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ABSTRACT

INHIBITORS OF MYCOBACTERIUM TUBERCULOSIS DOSRST SIGNALING AND
PERSISTENCE

By
Huiqing Zheng

Tuberculosis (TB) is one of the most deadly infectious diseases in human history and is
caused by the bacterium Mycobacterium tuberculosis (Mtb). Current TB therapy requires 6-9
months of treatment with four different antibiotics, including isoniazid, rifampin, ethambutol
and pyrazinamide. However, due to the long course of TB therapy and the evolution of drug-
resistant Mtb strains, first-line anti-mycobacterial drugs are not sufficient to control the TB
epidemic. Therefore, it is urgent to develop new drugs with novel targets to shorten the course
of therapy, control the spread of drug-resistant TB and eradicate this deadly disease.

In response to host immune cues, Mtb modulates its metabolism to establish a state of
low metabolic activity called non-replicating persistence (NRP). DosRST is a two-component
regulatory system that plays an essential role to establish and maintain NRP in Mtb. It is
induced by host immune stimuli, such as hypoxia, carbon monoxide and nitric oxide, through
the histidine kinase sensors DosS and DosT. The response regulator DosR regulates about 50
genes in the dormancy regulon. NRP bacilli are problematic because 1) they are insensitive to
several anti-mycobacterial agents and drive the long course of TB therapy; and, 2) they can
resuscitate for growth once the immune system weakens for infectious transmission of the Mtb.
Therefore, inhibiting the DosRST pathway may help reduce the population of NRP bacteria
during infection and thus function to reduce drug tolerance and shorten TB treatment.

This dissertation presents a whole-cell phenotypic high-throughput screen of a

~540,000 compound small-molecule library. The screen employed a DosR-dependent,



hypoxia-inducible fluorescent reporter strain, CDCI1551(hspX::GFP), and successfully
identified six distinct, novel chemical inhibitors of DosRST signaling, named HC101A-106A.
Physiological and mechanistic studies were performed to characterize HC101-104 and
HC106A. All five inhibitors are shown to inhibit genes of the DosRST regulon and persistence-
associated physiologies, such as triacylglycerol accumulation. HC101A, HC102A, HC103A
and HC106A also reduce Mtb survival when cultured under strongly hypoxic conditions. UV-
visible spectroscopy studies show that HC101A (artemisinin) and HC106A target the heme
group of sensor kinases DosS/T via distinct mechanisms. For example, artemisinin modulates
the redox status of DosS/T and alkylates the heme to form artemisinin-heme adducts, whereas
HCI106A interacts with DosS heme. In contrast, HC102A and HC103A do not target the heme
group, but instead inhibit sensor kinase autophosphorylation activity. Electrophoretic mobility
assays suggest that HC104A functions by directly inhibiting DosR DNA binding activity.
Overall, this dissertation provides proof-of-concept that multiple components of the DosRST
pathway can be targeted by small molecules to inhibit Mtb persistence and antibiotic tolerance.

Additionally, this dissertation presents the discovery of a new chemical inhibitor,
HC2091, that kills Mtb by targeting the mycolic acid transporter MmpL3. MmpL3 is an
essential protein that functions to transport trehalose monomycolate across mycomembranes
for trehalose dimycolate biosynthesis. HC2091 is bactericidal against Mtb in a dose- and time-
dependent manner in vitro. It also has activity against Mtb inside of macrophages. Whole
genome sequencing spontaneous mutants resistant to HC2091 identified five single nucleotide
variants primarily located in the C-terminus of MmpL3, and HC2091-treated Mtb exhibits

decreased mycolic acid synthesis, thus supporting that MmpL3 is the target of HC2091.
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CHAPTER 1 - Strategies for controlling bacterial persistence

Introduction

During the golden era of antibiotic discovery, between 1940 and 1960, many new
antibiotics were discovered that are still currently in use to treat different infectious diseases (1).
However, over time, antibiotics have become less effective at controlling bacterial infections.
Treatment failure is due, in part, to the rise of drug resistant strains that have acquired genetic
elements to inactivate or efflux antibiotics or strains with mutations in drug targets that modulate
drug-target interactions. Another factor driving treatment failure is the phenomenon of bacterial
persistence, which was first described by Hobby et al. in 1942 (2). At that time, scientists noticed
that there was always a small fraction of a treated Staphylococcus aureus population that tolerated
killing by penicillin. Pre-treatment of bacteria under stressful conditions, such as cold, or acidic
pH, arrested bacterial replication and enhanced tolerance to antibiotics (2, 3). These populations
of bacteria were referred to as persister cells.

Biphasic killing is often observed for bacterial cultures exposed to antibiotics under growth
permissive conditions (4). Treatment with antibiotics initiates rapid killing of the majority of
bacteria in a population, however, a population of persister cells will often remain that are
completely tolerant to the antibiotic. These persister cells are responsible for phenotypic tolerance
to antibiotics. There are two different classes of bacterial persistence observed: Class I persistence
is driven by a small sub-population of dormant bacteria (<0.1%) that naturally tolerates antibiotics
(5); Class 1II persistence is induced when the bacterial population responds to stress conditions,

such as hypoxia, acidic pH, or nutrient starvation (6). Class II bacterial persistence is also observed



during infections where bacteria in the host are exposed to stressful conditions that trigger a
population of bacteria to cease replication and become persistent. Both classes of bacterial
persistence cause antibiotic tolerance and treatment failure. For example, Mycobacterium
tuberculosis (Mtb) requires a 6-month long course of therapy. This long course is driven, in part,
by the difficulty of killing all of the persistent, drug-tolerant bacteria that are naturally associated
with tuberculosis (TB) infection. Recent studies have advanced our understanding of bacterial
persistence, and have highlighted different strategies to target each class. This introduction will
survey recent approaches to controlling bacterial persistence with an emphasis on Mtb and other
select Gram-negative and Gram-positive bacteria. The reader is directed to other recent reviews

for additional information on mechanisms of controlling bacterial persistence (6, 7).

Therapeutic strategies to control bacterial persistence

Modulation of metabolism reverts persisters to an antibiotic susceptible state

Bacteria have evolved to maintain a sub-population of dormant cells that are naturally
tolerant to antibiotic treatment, known as class I persisters. One signature of these dormant bacteria
is their partially inactive metabolism. Antibiotics usually can kill the majority of cells by targeting
essential cellular functions required for growth, such as transcription, protein synthesis, and cell
wall synthesis. The reduced activity of these essential cellular processes in non-growing cells can
diminish the effectiveness of antibiotics and induce phenotypic antibiotic tolerance. Therefore, this
subpopulation can function to prevent eradication of the population during drug treatment.

