, indicating a high degree of flexibility in
the enzyme. While all crystals contained two afa heterotetramers per asymmetric unit,
significant heterogeneity was observed among the conformations of the 8 subunits. In
Mtb a®B° structures, the conformations of half of the B subunits were affected by crystal
packing, which moves the COMM domain slightly towards the protein core to adopt the
B° open conformation most frequently observed in Salmonella TrpAB structures, while
the other B subunits, not constrained by neighboring molecules, adopted a more
expanded open conformation (8°°) (Fig. 2.10). A characteristic feature of the B° state is
a hydrogen bond between BH294 and BN185, which is also observed in the closed B

state but absent in B°°. This conformational heterogeneity is reflected in relatively high
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Figure 2.9. Crystal structures of Mtb TrpAB. (a) The overall structure of Mtb TrpAB with L-Ser
(a°BC, Ean). The a subunit is shown in light grey and B in dark grey with the COMM domain shown
in black. The aminoacrylate adducts, positions of BRD4592 resistance mutations and cesium ions
(purple) are shown as spheres. (b) Stereoview of BRD4592 binding to a°B°. The a subunit is
shown in yellow and 8 is shown in cyan, with the COMM domain shown in coral. Hydrogen bonds
are shown as dashed lines and water molecules are represented as spheres. For reference, the
BRD4592 binding site of a°B° without BRD4592 is superimposed (grey). (c) 2DFo-mFc electron
density maps contoured at 1.2c for BRD4592 and the aminoacrylate as seen in the a°B° -
BRD4592 structure. (d) Pockets in the a®B°-BRD4592 structure. The a pocket is shown in yellow,
B pocket (with aminoacrylate-PLP adduct) is shown in cyan and inhibitor-binding pocket at the a/p
interface is shown in coral. Residues at pocket-pocket interfaces are shown. (e) Pockets in a°B°
with no BRD4592 bound shown as in d.
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Figure 2.10. Comparisons of Mtb TrpAB. (a) Superposition of the ap unit from a°B° (grey/black),
with a®B° in B°° conformation (chain B, magenta) and a°B°in B° (chain D, aquamarine). Residues
important for discrimination between conformational states of B are shown as sticks. Lys-PLP
from a®B°is shown as spheres. The B state is reminiscent of the conformation seen in only
three Salmonella TrpAB structures (2J9Z'*%, 1Q0Q™*, 1KFB'*) and homologs from Pyrococcus
furiosus (5EO0K'™®, 1WDW™’) Francisella tularensis (5KZM, unpublished), Streptococcus
pneumoniae (5KIN, unpublished). (b) Superposition of Mtb TrpAB in the a®°B€ conformation bound
to BRD4592 (a subunit shown in yellow, § subunit in cyan and coral for COMM domain) with the
S. typhimurium TrpAB homolog saturated with F6 inhibitor (green, PDB 4WX2'%) showing key
differences in the lining of the tunnel. For clarity only fragments of F6 molecules occupying S.
typhimurium TrpA are shown. Numbering according to Mtb TrpAB. (¢) Stereoview of superposition
of Mtb a®B°-BRD4592 (chains C and D, yellow, coral/cyan) with the S. typhimurium TrpAB in the
a®BC state (PDB 4HN4, blue). Residue numbering according to Mtb. In parentheses, missing Mtb
TrpAB residues corresponding to the shown S. typhimurium TrpAB equivalents are provided.
BRD4592 is shown as a ball-and-stick cyan model. Hydrogen bonds for S. typhimurium TrpAB
are shown. (d) Key residues/interactions responsible for allosteric signaling from a to B subunits
in Mtb are shown. In (e) analogous elements in S. typhimurium TrpAB are shown. Cesium ions
are represented by purple spheres. BRD4592 and aminoacrylate are depicted in ball-and-stick
representation.
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root-mean-square deviation (RMSD) values (ranging from 0.58 - 0.61 A) for
superpositions of all Ca atoms in B and B° chains.

Consistent with our finding that BRD4592 is an allosteric inhibitor, crystal
structures show that BRD4592 binds outside both active sites in a cavity located at the
a/B interface (Fig. 2.9b, c). The observed conformational heterogeneity in a®° structures
affects the binding mode of the BRD4592 molecule, which seems to adopt two somewhat
different conformations, associated with the respective positions of the COMM domain in
B°° chains (B and H) which shift toward the B° state. On the other hand, the preexisting
B° chains (D and F) preserve their original conformations and have their BRD4592
molecules bound in a single state (Fig. 2.11a, b). Given this conformational
heterogeneity, structural analysis of a®BC°-BRD4592 is primarily based on the well-
ordered chains C (a) and D (B).

The BRD4592 binding pocket intersects the hydrophobic tunnel through which
indole presumably travels from the a to the B catalytic site (Fig. 2.9d, e). This novel and
adaptable binding site is distinct from the recently reported Salmonella TrpAB intra-
channel binding site of the F6 inhibitor observed at very high ligand concentrations'®
(Fig. 2.10b). BRD4592 binding appears to be primarily driven through hydrophobic
interactions between BRD4592 aromatic rings and [ subunit aromatic side chains,
including BF188 and BF202, as well as B subunit branch-chain residues including 1184
and BL34 (Fig. 2.9b). Direct and water-mediated hydrogen bonds connect the secondary
amine and the hydroxyl groups of the azetidine ring with both subunits (aD64, aG66, and
BH294) (Fig. 2.9b), further contributing to the stability of the enzyme-inhibitor complex

and providing a clear explanation for the stereochemical requirements for binding. All
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Figure 2.11. Crystal structures of BRD4592 bound to TrpAB. SA-OMIT electron density maps
for the a°B°-BRD4592 structure, (a) chain H, and (b) chain D. 2DFo-mFc (blue) contoured at
1.20, DFo-mFc (green) contoured at 3o. For calculations, atoms corresponding to the lower
occupancy conformation (pink) have been removed from chain H (residues 170-200 and
BRD4592). The maps are shown only for the double conformation region in chain H and its
equivalentin chain D. The side chain of Phe188 has not been modeled for chain H. The discussion
in the text is based on well-ordered chain D. (¢) Superposition of the BRD4592 binding site from
a®B°-BRD4592 (chain C and D, blue) with a®B°-BRD4592 (chain C, yellow and D, cyan and coral
for COMM domain). In a®BC, several residues are shifted toward BRD4592, resulting in more
inhibitor-protein contacts in the a®°B°-BRD4592 structure (67 contacts) compared to the a®B°-
BRD4592 structure (57 contacts) (d) Superposition of the BRD4592 binding site from a®B°-
BRD4592 (blue) with aG66V°B° (red). In the latter structure only the aV66 side chain is shown,
in a stick representation. From the structure, we conclude aV66 likely prevents BRD4592 binding
by sterically blocking the binding site.
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Figure 2.12. Temperature factors analysis for TrpAB structures. (a) Normalized mean main-
chain B factors (B") plot for the a subunit loop al2 (residues 60-72). In both the a°p and a°B°
structures, BRD4592 reduces B factors in al2. (b) a®°B°-BRD4592 structure shown as a tube with
thickness proportional to the absolute value of BN(a®B°-BRD4592) - BN(a®BC). The a subunit is
shown in yellow and the 3 in cyan, with the COMM domain shown in coral. Cesium ions are shown
as purple spheres. The BRD4592 ligand is shown with carbon atoms shown in green. The section
corresponding the region plotted in a is shown in an opaque representation. (c) B plot for the B
subunit from TrpAB structures covering the COMM domain. Sections D and E correspond to
opaque regions shown in (d) (residues 145-165) and (e) (residues 166-200, including helix Bh6),
respectively. BRD4592 increases B factors for section D in a°B° and has no effect on the
equivalent region in a®B°, while it decreases B factors in section E, which is directly involved in
the inhibitor binding and interface interactions, in both a®B° and a®B° states.
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altered amino acids that were identified in resistant Mtb mutants, such as aG66 and
BN185, are clustered along the azetidine-binding site, and the crystal structure of TrpAB
with the aG66V mutation suggests that the aV66 isopropyl side chain sterically interferes
with BRD4592 binding (Fig. 2.11d).

To understand the impact of L-Ser on the enzyme—-BRD4592 interaction, we
compared the a®BC-BRD4592 structure without L-Ser with the a®B°-BRD4592 structure
with L-Ser bound (Eax state). In a®B°-BRD4592 the inhibitor molecule has more contacts
with the protein than in the a®B°-BRD4592 conformation (67 vs. 57 contacts) (Fig. 2.11c).
This is consistent with ITC data showing that BRD4592 binding to Mtb TrpAB is tighter in
the presence of L-Ser (Fig. 2.6).

We also find that BRD4592 binding affects the distribution of B factors around the
inhibitor-binding site, seemingly reducing protein flexibility. Specifically, the al2 loop,
which contains the catalytic residue aD68, shows lower isotropic B factors in the presence
of BRD4592 (Fig. 2.12a, b). A similar effect is observed for helix fh6, an a-subunit-facing
section of the COMM domain that forms important activating interactions with the a

t37

subunit™ (Fig. 2.12c-e). Multiple studies have established that the geometry of and the

bonds formed by loops al6 and al2 have a pronounced effect on a subunit activity>®%,
with changes in protein elements nearby preventing proper positioning of catalytic residue

aD68%. Similar consequences can potentially result from reduced mobility of al2 in the

presence of BRD4592.
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BRD4592 has a multifaceted mechanism of inhibition. Together, the biophysical and
structural data reveal that BRD4592 is an allosteric inhibitor of both subunits, binding the
a/B interface along the tunnel connecting the two. However, the data also point to a more
complex mechanism of inhibition since BRD4592 increases enzyme affinity for substrates
and products, stabilizes a/f subunit interactions, and shifts equilibrium toward closed,
highly active conformations of the enzyme, all effects that are more commonly associated
with allosteric activators.

Our results show that there are at least three components of TrpAB inhibition by
BRD4592. First, indole production from IGP is prevented, likely due to a reduction in the
flexibility in the al2 loop and Bh6 helix, which may interfere with proper positioning of a
catalytic residues, and due to stabilization of the Eaa conformation of the 8 subunit, which
may prevent further progression through the catalytic cycle. Using high enzyme
concentrations, when IGP and L-Ser are used as substrates under saturating
concentrations of BRD4592, we find that the a reaction is initially slowed 245-fold (ksat® =
0.08 + 0.01 min™ versus 19.6 + 3.9 min™' with no BRD4592) (Fig. 2.13c, d)

Second, BRD4592 also potently inhibits the B reaction, such that not all indole
produced by the a site reaction is converted to L-Trp (Fig. 2.13e). At saturating
concentrations of BRD4592 and high enzyme concentrations, we are initially able to
detect production of L-Trp from indole and L-Ser at a rate 750-times slower than the
uninhibited enzyme (k" = 0.26 + 0.01 min™" and 197 + 8.8 min™", respectively) (Fig.
2.13a). BRD4592 stabilizes TrpAB bound to the indole analogue indoline and is
uncompetitive with respect to indole (Fig. 2.8a, 2.5f), suggesting that BRD4592 may trap

the enzyme in an indole-bound state, preventing catalytic cycling. Based on the location
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Figure 2.13. Activity of TrpAB under saturating inhibitor. (a) Production of L-Trp by TrpAB
from saturating indole and L-Ser under saturating BRD4592. (b) Production of L-Trp under
saturating indole and L-Ser, with 10 mM IPP. (¢) Activity of TrpAB under saturating IGP and L-
Ser with (red) or without (blue) saturating BRD4592, measured using the fluorescence G3P,
GAPDH-coupled assay. In the uninhibited reaction, G3P is produced unimpeded until about 80
MM product. At 120 minutes, additional IGP was added to the reaction. (d) Same as ¢, zoomed-
in to show only the inhibited reaction. Though BRD4592 potently inhibits the a reaction, the time
dependence to inhibition suggests there are additional factors contributing to inhibition, such as
stabilization of L-Trp-bound states of the enzyme and product inhibition by indole. (e) Production
of L-Trp and indole by TrpAB under saturating IGP, L-Ser, and BRD4592 measured by LC-MS.
Both production of L-Trp and indole are slowed significantly compared to uninhibited reactions.
Interestingly, both the aand the (3 reactions stop completely at [L-Trp] = 1.7 yM and [indole] = 2.4
MM. (f) Same as ¢, zoomed in on the inhibited enzyme. Addition of IGP to the inhibited enzyme
does not result in additional G3P production.
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of BRD4592 binding, we hypothesize that part of the inhibition mechanism is also to block
the movement of indole through the tunnel, which is the substrate’s main mode of entry
into the B active site’” "%, We presume that the observed, albeit slow, conversion of
indole to L-Trp may be due to entry of indole via an alternative, less accessible path or to
significantly slower entry via the tunnel. In contrast, the a-site ligands (IPP, F6, and F9)
do not significantly inhibit the B reaction (keat® = 42 min™ under 10 mM IPP, Fig. 2.13b)
despite the fact that they also block the tunnel’®®. It is possible that BRD4592 is simply
more effective at blocking the tunnel or that BRD4592 inhibits the B reaction through
additional allosteric mechanisms.

Finally, there is a third component to BRD4592’s mechanism of inhibition. Under
saturating BRD4592, we observe time-dependent inhibition. Initially BRD4592 inhibits
both the a and B reactions >200-fold, drastically reducing L-Trp production. However,
after a small amount of L-Trp has been produced, the reaction completely stops (Fig.
2.13d, e). Addition of more IGP to this inhibited enzyme complex does not overcome the
inhibition (Fig. 2.13f). BRD4592 is a reversible inhibitor, with no evidence of slow binding
nor evidence that the azetidine nitrile reacts covalently with TrpAB to explain the time-
dependent inhibition (Fig. 2.14). Instead, we hypothesize that this final component is due
to product inhibition as BRD4592 increases enzyme affinity for L-Trp and stabilizes closed
conformations of the L-Trp-TrpAB complex (Fig. 2.8b, c). Thus, any L-Trp that is produced
by the inhibited enzyme may be trapped, preventing further catalytic cycling. By stabilizing
multiple substrate- and product-bound states of TrpAB, BRD4592 results in complete
inhibition that is not overcome by addition of substrate and is strengthened by any product

that is produced. The complexity of BRD4592’s mechanism may be the basis for its high
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Figure 2.14. BRD4592 does not bind TrpAB irreversibly. (a) Effect of BRD4592 on WT Mtb.
When treated with BRD4592, Mtb loses CFU, however, when the culture is diluted 1000-fold after
10 days of treatment, the remaining bacilli resume growth with little lag relative to DMSO controls.
This indicates that BRD4592 inhibition of TrpAB is reversible'. (b-c) Mtb TrpAB was pre-
incubated with DMSO or BRD4592 then analyzed by LC-MS. The molecular weights observed
for Mtb TrpAB are consistent with the TrpA protein (b) with a C-terminal 6-His-tag (28.55kDa) and
for His-TrpA without its N-terminal methionine (28.42kDa). For TrpB (c), we observe peaks
consistent with TrpB without its N-terminal methionine (43.16kDa) and with TrpB without its N-
terminal methionine and serine residues (43.07kDa). Pre-incubation with BRD4592 does not
change the apparent mass of TrpAB suggesting the inhibitor does not covalently modify the
enzyme. Jump dilution experiments in which BRD4592 demonstrates a relatively rapid off-rate
(Fig S7d) also indicate that BRD4592 does not bind TrpAB irreversibly.




potency. Though the mechanisms of allosteric inhibitors are rarely characterized in such
detail, this study suggests that they may function through extremely complex mechanisms

and that this may, in fact, be required for the development of effective inhibitors.

Section 2.3. Discussion

Significant effort is being invested in the discovery of new classes of antibacterial
agents with novel mechanisms of action to counter the steady rise of resistance in
bacteria including Mtb. We have identified a novel azetidine, BRD4592, with a new
molecular target in Mtb. Genetic, metabolic, and biochemical data show that BRD4592
potently inhibits TrpAB, the enzyme catalyzing the final two steps in L-Trp biosynthesis,
resulting in time-dependent bactericidal activity. Our data show that BRD4592 binds the
protein—protein interface, revealing a new binding site in this well-studied enzyme. Unlike
typical inhibitors that bind protein-protein interfaces'®, BRD4592 does not lead to
complex disruption and, instead, stabilizes subunit interactions.

Paradoxically, despite a positive effect on enzyme stability and substrate affinity
(hallmarks of allosteric activators), BRD4592 inhibits the overall production of L-Trp.
BRD4592 binds at a site distant from both catalytic active sites, inhibiting the activity of
both subunits without significantly changing the structure of the active sites. It has recently
been proposed that allosteric effects, i.e. changes to function resulting from ligand binding
outside the active site, need not involve conformational changes at the active site, but
can arise from entropy-based changes in protein flexibility’*'. We suggest that BRD4592
ultimately acts as an inhibitor through a multi-component mechanism. First, by reducing

flexibility in the a subunit and by stabilizing the Eaa state of the enzyme, BRD4592 inhibits
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the a reaction. Next, BRD4592 also stabilizes TrpAB bound to indole and blocks the
tunnel between the two active sites, likely hindering access of indole to the B active site,
and inhibiting the B reaction. Finally, BRD4592 stabilizes a third state of TrpAB in which
the enzyme binds its product L-Trp (Eqs). Therefore, any initial L-Trp that is produced
remains bound to TrpAB, preventing further catalytic cycling. To our knowledge, this is
the most complicated and multifactorial allosteric inhibitor reported for TrpAB to date, and
for allosteric inhibitors in general.

Allosteric inhibition has especially great appeal for targeting metabolic enzymes,
which typically have shallow active sites designed to accommodate polar, hydrophilic
substrates, characteristics that conflict with drug-like properties required for both target
engagement and permeation through cell membranes'>%. Indeed, previously developed
a substrate mimetics such as IPP are poor inhibitors against Mtb TrpAB (ICso= 260 uM,
whereas the IC5p BRD4592 = 70 nM). Secondly, because of the relatively limited number
of substrate entities that are recognized with high affinity, strategies to inhibit enzymes
using substrate-like mimetics often result in compounds that have significant off-target
effects'*?"'**. BRD4592, on the other hand, is not promiscuous, having no activity against
hepG2 cells or non-mycobacterial bacteria and a narrow range of activity as reported in
PubChem. This positions BRD4592 as a useful probe for understanding the biology of L-
Trp biosynthesis, including the intriguing question of why starvation of some amino acids,
including L-Trp, results in death for Mtb while starvation of others produces a static
response”’.

There has been great interest in discovering allosteric inhibitors in many disease

areas and our findings suggest a path for future discovery. Allosteric inhibitors often
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stabilize a specific conformation of their enzyme target to prevent catalytic cycling. For
example, a recent allosteric inhibitor of SHP2 functions by stabilizing the enzyme’s
inactive conformation'®. In contrast, BRD4592 stabilizes multiple conformational states,
resulting in inhibition that is not easily overcome by changes in metabolic environment
and is in fact enhanced by increases in substrate or product concentration. Cornish-
Bowden has highlighted the extreme rarity of uncompetitive inhibitors and suggested that
uncompetitive inhibitors of metabolic enzymes, or mixed-type inhibitors with significant
uncompetitive components, are likely to be far more toxic than competitive inhibitors™*°.
This is due to substantially greater increases in intermediate concentrations as a result of
uncompetitive inhibition and the inability of these high substrate concentrations to
overcome uncompetitive inhibition. Indeed, we believe BRD4592 clearly demonstrates
this principle. Given how diverse the host niche for Mtb can be and that the environment
can fluctuate with regard to abundance of various nutrients and metabolites, it is very
important for any antitubercular compound targeting central metabolism to be active in a
variety of metabolic environments. As such, BRD4592 may represent a prototype of next
generation allosteric inhibitors, developed for their complex mechanisms that result in
increased potency and provide robust inhibition in the face of changing environmental
conditions. Alternatively, these findings raise the possibility that existing allosteric
inhibitors function through much more complex mechanisms than previously appreciated.

Finally, our findings suggest that highly dynamic, multi-subunit enzymes with
natural allosteric regulation provide prime targets for such allosteric inhibitors. The
heterogeneity observed in our collection of Mtb TrpAB crystal structures provides

definitive evidence of conformational flexibility in this system, consistent with flexibility
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reported in other TrpAB enzymes''®'1%14¢ gych flexibility is considered a critical feature
of allosteric proteins, necessary for the communication of signals across protein

subunits™’

. Here, we suggest that the different conformations required by the TrpAB
complex throughout its catalytic cycle provide ample opportunity for small molecules to
bind and destablize or, in this case, stabilize certain enzyme states and reduce protein
flexibility to prevent catalytic cycling. The complex inhibitory mechanism of BRD4592
indicates that the sensitivity of TrpAB’s activity to different conformations makes it
particularly vulnerable to inhibitors that can bind and disrupt the transmission of allosteric
signals within the enzyme. Highly dynamic enzymes with multiple conformational states
and natural allosteric regulation may, therefore, be top candidates for the development of
allosteric inhibitors. In addition, this work suggests that understanding the relationship
between inhibitor, substrate and product binding is an important aspect of probe
discovery, both for the development of more potent inhibitors and for understanding
enzyme dynamics and the various ways in which the enzyme’s microenvironment could
affect probe activity. The adoption of routine assessment of substrate and product
interactions will, therefore, be important for the identification and development of allosteric
inhibitors. For screening campaigns designed to identify novel allosteric inhibitors, a
thorough characterization of confirmed hits with respect to altered affinities of substrates
or products can potentially inform the rational prioritization of scaffolds. Thus, our

discovery of an extremely unique and complex inhibitor suggests general principles that

may lead to new highly potent allosteric inhibitors.
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Section 2.4. Materials and Methods

High-throughput screening. The Broad Institute’s synthetic Diversity Oriented
Synthesis (DOS) library (82,762 compound) was screened against Mtb as previously
reported’®. Briefly, replicating Mtb (ODego = 0.6-0.8) constitutively expressing GFP was
incubated with 25 yM compound, rifampicin (positive control) or DMSO (negative control)
in 384-well plates for 3 days, at which time GFP fluorescence was read using a
Spectramax M5. Z-scores were determined per plate and hits were determined using a
family-wise error rate (FWER) cutoff of <0.025. Hits were confirmed using 8 or 9 point

dose-response.

Chemistry. All oxygen and/or moisture sensitive reactions were carried out under N,
atmosphere in glassware that had been flame-dried under vacuum (0.5 mmHg) and
purged with N, prior to use. All the reagents and solvents were obtained from commercial
sources and used without further purification. NMR spectra were recorded on a Bruker
400 (400 MHz 'H, 101 MHz "*C) or Varian (400 MHz "H, 101 MHz '3C) spectrometer. Al
chemical shifts are reported in parts per million (&) with tetramethylsilane as an internal
standard. Data are reported as follows: chemical shifts, multiplicity (br = broad, s = singlet,
d = doublet, t = triplet, g = quartet, dd = doublets of doublet, m = multiplet; coupling
constant(s) (J values) in Hz; integration). Unless otherwise indicated NMR data were
collected at 25°C. Flash chromatography was performed using 100-200 mesh Silica Gel
with the indicated solvent. LC-MS analysis was performed on a Shimadzu LC-20AB/AD
separations module or Agilent 1200 series, operating in ESI (+ or —) ionization mode.

Analytes were eluted using a linear gradient of 0.037% TFA/H,O (V/V), 0.018%
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TFA/CH3CN (V/V) or 10 mM NH4HCO3 containing H,O/CH3CN mobile phase. Preparative
HPLC was performed on a Gilson 281 separations module or Shimadzu LC-8A
separations module; MS spectra were recorded using a Waters 3100 with electrospray
ionization. Samples were eluted using a linear gradient of 0.1% TFA in H,O/CH3;CN or
0.04% HCI in H2O/CH3CN or 0.2% formic acid in H,O/CH3CN, or 10 mM NH4HCO3 in
H>O/CH3CN, or 0.04% NH4OH in H,O/CH3CN. Analytical thin layer chromatography
(TLC) was performed on 0.2 mm silica gel plates. Visualization was accomplished with

UV light and aqueous potassium permanganate (KMnQ,) stain followed by heating.

Synthesis of BRD4592

\ Pd(PPhs),

N N
N |\
¥ R)N/\/ 1,3-barbituric acid y R)NH Boc0,TEA ) R%\I,Boc
- — >
S EtOH S\, DCM s\,
Br Br Br
2 3
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F OH
B-on

3A 2,6-lutidine, TMSOTf

Pd(dppf)Cly, Na,COs,
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DCM
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(R)
® OH
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(2R,3S,4R)-1-allyl-3-(4-bromophenyl)-4-(hydroxymethyl)azetidine-2-carbonitrile (1):

For synthesis of 1, please see Lowe, J.T. et al.™*’.

\ N
N Pd(PPh;), A\
K(R)N/\/ 1,3-barbituric acid ’{R)NH
s\ EtOH S{(R)
MOH MOH
Br Br
! 2

(2R,3S,4R)-3-(4-bromophenyl)-4-(hydroxymethyl)azetidine-2-carbonitrile (2).

To a mixture of (2R,3S,4R)-1-allyl-3-(4-bromophenyl)-4-(hydroxymethyl)azetidine-2-
carbonitrile (1) (10.00 g, 32.55 mmol, 1.00 equiv) and 1,3-dimethylhexahy dropyrimidine-
2,4 ,6-trione (7.62 g, 48.83 mmol, 1.50 equiv) in EtOH (50 mL) was added Pd(PPh3)4(3.76
g, 3.25 mmol, 0.10 equiv) in one portion at 25°C under N,. The mixture was heated
to 40°C and stirred for 1.5 hours. TLC indicated reactant was consumed completely. The
reaction mixture was concentrated under reduced pressure and the residue was purified
by column chromatography (SiO;, Petroleum ether/Ethyl acetate = 1:0 to 3:1) to yield

2 (13.00 g, 21.71 mmol, 66% yield) as a red oil. LCMS (ESI*): 268 (M+H).

N N
\ N
- R)NH Boc,0,TEA - R)N,Boc
R) DCM (R)
s\ S
® OH ® OH
Br Br
2 3

Tert-butyl (2R,3S,4R)-3-(4-bromophenyl)-2-cyano-4-(hydroxymethyl)azetidine-1-
carboxylate (3). To a mixture of (2R,3S,4R)-3-(4-bromophenyl)-4-
(hydroxymethyl)azetidine-2-carbonitrile 2  (13.50 g, 35.38 mmol, 1.00

equiv) and triethylamine (10.74 g, 106.14 mmol, 14.71 mL, 3.00 equiv) in DCM (50
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mL) was added di-tert-butyl dicarbonate (15.44 g, 70.76 mmol, 16.25 mL, 2.00
equiv) drop-wise at 25°C under N,. The mixture was heated to 30°C and stirred for 2
hours. TLC indicated reactant was consumed completely. The reaction mixture was
qguenched with water (200 mL) and the aqueous phase was separated and extracted with
DCM (200 mL x 3). The combined organic layers were washed with brine (200 mL), dried
over Na,;SOy, filtered and concentrated under reduced pressure to give a residue. The
residue was purified by column chromatography (SiO2, Petroleum ether/Ethyl acetate=1:0
to 8:1) to yield 3 (9.50 g, 25.61 mmol, 72% vyield, 99% purity) as a yellow solid. '"H NMR
(400MHz, CDClI3) 00MHz, CDCI61 mmol, 72% yield, 99% purity) as a yellow solid. idue.
The residue was purified by column chromatography (SiO0 mL) and the agLCMS (ESI*):

311 (M+H-tert-butyl).

N FOH
A\ B-om
- R)N,Boc 3A
S \R Pd(dppf)Cl,, Na,COs3,
OH DME, H,0
Br
3 4

Tert-butyl(2R,3S,4R)-2-cyano-3-[4-(2-fluorophenyl)phenyl]-4-

(hydroxymethyl)azetidine-1-carboxylate (4). To a solution of tert-butyl (2R,3S,4R)-3-
(4-bromophenyl)-2-cyano-4-(hydroxymethyl)azetidine-1-carboxylate 3 (4.00 g, 10.89
mmol, 1.00 equiv) and (2-fluorophenyl)boronic acid (1.68 g, 11.98 mmol, 1.10 equiv) in
DME (70.00 mL) and H20O (30.00 mL) was added Na,CO3 (4.62 g, 43.56 mmol, 4.00 eq)
and Pd(dppf)Cl; (159.37 mg, 217.80 umol, 0.02 equiv). The mixture was stirred at 90°C
for 3 hours after which point LCMS analysis showed completion of the reaction. The

reaction mixture was further diluted with H,O (40 mL) and extracted with ethyl acetate
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(100 mL x 3). The combined organic phase was washed with brine (30 mL), dried with
anhydrous Na,SOy, filtered and concentrated in vacuum. The residue was purified by
silica gel chromatography (Petroleum ether/Ethyl acetate=30/1, 5/1) to yield 4 (4.20 g,
9.88 mmol, 90% yield, 90% purity) as a light yellow solid. '"H NMR (400MHz, CDCl3) NMR
(400MHzJ = 6.8 Hz, 2H), 7.43 (dt, J = 1.8, 7.7 Hz, 1H), 7.40 - 7.30 (m, 3H), 7.25 - 7.12
(m, 2H), 4.97 (br d, J = 3.5 Hz, 1H), 4.84 (br s, 1H), 4.20 - 4.10 (m, 1H), 3.70 - 3.60 (m,

1H), 3.40 (br d, J = 11.0 Hz, 1H), 1.56 (s, 9H). LCMS (ESI*): 327 (M+H-tert-butyl).

b

DCM

4 BRD4592
(2R,3S,4R)-3-(2'-fluoro-[1,1'-biphenyl]-4-yl)-4-(hydroxymethyl)azetidine-2-
carbonitrile; (BRD4592).

To a solution of tert-butyl (2R,3S,4R)-2-cyano-3-[4-(2-fluorophenyl)phenyl]-4-
(hydroxymethyl)azetidine-1-carboxylate 4 (4.20 g, 10.98 mmol, 1.00 equiv) in DCM (120
mL) was added 2,6-lutidine (7.06 g, 65.88 mmol, 7.67 mL, 6.00 equiv) and TMSOTf (12.20
g, 54.90 mmol, 9.92 mL, 5.00 equiv). The resulting solution was stirred under N for 16 hr
at 20°C. LCMS showed the reaction was complete. The mixture was concentrated,
MeOH (100 mL) was added, and stirring was resumed at 40°C for 30 min. The solution
was concentrated and purified by preparative scale HPLC (neutral condition). After
lyophilization, 1.5 g of purified solid was obtained. The solid was then dissolved in MeCN
(100 mL) and filtered to remove some floccules. The filtrate was concentrated, water (50

mL) was added, and after lyophilization, BRD4592 (1.26 g, 100% purity) was isolated as
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a white solid. "H NMR (400 MHz, DMSO-ds) & 7.54 — 7.48 (m, 3H), 7.40 (br d, J = 7.9 Hz,
3H), 7.32 - 7.25 (m, 2H), 5.00 - 4.91 (m, 1H), 4.54 (t, J = 4.8 Hz, 1H), 4.29 (t, J = 8.1 Hz,
1H), 3.95 (br s, 1H), 3.27 (br s, 1H), 3.22 - 3.13 (m, 1H). "*C NMR (101MHz, DMSO-de)
& = 160.80, 158.36, 136.01, 134.16, 131.14, 130.05, 129.97, 129.12, 129.09, 128.43,
125.44, 121.88, 116.70, 116.48, 62.24, 61.88, 47.27, 45.15. HRMS (ESI) calcd for

C17H1sFN20O [M + H]" 282.1168, found 282.1171.

Bacterial strains and growth conditions. Mtb (Mtb) H37Rv was used for all
experiments unless otherwise noted. Mtb was grown at 37°C in Middlebrook 7H9
supplemented with 10% OADC and 0.2% Tween-80 and 0.05% glycerol or on
Middlebrook 7H10 plates supplemented with 10% OADC and 0.5% glycerol. H37RvAtrpA
was grown in the same medias supplemented with 1 mM L-Trp. The plasmid pUV3583c
was used to constitutively overexpress rpA in WT H37Rv and H37RvAfrpA::trpA.

M. marinum, M. smegmatis (mc?155), M. gordonae (ATCC #14470), M.
intracellulare (ATCC #13950), M. kansasii (ATCC #12478), M. abscessus (ATCC
#19977), M. fortuitum (ATCC #6841), Salmonella typhimurium (SL1344), Pseudomonas
aeruginosa (PA01), Staphylococcus aureus Newman, Vibrio cholerae (0395 and C6706),
V. cholera O395 AtolC, Escherichia coli (K12), and E. coli AtolC. M. smegmatis was
grown in Middlebrook 7H9 supplemented with albumin, dextrose, and saline. All other
mycobacteria were grown in 7H9 supplemented with 10% OADC, 0.2% glycerol and
0.05% Tween-80. S. typhimurium was grown in Mueller-Hinton Broth and in  N-minimal

media’®. All other strains were grown in LB, M9 minimal medium, and M9 media
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supplemented with casamino acids. Activity of BRD4592 was tested in both rich and

minimal media.

Determination of dose response curves, MICqs. Bacteria were grown to mid-log
phase, then added to 96 well plates at ODggo = 0.025 and grown in the presence varying
[BRD4592] for 2 weeks. Growth was assessed by reading ODggo. The minimal inhibitory
concentration, MICgqp, was defined as the minimum concentration that inhibited growth by
90% relative to a DMSO control.

For growth curves, Mtb was grown to mid-log phase and diluted to ODgpo = 0.0025
in inkwells containing the indicated amounts of BRD4592 in triplicate. Aliquots were plated

to determine colony forming units (CFU) at the time points indicated.

Generation of resistant mutants. The agar MIC of BRD4592 was determined by plating
bacteria on agar containing a dose response of compound in a 96-well format. Resistant
mutants were generated by plating 1 x 10° bacteria on agar containing 2X, 4X, and 10X
the agar MIC. Four independent parent clones are used in order to avoid the selection of
drug-resistant siblings. Colonies were inoculated into liquid media containing 2X the liquid
MIC of the compound. These cultures were retested in a liquid MIC assay to confirm

resistance and used to generate genomic DNA for whole genome sequencing.

TrpA sequences and alignment. FASTA sequences for TrpA from each bacteria were
downloaded from UniProt (uniprot.org) and aligned using the multiple sequence

alignment tool Clustal Omega from EMBL-EBI'*.
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Mtb trpAB gene cloning. The trpB-trpA operon was amplified from the genomic DNA of
Mtb H37Rv using the following primers:
5-GGAGTAAAGATAATGAGTGCTGCCATCGCCGAAC and
5-GTGATGGTGATGATGTGCGGACATCCCTAGTCGTACC using KOD HOT START
polymerase in the presence of 2.5 M monohydrate betaine. PCR product was purified
and treated with T4 polymerase in the presence of dGTP according to previously
published methods'?'®" followed by ligation independent cloning (LIC) to pMCSG81

(http://dnasu.org/DNASU/GetVectorDetail.do?vectorid=661)"°%"%,  Vector pMCSG81

expresses proteins with the non-cleavable C-terminal 6 His tag. The expression of Mtb
TrpB from the polycistronic operon was satisfactory but Mtb TrpA expression was rather
low. Altering the ribosome-binding site (rbs) upstream of the frpA gene improved
expression level. Polymerase Incomplete Primer Extension (PIPE) cloning was

performed as described previously'®*1%°

using the two primers:
5-GTTTAACTTTAAGAAGGAGATATACATATGGTGGCGGTGGAACAGAGC and
5-CTCCTTCTTAAAGTTAAACACCATTTCAGTCGTTGCCCAGCAAGCCAAAC
generating MtbTrpB-MtbTrpA-pMCSG81 plasmid. To further increase the expression of
the TrpA subunit the {rpA gene alone was inserted using LIC into vector pMCSG81-pRSF
with resistance to kanamycin and the RSF origin of replication (primers
5-GGAGTAAAGATAATGGTGGCGGTGGAACAGAGC and

5- GTGATGGTGATGATGTGCGGACATCCCTAGTCGTACC). The resulting plasmid
was named MtbTrpA-pMCSG81-pRSF. For production of stable Mtb TrpAB complex E.

coli BL21-Gold (DE3) was co-transformed with both vectors.
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Mtb TrpAB expression. MtbTrpB-MtbTrpA-pMCSG81 and MtbTrpA-pMCSG81-pRSF
were co-transformed to E. coli BL21-Gold (DE3) and selected against ampicillin (150
pg/mL) and kanamycin (30 pg/mL) in LB media supplemented with 40 mM K;HPO4 and
2 g glucose per liter (LB-PO4-glucose media). A starter culture was grown overnight at
37°C and 200 rpm. On the following morning 12 liters of LB-PO4-glucose media with
antibiotics was inoculated with overnight culture. After reaching ODeoo of 1.0, the culture
was cooled to 20°C and supplemented with 50 uM pyridoxal 5'-phosphate (PLP) and
protein expression was induced with 0.3 mM IPTG. The growth was continued for another
20 hours at 20°C at 190 rpom. An additional LB media culture of 6 liters with only MtbTrpA-
pMCSG81-pRSF was grown under the same conditions. Finally, cells harvested from 12
L of MtbTrpB-MtbTrpA-pMCSG81 and 6 L of MtbTrpA-pMCSG81-pRSF were suspended
in buffer A (150 mM KCI, 50 mM HEPES:NaOH pH 7.5, 20 mM imidazole pH 8.0, 5%
glycerol, 1mM TCEP, 1 mM PLP, 1 mM L-Ser). The cell suspension was frozen and stored
at -80°C. aG66V and BN185S mutants were overexpressed in the same conditions using

appropriate plasmid combination.

aG66V and BN185S mutants. PIPE cloning procedure was performed on plasmids
MtbTrpB-MtbTrpA-pMCSG81 and MtbTrpA-pMCSG81-pRSF. The following primers: 5’-
GGACCCGGTCATGGACGGCCCCACCAT and 5-
CGTCCATGACCGGGTCCGAATACGGAAC were used for amplification resulting in
MtbTrpB-MtbTrpA(G66V)-pMCSG81 and MtbTrpA(G66V)-pMCSG81-pRSF. An identical

procedure was performed to create MtbTrpB(N185S)-MtbTrpA-pMCSG81 using the
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following primers: 5- GACGCCATCAGTGAGGCGTTCCGGGATTGGGTT and 5'-
GAACGCCTCACTGATGGCGTCTTTGAGCGTTTTCGA. Both proteins were purified as

described for the wild-type enzyme.