One approach to target the class I persister population is by making them susceptible to

antibiotics by re-initiating their metabolism. Allison ef al. have reported that providing additional



metabolites is a strategy to eradicate persisters (8). Adding glucose, mannitol, or fructose, carbon
sources that feed glycolysis, potentiates gentamicin killing of Escherichia coli and S. aureus
persisters (Fig. 1.1). The killing is facilitated by the generation of a proton-motive force (PMF) by
stimulation of metabolism and the electron transport chain (ETC). NADH produced from central
metabolism is oxidized by the enzymes of the ETC, and thus activates the PMF required for the
uptake of gentamycin. Interestingly, even though these exogenous metabolites stimulate
metabolism, the growth of the persisters is not resumed. Therefore, other antibiotics that target
cell-wall biosynthesis and DNA replication are still ineffective to kill persisters together with these
metabolites. In a separate study glucose was also shown to potentiate class I S. aureus persister
killing by daptomycin. However, this killing is not through a PMF-dependent mechanism (9). It is
postulated that glucose triggers carbohydrate transport proteins to potentiate daptomycin activity
or induces daptomycin-specific lysis of cells. However, further experiments are needed to
determine the mode of action.

Enhancement of antibiotic killing by addition of metabolites supports a model of
overcoming persistence by “waking up” the dormant persister cells. Once the cells are replicating
they may be more susceptible to antibiotics. For example, Marques et al. have shown that treating
E. coli or Pseudomonas aeruginosa persisters with the fatty acid signaling molecule cis-2-decenoic
acid stimulates dormant cells into a metabolically active state, and activates transcription and
increases protein synthesis (10). In combination with antimicrobials, such as ciprofloxacin,
tobramycin, or tetracycline, cis-2-decenoic acid causes decreased cell viability when treated with
antimicrobials and a reduction of persister cells in E. coli and P. aeruginosa. Therefore,
reprogramming the metabolism of persister cells to become active can function to control

persisters. Stimuli that jump-start different metabolic activities, such as activating RNA



transcription, protein synthesis machinery, or cell wall synthesis, may selectively potentiate

specific classes of antibiotics to eradicate persister cells.

Reactive oxygen species sensitize persister cells to antibiotic treatment
Persister cells that are present within a bacterial population have enhanced survival under a variety
of stress conditions (11). However, numerous reports have shown that persisters are sensitive to
specific intracellular stress signals, such as reactive oxygen species (ROS) (Fig. 1.1). Morones-
Ramirez et al. reported that ionic silver (Ag") is not only bactericidal to a broad spectrum of Gram-
negative and Gram-positive bacteria, but also kills class I bacterial persister cells when a non-
bactericidal dose of Ag' is used in combination with different classes of antibiotics, such as
gentamicin, ofloxacin and ampicillin (Fig. 1.1) (12). Mechanistic studies show that Ag" induces
hydroxyl radical (OHe) production via Fenton chemistry. This is further supported by increasing
Fe”' release as a result of disturbance of iron hemostasis by disrupting Fe-S clusters. Furthermore,
TCA cycle knockout mutants, including AicdA, AsucB, Amdh, and AacnB, are all less susceptible
to Ag' treatment due to reduced production of OHe, suggesting generation of OHe is likely driven
by disruption of metabolic pathways. By using a fluorescent dye, propidium iodide, impermeable
to cell membrane, it was found that Ag+ treatment increases membrane permeability by
destabilizing cell envelope to facilitate uptake of antibiotics.

Another report by Grant et al. also shows that increasing ROS in Mycobacterium
smegmatis, by incubating the culture under aerobic conditions with dissolved-oxygen saturation
of 95%, potentiates killing of class I persisters by antibiotics (13). The oxygen-dependent

phenotype is rescued by adding the OHe scavenger thiourea, suggesting that persisters are sensitive

to ROS. Supporting this model, treating M. smegmatis persister cells with the OHe producing



antibiotic clofazimine eradicates persisters. A similar phenomenon is also observed in M.
tuberculosis. Treating M. tuberculosis with high concentrations of vitamin C completely sterilizes
the cultures (Fig. 1.1) (14). The killing is driven by increasing ROS production through Haber-
Weiss and Fenton reactions. A high concentration of vitamin C also increases the level of ferrous
ion through reduction of ferric ion. Ferrous ion reacts with oxygen to produce ROS, and causes
DNA damage, lipid alterations and redox stress. Isoniazid (INH) cannot sterilize a culture due to
the presence of persisters, however, when INH is used in combination with vitamin C, at sub-lethal
doses, INH can sterilize the culture. Furthermore, a recent report by Vilcheze et al. demonstrates
that treating M. tuberculosis with cysteine and INH sterilizes the bacterial culture (Fig. 1.1) (15).
Cysteine functions as a reductant like vitamin C that can quickly reduce ferric ion to ferrous ion,
which leads to increased accumulation of ROS in the presence of oxygen. Addition of cation
scavengers, such as the iron chelator deferoxamine, diminishes sterilization, and the combination
of cysteine and rifampin causes no additional killing to Mtb cultures grown in anaerobic
conditions. These findings indicate that potentiation of killing by addition of cysteine is dependent
on cations and oxygen. Lastly, treating cultures with cysteine and INH increases oxygen
consumption of non-respiring cells, as well as shifting the balance of menaquinol/menaquinone
towards menaquinol, which has been shown to control the Mtb respiration rate, thus providing
evidence that cysteine and INH can increase cellular respiration. Therefore, it is possible that
cysteine can revert persister cells to metabolically active cells by stimulating their respiration.
Together, these data support the hypothesis that modulating ROS production and respiration is a

strategy to control persisters in mycobacterial species.



Boromycin

Pentobra H*H" R+

Hypoxia Artemisinin

74a
NO, CO \}CWSA Q\

HC102A Cell lysis Bedaquiline
HC103A DCCD
HC104A bG70

‘ Cell Death

DOSR Persistence Glucose
genes Mannitol
Fructose

ADEP4 Y/6

Proteases

Lassomycin V|tam|n C
Bortezomib Cystelne

Figure 1.1. Summary of major pathways that can be targeted to kill persisters. Pathways that can be
targeted include: 1) reactivation of metabolic pathways with supplement of metabolites; 2)
induction of intracellular ROS overproduction; 3) increase of cytoplasmic antibiotic accumulation
by enhancing uptake and reducing the efflux activity; 4) activation of non-specific protease activity
or inhibition of protease activity; 5) inhibition of ATP production; 6) disruption of membrane
integrity to cause cell lysis; 7) inhibition of the DosRST persistence pathway. Ab, antibiotics.



Ji* Oy ? SRS Se

WRRNQFWIKIQR” j]/\/\ NH125
PentobraO
b -
o (o) ])k NeBon
Tl e R
e 3 @ oenmatm em |
’ °° Bortezomib

L

NF> o]

o~ O
Bedaquiline DCCD GNF-NITD 46 GNF-NITD 82
S o) oL
Lo o

N
- e
HoN F cl o~
GNF-NITD 101 DG70
N-WR
d
o o

H
RW-HN N\)LN/\)LNH

Linear peptide Dendrimeric peptide
o o
e 0 A
AOLSYN\ s @ﬂ o
\ ° 'J%% C
NH, o#?”
s
CD39
CD117 TCA1
H F
NN M N\/\N 0.
&= OO
Q109 TBL-140
H,
f ,@Y?K
00 YQ
o
N
° HC103A
Artemisinin
cl
80 OO
HN/[< N
% NLNN
a A Br
HC102A HC106A HC104A

Figure 1.2. Structures of different classes of select inhibitors that kill persister cells. (a) Targeting
bacterial membrane permeability; (b) targeting bacterial proteases; (c) inhibiting ATP synthesis;
(d) disrupting bacterial membrane; (e) inhibiting bacterial cell wall synthesis; (f) inhibiting
DosRST.



Enhancing antibiotic uptake promotes killing of persisters

One major reason that persister cells are tolerant to antibiotics is due to low cytoplasmic
drug accumulation. Low metabolic and cellular transport activities of persister cells provide an
excellent barrier for antibiotics to reach their cytoplasmic targets. The uptake of some classes of
antibiotics, such as aminoglycosides and gentamycin, is an energy dependent process that requires
a PMF. One approach to tackle this mechanism of antibiotic tolerance is to increase membrane
permeability and promote entry of antibiotics into persister cells (Fig. 1.1). For example, a study
by Cui ef al. demonstrates that the membrane-active antibiotic colistin effectively eliminates class
I E. coli persisters when used at higher concentrations (16). Moreover, using clinically relevant
concentrations of colistin increases killing of persister cells in combination with gentamicin and
ofloxacin. Enhanced accumulation of fluorescently-labeled gentamicin was observed following
colistin treatment. Furthermore, Schmidt ef al. have showed that conjugating tobramycin to a 12-
amino acid peptide transporter uptake sequence, called Pentobra (Fig. 1.2), enabled effective
killing of class I E. coli and S. aureus persister cells (17). The transporter sequence functions to
permeabilize the bacterial membrane, enabling tobramycin to cross the persister cell membrane.
In another study, Kim et al. (2015) used a fluorescence-based phenotypic screen to identify
inhibitors that enhance cell membrane permeability, by monitoring changes in SYTOX green dye
staining (18). Several inhibitors, including lysostaphin, nisin, and NH125, kill methicillin-resistant
S. aureus (MRSA) persister cells by inducing cell membrane permeabilization (Fig. 1.2). NH125
is an imidazolium cation with a long fatty acid tail. To further improve the potency of NH125,
analogs were synthesized (19), with alkylated and benzylated NH125 analogs showing enhanced
potency against S. aureus persisters. These analogs also enhance antimicrobial activities when

used in combination with other membrane-active agents, such as BAC-16 and daptomycin (19).



These studies suggest that targeting membrane permeability represents an effective strategy to kill
persisters.

Another mechanism by which persister cells may develop antibiotic tolerance is by
increasing the activity of efflux pumps. Recent research by Pu ef al., using a fluorescently labeled
antibiotic penicillin termed BOCILLIN, demonstrated that BOCILLIN accumulation inside of
class I E. coli persister cells is much lower than for the actively growing cells (20). Transcriptional
analysis shows that the B-lactam antibiotics strongly induce the expression of numerous multi-
drug efflux genes, such as to/C, in persister cells. This finding supports the notion that enhanced
efflux pump activity in persister cells may be responsible for antibiotic tolerance. Supporting this
model, a positive correlation is shown between to/C expression and persister cells. Deletion of
tolC dramatically increases the accumulation of antibiotics inside the persister cells, suggesting
TolC plays an important role to exclude the drugs from the persister cells. This finding supports
the hypothesis that inhibiting the TolC efflux pump may function to enhance killing of class I
persister cells by antibiotics. Indeed, it was observed that treating E. coli persister cells with TolC
inhibitors, such as 1-(1-naphthylmethyl) piperazine and phenylalanine arginyl B-naphthylamide,

decreased cell viability when bacteria were treated with carbencillin, cloxacillin, or nalidixic acid.

Targeting stationary phase respiration to inhibit persisters

When growing under aerobic conditions, persister cell populations increase as the bacterial
cultures age. Studies conducted by Orman and Brynildsen (21) found a correlation between high
redox activity, stationary phase respiration and class I persister formation. Redox Sensor Green
(RSG) is a redox indicator that directly measures metabolic activity, with enhanced green

fluorescence after reduction by bacterial reductases. Using RSG it was found that the population



of stationary phase cells with high redox activity is more likely to form class I persisters than the
population with low redox activity. This high redox activity is also correlated with a high yield of
non-growing cells, but inversely correlated with protein synthesis. For instance, persister cells with
high redox activity have less activity of transcription and translation upon exposure to fresh
medium. Therefore, it is suggested that the redox poise plays a decisive role in the increased
formation of persister cells in stationary phase. It is further hypothesized that during stationary
phase aerobic respiration is the major redox process, and inhibition of respiration decreases the
population of persister cells. Indeed, treating the aerobically growing culture with potassium
cyanide throughout stationary phase significantly reduces persister cells by up to 1,000-fold.

A role of respiration for survival of stationary phase persisters is further supported by
genetic studies, where deletions of E. coli genes associated with metabolism caused low levels of
persister cells, including the strains mutated in sucB that encodes for dihydrolipoyltranssuccinase,
mdh for malate dehydrogenase, and ubiF for oxygenase involved in ubiquinone biosynthesis (21).
These mutants exhibit significant perturbation of stationary phase respiration. Their initial protein
synthesis is increased after re-inoculating into fresh medium. The indicated proteins are involved
in generating reducing equivalents to power respiration, such as ubiquinol and NADH (21). The
reducing power during stationary phase is mainly derived from acetate or catabolism of
endogenous cellular components, such as phospholipids, ribosomes and proteins. It was found that
cells with a deficiency of acetate consumption (AackAApoxB) or phospholipid degradation
(AfadDAfadK) have a similar level of persister cells as wild type (WT). However, the untreated
stationary phase cells display reduced RNA integrity and protein level as compared to KCN-treated
cells (21). This observation is consistent with previous observations that persisters have reduced

transcription and translation. The mechanistic studies suggest that inhibiting stationary respiratory
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activities prevents cells from digesting endogenous RNA and proteins, and leads cells to continue
translation and replication. Additional studies have shown that inhibiting respiration of the
stationary culture with nitric oxide also impairs persister formation (22). Like the cultures treated
with KCN, the NO-treated culture also exhibits decreased RNA and protein degradation during
stationary phase. Overall, these studies show that respiration is a critical process controlling

persister formation, and they suggest this process can be targeted to inhibit bacterial persistence.