Mtb TrpAB purification. Frozen cells were thawed and sonicated (5 min total time, 130W
power output) and spun at 30,000 g at 4°C for 1 hour. The initial Ni**-affinity purification
step was performed using a Flex-Column 2.5x10 cm connected to a Van-Man vacuum
manifold (Promega). Supernatant was loaded on 5 mL Ni?** Sepharose (GE Healthcare
Life Sciences) equilibrated with buffer A and mixed thoroughly with the resin. Vacuum of
15 psi was used to speed up removal of supernatant as well as wash out of unbound
proteins (200 mL of buffer A). TrpAB complex was eluted with 25 mL buffer A
supplemented with 500 mM imidazole pH 8.0. The eluate was concentrated to about 2
mL and loaded on a Superdex 200 16/70 size exclusion column (GE Healthcare Life
Sciences) equilibrated with buffer A. Successful crystallization required the presence of
two protein peaks, one containing the TrpAB complex with another containing excess of
the TrpA subunit. Fractions containing TrpAB complex were collected and buffer A was
replaced with crystallization buffer (150 mM KCI, 20 mM HEPES:NaOH pH 7.5, 1 mM
PLP, 1 mM L-Ser, 1 mM TCEP) on Amicon 100 kDa cut-off concentrators (Millipore). The
TrpAB complex was concentrated to ~36 mg/mL. The same procedure was applied to
aG66V and BN185S mutant purification. During purification, sample exposure to light was

reduced as much as feasible.
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Mtb TrpAB in vitro kinetic assays. Prior to use, frozen, purified protein was dialyzed
against buffer containing 20 mM HEPES (pH 8.0), 100 mM KCI, 40 uM PLP, and 0.5 mM
TCEP (TrpAB buffer). For most kinetic assays, 100 nM TrpAB was used. ICsp against the
B reaction was determined using 50 nM TrpAB and rates under saturating BRD4592 (Fig.
2.13) were determined using 500 nM TrpAB. TrpAB concentration was calculated based
on the weight of the TrpAB dimer.

In the fluorescence-based assay, TrpAB was prepared in TrpAB buffer with 0.5
mM glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 2.5 mM NAD" and 0.015 M
sodium pyrophosphate (pH 8.5) with 0.03 M sodium arsenate'®'%°. Substrates were
added to the wells of a black 96-well plate with a clear, flat bottom and enzyme in buffer
was added to start the reaction. Reaction progress was monitored by NADH fluorescence
(excitation 340 nm, emission 460 nm).

In the liquid chromatograph-mass spectrometry (LC-MS) based assay, TrpAB was
prepared in TrpAB buffer. After 5-10 minutes incubation, reactions were quenched using
3 volumes 0.1% formic acid in methanol followed by storage at 4°C for two hours.
Samples were then centrifuged and an aliquot of the supernatant was diluted 1:1 with
water. 3.75 pL of this final solution was injected. L-Trp and indole were detected by
UPLC-MS (Waters). Compounds were quantitated by SIR on a SQ mass spectrometer
by negative electrospray ionization. The SIR method was set for L-Trp at 203.4 m/z and
forindole at 116.3 m/z. Mobile phase A consisted of 0.1% ammonium hydroxide in water,
while mobile phase B consisted of 0.1% ammonium hydroxide in acetonitrile. The gradient
ran from 2% to 95% mobile phase B over 2.65 minutes at 0.9 mL/minute. An Acquity BEH

C18, 1.7 ym 2.1x50 mm column was used with column temperature maintained at 65°C.
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Vmax, Ku, and kgt values were determined using non-linear fitting based on
Michaelis-Menten kinetics in GraphPad Prism. BRD4592 inhibition data was analyzed
using non-linear enzyme inhibition equations in GraphPad Prism. For BRD4592 versus
L-Ser (with saturating IGP), the a mixed-type inhibition model fit the data best (R? =
0.9841) whereas for BRD4592 versus IGP (with saturation [L-Ser]), the mixed and
uncompetitive inhibition models fit equally well (R* = 0.9883). The lines in a double
reciprocal plot of 1/Rate versus 1/[IGP] (Fig. 2d) are nearly parallel and using this analysis

method, a values are < 0.00001, making BRD4592 effectively uncompetitive versus IGP.

Isothermal calorimetry. Isothermal calorimetry was performed using a MicroCal Auto-
iTC200. 250 uM BRD4592 was injected into a cell containing 45 yuM Mtb TrpAB in TrpAB
buffer. Buffer, DMSO and L-Ser concentrations were matched between the syringe
(containing the compound) and the cell (containing the protein) to ensure all observed
effects were due only to the compound. BRD4592 was added in forty 1 pL injections at
25°C with reference power set to 10 pCal/sec. Results were analyzed using Origin

software.

ANS binding assay. 8-anilino-1-napthalene sulfonic acid (ANS) (20 uM) was incubated
in a quartz cuvette with Mtb TrpAB (10 uM) in TrpAB buffer with or without L-Ser (20 mM)
and without added PLP. To ensure ANS and TrpAB concentrations remained constant,
concentrated BRD4592 was prepared in TrpAB buffer with ANS (20 uM) and TrpAB (10
MM) with or without L-Ser (20 mM) and titrated into the cuvette. The fluorescence

spectrum of ANS was measured using a spectramax M5 to excite at 380 nm and read
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emission from 400 — 600 nm. The change in fluorescence emission at 480 nm was used

to calculate the Ks®P2"™ of BRD4592 by fitting to a hyperbolic equation (eq 2.1)'%.

AF = (F; - Fn)[BRD4592)/(KsP2"*™ + [BRD4592]) (2.1)

Static UV-Vis absorbance spectra. Static UV-Vis absorbance spectra were measured
on a Cary 4000. L-Ser was titrated into Mtb TrpAB (15 uM) in TrpAB buffer without PLP,
with or without BRD4592 (200 uM) and the absorbance spectrum from 350 to 550 nm
was collected. Binding of L-Ser to Mtb TrpAB was followed by changes in the absorbance
at 412 nm, corresponding to the disappearance of the substrate-free species. Titration
plots were fit to a hyperbolic equation (eq 2.2) to calculate Ky 2PPare L-Ser 122 Eor | _Trp
binding, the same experimental conditions were used, except binding was calculated

based upon changing absorbance at 475 nm™'.

AA = (A - Ao)[L-Ser]/(Kg2PParent L-Ser 4 1| -Ser])  (2.2)

To assess the effect of indoline (2,3-dihydro-1H-indole) on the absorbance
spectrum, 30 mM indoline was added to 15 yM Mtb TrpAB with 20 mM L-Ser in TrpAB
buffer without PLP and the absorbance spectrum from 350 nm to 550 nm was collected.

200 uM BRD4592 was added and the absorbance spectrum was measured again.

Differential Scanning Calorimetry (DSC). Mtb TrpAB (0.5 mg/mL) was diluted in TrpAB

buffer and melted using a GE Healthcare Microcal VP Capillary DSC. Data was collected
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from 20-110°C, with 200°C/hour scan rate and 8 sec. filtering period. Data was analyzed
in Origin software. For experiments involving L-Ser, TrpAB was incubated with L-Ser for

at least 2 hours prior to melting.

Crystallization & ligand soaking. Crystallization experiments were conducted using the
sitting drop vapor-diffusion method with the help of the Mosquito liquid dispenser (TTP
LabTech) in 96-well CrystalQuick plates (Greiner Bio-One), where 0.4 pL of protein and
0.4 pL of crystallization solution were mixed and the mixture was equilibrated against 135
ML of corresponding well solution. Trials were performed at 4°C and 16°C using several
protein-to-reservoir ratios (2:1, 1:1, 1:2) and commercially available screens. Crystals
usually appeared the next day and continued growing and forming in more conditions with
time. The crystals suitable for structure determination appeared in 5 to 90 days. Tests
showed that some crystals contained the Mtb TrpB protein only. The best crystals of the
Mtb TrpAB complex appeared at 16°C in the PEG/lon/F6 condition (8% v/v tacsimate pH
8.0, 20% w/v PEG 3350) but initially diffracted to 4 A only. Crystallization from the
PEG/lon/F6 condition was optimized by altering pH, precipitant concentrations and using
two Additive Screens (Hampton Research and Jena Bioscience). Ultimately, the Additive
Screen from Hampton at 16°C and 2:1 protein-to-reservoir ratio produced robust
diffraction quality crystals which were also suitable for inhibitor soaking. Further
improvement of the purification protocol also enabled obtainment of better quality crystals
in the original screen condition. Crystallization plates were kept in dark.

Crystals of the Mtb TrpAB complex in the open conformation (GOBO) were obtained

from PEG/lon/F6 with additive B4 (8% v/v tacsimate pH 8.0, 20% w/v PEG3350, 0.1 M
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KCI). For data collection at 100 K, the crystals were cryoprotected with mother liquor
supplemented with 17% (v/v) ethylene glycol. The structure in the closed conformation
(a°B°) was obtained from crystals grown with additive G1 (8% v/v tacsimate pH 8.0, 20%
w/v PEG3350, 3% wl/v trimethylamine N-oxide dihydrate) and soaked for 3-5 min in the
mother liquor with 80 mM CsCIl, 30 mM L-Ser and 17% (v/v) ethylene glycol for
cryoprotection.

The structure of the TrpAB complex with BRD4592 in the open conformation
(a®°B°-BRD4592) was obtained from crystals from the initial condition PEG/lon/F6 which
were soaked with 10 mM BRD4592 and 15% v/v ethylene glycol for 2-3 min. For the a®B°-
BRD4592 structure in closed conformation, the TrpAB complex was co-crystallized with
the BRD4592 inhibitor in PEG/lon/F6 conditions with additive A1 (8% v/v tacsimate pH
8.0, 20% w/v PEG3350, 10 mM BaCl,, 1 mM BRD4592) and crystal was soaked with 100
mM CsCl and 50 mM L-Ser for 2-3 min followed by cryoprotection with 16% (v/v) ethylene
glycol.

The structure of the aG66V mutant in the open conformation (aG66V°B°) was
obtained from crystals grown in the original condition PEG/lon/F6 and cryoprotected with

20% v/v ethylene glycol.

Data collection. Prior to data collection at 100 K, all cryoprotected crystals were flash-
cooled in liquid nitrogen. The x-ray diffraction experiments were carried out at 0.9793 A
wavelength at the Structural Biology Center 19-ID beamline at the Advanced Photon
Source, Argonne National Laboratory. The diffraction images for a®B°, a°g°-BRD4592,

a®BC-BRD4592 and aG66V°RC were recorded on the ADSC Q315r detector while those
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for GOBC were recorded on the Pilatus3 6M detector. The datasets were processed with
the HKL3000 suite’’. Intensities were converted to structure factor amplitudes in the

Ctruncate program'®'*° from the CCP4 package'®.

Structure solution and refinement. The o°B° structure was solved by molecular
replacement in Phaser'®" with the Salmonella enterica homolog (PDB code 1KFJ) as a
search template. Following autobuilding in PHENIX'®?, the final model was obtained
through alternating manual rebuilding in COOT"®* and maximum-likelihood refinement in
PHENIX and Refmac'®®'®*. Similarly, the subsequent structures were manually corrected
in real space and crystallographically refined in Refmac. The refinement protocol included
optimization of TLS parameters with 1 group per protein chain. The atomic coordinates
and structure factors have been deposited in the Protein Data Bank under accession
codes 5TCF (a°B°), 5TCG (a°B°), 5TCI (a°B°-BRD4592), 5TCJ (a°BC-BRD4592), 5TCH
(aG66V°B°). For these structures, 98.1, 97.9, 97.7, 97.9, and 98.1% of residues fall into
favored regions of the Ramachandran plot, with 3, 4, 4, 4, and 3 residues being outliers,

respectively.

Structure analysis. Superpositions were performed using the SSM algorithm'®®, as
implemented in CCP4'°, For analysis of atomic displacement parameters, a separate
refinement run in Refmac was performed with no TLS. The resulting model was used for
further calculations in PHENIX'®2. Cavity volumes were calculated in SPACEBALL®,
with probe radius of 1.42 A, grid size of 0.3 A in all directions and one rotation. Alternative

conformations were removed for calculations. Analysis of contacts between BRD4592
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and the protein was perfomed in UCSF Chimera, with default parameters'®’. Structural
figures were prepared in UCSF Chimera and The PyMOL Molecular Graphics System,

Version 1.6 Schrodinger, LLC.

Jump dilutions. TrpAB (1 uM) in buffer with or without L-Ser was incubated with or
without BRD4592 (1.5 uM) for 30 minutes at RT. The mixture was diluted 100-fold with
buffer containing IGP for a final reaction mixture with 10 nM TrpAB, 0.5 mM L-Ser, 30 uM
IGP and 15 nM BRD4592. The reaction was incubated for 60 minutes to allow production
of measurable levels of L-Trp and activity was measured using LC-MS detection of L-Trp.
As a control, TrpAB that was not pretreated with BRD4592 was treated with BRD4592

upon addition of IGP to start the reaction.

Liquid Chromatography-Mass Spectrometry (LC-MS). Mtb TrpAB (0.2 mg/mL) was
incubated with BRD4592 (250 pyM) or DMSO for 2-3 hours at room temperature. TrpAB
protein intact mass was determined using LC-ESI-MS (QExactive; ThermoFisher). Briefly,
10 L of protein (0.1 mg/mL) was injected onto a 3.5 pm 2.1x100 mm Zorbax 300SB-C8
column (Agilent Technologies) in 85% aqueous (0.1% formic acid/water) and 15% organic
(0.1% formic acid/acetonitrile) phases. The protein was eluted using a linear gradient from
15% to 75% organic phase over 10 minutes. The mass spectrometer settings were as
follows: positive mode, full-MS scan range (800-2100 m/z), resolution: 70,000, AGC
target: 3e6, maximum inject time: 200 ms, microscans: 3, sheath gas flow rate: 35, aux

gas flow rate: 5, sweep gas flow rate: 0, spray voltage: 3.5 kV, capillary temp: 340 °C, S-
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lens RF level: 90, aux gas heater temp: 35°C. Collected spectra were deconvoluted using

the ReSpect algorithm (Protein Deconvolution 2.0; Thermo Scientific).
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Chapter 3: Exploring central metabolism as a therapeutic
target: Mycobacterial responses to amino acid starvation

Abstract

Mycobacterium tuberculosis (Mtb) is a highly successful intracellular pathogen with
disease progression marked by the formation of dense clusters of immune cells called
granulomas. The host environment within cells and within granulomas is limited in oxygen
and certain nutrients, presenting very stressful conditions to infecting bacilli. While little is
known about the exact nutrients available during infection, Mtb is able to scavenge some
metabolites, such as tryptophan (L-Trp), from the host. Here, we use chemical tools to
investigate the mycobacterial requirements for amino acid biosynthesis in various
environments. We previously discovered BRD4592 to be a selective inhibitor of
mycobacterial tryptophan synthase (TrpAB), which is the enzyme responsible for the final
steps in L-Trp biosynthesis. Using BRD4592 as well as genetic tools, we found that
**TrpAB is required for the survival of Mtb and Mycobacterium marinum during in vivo
infection and that this requirement may be independent of an adaptive immune
response.*™ We also took advantage of two inhibitors of branched-chain amino acid
synthesis to compare the mycobacterial response to L-Trp starvation to the response to
branched-chain amino acid starvation. Interestingly, both starvations induced an apparent
stringent response in mycobacteria, but the response is not protective as the bacilli
ultimately die. Altogether, this work supports the therapeutic efficacy of inhibiting proteins
that are required in vivo, despite their apparent dispensability under in vitro conditions,
and creates a foundation for understanding the mechanisms underlying these

requirements for survival.
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Section 3.1. Background
Current antibiotics target a narrow range of processes, primarily inhibiting various

enzymes involved in macromolecular synthesis'**

. Though full of promise, central
metabolism has historically been very challenging to inhibit'°. **Biosynthetic pathways in
central metabolism are robust in that they must be able to maintain function in diverse
environments even while the requirement for the pathway for survival varies across

conditions'®®’

. Many enzymes in central metabolism become essential only under certain
conditions and we are only just beginning to uncover which functions are required for
survival during the different stages of an Mycobacterium tuberculosis (Mtb) infection.**
For example, when considering targeting amino acid biosynthesis, it becomes apparent
that fluctuating in vivo concentrations of metabolites and substrates may affect the
essentiality of any given enzyme. **Recently, the concept of conditional essentiality — that
the requirement for a gene or pathway is highly dependent on the specific physiological

setting 917

— has fundamentally challenged the criteria for drug-discovery target
validation and advanced the field from a reliance on data generated from growth in rich
laboratory media to growth in minimal media and ultimately, to in vivo studies.

This is especially important for L-tryptophan (L-Trp) biosynthesis as it tends to be
exquisitely regulated in most microorganisms, with the activity of the pathway depending
upon the environment'® ** Little is known about how or if L-Trp biosnythesis is regulated
at the transcriptional level in Mtb, but enzymes in the pathway are inhibited by L-Trp?°,
indicating some level of post-translational feedback inhibition. Additionally, **Mtb has

been previously reported to scavenge L-Trp from the host, and recent reports have

argued that L-Trp biosynthesis becomes essential only in the context of adpative immune
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responses, once CD4" T cells produce interferon-y (IFNy), which in turn induces
indoleamine 2,3-dioxygenase (IDO) expression and subsequent degradation of host
pools of L-Trp%®.** Thus, it is unclear if L-Trp biosynthesis is required in the early stages
of infection.

Further, while starvation of some amino acids is bactericidal for Mtb, starvation of

others results in a static response®

. Deletions of genes responsible for L-Trp
biosynthesis®” or for branched-chain amino acid biosynthesis are both bactericidal for
mycobacteria®® while deletion of enzymes involved in proline biosynthesis produce a
static response®’. Our discovery of BRD4592 (Fig. 3.1a, Chapter 2), a highly specific
inhibitor of mycobacterial tryptophan synthase (TrpAB), allows us to probe the
requirement for TrpAB in various environments and the bactericidal response to L-Trp
starvation. Here, we studied TrpAB in Mtb and in M. marinum (Mm) and M. smegmatis
(MSm), which are both sensitive to BRD4592 (Chapter 2) due to the high level of
conservation of TrpAB amongst the mycobacteria (85.87 and 79.01 percent identity,
respectively, for TrpA compared to Mtb TrpA). **We provide genetic evidence that TrpAB
is indeed required for the survival of Mtb in macrophages and in mice, and show that
BRD4592 is effective in targeting TrpAB in a whole organism model of mycobacterial
infection using Danio rerio (zebrafish). Our data also suggest that the requirement for L-
Trp biosynthesis during in vivo infection is likely not dependent on T cells, which differs
from what has been previously suggested?®.**

We went on to probe the mycobacterial response to branched-chain amino acid

starvation using sulfometuron methyl (SMM) (Fig. 3.1a), an herbicide previously shown

to inhibit acetohydroxy acid synthase (AHAS) “¢, and norvaline (Fig. 3.1a), an inhibitor of
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Figure 3.1. Structure and activity of amino acid synthesis inhibitors. (a) BRD4592, SMM,
and norvaline chemical structures. (b) Activity of BRD4592 against M. marinum (Mm) and M.
smegmatis (Msm) with and without L-Trp supplementation. BRD4592 is an inhibitor of L-Trp
biosynthesis that can be overcome by supplementation of L-Trp (1 mM) in the growth media. (c)
Activity of SMM against Mtb and Msm. SMM is an inhibitor of branched-chain amino acid
synthesis and can be overcome by supplementation of L-lle, L-Leu, and L-Val (1 mM each; ILV)
in the growth media.
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L-leucine (L-Leu) and L-isoleucine (L-lle) tRNA aminoacylation'’**’2. We found that
starvation of either L-Trp or branched-chain amino acids induces a transcriptional
response consistent with activation of the stringent response. However, inhibition of
branched-chain amino acid synthesis or tRNA charging results in the upregulation of
genes encoding the enzymes responsible for branched-chain amino acid synthesis while
inhibition of TrpAB has no apparent effect on the expression of L-Trp biosynthetic genes.
Interestingly, though an apparent stringent response is induced, it is not protective in the
context of L-Trp starvation. Comparing these responses to the mycobacterial response
to starvation of other amino acids, such as L-Pro, will provide insights into the
mechanisms underlying the essentiality of various amino acid biosynthetic enzymes and
may serve as a basis for understanding the essentiality of and utility of targeting enzymes

in central metabolism more generally.

Section 3.2. Results

*Mtb TrpAB is essential in vivo. BRD4592 is potent in vitro, and its inhibition is not
overcome by increases in substrate concentration, making it an attractive inhibitor for in
vivo applications. However, the ability to render the inhibitor ineffective against whole Mtb
cells in environments with sufficient levels of L-Trp raises questions about TrpAB’s
essentiality under relevant in vivo conditions. Though other enzymes in the Mtb L-Trp
biosynthetic pathway have previously been studied?®®’, the in vivo essentiality of Mtb
TrpAB has not been assessed. Recent reports have suggested that Mtb can scavenge L-
Trp from the host. However, these studies also show that CD4" T cell-produced FNy

activates the host enzyme IDO, which degrades host pools of L-Trp, suggesting bacterial
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Figure 3.2. TrpAB is required for survival of Mtb in various conditions. (a) Fold expansion in
J774 macrophages (Day 3 CFU/Day 0 CFU) of H37RvAtrpA, H37RvVAtrpA::trpA, DMSO-treated
WT (control) and BRD4592-treated WT Mtb. The deletion mutant and BRD4592-treated WT Mtb
are attenuated. Significance is determined by an unpaired two-tailed t-test. (data are mean *
s.e.m. for four biological replicates and are representative of three independent experiments). (b)
Effect of BRD4592 on M. marinum in zebrafish embryos/larvae following 5 days of treatment.
Growth of wild-type M. marinum (WT Mm) is restricted by BRD4592, while a BRD4592-resistant
mutant (MmTrpA®®®®) is unaffected by the compound. (data are representative of two
independent experiments. n = 8 fish per condition; significance is determined by two-way ANOVA
and Turkey’s multiple comparison test). (¢) Growth of wild-type Mtb (WT), H37RvAfrpA, and
H37Rv trpA::trpA in rich media with and without L-Trp supplementation shows the deletion mutant
requires L-Trp for survival. (data are mean * s.d. for three biological replicates and are
representative of three independent experiments). (d) Survival of WT Mtb, H37RvAtrpA, and
H37RvAfrpA::trpA, in C57BL/6 mouse lungs. At both the two-week and five-week time points,
H37RvAfrpA is severely attenuated, with no bacteria recovered (limit of detection = 1 CFU at 24
hr and 45 CFU at week 2 and 5). CFU/organ is plotted for spleen (e) and liver (f). As in the lungs,
H37RvAfrpA was below the limit of detection in spleen and liver (45 CFU and 90 CFU,
respectively). (n = 3 mice per strain at 24 hours and n = 5 mice per strain at 2 and 5 weeks).
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L-Trp biosynthetic machinery is essential due to the action of an adaptive immune
response?®. Of note, these studies used tail vein injection to administer Mtb to mice rather
than aerosol infection, which is the more natural mode of Mtb delivery and results in
slower onset of adaptive immunity.

We first used BRD4592 to assess the essentiality of TrpAB beyond axenic culture
using Mtb infection of macrophages. Treatment of WT Mtb-infected macrophages with
BRD4592 restricts Mtb growth 8-fold compared to a DMSO control (Fig. 3.2a). Next, we
turned to a whole organism model, using Mm infection of Danio rerio (zebrafish) embryos,
a natural host-pathogen pair. We found that after 5 days of treatment, BRD4592
restricts Mm growth in zebrafish by about 1.5 logs compared to DMSO-treated controls
(Fig. 3.2b), demonstrating the requirement for TrpAB in an in vivo setting. Furthermore,
when we infected zebrafish with a BRD4592-resistant strain of Mm harboring a mutation
in trpA (MmTrpAG65S; Mm a65 is equivalent to Mtb a66) we found that the mutant was not
affected by BRD4592 treatment (Fig. 3.2b). This demonstrates that the effect of BRD4592
is indeed due to the compound’s activity against TrpAB. Interestingly, because the
adaptive immune system has not yet matured in zebrafish at this early stage of
development, this infection model has no T cells at the time of infection (2 days post
fertilization (dpf)), with mature T cells leaving the thymus only at 6 dpf'">"".

While we were unable to assess the efficacy of BRD4592 in mice due to the
pharmacokinetic properties of the molecule (mouse liver microsome intrinsic clearance
(CLint) = 336.2 pL/min/mg and hepatocyte CLiy = 47.2 uL/min/10° cells), we sought to
confirm the results of TrpAB essentiality in zebrafish using a genetic model in mammalian

cells. We constructed a strain of Mtb with an in-frame clean deletion of trpA (H37RvAfrpA).
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As expected, this strain requires L-Trp for growth in vitro (Fig. 3.2c). The profile of
H37RvAtrpA viability loss when L-Trp is removed in axenic culture follows the same
pattern as the cell death observed when WT cultures are treated with BRD4592 in that
both treatment with BRD4592 and L-Trp starvation of the auxotroph result in a single
round of replication followed by loss of Mtb CFU. H37RvAfrpA is also attenuated in
macrophages (Fig. 3.2a), consistent with prior evidence of the essentiality of L-Trp
biosynthesis in the intracellular milieu of macrophages®®®’. When H37RvAtrpA is
complemented with an episomal copy of trpA (H37RvAtrpA::trpA), growth in the absence
of supplemented L-Trp and survival in macrophages is restored (Fig. 3.2a, c).

To assess the essentiality of Mtb TrpAB in a mammalian host, C57BL/6 mice were
infected with aerosolized H37RvAtrpA, H37RvVAtrpA::trpA, or WT Mtb. Mice were
sacrificed at 24 hours, 2 weeks and 5 weeks post-infection. Importantly, at the 24-hour
time point, equal numbers of H37RvAfrpA were recovered (~50 CFU/mouse) as for the
WT strain, confirming all strains were delivered to the lungs (Fig. 3.2d). The AfrpA mutant
was severely attenuated at later infection time points and, in fact, was below the limit of
detection in lung (45 CFU/lung), spleen (45 CFU/spleen), and liver (90 CFU/liver) at both
week 2 and week 5 (Fig. 3.2d-f). In contrast, the WT and complemented strains grew to
comparable levels of ~50,000 CFU/lung by week 2 and had disseminated to the liver and
spleen by week 5 (Fig. 3.2d-f). As significant adaptive immune responses and IFNy
expression in the lungs are not observed until after 2 weeks post-infection in this well-
characterized infection model'”®, the inability to recover H37RvAtrpA bacteria at 2 weeks
suggests that the L-Trp biosynthetic machinery is likely to be essential independent of the

CD4" T cell-mediated IFNy response to deplete host L-Trp. Altogether, our findings
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Figure 3.3 Mycobacterial response to L-Trp starvation. (a) Survival of WT Mtb (grey bar),
H37RvAfrpA (red bar), and H37RvAflrpA::trpA (blue bar) starved in PBS/Tyloxopol for 42 days.
When starved of all nutrients, all strains do not grow, but survive equally well. (b) CFU over time
of H37RvAtrpA when grown in rich media (red, closed circles) or when incubated in
PBS/Tyloxopol (PBS + Tx; red open circles). When starved only of L-Trp, the auxotroph loses
CFU over time. (¢) log(2) fold change vs. mean abundance of genes in Mtb in response to 6 hours
of treatment with 6 yM BRD4592 (2X MIC). Red dots represent genes that are significantly
differentially expressed (p < 0.05) between DMSO- and compound-treated samples. The Mtb
transcriptional response to longer treatment (24h) and to higher compound concentrations (31
MM) is similar. (d) RT-gPCR of L-Trp biosynthetic genes from Mtb grown in rich media
supplemented with the indicated [L-Trp] for 48 hours. Cycle threshold (Ct) values are normalized
to sigA. 1mM L-Trp is nearly 10-fold greater than the concentration of L-Trp required to support
growth of an Mtb L-Trp auxotroph (H37RvAfrpA) but results in no change in the expression of L-
Trp biosynthetic genes in WT Mtb.
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demonstrate that L-Trp biosynthesis is required for mycobacteria during in vivo infection,

and that TrpAB inhibitors, such as BRD4592, can be highly effective in vivo.**

Probing the bactericidal response to L-Trp starvation. Though starvation of L-Trp is
bactericidal for Mtb in rich media, we and others have observed that when Mtb is starved,
either in PBS (Fig. 3.3a, b) or in water®’, deletion of L-Trp biosynthetic genes no longer
results in a loss of CFU and is instead static, which is indistinguishable from the effect of
total nutrient starvation on WT Mtb. Therefore, we hypothesized that cell death from L-
Trp starvation may be due to the absence of a stress response that is activated and
protective during total nutrient deprivation. The RelA-mediated stringent response is
activated in several bacteria, including mycobacteria, in response to amino acid starvation
or inhibition of tRNA-aminoacylation'”"'"2. This response is not only protective against
amino acid starvation, but also confers some level of antibiotic tolerance to Pseudomonas
aeruginosa biofilms'”®. However, it was not known if L-Trp starvation induces the stringent
response in mycobacteria.

In order to understand the response of mycobacteria to L-Trp starvation, we
performed RNA-Seq on Mtb treated with BRD4592 for 3 or 6 hours — importantly, this
time point was chosen such that the treated and control bacteria were in the same phase
of growth and comparisons of the two groups measure the effect of the compound rather
than effects due to growth phase. Surprisingly, we found that inhibition of TrpAB by
BRD4592 resulted in transcriptional changes consistent with activation of the stringent
response (Fig. 3.3c). Genes involved in protein synthesis and folding were

d171,177

downregulate and /at, a gene known to be upregulated in Msm during the stringent
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response’'’®, was one of the most highly upregulated genes. In order to determine if we
could use the faster-growing Msm as a model to further study amino acid starvation, we
also performed RNA-Seq on Msm treated with BRD4592 and found the transcriptional
response to be similar (Fig. 3.4d). Notably, L-Trp biosynthetic genes appear to be
constitutively expressed in vitro and were not differentially regulated in response to
BRD4592 treatment in either mycobacteria (Fig. 3.4d). We and others have also found
that L-Trp biosynthetic genes are not downregulated in Mtb in response to L-Trp
supplementation in the growth media®” (Fig. 3.3d). Although mycobacteria respond to L-
Trp starvation in a manner consistent with the stringent response, in this case, it is not

protective against cell death.

Mycobacterial response to starvation of branched-chain amino acids. Norvaline has
been shown to induce the stringent response in Msm'"2? even though it does not effectively
inhibit bacterial growth. Even at 5 mg/mL, norvaline, only slightly delayed Mtb growth (Fig.
3.4a). The transcriptional response of Mtb treated with norvaline, was consistent with
induction of a stringent response with genes involved in translation down regulated (Fig.
3.4d). Unlike L-Trp starvation, however, norvaline treatment resulted in the upregulation
of genes involved in branched-chain amino acid synthesis.

SMM is an herbicide known to inhibit acetohydroxy acid synthase (AHAS), which
is an enzyme required for branched-chain amino acid synthesis. SMM has previously
been shown to inhibit AHAS in Mtb*® and inhibits the growth of both Mtb and Msm (Fig.
3.1c). This inhibition is overcome by addition of L-Leu, L-lle, and L-Val to the growth

medium (Fig. 3.1c). Deletion of ilvB1 and subsequent branched-chain amino acid
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Figure 3.4. Mycobacterial response to branched-chain amino acid starvation. (a) Mtb growth
when treated with norvaline (5 mg/mL). (b) Msm survival when treated with SMM (16 ug/mL or
75 pg/mL for 50 hours. (¢) Msm transcriptional response to 20 minutes of treatment with 16 ug/mL
SMM (2X MIC). Red dots represent genes that are significantly differentially expressed (p < 0.05)
between DMSO and compound-treated samples. Genes involved in the synthesis of branched-
chain amino acids and in protein folding are shown as purple dots. (d) Heat map colored according
to change in expression of genes compared to DMSO-controls in Mtb or Msm treated with
Norvaline (5 mg/mL), SMM (16 ug/mL) or BRD4592 (6 uM) for 6 hours (Mtb) or 20 minutes (Msm).
Genes involved in translation and protein folding are downregulated. Norvaline and SMM
treatment result in increased expression of genes involved in branched chain amino acid
biosynthesis while treatment with BRD4592 has no effect on aromatic amino acid biosynthesis.
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starvation results in loss of viability in Mtb®®, however SMM treatment reduced Msm CFU
only after a prolonged treatment (Fig. 3.4b). Like norvaline treatment, SMM treatment of
Msm resulted in a transcriptional response consistent with induction of the stringent
response and in upregulation of genes involved in branched-chain amino acid synthesis,
including ilvB (Fig. 3.4c, d). The two most highly upregulated genes in SMM-treated Msm
(>500 fold-change), MSMEG_2288 and MSMEG_ 1008, are both hypothetical with gene
ontology suggesting L-Lue biosynthesis activity. Perhaps the upregulation of genes
responsible for branched-chain amino acid biosynthesis accounts for the relatively static

response of mycobacteria to treatment with norvaline and SMM.

Section 3.3. Discussion

Chemical genetics, or the use of small molecules to probe the function of a
biological system, is a powerful tool for understanding processes required for bacterial
survival and virulence'’®'®. Probes, such as BRD4592 and SMM are useful tools for
exploring the requirements for L-Trp and brached-chain amino acid biosynthesis,
respectively, in mycobacteria throughout the course of an infection and across various
environments. They also can be used to understand the basis for the response of
mycobacteria to various amino acid starvations.