Targeting bacterial proteases to kill persisters

Recently, bacterial proteases, such as Clp system caseinolytic proteases (23), have
generated interest as new targets for novel antibiotic development. The protease complex generally
consists of a proteolytic core, ClpP, corresponding ATP-dependent AAA+ chaperone proteins and
associated adaptor proteins (Fig. 1.1). The protease targets partially synthesized and misfolded
proteins, as well as cleaving specific proteins with regulatory functions. Adaptor proteins assist
with binding to protease substrates, which are unfolded by the chaperone proteins and then cleaved
by ClpP.

Several inhibitors of Clp have been reported to kill class I persisters. For instance, a newly
discovered series of ClpP activators, named acyldepsipeptides (ADEPs), are potent against a broad
spectrum of bacteria (24). ADEPs activate ClpP by keeping its catalytic chamber open, allowing
peptides and proteins to enter, and promoting uncontrolled protein degradation in bacterial cells.
Furthermore, recent research shows that ADEP4 (Fig. 1.2) also has an effect on non-replicating
persister cells (25). Instead of triggering specific proteolytic activity, ADEP4-bound ClpP is a
nonspecific protease that causes excess breakdown of proteins. S. aureus persisters that survive

ciprofloxacin treatment are eradicated by addition of ADEP4 (25). ADEP4 is also effective in
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sterilizing stationary cultures treated with rifampicin, linezolid or ciprofloxacin, suggesting the
compound enhances the killing of persister cells (25). Triggering nonspecific proteolytic activity
is lethal to bacteria and is effective at eliminating both replicating and persister cells, indicating
the idea that some essential processes can be targeted to kill persister cells

Several new protease inhibitors also have been reported to kill class II persisters. For
instance, the new antibiotic lassomycin (Fig. 1.2) is reported to kill both growing and non-
replicating Mtb by targeting the caseinolytic protease ClpC1P1P2 (26). Lassomycin binds to the
ATPase domain of ClpCl1 and increases its ATP hydrolysis activity, but also inhibits substrate
translocation from ClpCl1 to the proteolytic subunits ClpP1P2 of the complex. It decreases
degradation of target cell proteins and is toxic to Mtb during stressful conditions. Additionally, the
well-known human proteasome inhibitor, bortezomib (Fig. 1.2), has been shown to inhibit
ClpP1P2 by covalently attaching via its boron atom to the hydroxyl group of serine at the catalytic
triad (27). Bortezomib only potentiates Mtb to aminoglycoside treatment, suggesting that induction
of protein mistranslation by aminoglycosides is toxic to Mtb if the proteasome is inhibited to
remove incomplete translation products. To increase selectivity of bortezomib to anti-
mycobacterial activity over inhibition of the human proteasome, the boronic acid warhead was
changed to chloromethyl ketone (28). The newly synthesized analogs only display activity against
mycobacterial ClpP1P2, but lack activity to the human proteasome. Moreover, a series of
dipeptidyl boronate derivatives of bortezomib has also been synthesized (29). Structure-
relationship studies reveal several compounds with improved anti-Mtb activity and selectivity for
the mycobacterial ClpP1P2 protein. Compound 58 has good pharmacokinetic criteria, such as
aqueous solubility and low cytotoxicity. Overall, these inhibitors show that ClpP protease is an

attractive target that can be modulated via different mechanisms to kill bacterial persister cells.
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Modulating intracellular ATP levels to kill persisters

Recent studies confirm a critical role of ATP in establishing persistence. For instance, Conlon et
al. showed that S. aureus class I persister formation is directly linked to intracellular ATP levels
(30), with stationary phase cultures showing significantly reduced ATP content (Fig. 1.1).
Artificial reduction of ATP levels in an exponentially growing culture by adding arsenate increases
antibiotic tolerance to rifampin, whereas increasing ATP concentration by supplementing tryptic
soy broth medium with glucose causes a reduction in class I persister population during stationary
phase (30). This phenomenon is also observed in another study in E. coli that shows a drop in
intracellular ATP by treatment with arsenate led to antibiotic tolerance to ampicillin and
ciprofloxacin (31). These two studies demonstrate that stochastic depletion of ATP intracellular
concentration contributes significantly to persister cell formation. The drop in ATP level drives
antibiotic tolerance because most antibiotic targets require ATP to function. Bacterial persister
cells have thus evolved mechanisms to keep ATP at levels low enough to be viable, while still
inducing persistence.

One effective strategy to eliminate class II bacterial persistence is to inhibit bacterial
respiration and ATP synthesis (Fig. 1.1). It is hypothesized that during dormancy or NRP, bacteria
still require some energy for survival, and further depletion of ATP synthesis will be lethal to
persister cells. For instance, Rao et al. originally reported the intracellular ATP levels of Mtb
rapidly decreases when entering NRP and then is maintained constant over 25 d of incubation in
the Wayne model of hypoxia-driven NRP (32). Treating non-replicating Mtb bacilli with the FoF;
ATP synthase inhibitor bedaquiline (diarylquinoline) or DCCD (N,N-dicyclohexylcarbo-diimide)
dramatically decreases the ATP content, and lowers cell viability (Fig. 1.2). Bedaquiline is also

effective in killing Mtb in a mouse model of TB infection, and sterilizes bacteria in 2 months when
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included with isoniazid and pyrazinamide treatment (33). The FoF; ATP synthase is involved in
the last step of ATP synthesis, and its function is driven by PMF. Disrupting PMF by inhibiting
the membrane potential with valinomycin or disrupting the transmembrane proton concentration
gradient with nigericin, also kills non-replicating Mtb (34). This indicates that energy production
is required for survival, and decreasing the ATP concentration is lethal to class II persisters.
Several inhibitors of ATP homeostasis in non-replicating Mtb were identified from high-
throughput screening, including imidazopyridines (GNF-NITD 46), benzimidazole (GNF-NITD
82), and thieno[2,3-b]pyridin-4-amine (GNF-NITD 101) (Fig. 1.2) (35). All three classes of
inhibitors show decreased ATP levels and bacterial survival of non-replicating Mtb. In another
study, the biphenyl amide compound DG70 (Fig. 1.2) was identified from a screen that targeted
non-replicating Mtb under nutrient-deprived conditions (36). DG70 kills both replicating and non-
replicating Mtb and synergizes with other anti-mycobacterial drugs, including INH, bedaquiline
and PA824. The compound was found to inhibit oxygen consumption and ATP biosynthesis. The
resistant mutants show that this compound targets the MenG protein, which is involved in the last
step of menaquinone biosynthesis. This finding is confirmed by biochemical studies showing that
DG70 inhibited menaquinone biosynthesis. Overall, these findings suggest sal that DG70 inhibits

replicating and non-replicating bacteria by inhibiting Mtb respiration.