**Here, in an in vivo model of mycobacterial infection, we show that BRD4592 is
effective against Mm in zebrafish embryos/larvae and that this efficacy is due to the
compound’s inhibition of TrpAB. As the infection is carried out over the first 7 days of

f1 74

development and T cells are not detectable outside the thymus until 6 dpf '", it is less

likely T cells are important in restricting Mm infection in this context. IFNy, however, is
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known to be present in embryos and important for defense against infection many days
prior to full T cell maturation'’. Thus, IFNy may still be responsible for TrpAB essentiality
in this infection model. Furthermore, TrpAB is required for Mtb growth in our macrophage
infection model, which lacks T cells, and via aersol infection of mice with H37RvAfrpA,
we find that TrpAB is required for Mtb survival in mammals before an adaptive immune
response would be mounted. Thus, we suggest that TrpAB essentiality can be
independent of adaptive host immunity, which would be important in the setting of Mtb
with HIV co-infection. Given recent work showing the importance of CD4" T cell-produced
IFNy in depleting host L-Trp and restricting Mtb growthze, we would expect TrpAB to be
even more essential when coupled with the activity of the adaptive immune system. Itis
possible that IFNy produced by innate immune responses results in this requirement for
L-Trp biosynthesis in earlier stages of infection and we cannot fully rule out T cell
involvement in our models. Nevertheless, these data demonstrate the requirement for
TrpAB for survival during infection and the effectiveness of allosteric inhibition for
targeting TrpAB during in vivo infection as a model for targeting central metabolic
enzymes more generally.**

Through this work, we became interested in understanding why starvation of L-Trp
results in a bactericidal response, rather than growth cessation. This is especially
interesting as starvation of all nutrients results in a static response in both wild type Mtb
and our trpA deletion mutant and single starvation of certain other amino acids also results

in a static response® %,

Though inhibition of L-Trp or of branched-chain amino acid
synthesis activate an apparent stringent response, it appears to be non-protective in that

the bacilli still die. It will be important to directly measure the stringent response alarmone
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guanosine 3',5-bispyrophosphate ((p)ppGpp) to confirm the role of the stringent response
during these amino acid starvations in mycobacteria. Interestingly, mycobacteria seem
unable to respond to increased or decreased concentrations of L-Trp by differentially
regulating L-Trp biosynthetic genes. Branched-chain amino acid starvation, on the other
hand, resulted in the upregulation of amino acid biosynthetic genes, perhaps accounting
for the relative insensitivity of mycobacteria to chemical inhibitors of branched-chain
amino acid processes. By comparing these results to the effects of other single-amino
acid starvations such as L-Leu and L-Pro, which result in a static response® %8, and L-
His, which is bactericidal®’, we seek to identify patterns underlying Mtb’s response to
various amino acid starvations and define general mechanisms behind the static or cidal
responses to these starvations. Ultimately, understanding which enzymes in central
metabolism are required for survival and why, which will facilitate expansion into new

therapeutic targets.
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Section 3.4. Materials and methods
Chemicals. Unless otherwise noted, all chemicals were purchased from commercial

suppliers. BRD4592 was synthesized as described in Chapter 2.

Bacterial strains and growth conditions. M. tuberculosis H37Rv (Mtb) and M. marinum
were grown in Middlebrook 7H9 supplemented with OADC (Middlebrook Oleic Albumin
Dextrose Catalase Growth Supplement), 0.2% glycerol and 0.05% Tween-80. M.
smegmatis (mc®155) was grown in Middlebrook 7H9 supplmented with ADC (Middlebrook
Albumin Dextrose Catalase Supplement).

Nutrient starvation media consisted of Phosphate-buffered saline with 0.05%
tyloxopol. Cultures were grown to log-phase, then washed three times in starvation media

prior to incubation in the starvation media’.

**trpA deletion strain (H37RvA#rpA) construction. In the Mtb tryptophan synthesis
operon, trpA overlaps trpB upstream and /gt downstream by a single nucleotide. The trpA
deletion strain was constructed by replacing the native operon with {rpB engineered to
overlap /gt in the same manner that {rpA overlaps each gene. Gibson assembly was used
to stitch together trpB and Igt into the suicide vector pJG1100'®. The plasmid was
transformed into Mtb and selected for using hygromycin (50 ug/mL) and kanamycin (15
Mg/mL). Recombination to eliminate trpA as well as the plasmid backbone was selected
for by plating on sucrose. Resulting clones were selected into liquid media and spotted
on standard agar and agar containing L-Trp, hygromycin, or kanamycin. Clones that grew

only on agar with L-Trp were expanded. PCR of the region around trpA followed by
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Sanger sequencing confirmed the clean deletion of trpA. The deletion strain was
complemented with pUV3583c constitutively expressing trpA. All medias used for deletion

strain construction contained 1 mM L-Trp.

MICs and survival curves. Bacteria were grown to mid-log phase, then added to 96 well
plates at ODgoo = 0.025 and grown in the presence of varying [BRD4592] for 2 weeks.
Growth was assessed by reading ODgoo. The minimal inhibitory concentration, MICgp, was
defined as the minimum concentration that inhibited growth by 90% relative to a DMSO
control. For growth curves, Mtb was grown to mid-log phase and diluted to ODggp =
0.0025 in inkwells containing the indicated amounts of compound in triplicate. Aliquots
were plated on 7H10 agar to determine colony forming units (CFU) at the time points

indicated.

Macrophage infection model. Wild-type Mtb H37Rv, or H37RvAfrpA or its complement
(H37RVAtrpA::trpA) were used to infect J774 macrophages (ATCC) using a previously
published assay'®®. Briefly, Mtb was added to macrophages at a multiplicity of infection
of 1 and incubated for 4 hours at which point extracellular bacteria were washed away
and fresh media with or without drug was added to the wells containing macrophages.
Infections were incubated for 3 days after which macrophages were lysed with Triton-X
100 (0.5%) and surviving bacteria were plated for CFU. Cell lines were verified to be free

of mycoplasma contamination using the ATCC universal mycoplasma detection kit.

105



Mouse infections. Female C57BL/6 mice were obtained from Jackson Laboratory. Mice
were infected with 10° CFU/mL aerosolized WT Mtb H37Rv, H37RvAtpA or
H37RvAtrpA::trpA. At 24 hours post-infection, 3 mice were sacrificed per Mtb strain and
lungs were harvested and plated for CFU. At 14 days and 35 days post-infection 5 mice
were sacrificed per Mtb strain and lung, liver, and spleen were harvested and plated for
CFU. The protocols, personnel, and animals used were approved and monitored by the
Institutional Animal Care and Use Committee. The animal facilities are AALAC accredited.
Sample size was selected using OpenEpi, Version 3, open source calculator—
SSCohort'™ with the following parameters: 1-alpha = 95, 1-beta = 80,
unexposed/exposed = 1, percent of unexposed with outcome = 0.1, percent of exposed

with outcome = 99.

Zebrafish infections. BRD4592-resistant M. marinum colonies were isolated from wild-
type M. marinum carrying a plasmid for constitutive GFP expression and kanamycin
resistance. Single cell suspensions of M. marinum were prepared for infection by washing
mid log-phase bacteria twice in PBS/Tween-80 (0.05%), then sonicating in a water-bath
sonicator (VWR Scientific, B2500A-MT) for five 1-minute cycles with 30 seconds in
between. Cultures were then pelleted and resuspended 50-fold concentrated. The
concentrated culture was centrifuged at 500 rpm for 5 minutes to remove large clumps of
bacteria. The supernatant was filtered through a 5-um filter to isolate single bacteria.
Optical density of the final culture was measured and cultures were diluted or
concentrated to a final concentration of ~300 CFU/nL. Aliquots of the single-cell

preparation were frozen at -80°C and thawed immediately prior to infections. Zebrafish
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embryos to be used for infections were treated with bleach (~0.005%) as previously
described'®® 24 hours post fertilization (hpf) to minimize contamination of embryos with
non-mycobacterial species derived from the fish facility prior to infection. Forty-eight-hour
post-fertilization zebrafish embryos were inoculated intravenously with ~500 CFU M.
marinum in the duct of Cuvier®’. Infected embryos were treated with DMSO or BRD4592
for 5 days and were then euthanized, washed once in PBS, and homogenized in 0.1%
Triton X-100 with 5 mm stainless steel beads in three 2-minute cycles of 40 Hz using a
Tissuelyser bead mill (Qiagen). Homogenates were vortexed well between bead mill
cycles and just prior to plating on 7H10 agar supplemented with 15 pg/ml kanamycin to

enumerate colonizing M. marinum.**

RNA-Seq. Mtb or Msm were grown to log-phase in standard rich 7H9 media and then
diluted to OD = 0.4 in pre-warmed 7H9 media containing the indicated amount of
compound or DMSO. Cultures (10 mL) were treated in duplicate. At indicated time points,
cultures were pelleted and resuspended in TRIzol. Pellets were frozen at -80°C at least
overnight, then thawed and lysed using three 1-minute cycles of bead beating. RNA was
extracted using Direct-zol RNA MiniPrep kits. RNAtag-Seq libraries were constructed

186

using published methods and sequenced using lllumina HiSeq or NextSeq.

186 and to determine differential

Sequencing data was analyzed using published methods
expression, both replicates of compound-treated samples were compared to the two

DMSO treated samples within the same time point using DESeq.
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gPCR. The following primers were used for sigA 5 CGTCTGGGATGAAGACGAGT
and 5 CTTGCCGATCTGTTTGAGGT. For trpA the following primers were used: 5°
GAATCCGGTTGCGACATTAT and 5 GGCTAACGTATCCCGGACTC. For trpD, 5
CCCACCGTGTTCAATCTTCT and 5° CGTGTACCACCAGCACACTG. For trpE, 5
GCACCGTCGAAGAATATGGT and 5 GTTACCCGCAGAATTCGGTA. Primers were
confirmed to be specific and result in linear amplification using gDNA controls.

Samples were treated with L-Trp at indicated concentrations and RNA was
extracted as described above. cDNA was synthesized using Superscript Ill Reverse
Transcriptase (ThermoFisher) and the protocol for random hexamers and GC-rich
templates. gPCR was performed using Platinum SYBR Green gPCR mix with ROX
(ThermoFisher). A 7300 Real-Time PCR system (Applied Biosystems) was used with the
following settings: stage 1: 50°C, 2 minutes; stage 2: 95°C, 10 minutes; stage 3: 95°C
0.25 minutes, 55°C 1 minute, 40 cycles; stage 4: 95°C 0.25 minutes, 60°C 1 minute, 95°C
0.25 minutes, 60°C 0.25 minutes. Cycle threshold was calculated for three independent

replicates and normalized to the house-keeping gene sigA.
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Attributions

**Marked portions** of this chapter were published as a manuscript by S. Grant &
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Inhibitors” in Cell Chemical Biology volume 23, issue 6, pages 666-677.

The high-throughput screen that identified compounds studied in this chapter was
conducted by S. Grant as published in the following manuscript: Grant, S., et al.
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synthesized or otherwise purchased all small molecules studied in this chapter. James

Gomez and Emma Frank conducted initial research on TKO10-016R.
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Chapter 4: New compounds against non-replicating
Mycobacterium tuberculosis

Abstract

Despite the availability of effective treatments, Mycobacterium tuberculosis (Mtb)
kills 1-2 million people per year. With lengthy treatment times and an increasing
prevalence of antibiotic resistance, there is a significant need for new antitubercular
therapeutics. Within the host, infection is likely comprised of a heterogeneous population
of bacteria, including a subpopulation of non-replicating, phenotypically drug-resistant
bacilli thought to contribute to the lengthy treatment time. To discover chemical inhibitors
of this non-replicating state, we recently completed a high-throughput screen against
carbon-starved Mtb. We identified several active compounds, including an aminothiazole
that binds nickel and cobalt and disrupts metal ion homeostasis in Mtb, as well as several
compounds that act like prodrugs, requiring oxidation by Baeyer-Villiger
monooxygenases (BVMOs) for activity. **Two molecules require BVMO EthA (Rv3854c)
for activation and the third molecule requires the BVMO MymA (Rv3083). While EthA is
known to activate the antitubercular drug ethionamide, this is the first description of MymA
as an activating enzyme of a prodrug. Further, we found that MymA also plays a role in
activating ethionamide, with loss of MymA function resulting in ethionamide resistant Mtb.
These findings suggest overlap in function and specificity of the BVMOs in Mtb**, highlight
the propensity to discover prodrugs through whole-cell screening against Mtb, and

provide probes for understanding the carbon-starved non-replicating state in Mtb.
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Section 4.1. Background

** Infection with the bacterium Mycobacterium tuberculosis (Mtb) remains a major
global health problem, with an estimated 9.0 million new infections and 1.5 million deaths
occurring in 2013'®. While active tuberculosis (TB) infection is curable, successful
treatment requires a complex treatment regimen over at least six months. In the case of
infection with a drug-resistant Mtb strain, the treatment course is typically longer and less
likely to be successful'®. Treating clinically asymptomatic or latent infection, in which the
host immune system restricts Mtb growth but does not eradicate infection, also requires
a prolonged course of antibiotic therapy: either multi-drug therapy for 3 months or mono-
therapy for as long as 9 months'®®.

During TB infection, a subpopulation of Mtb bacteria likely exists in a non-
replicating or slowly replicating state, refractory to many antibiotics'®*'®°. The presence
of non-replicating bacteria within the host is thought to contribute to the need for
prolonged drug therapy for active and latent TB infection'®'. The majority of anti-
tuberculosis drugs used clinically are ineffective against carbon-starved non-replicating
bacteria, with the notable exceptions of bedaquiline, which targets ATP synthase, and
clofazimine, an antibiotic approved for the treatment of leprosy, which is reduced by the
enzyme NDH-2 within the electron transport chain and produces toxic ROS upon
oxidation'¥?"%* Recent studies demonstrate that including bedaquiline and clofazimine in
antitubercular regimens in a murine model of tuberculosis improves treatment outcomes

and in addition, a clofazimine-containing 12-month regimen successfully treated 89% of

MDR-TB cases'®. These data suggest that including antibiotics with activity against non-
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replicating bacteria may shorten the duration of antibiotic therapy for both active and
latent tuberculosis infection.

We recently identified novel inhibitors of the non-replicating state, using carbon
starvation as a model for non-replicating Mtb”.** In this report, we describe an
aminothiazole that binds nickel and cobalt, as well as **3 molecules that act like prodrugs
in that they require oxidation by monooxygenases for activity. EthA, a Baeyer-Villiger
monooxygenase (BVMO) required for the activation of the antitubercular drug

ethionamide and the second-line antibiotics thiacetazone and isoxyl'**%

, is required for
the activity of two of the small molecules. MymA (Rv3083), also a BVMO'%, is required
to activate the third molecule. Further, we show that MymA can additionally activate
ethionamide and that loss of MymA function confers some resistance to ethionamide. We
suggest that EthA and MymA both function as activating enzymes within the cell,
activating ethionamide as well as newly identified sulfur-containing compounds. Our
experiences suggest that the abundance of oxidizing enzymes in Mtb may favor the
discovery of prodrugs that require oxidation.*™ Additionally, for all compounds, target

identification will lead to a better understanding of the vulnerabilities of the carbon-starved

state and the processes required for survival in this state.

Section 4.2. Results

Characterization of a metal-binding aminothiazole. Our previous screen identified a
potent aminothiazole, TK010-016R (N-(3-methylpyridin-2-yl)-4-(pyridin-2-yl)thiazol-2-
amine) (Fig 4.1a), with activity against replicating (MICgo = 2 uM) and carbon-starved Mtb
(MBCgo = 2 uM). TK010-016R is bactericidal, rapidly reducing the colony forming units

(CFU) of cultures treated with compound (Fig. 4.1b). Extensive synthesis and testing of
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analogues indicated that the nitrogen of the pyridine on position 4 of the thiazole ring is
critical for activity and a nucleophilic group is required on the N? substituent, with a pyridal
group resulting in the highest level of activity. Overall, an arrangement of four nitrogen
atoms around the center of the molecule or three nitrogen atoms along with another
nucleophilic group is required for potent activity. Together, these results suggested that
activity may be dependent on the ability of the compound to effectively chelate cations.
In order to test this hypothesis, we co-treated Mtb with TKO10-016R and various
cations, with cations added to the growth media at the highest non-toxic concentration
possible. We found that nickel and cobalt each rescue Mtb from the effects of TK010-
016R (Fig. 4.1c). This rescue is dose-dependent with lower concentrations of Ni** or Co?*

resulting in less rescue.

The aminothiazole perturbs metal-responsive genes. In order to better understand
the mechanism of TK010-016R and its interaction with nickel, we performed RNA-Seq on
cells treated with the aminothiazole or co-treated with the aminothiazole and nickel. In
cultures treated with TKO10-016R for 3 hours, 129 genes were upregulated and 6 genes
were down regulated (Fig. 4.2a). Of the upregulated genes, 46 (36%) are repressed by
the iron-sensitive regulator IdeR or by iron via another mechanism'®*?°". The most highly
upregulated genes include those encoding for the Mtb siderophore mycobactin while
down regulated genes include iron-storage proteins such as BfrB. Several upregulated
genes (18 genes, 14%) are also known to be induced by copper and 67 are responsive
to oxidative stress?®*?%®. There is significant overlap in the set of genes responsive to

nickel or copper and those responsive to oxidative stress. When co-treated with nickel,
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Figure 4.1. Activity of an aminothiazole that binds metal ions. (a) Chemical structure of
TKO010-016R. (b) Activity of TKO10-016R against replicating Mtb. Points show mean =+ s.d. for
three replicates. (c¢) Activity of TKO10-016R when Mtb is co-treated with compound and metal
ions. Nickel and cobalt both rescue Mtb from the effects of the compound.
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Figure 4.2. Mycobacterial response to TK010-016R. (a) Transcriptional response of Mtb to
treatment with TKO10-016R (4 uM) for 3 hours. Genes that are differentially regulated (compared
to DMSO controls) with greater than or equal to a three-fold change in expression level and p <
0.05 are shown in red. Several genes are differentially regulated compared to DMSO-treated
controls, including genes known to be responsive to iron, copper, and oxidative stress. (b)
Transcriptional response of Mtb to co-treatment with TKO10-016R (4 uM) and nickel (50 uM).
When co-treated with nickel, there are very few genes differently regulated in response to TK010-
016R.
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Mtb did not have a large response to TK010-016R, with only 13 genes differentially

regulated (Fig. 4.2b).

Identification of non-toxic analogues of TK010-016R. TK010-016R is toxic to hepG2
cells, however this toxicity is not rescued by nickel or cobalt (Fig. 4.3a), suggesting that
activity against Mtb may be separable from activity against mammalian cells. Extensive
testing of chemical analogs of TKO10-016R allowed us to identify two compounds, TK012-
144A (5-methyl-2-(6-methylpyridin-2-yl)-N-(pyrimidin-4-yl)thieno[2,3-d]pyrimidin-4-
amine) and CB7867360 (N-(2,4-dimethoxyphenyl)-4-(pyridin-2-yl)thiazol-2-amine) (Fig
4.3c), that retained activity against replicating and non-replicating Mtb while displaying
significantly less toxicity to hepG2 cells (Fig. 4.3b). The MICgqy against replicating Mtb is
8 M and 16 uM for TK012-144A and CB786730, respectively. Against non- replicating
Mtb, the MBCgy is 16 uM and 8 pM, respectively. The activity of both compounds remains
sensitive to metal ion concentration. However their profiles differed somewhat from
TK010-016R. TK012-144A is rescued by nickel (10X increase in MIC), and sensitized by
copper (10X decrease in MIC) while CB7867360 is only slightly rescued by nickel (4X

increase in MIC) and is sensitized by cobalt and zinc (Fig. 4.3d).