Disrupting membrane integrity to kill persisters

Maintaining membrane integrity is essential for cell survival. Several studies have focused
on discovering microbial membrane “disruptors” for controlling non-replicating microbes (Fig.
1.1). For instance, a recent screening conducted by Yang et al. has identified amphiphilic indole

derivatives that target Mycobacterium bovis BCG membrane integrity (37). These novel
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compounds cause BCG cell membrane depolarization and permeabilization in a time-dependent
manner. The loss of membrane integrity by compound 74a is bactericidal and leads to a rapid
killing of replicating cells, as well as effectively killing non-replicating bacilli in the Wayne model
of hypoxia-driven NRP (Fig. 1.2). Boromycin is another example of how the cell membrane is a
good target to kill persisters. This compound is a well-known polyether macrolide antibiotic that
kills Gram-positive bacteria by functioning as a potassium ionophore. Studies demonstrate that
boromycin has bactericidal activity against both replicating and non-replicating Mtb under the
Wayne model of hypoxia-driven NRP (38). Like in Gram-positive bacteria, boromycin also causes
areduction of membrane potential in Mtb, as well as decreasing intracellular ATP level, suggesting
it also acts as an iononphore in Mtb to collapse the potassium gradient across the membrane.

A screen to target non-replicating S. aureus identified the quinolone-derived compound
HT61 as being more active against stationary phase non-replicating S. aureus (both methicillin
sensitive S. aureus (MSSA) and MRSA) as compared to replicating S. aureus (39). It is also
bactericidal in other Gram-positive bacteria, including Streptococcus pyogenes, Streptococcus
agalactiae, and Propionibacterium acnes. Non-replicating S. aureus treated with HT61 exhibits
more rapid depolarization of the cytoplasmic membrane as compared to replicating exponential-
phase bacteria, and causes the cells to burst. HT61 also effectively kills non-replicating S. aureus
in a murine skin model. HT61 potentiates killing of S. aureus with neomycin, gentamicin and
mupirocin both in vitro and in an in vivo mouse model (40), suggesting that membrane integrity is
important for bacterial survival.

Many new antibiotics that disrupt cell membranes have been discovered to eliminate
persister populations. For instance, Chen ef al. discovered that cationic peptides containing

Trp/Arg are effective against both planktonic and biofilm-associated persister cell populations
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(Fig. 1.2) (41). These peptides have been shown to penetrate and cause physical damage to the cell
membrane as the mechanism of action in killing persister cells. Overall, these studies provide
strong support for eradicating persister cell populations using agents that damage cellular

membranes.

Inhibition of cell envelope biosynthesis potentiates killing of persisters by antibiotics

The Mtb cell envelope is composed of complex glycolipids that create a permeability
barrier to the environment. The first-line antibiotic INH inhibits the enoyl-ACP reductase InhA
after being activated by the catalase-peroxidase KatG to form an adduct with NAD. InhA is an
essential protein involved in synthesis of mycolic acids in Mtb. Inhibition of InhA activity causes
mycobacterial cell death. Efforts to discover novel InhA inhibitors that don’t require an activator
identified two compounds CD39 ((Z)-2-imino-5-((E)-3-(5-nitrofuran-2-yl)allylidene)thiazolidin-
4-one) and CDI117 (tetrahydrobenzothienopyrimidine) (Fig. 1.2) (42). They are not only
bactericidal against the growing M. tuberculosis, but also active against non-replicating bacilli
grown under anaerobic conditions. This finding suggests these inhibitors have different
mechanisms of action from INH, because isoniazid only kills replicating bacilli (32). Both
compounds enhance anti-mycobacterial activity with INH and rifampin, and inhibit mycolic acids
and fatty acid biosynthesis.

TCA1 is reported to inhibit DprEl, a decaprenylphosphoryl-f-D-ribofuranose
oxidoreductase that is involved in cell wall biosynthesis, as well as MoeW, an enzyme involved in
molybdenum cofactor synthesis (Fig. 1.2) (43). DprEl and DprE2 (decaprenylphosphoryl-D-2-
keto erythro pentose reductase) together catalyze the epimerization of decaprenylphosphoryl

ribose to decaprenylphosphoryl arabinose (44). Decaprenylphosphoryl arabinose is the only
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precursor of arabinogalactan and lipoarabinomannan polysaccharides of the mycobacterial cell
envelope. Chemical inhibition of DprEl abolishes biosynthesis of decaprenylphosphoryl
arabinose, and causes cell lysis and bacterial death. There are numerous DprEl inhibitors
identified, including benzothiazinones, dinitrobenzamides, azaindoles (45), pyrazolopyridones
(46), 2-carboxyquinoxalines (47), and pyrido-benzimidazole (48). However, TCAL1 is the only
inhibitor reported to effectively kill both replicating and non-replicating Mtb in a nutrient
starvation model. TCA1 sterilizes Mtb cultures treated with INH or rifampin in about 3 weeks, and
shows efficacy in acute and chronic TB mouse models. Interestingly, transcriptional profiling also
showed that TCA1 downregulates the persistence genes involved in Mtb dormancy, including
rv3130c-rv3134c, fdxA and hspX, suggesting TCA1 potentiates Mtb killing by antibiotics by
inhibiting Mtb dormancy. The multiple functions of TCA1 differentiate it from other inhibitors.
The anti-mycobacterial compounds 1,2-ethylenediamine SQ109 and diphenylether-
modified adamantyl 1,2-diamine TBL-140 have been shown to be bactericidal to replicating and
non-replicating Mtb by targeting MmpL3 (Fig. 1.2) (49, 50). MmpL3 is a membrane-bound protein
that acts as a flippase to translocate the mycolic acid precursor trehalose monomycolate (TMM)
to the pseudoperiplasmic space, where TMM is further transported to the mycomembranes and
modified into trehalose dimycolate (TDM) by Ag85 protein (51, 52). Treating Mtb cells with
SQ109 and TBL-140 inhibits the transport activity of MmpL3, and results in accumulation of
TMM in the cytoplasm and thus defective TDM biosynthesis. SQ109 also inhibits membrane
potential and generation of the transmembrane proton gradient, while TBL-140 inhibits membrane
potential (49, 50). SQ109 also potentiates killing of Mtb by first-line anti-tubercular drugs,

including INH and rifampin (53).
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Additionally, a new class of antibiotic called Art-175, which consists of a bacteriophage-
encoded endolysin covalently attached to a transporting peptide, functions to kill class I persisters
(54). The endolysin degrades the peptidoglycan, and is transported through the outer membrane of
Gram-negative bacteria with assistance of the transporting peptide. It was shown that Art-175 is
able to effectively kill both replicating P. aeruginosa and persister cells by penetrating the
peptidoglycan layers of P. aeruginosa and causing rapid cell lysis. Overall, these findings support
the idea that compounds inhibiting cell wall biosynthesis are a good approach for developing anti-

persistence therapy.

Targeting two-component regulatory systems to inhibit bacterial persistence

Transcriptional regulators in bacterial pathogens often play essential roles to establish
infection and evade host immunity. Anti-virulence therapies target virulence proteins that are not
required for growth in vitro, but are necessary during infection. Targeting bacterial virulence is
different from conventional antibiotics that directly kill bacteria, and may reduce selection for
antibiotic resistant strains (55). The DosRST signaling pathway in Mtb has been implicated in Mtb
persistence (Fig. 1.1). The primary focus of this dissertation was to determine if chemical inhibitors
of the DosRST pathway could be discovered, and if so, could they function to inhibit Mtb
persistence.

DosRST is a well-characterized two-component regulatory systems that functions to
establish and maintain non-replicating persistence. It is composed of two histidine kinase sensors,
DosS and DosT, and the cognate response regulator DosR (56), which regulates expression of
approximately 50 genes in the DosR regulon (57). Mtb can sense a variety of environmental cues,

including nitric oxide, carbon monoxide and oxygen, through DosS and DosT (57-61). All three
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ligands of DosST are relevant for Mtb persistence. For instance, NO is often produced by NO
synthase as an antibacterial agent to kill bacteria (62). CO is mainly produced by heme oxygenase
1 during the host immune response to influence anti-inflammatory and anti-apoptotic activities
(63). Hypoxia is an important environmental stimulus to facilitate Mtb transition to the latent form.
The center of caseous granulomas where Mtb resides during latent infection is highly hypoxic (64).
Therefore, Mtb has evolved immune evasion strategies through its ability to sense environmental
signals and then orchestrate appropriate genetic, metabolic, and physiologic responses to survive
within the host.

Upon receiving the environmental signals, DosS/T catalyzes an ATP-dependent
autophosphorylation at a conserved histidine and transmits the signal by phosphorylating DosR at
an aspartate residue (61). Phosphorylated DosR is active and able to regulate transcription of the
regulon (56, 65). DosS and DosT share extensive amino acid sequence similarity, ~61%, and have
structural homology. Each contains two N-terminal GAF domains (cGMP, adenylyl cyclase,
FhlA), a HisKA domain (histidine kinase phospho-acceptor) where a phosphoryl group-accepting
histidine is located, and a C-terminal HATPase domain (histidine kinase-like ATPase) that is the
ATP binding site (66, 67). The GAF domain functions as a small molecule binding regulatory
domain that is present throughout prokaryotes and eukaryotes. Specifically, a b-type heme is
embedded in the hydrophobic cavity of the GAF-A domain of DosS and DosT (68, 69). Even
though DosS and DosT are heme-based sensor proteins sharing a similar structure, their
biochemical mechanism of signal sensing is different. For instance, DosS is a redox and oxygen
sensor and autoxidizes quickly under aerobic conditions (70). In contrast, DosT is a hypoxia sensor
and has high affinity and sensitivity to O, (71). Both kinases sense O, or other ligands via heme,

and are inactive when the heme group exists as either the Met (Fe™™) form (DosS) or the oxy (Fe*'-
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0O,) form (DosT) in the presence of O,. However, hypoxic conditions induce the conversion of
DosS to the ferrous form and DosT to the deoxy form, activating the kinases (59, 68-70, 72).
Therefore, DosS/T plays different roles in sensing the redox and oxygen status of the environment
to turn on the DosR pathway.

In responding to the environmental cues, phosphorylated DosS/T triggers the induction of
the DosR regulon and transitions Mtb into NRP. The non-replicating bacilli are problematic for
two reasons: 1) they are naturally tolerant to most anti-mycobacterial drugs and are partially
responsible for the required long course of TB therapy (32); and 2) they serve as a potential
reservoir for transmitting infection once growth is resumed in favorable environmental conditions.
Therefore, targeting DosRST can potentially inhibit Mtb from establishing and maintaining
bacterial persistence.

The in vitro Wayne model has been employed to study hypoxia-driven NRP in Mtb.
Bacteria are grown in a sealed screw cap tube with stirring. Oxygen levels diminish over time as
bacteria grow in the culture. In the Wayne model, two distinct phases are observed in a time-
dependent manner, including NRP1 (initiated at ~1% oxygen) and NRP2 (initiated at <0.06%
oxygen). At NRP1, the bacilli cease replication and thicken their cell wall, while at NRP2 the
bacilli become anaerobic-adapted bacteria and no longer increase in optical density (73).

The DosRST pathway is a potential therapeutic target because in vitro and in vivo studies
have shown that Mtb is highly attenuated for survival during NRP in the absence of DosRST. For
instance, in an in vitro rapid anaerobic dormancy model, a slightly modified version of the Wayne
model with a higher stirring speed, deletion of dosR causes a significant loss of viability as bacilli
fail to enter the NRP, and there is also a delay in recovery after re-inoculating the dormant cells

into aerobic conditions (74). This finding suggests that DosR plays a functional role for Mtb to
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enter and exit NRP, as well as survive during NRP. The AdosR mutant during NRP shows sharply
reduced intracellular ATP and NAD, ~10-fold and ~50%-fold lower than WT, respectively (74).
The AdosRS mutant also exhibits a growth defect in several animal models, including rabbits,
guinea pigs, C3HeB/Fel] mice, and non-human primates (75-77). For instance, rabbits infected
with the AdosRS mutant display significantly lower lung bacterial burdens at 8-week infection than
those infected with WT. WT Mtb also stimulates formation of numerous intense and organized
lesions in the lungs at week 5, whereas the mutant exhibits fewer lesions (75). In the guinea pig
model of TB infection, 4dosRS shows a 3-log reduction lung CFUs as compared to the WT at
week 6. The mutant also causes less virulence, such as lack of formation of mature granulomas,
while WT induces massive inflammation and lesions with central necrosis (75). Furthermore, in
the C3HeB/Fe] mouse model of TB infection, infection with AdosS leads to 0.5- and 1.5-log lower
lung CFUs than infection with WT at week 8 and 12, respectively (76). AdosS also results in 1-
1.5 log less liver CFUs at week 12 and 15, respectively, as compared to WT. In the Naive Indian
rhesus macaques model of TB infection, all mutants, including AdosR, AdosS and AdosST, exhibit
lower bacterial burden than WT (77). Specifically, the mutant strains have at least a 100-fold lower
lung bacterial burden as compared to WT. Little or no TB-related pathology and granuloma
formation are observed in the animals infected the mutant, while WT or complemented strains
initiate formation of numerous granulomas with necrosis in the central area (77). All these animal
models form well-organized hypoxia-associated granulomas when infected with Mtb, which
mimics the pathology observed in humans quite well. The DosR-regulated genes also play a role
in drug tolerance. For example, #gs/ is a DosR-regulated gene that is highly induced during

hypoxic conditions (56, 78, 79). It encodes a triacylglycerol (TAG) synthase, which is involved in
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the last step of TAG biosynthesis. An Mtb #7gs/ mutant strain exhibits reduced tolerance to several
antibiotics, such as isoniazid and ciprofloxacin, in vitro and in vivo (80, 81).