Mycobacterial response to non-toxic analogues. We again turned to RNA-Seq to gain
insight into the mechanism of TK012-144A and CB7867360. Similarly to TKO10-016R,
treatment with TK012-144A induced mycobactin biosynthetic genes and copper-
responsive genes (Fig. 4.3e). The response, however, contains fewer-iron sensitive

genes with copper-responsive genes comprising a greater proportion of the induced
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Figure 4.3. Non-toxic analogs of TK010-016R. (a) Effect of TKO10-016R on hepG2 cells. (b)
Activity of analogues against hepG2 cells. (¢) Chemical structures of TKO10-016R with reduced
toxicity to hepG2 cells. (d) Effect of metal ions on analogue activity against Mtb. (e) Summary of
genes upregulated in Mtb in response to treatment with metal-binding compounds.
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genes (14/63 genes, 22%). The transcriptional response to CB7867360 was minimal, with
only 17 genes upregulated and 2 genes downregulated, and little overlap with the
response to the other two compounds. Though TK010-016R and TK012-144A clearly
affect metal ion sensing or homeostasis, the mechanism by which the compounds exert
their effect remains unclear.

Attempts to isolate resistant mutants by plating Mtb on agar containing compound
failed each of the three compounds. Though colonies occasionally grew on compound,
they either failed to grow when selected in liquid media or did not demonstrate resistance
when MIC was re-tested. This outcome, while potentially promising for the future utility of
the compounds as probes or clinical candidates, complicates attempts to understand the
mechanisms of the compounds. Future work is focused on measuring the effects of the
compounds on Mtb intracellular metal ion concentration and on the development of affinity
probes for the compounds.

Our investigation into the mechanisms of three other compounds identified through
our initial screen reveals another common outcome of selecting for resistant mutants: the
identification of resistance-conferring mutations in activating enzymes rather than in

targets themselves.

**Sequencing of resistant mutants for target identification. We had previously
identified 3 small molecules with replicating and non-replicating activity against Mtb: 3-
(m-tolyl)-5-((1-piperidinyl)carbonylmethyl)thio-1,2,4-thiadiazole (1), N-(4-chlorophenyl)-5-
(1-methyl-5-(trifluoromethyl)-1H-pyrazol-3-yl)thiophene-2-carboxamide (2), and 2-((2-

(1,3-dioxan-2-yl)ethyl)thio)-5-phenyl-1,3,4-oxadiazole (3) (Fig. 4.4a). We sought to
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understand their mechanisms of action by generating resistant mutants followed by whole
genome sequencing'®**%4% |ndependent resistant mutants were generated in parallel
using 4 parent clones and resistance confirmed prior to whole genome sequencing using

lllumina based technology (Fig. 4.5a-c).

EthA is required for activity of compounds 1 and 2. For two compounds, thiadiazole
1 and thiophene-pyrazole 2, mutations in the ethA gene were identified in each of the four
independent resistant clones sequenced (Fig. 4.5a-c and Table 4.1). All contained
frameshift or missense mutations leading to loss of function mutations in ethA. Consistent
with there being loss of function mutations in ethA, the mutant strains displayed varying
levels of ethionamide resistance compared to the wild-type strain (Fig. 4.4b and Fig. 4.5d,
e). The resistant mutant strains generated against one compound were cross-resistant to
the other (Fig. 4.4c, d). When complemented with an episomal copy of wild-type ethA
under the control of a constitutive promoter, the resistant strains regained sensitivity to
ethionamide, 1 and 2 (Fig. 4.4e-g). While EthA has previously been reported to oxidize
the thioamide group in small molecules such as ethionamide and thioureas in
thiacetazone and isoxyl, and was recently reported to oxidize a thiophene that inhibits the
CTP Synthetase PyrG, the role of EthA in oxidizing other sulfur containing compounds

such as thioether 1 suggests a wider substrate preference than previously reported®*.

120



5. =
a 1 I ‘,-—'{:
- T 5~ b
3
b
1.2 i
1R == Wild-type
1-RM1
oa —a— 1-RM3
2-RM1
- 06 =
= 2-RM3
& —_
o 0.4
0.2
g L 0= O o
0 20 40 B0
e [Ethicnamide] {ph)
12
1 J‘ === Wild-type
o —= 1RM3
0.8 2-RM1
i =O= {-RM3_atha
o 06 == 2.RM1_atha
o L]
0.4 |
0.2 O.B,_:— |
‘%—T::ﬁ--rn-h_-q

0 20 40 &0
[Ethicnamide] M)

Figure 4.4. Resistance to compounds 1 and 2 is conferred by mutations in ethA. (a)
Structures for compounds 1, 2 and 3. (b-d) Dose response curves for 1-RM1 (orange) and 1-RM3
(red), 2-RM1 (light blue) and 2-RM3 (dark blue) and wild-type Mtb (open black circles) against
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circles), 1-RM3 with (red open squares) and without (red closed squares) episomal
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squares) episomal complementation with ethA against ethionamide (e), 1 (f) and 2 (g).
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Figure 4.5. Dose-response curves for mutants with resistance to compounds 1 (a), 2 (b),
3 (c). (d,e) Dose response curves for ethionamide against the 8 ethA mutants. Open circles
represent wild-type (WT) Mtb and black shapes represent four independent generated resistant
mutants. Points represent the average of quadruplicates and error bars show standard deviation.

The experiments were repeated three times.
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Table 4.1. Strains and plasmids

Strains
Strain Genotype | Allele characterization Source
Wild-type (WT) H37Rv
1-RM1 ethA- ethA E36Q WT selected with 1
1-RM2 ethA- ethA Frameshift +g AA436 WT selected with 1
1-RM3 ethA- ethA W69R WT selected with 1
1-RM4 ethA- ethA W240stop WT selected with 1
2-RM1 ethA- ethA Frameshift —c AA156 WT selected with 2
2-RM2 ethA- ethA P447T WT selected with 2
2-RM3 ethA- ethA Frameshift —a AA133 WT selected with 2
2-RM4 ethA- ethA C131stop WT selected with 2
3-RM1 mymA- 13kB deletion RV3079c-Rv3089 WT selected with 3
3-RM2 mymA- virS E285Q WT selected with 3
3-RM3 mymA- virS E285Q WT selected with 3
3-RM4 mymA- Frameshift +cAA318 WT selected with 3
Rv3083::TN 3448753 This study
RV3084::TN 3450033 This study
Rv3085::TN 3451750 This study
Rv3086:: TN 3452413 This study
Rv3087::TN 3452961 This study
Rv3088::TN 3454690 This study
Rv3089::TN 3455999 This study
Rv3854c:.TN 4327379 This study
Rv1393c:: TN 1569366 This study
Rv0565c:: TN 657361 This study
Rv3049c:: TN 3411023 This study
SG1 ethA- ethA S138A 3-RM1 selected
mymA- mymA 13kbA Rv3079c-Rv3089 with ethionamide
SG2 ethA- ethA W45C 3-RM1 selected
mymA- mymA 13kbA Rv3079c-Rv3089 with ethionamide
SG3 ethA- ethA -cAA302 3-RM1 selected
mymA- mymA 13kbA Rv3079c-Rv3089 with ethionamide
1-RM3_OE_ethA 1-RM3 harboring This study
pRS3Atet Rv3854
2-RM1_ethA 2-RM1 harboring This study
pRS3Atet Rv3854
3-RM1_VirS 3-RM1 harboring pMV762_VirS This study
3-RM4_VirS 3-RM4 harboring pMV762_VirS This study
WT_mymA H37Rv harboring This study
pUVRS3_Rv3083
Rv3083c::TN_mymA Rv3083c:: TN harboring This study
pUVRS3_Rv3083
3-RM1_mymA 3-RM1 harboring This study
pUVRS3_Rv3083
3-RM_ethA 3-RM1 harboring This study
pUVRS3Atet Rv3854
SG1_ethA SG1 harboring This study

pUVRS3Atet Rv3854
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Table 4.1 Continued

SG1_ethA SG1 strain harboring This study
pUVRS3_Rv3083
Plasmids
pUVRS3 pUV15tetORm derivative with HA tag
pMV762 VirS pMV762 derivative expressing VirS
pUVRS3 Rv3083c pUVRS3 derivative expression Rv3083c (inducible)
pUVRS3 derivative with tetR deleted and subsequent constitutive
pUVRS3Atet Rv3854 expression of Rv3854
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To determine whether EthA is also required for the activity of these two compounds
against non-replicating cells, we tested the activity of 1 and 2 against carbon starved wild-
type Mtb and one of the ethA mutants (2-RM3). We found that both small molecules
exhibited significantly less activity against the ethA mutant strain compared to wild-type
under carbon starvation conditions, suggesting that activation by EthA is also required for
the non-replicating activity (Fig. 4.6a, b). The ethA mutation does not provide complete
protection against these molecules, however, suggesting that there may be an additional
mechanism for activation, or alternatively, that the reduced parent molecule may have
some activity on non-replicating bacteria.

For thiadiazole 1 we hypothesized that EthA may oxidize the sulfide to a sulfoxide.
To test this hypothesis, we synthesized the sulfoxide analog, 4 (Fig. 4.6¢). When tested
against replicating wild-type Mtb, the MICqo (minimum inhibitory concentration, measured
by outgrowth of bacteria) of 4 is the same as that of the parent molecule 1 (Fig. 4.6d).
When tested against two of the ethA mutants that are resistant to 1, the MICs of the
sulfoxide 4 were the same for both the ethA resistant mutant and the wild-type strain,
consistent with the hypothesis that EthA is no longer required for activation of 4 (Fig.
4.6e). We then tested the sulfoxide 4 against a carbon starved ethA mutant (2-RM3) and
found that the starvation MBCgyo (minimal bactericidal concentration, measured by plating
for colony forming units following treatment with compound) was the same for the wild-
type and ethA mutant strain, in contrast to 1 which had reduced starvation activity in the
ethA mutant strain (Fig. 4.6f). The similar efficacies of 1 and 4 against non-replicating

cells suggest that the reduced parent molecule does not have significant activity under

125



1.E+08 1.E+07
1.E+07 m Wild-type 1.E+06
N N 2-RM3 ' 53 N
1.E+06 - @ 2 LE+05 [ -
1.E405 | N
- 1.E+04 \s___K e _\f/ﬁ-._-,l
E1E+04 a i M .
5 1.E+03 e o ~7
C1.E+03 |
1 E+02 | 1.E+02
1.E+01 1.E+01 é
1.E400 1.E+00
0 8 iz 125
2 (pM)
d e f
1.2 1.2 1.E+08
’ ; —=- 1-RM2 1E407 | T
—8 1-RM3 1LE+08 | Es B Wild-type
> L L = Wild-type - ) 5
g o8 0.8 v 105 | % 2-RM3
o
T 06 06 S 1.E+04 [ %
§ & S
g 04 o4 | 3 1.E403 | %
1.E402 %
0.2 + 02 LB+ | %
0 . o . ' 1.E+00 8
0 10 20 30 40 50 0 10 20 30 40 0 4 16 a2
Compound] | M) [4] [ M) 4 (uh)

Figure 4.6. Resistance under non-replicating conditions is also conferred by loss of
function mutations in ethA. (a,b) Wild-type Mtb (black bars) or an ethA mutant (2-RM3, hatched
bars) was starved for 5 weeks in 7H9/Tx media and then treated for 14 days with compound at
the indicated doses. Dashed lines indicate limit of detection. (¢) Structure of 4. (d) Dose response
curves for 1 and 4 versus wild-type Mtb. (e) Dose response curves for 4 versus wild-type Mtb
(open black circles) and two ethA mutants (purple, red squares). (f) The analog 4 was tested
against carbon starved wild-type Mtb (black bars) or an ethA mutant (2-RM3, hatched bars).
Treatment duration was 2 weeks.
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non-replicating conditions. Thus, the residual 1 mediated killing observed in the carbon
starved ethA mutant (Fig. 4.6a) likely reflects the presence of an additional mechanism
for compound activation within the cell. Together these data suggest that EthA oxidizes
compound 1 to the sulfoxide analog 4, which is the active form of this small molecule
under replicating and non-replicating conditions, and further, that there may be multiple

mechanisms to activate the molecule within the cell.

MymaA is required for thiooxadiazole 3 activity. For the thiooxadiazole 3, we isolated
four independent resistant clones which all contained mutations involving the gene virS
(Fig. 4.5c, Table 4.1). VirS, an AraC/XylS transcription factor, regulates an operon (mymA
operon) located downstream from virS, in a divergent orientation (Fig. 4.7a)*°°. The mymA
operon has been reported to be upregulated under acidic stress and virS mutants exhibit
altered mycolic acid composition and cell wall ultrastructure?*>?°. One of the resistant
mutants (3-RM1) was found to have a 13 kB deletion spanning the entire mymA operon
as well as virS and pknK, the gene encoding a serine/threonine protein kinase located
upstream of virS. Two resistant mutants contained an identical SNP at position 285 (3-
RM2 and 3-RM3) in virS, and the fourth mutation contained a frameshift mutation in the
3’-end of virS (3-RM4) (Table 4.1). The fact that resistance is conferred when virS and
the mymA operon are deleted indicates that VirS cannot be the direct target of the
thiooxadiazole.

We complemented two of the resistant mutants, the deletion mutant (3-RM1) and
the frameshift mutant (3-RM4), with a wild-type episomal copy of virS under the control

of the groEL promoter. In the frameshift mutant 3-RM4, complementation with wild-type
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Figure 4.7. The monooxynase encoded by mymA activates compound 3. (a) The structure
of the mymA operon. VirS is a transcription factor located upstream from the mymA operon in a
divergent orientation. (b) Dose response curves for wild-type Mtb (open black circles), 3-RM1
(pink triangles), 3-RM4 (green squares) and 3-RM1 and 3-RM4 complemented with an episomal
copy of virS (open triangles and squares) versus 3. (c) Dose response curves for transposon
mutants in the mymA operon versus 3. (d) Dose response curves for wild-type Mtb containing an
inducible episomal copy of mymA, either induced (gray circle) with anhydrotetracycline (AHT) or
uninduced (open circle), versus 3. (e) Dose response curves for the Rv3083c::TN_mymaA, either
induced with AHT (open triangles) or uninduced (closed triangles) versus 3. (f) Dose response
curves for the virS deletion mutant containing an inducible copy of mymA, either induced with
AHT (open squares) or uninduced (closed squares), versus 3.
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virS restored sensitivity to thiooxadiazole 3. However, in the deletion mutant 3-RM1,
complementation of virS failed to restore sensitivity (Fig. 4.7b). These results led us to
hypothesize that the loss of function mutations in virS may confer resistance via its impact
on expression of genes in the mymA operon.

To test this hypothesis, we measured the sensitivity to thiooxadiazole 3 of a set of
mutants in which each of the genes of the mymA operon (Rv3083-3089) was disrupted
by a transposon insertion (Fig. 4.7c). We found that disruption of mymA (Rv3083)
uniquely confers resistance to the thiooxadiazole 3, suggesting that mymaA is required for
thiooxadiazole 3 activity (Fig. 4.7c). When we overexpressed mymaA in three strains: wild-
type, the mymA transposon mutant (Rv3083c::Tn) and 3-RM1, we observed the
restoration of sensitivity to 3 in each of these strains when mymA expression was induced
with anhydrotetracycline (AHT) compared to uninduced controls (Fig. 4.7d-f). This result

suggests that resistance to 3 in all of the mutants is due to loss of function of MymaA.

Optimization of the thiooxadiazole scaffold for replicating and non-replicating
activity. We next performed chemistry on thiooxadiazole 3 to optimize both replicating
and non-replicating activity. We found that compounds with S-2-pyridylmethyl substitution
improve activity against non-replicating bacteria (3, 3A vs 3B~3G, Table 4.2) and the
presence of a halogen or small substituent (methyl or methoxy) at the para position of
phenyl group at 5-position of oxadiazole improves activity against replicating phase (3B
vs 3C~3G). The three most active molecules, 3F, 3E, and 3C, have an MICgyy against
replicating bacteria of 16uM (Fig. 4.8a). When tested against non-replicating bacteria the

compounds remain active; 3F has an MBCg against non-replicating, carbon-starved
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Table 4.2. Activity of compounds and analogs against replicating wild-type (WT) Mtb and
a mymA mutant as well as against WT carbon-starved Mtb
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Figure 4.8. Activity of analog 3F in replicating and carbon-starved Mtb. The analog 3F was
tested against mid-log phase (A) or carbon-starved (B) wild-type (gray bars) and mymA deletion
mutant (3-RM1) (dashed bars) strains at the indicated concentrations for 14 days. The bacteria
were then serially diluted and plated for enumeration by CFU. Bars represent the average of three
technical replicates and error bars represent the standard deviation.
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bacteria of 8uM (Fig. 4.8b). Thus, this molecule is active against replicating Mtb as well
as non-replicating Mtb. We confirmed that loss of function mutations in MymA confer
resistance to 3F under both replicating and non-replicating conditions, similar to the
original thiooxadiazole 3 (Fig. 4.8a,b). MymA is therefore required for 3 and 3F activity
under both replicating and non-replicating conditions. 3F was selected for these

experiments it has the greatest dependence on MymaA for activity.

MymA activates thiooxadiazole 3. Given that MymA is required for thiooxadiazole 3
activity, we hypothesized that MymA, previously described as a Baeyer-Villiger
monooxygenase similar to EthA, may be functioning as an activating enzyme of a prodrug
by oxidizing thiooxadiazole 3'%°'%®. As oxadiazolones have previously been reported to
have activity against replicating wild-type Mtb, as determined by an Alamar blue inhibition

assay207,208

, we hypothesized that MymA may be converting the thiooxadiazole 3 into the
corresponding oxadiazolone 5 (Fig. 4.9). When we tested oxadiazolone 5 as well as an
additional oxadiazolone 6 against wild-type Mtb H37Rv, however, we found that the
oxadiazolones had significantly less activity against replicating bacteria than the parent
thiooxadiazole 3 (Fig. 4.9b). Alternatively, MymA could oxidize the thioether to its
corresponding sulfoxide. We thus synthesized the corresponding sulfoxide, 7, (Fig. 4.9a)
for one of the thiooxadiazoles(3A) and found that the sulfoxide 7 displayed similar efficacy
against wild-type H37Rv as the parent 3A (Fig. 4.9c). In addition, it was equally active
against the virS deletion mutant and the mymA transposon mutant, consistent with the

hypothesis that MymA is required for activation of 3A by oxidizing it to the sulfoxide (Fig.

4.9c).
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Fig. 4.9. Activity of oxidized 3 analogs. A) The structures of analogs 5-7. See also Figure S3
B) Dose response curves for analogs 3, 5, and 6 against wild-type replicating Mtb. C) Dose
response curves for analog 7 against wild-type (open black circles), the mymA transposon mutant
(red triangles) and the mymA deletion mutant (pink triangles). D) The activity of analog 7 (hatched)
and analog 3A (solid) versus carbon-starved wild-type Mtb at the indicated doses. The bacteria
were treated for 14 days, then serially diluted and enumerated by CFU.
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To confirm MymA’s ability to oxidize 3A, we directly tested the activity of
recombinant MymA on 3A in vitro and observed, by LC-MS, the formation of a product
with a molecular weight and retention time consistent with that of the corresponding
sulfoxide 7 and sulfone (Fig. 4.10). The oxidized product, 7 is also a substrate for MymA
in vitro as we observed conversion to the sulfone in a MymA dependent manner (Fig.
4.10). The sulfone then degrades to lower molecular weight products. Though 7 is a
substrate for MymA in vitro, its activity in whole cells does not depend on MymA (Fig.
4.9c, d), suggesting that 7 must act on its target in vivo before MymA can oxidize it further.

We next tested the thiooxadiazole 3A and the sulfoxide 7 in wild-type H37Rv
carbon starved Mtb to compare the non-replicating activity of the thioether and sulfoxide
analogs (Fig. 4.9d). We found that the sulfoxide 7 demonstrates greater activity than the
thioether 3A under non-replicating conditions. The superior activity of 7 against non-
replicating bacteria compared to 3A could arise if MymA is less active in carbon-starved
cells than in replicating cells, thereby preventing the conversion of 3A to the active entity
7. Together these data suggest that the sulfoxide is the active form of the compound
under both replicating and non-replicating conditions and that it might be a preferable

candidate to the parent thioether for any further development against TB.

Evidence for MymA activation of ethionamide. Previous work has suggested the
presence of 6 Baeyer-Villiger monooxygenases in Mtb, with EthA being the most
characterized because of its known role in activating the prodrug ethionamide. Of these
196,198. In

6 monooxygenases, mymA and ethA share the greatest sequence homology

light of the finding that MymA activates 3 through oxidation, we sought to test whether
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Figure 4.10. MymA biochemical activity. 3A or 7 were incubated with MymA or in reaction
buffer without MymA for the indicated time. The reaction mixture was directly injected onto Liquid
Chromatography-Mass Spectrometry (LC-MS) for identification of substrates and products.
Absorbance traces from the LC are shown. Peaks are labeled with the corresponding small
molecule, with m/z listed in parenthesis. 3A (m/z = 269.11, retention time = 1.63 minutes) is
converted to the sulfoxide 7 (m/z = 285.08, retention time = 1.34) and to the sulfone (m/z = 301.09,
retention time =1.48) in a MymA-dependent manner. 7 is also a substrate for MymA and is
converted into a product with retention time and weight consistent with the sulfone before breaking
down. The sulfone is unstable when synthesized chemically and seems unstable in these
conditions as well. 7 appears to be oxidized more rapidly than 3A under these conditions.
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MymA might also activate ethionamide. We first tested whether loss of function mutations
in mymA confer resistance to ethionamide. Indeed, we found that loss of MymA function
in 3-RM1 or Rv3083::Tn confers comparable levels of resistance to ethionamide as loss
of EthA function in 2-RM3 or a mutant containing transposon disruption of ethA
(Rv3854c::Tn) (Fig. 4.11a). We found that loss of function of MymA (3-RM1) also confers
low-level resistance to 1 and 2, though not as high level as observed with EthA loss of
function mutations (Fig. 4.11b,c). We then overexpressed mymA using an inducible
promoter in wild-type Mtb H37Rv and observed a two-fold decrease in the MICgq, for
ethionamide, further suggesting that MymA can activate ethionamide (Fig. 4.11d). When
we overexpressed mymA using an inducible promoter in 3-RM1, we similarly observed a
decrease in the MICyy for ethionamide (Fig 4.11e). Given this finding, we tested
transposon mutants in three other BVMOs, Rv1393c, Rv0565c¢, and Rv3049c, and found
that loss of any of these genes does not confer resistance to ethionamide in vitro (Fig.
4 .11f).

In order to test the complementary roles of EthA and MymA in oxidizing the prodrug
ethionamide, we attempted to select for resistant mutants with mutations in both mymA
and ethA. We plated the mymA deletion mutant (3-RM1) on high concentrations of
ethionamide (500 pM) with a selection frequency for resistance of approximately 1 in 10®
colonies. Three independent clones (SG1-3) were selected from different plates for
confirmation of resistance. When tested against ethionamide, these strains exhibited
significantly higher levels of resistance to ethionamide (ICso > 50 uM; wild-type ICsp = 2.2
MM) than the original strains carrying only a mymA deletion (ICso = 10.1 uM) or only a loss

of function mutation in ethA mutant strains (ICso = 12.5 uM) (Fig. 4.12a, b). In addition,
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Figure 4.11. MymA and EthA can both activate ethionamide. (a) Dose response curves for
ethionamide against wild-type (black open circles), the mymA transposon mutant (red triangles),
the 3 deletion mutant (pink triangles), the ethA transposon mutant (purple squares) and 2-RM3
(blue circles) strains. (b,c) Dose response curves for the 3 deletion mutant (pink triangles) and 2-
RM3 (blue circles) strains versus 2 (b) and 1 (c). (d) Dose response curve for wild-type Mtb
uninduced (open black circles) and induced (black circles) mymA overexpression versus
ethionamide. (e) Dose response curve for wild-type (open black circles), 3-RM1 (pink triangles),
3-RM1_mymA induced with AHT (red triangles) or uninduced (purples triangles) versus
ethionamide. (f) Activity of ethionamide against replicating Mtb Baeyer-Villiger Monooxygenase
transposon mutants. Dose response curves for WT, Rv1393c::TN, Rv0565c::TN, Rv3049c::TN
against ethionamide. Points represent the average of quadruplicates and error bars represent
standard deviation with the experiment repeated twice.
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while the parent mymA mutant 3-RM1 did not exhibit resistance to thiacetazone, the 3-
RM1 clones selected for high level ethionamide resistance also exhibited resistance to
thiacetazone (Fig. 4.12c). As thiacetazone is an antitubercular drug that requires
activation by EthA, this observed resistance suggested loss of EthA function in the
mutants. Subsequent whole genome sequencing indeed confirmed new mutations in ethA
in these strains with high level of resistance to ethionamide, in addition to the parental
mymA deletion (Table 4.1). We then complemented these mutants with episomal copies
of mymA or ethA and found that episomal copies of mymA or ethA restored sensitivity to
ethionamide (Fig. 4.12d, e). Together these data suggest that both EthA and MymA can
activate ethionamide in an additive manner, thus representing a novel mechanism for

ethionamide activation and resistance.

Selection for loss of function of mymA in clinical strains. A review of recently
published whole genome sequencing data for clinical Mtb strains?®® suggests a potential
role for MymA in vivo. The landscape of resistance to ethionamide in vivo is very complex.
Many resistance loci have been identified for ethionamide, including ethA, ndh, mshA,
and the inhA promoter, and yet there are still clinical isolates resistant to ethionamide that
do not harbor mutations in any of these known loci?™®. Furthermore, not all strains
containing ethA loss of function mutations achieve levels of clinical resistance. For
example, in the Casali et al. dataset, 29 of 83 strains harboring ethA loss of function
mutations (35%) are classified as sensitive to ethionamide (Table 4.3), which would be
consistent with our laboratory findings that an ethA mutation alone, is not sufficient to

confer high level ethionamide resistance. In contrast, the two strains in their data set that
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Figure 4.12. The SG1 double mutant exhibits high levels of ethionamide resistance. (a)
Dose response curves for SG1 (purple), SG2 (brown), SG3 (green), 2-RM3 (blue), 3-RM1 (pink),
and wild-type Mtb (black open circles) versus ethionamide. (b) Activity of ethionamide against
wild-type Mtb, the original resistant mutants and the mymA/ethA double mutants. ICs is reported
as a more relevant metric of activity due to the long tail of slight growth at higher concentrations
of ethionamide that would make accurate determination of an MICy, challenging. (¢) Dose
response curves for thiacetazone against Mtb. Points represent the average of quadruplicates
with the experiment repeated twice. (d,e) mymA/ethA double mutants complemented with ethA
(d) and mymaA (e).
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carry both ethA and mymA mutations are indeed classified as clinically ethionamide
resistant.

Analysis of this dataset identified 105 strains with 15 unique mymaA loss of function
mutations (nonsense or frameshift mutations). Of this set of >1000 clinical strains, mymA
had more unique loss of function mutations than nearly all other TB genes, ranking 10th;
ethA, pncA, and gidB loss of function, which are associated with resistance to
ethionamide, pyrazinamide, and streptomycin, ranked 2nd, 6th, and 15th on the list,
respectively (Table 4.4). Unique mymA loss of function mutations are, therefore, as
frequent as other known loss of function resistance mechanisms, and are more frequent
than 99.7% of all Mtb genes, suggesting that there is indeed selective pressure to
inactivate mymaA. In this list, another monooxygenase, Rv0565c ranks 25th (Table 4.4).
In fact, others have also observed that this gene is frequently mutated in clinical samples,

but it has yet to be linked to a specific phenotype in vitro?'".**
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Table 4.3. Occurrences of mymaA, ethA, and inhA promoter mutations in the Casali et al.
dataset of whole genome sequencing of Mtb clinical isolates

Number of Number of
inhA strains strains
mymaA ethA promoter Ethionamide Ethionamide
allele allele allele sensitive Resistant Total
WT WT WT 203 78
WT WT SNP 7 32
LOF WT WT 19 10
LOF WT SNP 0 0
WT LOF WT 29 54
WT LOF SNP 2 3
LOF LOF WT 0 2
LOF LOF SNP 0 0
260 179 439
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Table 4.4. Number of unique loss of function mutations occurring in the genes of clinical
Mtb strains. The genomes of over 1000 clinical isolates of Mtb from the Casali, et al. data set
were analyzed for loss of function mutations. Genes are ordered by number of unique loss of
function mutations. Loss of MymA function ranks 10" on this list, making this loss of function more
frequent than 99.7% of all Mtb genes.

Gene Number of unique loss of

Number function mutations Gene name

RVBD 3508 27 | PE-PGRS family protein PE_PGRS54
RVBD_3854c 23 | monooxygenase EthA

RVBD 3347c 23 | PPE family protein PPE55

RVBD _0878c 23 | PPE family protein PPE13

RVBD_2048c 19 | polyketide synthase Pks12

RVBD_2043c 18 | pyrazinamidase/nicotinamidase PncA
RVBD _0355c 17 | PPE family protein PPE8

RVBD_1450c 17 | PE-PGRS family protein PE_PGRS27
RVBD _3350c 17 | PPE family protein PPE56

RVBD_3083 15 | oxidoreductase

RVBD 3514 13 | PE-PGRS family protein PE_PGRS57
RVBD_3879c 13 | ESX-1 secretion-associated protein EspK
RVBD _0278c 12 | PE-PGRS family protein PE_PGRS3
RVBD_3894c 12 | ESX-2 secretion system protein EccC2
RVBD 3919c 12 | glucose-inhibited division protein B Gid
RVBD_3800c 12 | polyketide synthase Pks13

RVBD_0094c 12 | hypothetical protein

RVBD 2187 11 | long-chain-fatty-acid-CoA ligase FadD15
RVBD 1248c 11 | 2-oxoglutarate decarboxylase

RVBD _1588c 11 | 13E12 repeat family protein

RVBD 3466 10 | hypothetical protein

RVBD 1527c 10 | polyketide synthase Pks5

RVBD _0834c 10 | PE-PGRS family protein PE_PGRS14
RVBD_0565c 10 | monooxygenase

RVBD _0761c 10 | NAD-dependent zinc-type alcohol dehydrogenase
RVBD 1384 10 | carbamoyl-phosphate synthase large chain CarB
RVBD _0872c 10 | PE-PGRS family protein PE_PGRS15
RVBD 0032 10 | 8-amino-7-oxononanoate synthase BioF2
RVBD_0860 10 | fatty oxidation protein FadB
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Section 4.3. Discussion

**Given the challenges in finding novel antibiotics that can penetrate the cell wall
of bacteria, recent efforts have shifted toward taking a whole cell screening approach to
antibiotic discovery. With this shift has come the challenge of target identification of active
candidates.** Our discovery of TKO10-016R, which has activity that is sensitive to metal
ion concentration in both replicating and non-replicating cells, reveals that metal ion
homeostasis may be a vulnerable process in Mtb. Our work implicates nickel, cobalt, iron
and copper in the mechanism of the aminothiazole screening hit as well as its analogues.
Interestingly, previous work in Escherichia coli has shown that in anoxic conditions, Cu?*
toxicity is increased by both Co?* and Ni** while Ni?* toxicity is reduced by the presence
of Fe** 22, This work also suggested that Fe?* may interfere with copper homeostasis
systems in E. col*'®. That these metal ions and regulatory systems can influence each
other suggests TK010-016R and its analogues may act via a specific mechanism that
ultimately affects several metal ions and their homeostasis.

Whole genome resequencing of resistant mutants has become a dominant
approach to identify the targets of Mtb inhibitors identified using whole-cell screens. Using
this approach to attempt to determine the targets of replicating and non-replicating Mtb
inhibitors that we had previously identified, we have encountered a high frequency of
cases in which mutations in activating enzymes were found or in which we were unable
to evolve high-level resistance. **It has been suggested that resistance generation
coupled with whole genome resequencing may bias towards identifying targets that can

easily accommodate mutations while preserving protein function'. This work illustrates
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an additional drawback to this approach, specifically the frequency of mutations
encountered in activating enzymes rather than in the actual mechanistic target.

Unlike most of the antibiotics against conventional, rapidly growing bacterial
species, a disproportionate number of the antibiotics currently used to treat TB infection
are prodrugs, which require metabolism by a bacterial enzyme before having a
bactericidal effect. Examples include isoniazid, oxidized by the catalase-peroxidase
KatG; pyrazinamide, activated by pncA encoded pyrazinamidase; and ethionamide,
activated by the BVMO EthA'®. It is unclear why so many antibiotics used to treat
tuberculosis are prodrugs. One hypothesis is that this phenomenon may be linked to the
large number of oxidases encoded in the Mtb genome?'® with at least 49 genes annotated
as monooxygenases, oxidoreducatases or cytochrome P450 oxygenases'® that may be
required for the bacterium to survive in an environment of increased oxidative stress.
Among the 49 oxygenases, Mtb encodes 6 monooxygenases that contain the BVMO
motif'®®. While the presence of BVMOs is not uncommon among prokaryotes, with
approximately 50% of sequenced microbial genomes containing a BVMO gene, only a
few microorganisms contain multiple BVMOs, primarily actinomyces and
mycobacteria®™. Each BVMO typically has a preference for a certain class of compounds
and the multiplicity of BVMOs within mycobacteria may increase the diversity of
molecules that can be oxidized within the cell*"°.

In this work, we characterized 3 new molecules with activity against both
replicating and non-replicating Mtb, that behave like prodrugs in requiring a
monooxygenase for activity. For two small molecules, thiadiazole 1 and thiophene-

pyrazole 2, we found evidence that activation by EthA, a BVMO previously described as
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activating the antitubercular prodrugs ethionamide, isoxyl and thiacetazone, is required
for both replicating and non-replicating activity. These molecules do not contain the
thioamide or thiourea groups previously described as EthA substrates?®, suggesting that
the diversity of molecules that can be activated by EthA is greater than previously
described. For the third small molecule thiooxadiazole 3, we found that MymA, a BVMO
not previously described as an activating enzyme, is required to oxidize 3 to the
corresponding sulfoxide for its replicating and non-replicating activity. We confirmed its
enzymatic activity using purified MymA and LC-MS to detect the oxidized products. This
is the first example of a compound with antitubercular activity activated by the MymA
BVMO.

Surprisingly, our results indicate that MymA can also activate ethionamide and that
loss of MymA function confers resistance comparable to loss of EthA function. Loss of
MymA function therefore represents a novel ethionamide resistance mechanism
observed in vitro. ethA was originally determined to be the ethionamide resistance locus
due to the observation that overexpression of EthR, a repressor of EthA, confers
resistance to ethionamide in vitro while overexpression of EthA sensitizes to

196,216

ethionamide Furthermore, recombinant EthA has been shown to activate

217 and EthA loss of function has been associated with clinical

ethionamide in vitro
resistance to ethionamide'®®?'®. To our knowledge, however, there is no study on
ethionamide sensitivity in a mutant with EthA loss of function compared directly to a parent
strain with the same genetic background. In this work, we find that compared to the levels

of resistance reported for clinical EthA loss of function mutants®'®, loss of function of EthA

alone, or MymA alone, only confers lower levels of resistance. Loss of function in both
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EthA and MymA were required for high levels of ethionamide resistance. This observation
indicates some redundancy in function and substrate specificity for these two BVMOs and
suggests that other mutations, in addition to those in ethA, are required for high-level
resistance to ethionamide.

Analysis of whole genome sequencing data from clinical isolates®®® shows that
uniqgue mymaA loss of function mutations are more frequent than in 99.7% of all Mtb genes
and at least as common as other loss of function mutations associated with resistance to
drugs. These findings suggest that mymaA loss of function mutations are under selective
pressure in vivo. We were unable to definitively link mymA mutations with an ethionamide
resistant phenotype in the absence of access to these particular strains, potentially
because mymaA loss of function mutations confer only low-level resistance to ethionamide
while loss of function of both MymA and EthA are required to confer the much higher
levels of resistance that are detected by conventional, clinical MIC testing. Such
additional experiments however may be warranted, given recent interest in developing
genotype-based diagnostics for drug resistance in tuberculosis.