The in vitro and in vivo data confirm that DosRST is required for full virulence during Mtb
infection and for survival during extended periods of hypoxia. Therefore, inhibiting DosRST may
help reduce Mtb persistence and drug tolerance and shorten TB treatment. Based on the homology
modeling of DosR, a DosR regulon inhibitor, a phenylcoumarin derivative, was found to inhibit
DosR binding to DNA (82). Screening a phage display library allowed the discovery of short DosR
mimetic peptides that inhibit the autophosphorylation activity of DosS (83). This dissertation
describes the work toward the discovery and characterization of small molecules HC101A-
HCI106A (Fig. 1.2) that inhibit the DosRST signaling pathway, and shows that chemical inhibition
of the DosRST pathway reduces Mtb persistence-associated physiologies, including TAG
biosynthesis, survival and INH antibiotic tolerance. Mechanistic studies show a specific
component of the DosRST pathway is targeted by each inhibitor through a distinct mechanisms.
Both HC101A and HC106 target the sensor domain of DosS/T via different mechanisms, where
HC101A modulates the redox status of DosS/T and alkylates the heme, and HC106A likely binds
directly to the heme. HC102A and HC103A are proposed to target the kinase function of DosS/T
by inhibiting their authophosphorylation activities. Biochemical assays indicates that HC104A
functions by inhibiting DosR binding to promoter DNA. The long-term goal of these studies is to
use these inhibitors, or other DosRST inhibitors, in combination with current TB drugs to eradicate

persister populations and thus shorten the course of TB therapy.
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Concluding remarks

Experimental evolution studies show that bacteria have the capacity to become tolerant to
antibiotics as they evolve in the presence of these substances (84, 85). Phenotypic drug tolerance,
driven by persisters, may facilitate the evolution of heritable drug resistance and represents a
threat to the durable, long-term deployment of antibiotics. For instance, in in vitro evolution
experiments, it was found that continued passaging of the surviving E. coli persisters in fresh
medium with a high dose of ampicillin produces strains with high drug tolerance (84). It requires
an extended time, measured by minimum duration for killing 99% of the population (86), to kill
the evolved bacteria as compared to the WT strain. Imaging the division of single cells of
stationary phase culture after passaging into fresh medium shows that evolved bacteria requires a
longer time to initiate replication. This finding supports the hypothesis that an extended lag time
or dormancy may protect the evolved bacteria from antibiotics. However, the evolved bacteria in
the exponential phase of growth are more susceptible to antibiotic treatment than the stationary
phase cultures. Thus drug tolerance is lag-time dependent, and this phenomenon is referred to as
tolerance by lag (tbl) (84). Additionally, these high-tolerance bacteria also exhibit increased
tolerance to other antibiotics, although they were evolved for ampicillin resistance, showing that
they are not ampicillin specific. Genetic mutations were identified in the evolved strains, and
introducing a WT copy of some genes decreased the lag times to be similar to WT, suggesting
that mutant proteins have a role in the high tolerance, thus the encoded genes are referred to as
tbl genes (84). These findings are clinically relevant because treatment of infectious disease with
antibiotics exerts selection for high-tolerance bacteria, which may eventually reduce treatment

effectiveness.
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Persister cells are also associated with chronic infections and may drive drug resistance in
chronic diseases, such as cystic fibrosis and tuberculosis. For example, it was found that strains
isolated from cystic fibrosis patients infected with P. aeruginosa exhibit 100-fold greater numbers
of persister cells (87). Moreover, studies have suggested that drug tolerance promotes the
emergence of drug resistance. For instance, a recent in vitro experimental evolution experiment
has demonstrated that passaging the surviving phenotypically drug-tolerant persisters in fresh
medium with ampicillin promotes the evolution of genetically encoded drug resistance in mutant
strains (88). Three different E. coli strains independently evolve cultures with increased minimum
inhibitory concentration as compared with the parental strains, and each carries a mutation in the
promoter of ampC that encodes B-lactamase. Further analysis shows that cultures become more
phenotypically tolerant over time before evolving heritable drug resistance. The phenotype of high
tolerance is not due to slow growth. Additional mutations in genes belonging to the “tolerome” are
also present in the mutants with high tolerance. Without the platform of tolerance, mathematical
models reveal a lower probability of establishing heritable resistance, suggesting that persistence
and drug tolerance contribute significantly to the evolution of resistance. Therefore, bacterial
persistence is a fundamental problem, and controlling bacterial persistence is an essential strategy

to combat infectious disease and control drug resistance.
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CHAPTER 2 - Inhibitors of Mycobacterium tuberculosis DosRST signaling and persistence

This discovery and initial characterization of HC101A-HC103A presented in this chapter has been
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physiology and biochemistry experiments. M.W. and S.D.L. synthesized chemical compounds;

K.J.-M. contributed reagents. P.D.K. performed structural modeling.
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Summary

The Mycobacterium tuberculosis (Mtb) DosRST two-component regulatory system promotes the
survival of Mtb during non-replicating persistence (NRP). NRP bacteria help drive the long course
of tuberculosis therapy, therefore, chemical inhibition of DosRST may inhibit the ability of Mtb
to establish persistence and thus shorten treatment. Using a DosRST-dependent fluorescent Mtb
reporter strain, a whole-cell phenotypic high-throughput screen of a ~540,000 compound small
molecule library was conducted. The screen discovered novel inhibitors of the DosRST regulon,
including three compounds that were subject to follow-up studies: artemisinin, HC102A and
HCI103A. Under hypoxia, all three compounds inhibit Mtb persistence associated physiologies,
including triacylglycerol synthesis, survival and antibiotic tolerance. Artemisinin functions by
disabling the heme-based DosS/T sensor kinases by oxidizing ferrous heme and generating heme-
artemisinin adducts. In contrast, HC103A inhibits DosS and DosT autophosphorylation activity

without targeting the sensor kinase heme.
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Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), can persist in
the host for decades without causing disease symptoms (1). Mtb non-replicating persistence (NRP)
is characterized by a gradual slowing of metabolic activity upon encountering pressures from the
host immune system, including hypoxia, acidic pH or starvation (2-4). The DosRST two-
component regulatory system plays an important role in Mtb NRP physiology (5). It is composed
of two heme-based histidine sensor kinases, DosS and DosT, and the response regulator DosR,
and strongly regulates the expression of approximately 50 genes known as the DosRST regulon
(6-8). Mtb can sense host stimuli, including nitric oxide (NO), carbon monoxide (CO) and oxygen
(Oy), through DosS and DosT (9), with DosS acting as an oxygen and redox sensor and DosT
acting as an oxygen sensor (7, 9-11). During hypoxia-driven NRP, DosT is associated with
initiating expression of the DosR regulon in response to hypoxia and DosS promotes sustained
expression of the DosR regulon (12).