In addition to highlighting the complex mechanisms of compound activation
present in Mtb, this work demonstrates that three molecules that we have identified with
antitubercular activity and that contain a sulfur (thioether or thiophene) group require
activation by a BVMO. At a time when whole-cell high-throughput screening is being
utilized to identify new leads against Mtb, this finding suggests that the selection of sulfur
containing compounds may bias lead selection towards a prodrug mechanism and a

relatively high frequency of resistance development. Considerations for further

146



development of these compounds should prioritize synthesis and testing of the oxidized
forms, with preferential focus on the oxidized forms of such compounds if proven active.

In summary, in this work we highlight the high propensity for thiol-containing
substrates to be oxidized in a promiscuous manner by the large number of Mtb BVMOs,
thereby activating the prodrugs. Not only do we show the ability of EthA to activate a
broader range of substrates than previously described, but we also identify a new BVMO,
MymA, that is capable of activating prodrugs. Further, we demonstrate that MymA plays
a role in activating the known tubercular drug ethionamide. Surprisingly, loss of function
mutations in MymA or EthA confer comparable levels of resistance. EthA and MymA thus
have previously unrecognized overlap in their substrates, including the redundant ability
to activate ethionamide. Loss of function of MymA represents a novel mechanism for
ethionamide resistance and together, loss of function of MymA and EthA confer higher
levels of resistance to ethionamide. The greater significance of mymA mutations in
affording clinical resistance to ethionamide, in conjunction with ethA mutations, will need
to be evaluated as greater numbers of Mtb genomes become available with rigorous

ethionamide resistance testing and MIC measurements.**
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Section 4.4. Materials and Methods

Bacterial strains and growth conditions. M. smegmatis mc?155 was grown at 37 at
37°C in Middlebrook 7H9 broth supplemented with ADS (Albumin Dextrose Saline). **Mtb
H37Rv was grown at 37°C in Middlebrook 7H9 broth supplemented with 10% OADC
(oleic acid-albumin-dextrose complex), 0.2% glycerol and 0.05% Tween-80 or on
Middlebrook 7H10 plates supplemented with 10% OADC, 0.5% glycerol, and 0.05%
Tween-80. Carbon starved bacteria were prepared as previously described’. The plasmid
used to overexpress ethA in Mtb was pUVRS3Atet (a derivative of pUV15tetORm with
the tet repressor deleted for constitutive expression). The inducible plasmid pUVRS3 (a
derivative of pUV15tetORm) was used for mymA overexpression and pMV762 was used
to overexpress virS under the control of the groEL promoter?'®??. Inducible constructs
were pre-induced with 50 ng/mL anhydrotetracycline for 24 hours prior to determination

of dose response curves.

Chemistry. Unless otherwise noted, reagents and solvents and were obtained from
commercial suppliers and were used without further purification. Column chromatography
was performed using EMD silica gel 60 (230-400 mesh). "H-NMR (300 MHz) and "*C-
NMR (75 MHz) spectra were recorded on a Bruker instrument (XWIN-NMR) and chemical
shifts are reported in parts per million (ppm, 6 ) downfield from tetramethylsilane (TMS)
or residual solvent peak. Coupling constants (J) are reported in Hz. Spin multiplicities are
described as s (singlet), brs (broad singlet), d (doublet), t (triplet), g (quartet), and m
(multiplet). LCMS analysis was conducted on a Agilent Poroshell 120 EC-C18 column (30

mm x 3.0 mm i.d.) eluting with 0.01% formic acid in water (solvent A) and 0.01% in
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acetonitrile (solvent B) at a flow rate of 1.75 mL/min, using the following gradient: 0.0 min
~ 0.03 min, 5%B; 0.03 min ~ 1.78 min, 5~95%B; 1.78 min ~ 2.28 min, 95%B; 2.28 min ~
2.30 min, 95~5%B; 2.30 min ~ 2.50 min, 5%B. The mass spectra were recorded in
electrospray positive and/or negative ion modes (ESI+ and ESI-) on a Waters ZQ mass
spectrometer. Purity of the compounds was assessed from chromatogram (UV2s4) and
was >95%. Ethionamide, compounds 1, 2, 3, 3A and 5§ were obtained from commercial

suppliers.

Generation of resistant mutants. The agar MIC was determined for each compound by
plating bacteria on agar containing a dose response of compound in a 96 well plate
format. The MIC was defined as the lowest concentration resulting in inhibition of bacterial
growth. Resistant mutants were generated by plating 1x10° bacteria on agar containing
2X, 4X and 10X the agar MIC using four independently derived wild-type clones. Colonies
were inoculated into liquid media containing 2X the liquid MIC of the compound. These
cultures were retested in a liquid MIC assay to confirm resistance and then used to

generate genomic DNA for whole genomic sequencing.

Determination of dose response curves, MICgps and MBCgyys. Bacteria were grown
to mid-log phase and plated in 96 well plates at ODgoo = 0.025 in the presence of a dose
response of small molecule inhibitors for 2 weeks, and growth was assessed by reading
the ODgpo. The minimal inhibitory concentration, MICgy, was defined as the minimum
concentration that inhibited growth by 90% relative to the DMSO control. For all dose

response curves the points represent the average and error bars represent the standard

149



deviation of technical quadruplicates. All dose response curves were repeated 2

(minimum) to 4 times.

To determine starvation MBCq, carbon-starved bacteria were diluted to ODggo = .05 in
starvation media as previously described and incubated in the presence of small molecule
inhibitors for 2 weeks’. Surviving bacteria were enumerated by plating for CFUs and
minimal bactericidal concentration, MBCgqo was defined as the minimum concentration at
which CFU of treated bacteria was 10% (or less) that of untreated bacteria. CFU
experiments were conducted using three technical replicates and repeated a minimum of

2 times.

Analysis of clinical strain sequencing data.

Sequence data for clinical strains was downloaded from NCBI (BioProject PRJEB2138).
Reads were mapped onto a reference strain of H37Rv (GenBank accession number
CP003248.2) using BWA version 0.5.9 (PMID: 19451168). Variants were identified using
Pilon version 1.5 (PMID: 25409509) and variant effects were determined using VCF
annotator (http://sourceforge.net/projects/vcfannotator/). Gene sequences were then
evaluated for nonsense mutations and small indels (<= 10 bp) causing frameshifts.

Transposon Library: TraSH pools®?’

were thawed, diluted and plated on 7H10 agar with
kanamycin. Individual colonies were picked into 96 well 2 mL assay blocks (Corning
#3960). Blocks were incubated at 37°C until pellets were visible at the bottom of the wells.

Wells were resuspended and aliquots split into 2 96 well plate replicates (Corning #3770).
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One replicate was heated to 80°C for 2 hours and then removed from the BSL3 for
sequencing. The first PCR reaction used a transposon specific primer paired with a
universal primer, and the second PCR reaction used a different transposon specific
primer paired with the same universal primer. The PCR product was then sequenced and
the data obtained for each clone outside of the transposon was aligned to the genome.
In the event of multiple alignments, e-values and proximity to the start of the read were
considered when selecting the best alignment. Each clone used in the work was

sequenced at least twice for confirmation of transposon location.

Purification of MymA and in vitro activation. His-tagged mymA was overexpressed in
E. coli B834 cells using a pET28 vector. Cells were grown at 37°C to an OD of 0.4-0.6,
chilled on ice for 15 minutes, and then induced with 0.5 mM isopropyl B-D-1-
thigalactopyranoside (IPTG) and grown at 18°C overnight. Cells were pelleted and frozen
at -80°C until lysis. Cells were lysed chemically using lysis buffer consisting of 50mM Tris
(pH 7.4), 300 mM NaCl, 1% triton-X, 6 mM imidazole, 25 U/mL benzonase, 500 pg/mL
lysozyme, 1 Roche complete protease inhibitor tablet, and 1x bug buster extraction
reagent and incubation at 4°C for 1 hour. Following lysis, insoluble material was pelleted
at 20,0009 for 20 minutes. Protein was then purified using a GE Healthcare HisTrap HP
column. After applying supernatant to the column, the column was washed with 5 volumes
binding buffer (50 mM Tris (pH 7.4), 300 mM NaCl, 20 mM imidazole), then 2 volumes
elution buffer (50 mM Tris (pH 7.4), 300 mM NaCl) with increasing concentrations of
imidazole (50mM, 100mM, 200mM, 250mM, and 500mM). Fractions 4 and 5 were

combined and concentrated, then dialyzed against 50mM Tris (pH 7.4) and 100mM KCI.
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3A or 7 (150 pM) were incubated with purified MymA (1.5uM) at room temperature
in reaction buffer containing 0.2 mM NADPH, 100 mM KCI, and 50 mM Tris (pH 7.4)
195197 The reaction was allowed to progress for indicated amounts of time, and then the

reaction mixture was directly injected on LC-MS.

Determination of MICyy against starved bacteria using luciferase. An inducible firefly
luciferase expression plasmid (kanamycin selection) was constructed using an ATc
inducible system as described previously?'®. Compounds (20 uL) were arrayed into 96
well plates as a dose response curve using 2-fold serial dilutions. ATc (50 ng/mL) was
added to a carbon-starved H37Rv culture containing the inducible firefly luciferase
plasmid and 80uL was dispersed into assay plates. After 5 days, the cells were lysed with
the addition of 20 uL of Cell Culture Lysis 5% Reagent (Promega Corporation) and 5
mixing cycles (full volume aspirate and dispense). After 10 minutes 100 uL of luciferase
was reagent added and luminescence immediately measured (Luciferase Assay System,

7 %%

Promega Corporation). Data was analyzed as described previously °.

HepG2 cytotoxicity assays. HepG2 cells were cultured in Dulbecco's modified Eagle's
medium (with 4.5g/L glucose, L-Glutamine, and Pyruvate) supplemented with 10% fetal
bovine serum at 37C, 5% CO,, in a humidified atmosphere. To test
cytotoxicity, HepG2 cells were seeded in 96-well plates at 10,000 cells in 100mL media
per well. After seeding, cells were allowed to recover overnight, then 2 uL per well diluted
compound was added. Cells were incubated for 48h with compound, at which point cells

were lysed with 50 pl complete CellTiter-Glo Reagent (Promega) diluted 1:2 in 1x

152



Phosphate Buffered Saline. The reagents and cells were allowed to equilibrate to room
temperature prior to addition of reagent to the cells. Plates were incubated for 10 minutes
at room temperature to allow the luminescence signal to stabilize, then luminescence was
read at an integration of 100 ms/well using a SpectraMax M5 plate reader. Cytotoxicity
was determined by comparing signal from cells treated with compound to cells treated

with DMSO only. Each compound was tested in at least 3 and up to 4 replicates.

RNA-Seq. RNA extraction, library construction, sequencing and analysis were completed
as reported in Chapter 3. All mycobacteria were grown in standard rich 7H9 media.
Designation of genes as responsive to copper, iron, or oxidative stress was based on

literature reports.
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Chapter 5: Summary and Perspectives



Section 5.1. Summary of findings

The discovery of antitubercular compounds with novel targets is greatly needed to
combat the growing epidemic. The predominant goals of new antitubercular drug
discovery are (1) combating multi- and extensively drug-resistant infections and (2)
shortening treatment duration?. While numerous functions have been characterized as
essential for Mycobacterium tuberculosis (Mtb) survival in various conditions, very few
are inhibited by current drugs. Further, in vivo, Mtb is likely to exist in various states,
including a subpopulation of non-replicating, phenotypically drug-resistant bacilli*. It is
thought that by developing inhibitors active against this non-replicating state, treatment
duration may be decreased, which will improve patient compliance and decrease the
emergence of drug resistance. In order to identify novel inhibitors of Mtb, we conducted
a screen against replicating Mtb'® using new libraries of inhibitors (i.e. a library of synthetic
compounds developed at the Broad Institute) and a screen against non-replicating,
carbon-starved Mtb’.

Of the several compounds identified in these efforts, this dissertation focuses on
three sets of small molecules: (1) an azetidine with activity against replicating Mtb; (2) an
aminothiazole with activity against both replicating and non-replicating Mtb; and (3) a set
of sulfur-containing compounds which we discovered to act as prodrugs against both
replicating and non-replicating Mtb.

We first report the characterization of BRD4592, an azetidine with stereo-specific
activity against replicating Mtb (Chapter 2). We found that BRD4592 potently inhibits
mycobacterial tryptophan synthase by binding an allosteric site at the protein-protein

interface. BRD4592 has a unique and complex mechanism of action, stabilizing several
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substrate- and product-bound conformations of the enzyme. Importantly, it has historically
been challenging to develop potent inhibitors of enzymes in central metabolism because
their active sites tend to by shallow and hydrophilic - a poor starting point for drug

development'®

. We suggest that allosteric inhibition, and especially uncompetitive
inhibition, may be a powerful strategy for generating more potent inhibitors of metabolic
enzymes. Further, our results that indicate highly dynamic metabolic enzymes with
multiple subunits and natural allosteric regulation may be prime targets for the
development of such inhibitors.

Because Mtb is capable of scavenging tryptophan®®, BRD4592 is rendered
ineffective against whole Mtb cells by exogenous tryptophan. It was therefore important
to assess the efficacy of BRD4592 in vivo. Though enzymes upstream in the Mtb
tryptophan biosynthesis pathway have been previously characterized®®”, BRD4592 is
the first small molecule described to inhibit tryptophan synthase. Previous reports have
suggested that tryptophan biosynthesis is only essential in the context of an adaptive
immune response when host CD4 T cell-produced interferon-y (IFNy) induces the
expression of indoleamine 2,3-dioxygenase (IDO), which degrades tryptophan?. We find
that BRD4592 is effective against Mycobacterium marinum in zebrafish embryos - an
infection model lacking mature T cells (Chapter 3). Further, we find that Mtb lacking trpA
is attenuated in macrophage culture independent of T cells and attenuated in mice prior
to the time at which adaptive immune response are expected to play a role. We, therefore,
suggest that tryptophan synthase is essential for mycobacteria in vivo even before an

adaptive immune response is mounted. This is perhaps due to IFNy produced by the

innate immune system.
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Our studies of BRD4592 and tryptophan synthase highlight how little is known
about the metabolic environment in vivo, which processes are required for Mtb survival
at various stages of infection, and why they are required. Tryptophan starvation produces
a bactericidal effect in Mtb, yet starvation of other amino acids, such as proline and
leucine, results in a static response®” 2. We became very interested in understanding why
Mtb responds differently to various amino acid starvations. Using BRD4592 as a chemical
probe along with two inhibitors of branched-chain amino acid processes, we studied the
mycobacterial response to amino acid starvation. While both amino acid starvations result
in the induction of an apparent stringent response, starvation of tryptophan has no effect
on the expression of tryptophan biosynthetic genes while starvation of branched-chain
amino acids results in the upregulation of branched-chain amino acid biosynthetic genes.
This difference may account for the relative insensitivity of mycobacteria to branched-
chain amino acid inhibitors. Comparisons of these responses to the responses to other
amino acid starvations will provide insight into the mechanisms underlying the effects of
starvation on Mtb survival.

We go on to study the mechanisms of four compounds found to kill carbon-starved,
non-replicating Mtb (Chapter 4). One compound, TK010-016R, binds nickel and cobalt
and disrupts metal ion homeostasis, resulting in the upregulation of iron scavenging
genes and the downregulation of copper-sensitive genes. Though we have yet to identify
the precise mechanism through which TK0O10-016R exerts its effects on Mtb cells, our
discovery suggests that metal ion homeostasis may be a vulnerable process in replicating

and non-replicating cells.
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The final three compounds we studied each contain a sulfur atom. By isolating
resistant mutants, we found that two of the compounds require EthA, an enzyme known
to activate the antitubercular drug ethionamide, for activity while the third compound
requires MymA, a monooxygenase related to EthA. We show that MymA acts on both our
newly discovered compound as well as ethionamide, demonstrating that MymA can, in
fact, function as an activating enzyme of prodrugs. We further find that MymA loss of
function is common in clinical strains, suggesting it may affect ethionamide sensitivity
clinically. Together, these findings highlight the propensity of whole-cell screening
followed by target identification via selection for resistance to uncover prodrugs. Though
we have gained insight into the fate of these compounds inside Mtb cells and identified a
novel activating enzyme, we have not yet identified the molecular mechanisms of these
compounds. Target identification for these compounds is complicated as standard
techniques, i.e. resistance generation and affinity chromatography, have limited utility for
prodrugs. Further research on the mechanisms of these three compounds and of the
metal-binding aminothiazole will provide insights into vulnerable targets in carbon-starved

Mtb.

Section 5.2. Conclusions and future directions

With ever advancing technology, high-throughput screening has come to
significantly outpace target deconvolution. Though we are adept at identifying active
compounds, the drug discovery field faces significant challenges prioritizing hits and
identifying the molecular mechanisms of those hits. Compounding these challenges,

recent high-throughput screening efforts against Mtb have uncovered new chemical
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scaffolds that inhibit the same small set of proteins, namely MmpL3 and DprE1'%"93°,
Though target-based whole-cell screening alleviates some of these issues, hit
compounds still require target verification and optimization after their discovery. Further,
we know little about which functions are required for Mtb survival in vivo, rather than for
survival in axenic culture, or about why those functions are essential. This limits the ability
of researchers to perform such directed screens.

Various groups are beginning to develop higher throughput methods of target
identification using microscopy®?? and RNA-Seg??. Such methods have the potential to
allow for rapid target identification. We are also exploring methods for prioritizing hit
compounds that are likely to have novel targets, such as early testing to exclude DprE1
and MmpL3 inhibitors from further study. Rapid and effective target identification will
result in an increasing number of chemical probes which we can then use to understand
the mechanisms underlying Mtb’s response to various perturbations and the impact
disruption of these processes has on Mtb survival in vivo.

The work presented in this dissertation highlights methods currently employed for
target deconvolution as well as successes (the identification of a specific probe of
tryptophan synthase and the identification of a new activating enzyme in Mtb) and
limitations of current techniques (the propensity to uncover prodrugs and the difficultly of
target identification when the isolation of resistant mutants is unsuccessful). Several
fruitful avenues of research have emerged from this work. Using BRD4592, a specific
tryptophan synthase inhibitor, we are actively pursuing research to understand why
tryptophan starvation is bactericidal for Mtb when certain other amino acid starvations are

bacteriostatic. We believe that such knowledge will lead to a better understanding of
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which functions serve as the most effective targets in vivo. Additionally, future research
to identify the molecular mechanisms of compounds active against non-replicating Mtb
will provide important information about the requirements for survival in this state as well
as vulnerable processes that may serve as drug targets. Collectively, these questions of
basic microbiology are critical to advancing the drug discovery field and countering the

Mtb epidemic.
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