A fundamental challenge of current TB therapy is the long course of treatment. New drugs
that shorten the course of therapy could revolutionize TB control. dosR mutants have reduced
survival during hypoxia in vitro (13) and reduced virulence in rabbits, guinea pigs, non-human
primates, and C3HeB/Fel] mice (14-16), animal models that generate hypoxic granulomas where
DosR-dependent persistence is predicted to be required for survival. Additionally, disruption of a
DosR regulated gene, tgs/, results in enhanced sensitivity of Mtb to antibiotics in vitro and during
mouse infection (17). Therefore, chemical inhibition of the DosR regulon may stop the
establishment and survival of persistent, drug-tolerant Mtb in the granuloma.

Whole-cell, phenotypic high-throughput screening (HTS) is a powerful tool in Mtb drug

discovery. However, many important virulence targets are not accessible to whole-cell HTS
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because the targets are only required during infection and not required in vitro. One method to
address this shortcoming is to conduct a HTS of Mtb growing inside macrophages, which has been
successfully employed to discover inhibitors specifically targeting physiology required during
infection (18). An alternative approach is to use reporter strains that indicate the stimulation of a
virulence pathway and then screening for inhibitors of a reporter signal, an approach that has been
successfully employed to discover antivirulence compounds (19-23). The goal of this study was
to conduct a reporter-based phenotypic HTS to discover chemical inhibitors of the DosRST
regulon and Mtb persistence. Here we report the discovery and characterization of new chemical
compounds that reduce expression of DosRST regulon genes, inhibit Mtb persistence-associated

physiologies and directly inhibit the DosS/T sensor kinases.

Results

Discovery of DosRST regulon inhibitors

A whole-cell phenotypic high-throughput screen was conducted to identify small molecule
inhibitors of DosRST. The CDC1551(hspX’::GFP) fluorescent reporter strain was previously
reported to exhibit DosR-dependent GFP fluorescence that is induced by hypoxia and NO (24).
Notably, the reporter is strongly induced under conditions of mild hypoxia (e.g. 2% O,) where Mtb
is capable of robust growth (24). dosR mutant strains grow well in rich medium until oxygen is
almost fully consumed (5, 13), therefore, discovery of compounds that inhibit hypoxia-inducible
reporter fluorescence, but leave growth unaffected, may be inhibitors of the DosRST pathway. To
discover inhibitors of the DosRST regulon, the CDC1551(hspX’::GFP) reporter strain was used
to screen a 540,288 compound library. The reporter strain was grown in rich medium with

individual compounds (at a screening concentration of ~10 uM) in 384-well plates and incubated
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for 6 d. Growth of Mtb causes the consumption of oxygen and promotes hypoxic conditions at the
bottom of the well. GFP fluorescence and growth (as measured by optical density) were measured
after 6 d incubation. For analysis of hits, fluorescence and growth inhibition were normalized at
100% or 0% inhibition based on rifampin and dimethyl sulfoxide (DMSO) controls, respectively.
The Z-factor for the screen was 0.9 and the variation of controls was limited (Supplementary Fig.
2.1ab) confirming that the screen was robust. Hits were then distinguished based on their ability
to specifically inhibit reporter fluorescence or as general inhibitors of Mtb growth. Putative
DosRST pathway inhibitors were defined as compounds that exhibit >1.5-fold greater fluorescence
inhibition as compared to growth inhibition (p<0.0003, Supplementary Fig. 2.1¢) with at least 35%
fluorescence inhibition (Class 1 inhibitors, Fig. 2.1a). Fresh powders of several putative DosRST
inhibitors were obtained and tested in secondary assays to confirm activity, and exclude
compounds with GFP quenching activity and eukaryotic cytotoxicity. Six distinct scaffolds named
HCI101-HC106 (Fig. 2.1b) were confirmed as inhibitors of reporter fluorescence, while exhibiting
no GFP quenching activity and limited eukaryotic cytotoxicity (e.g. half maximal effective
concentration (ECsp) >70 uM for eukaryotic cytotoxicity in murine bone marrow derived
macrophages, Supplementary Table 2.1).

The most frequently identified scaffold from the primary screen was artemisinin (HC101A)
and its analogs artemether, artesunate and dihydroartemisinin (DHA, Fig. 2.1a). This scaffold was
identified as nine independent hits in the screen. Artemisinin and its analogs inhibit
CDCI1551(hspX::GFP) reporter fluorescence with an ECsy ranging from 1.2-3.7 uM (Fig. 2.1c,
Supplementary Fig. 2.2a, Supplementary Table 2.1), while the growth inhibition ECsyis >80 uM,
indicating a limited impact on growth. HCI102A (1, (+/-) (5S,9R)-7,7,9-trimethyl-1,3-

diazaspiro[4.5]decane-2,4-dione) was isolated as a singleton and inhibits dosR-dependent GFP
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fluorescence with an ECsy of 12.4 uM, while not inhibiting Mtb growth (e.g. a growth inhibition
ECso >80 pM). HCIO03A (2, N-[3-[(3-hydroxyphenyl)carbamoyl]phenyl]thiophene-2-
carboxamide) and the analog HC103B inhibit dosR-dependent GFP fluorescence with an ECsy of
2.7 uM and 5.0 uM, respectively (Fig. 2.1¢c, Supplementary Fig. 2.2b) while not inhibiting growth
(eeg. a growth inhibition ECso >80 pM). HCI04A (3, 6-bromo-2-[3-
(dimethylamino)propyl]benzo[de]isoquinoline-1,3-dione), HC105A (4, 9-ethyl-3-((4-
(propylsulfonyl)piperazin-1-ium-1-yl)methyl)-9H-carbazol-9-ium oxalate) and HC106A (5, 1-
(2,4-dichlorophenyl)-3-(1,2-oxazol-5-yl)urea) inhibit dosR-dependent GFP fluorescence with
ECsp 0f 2.8 uM, 12.7 uM and 6.9 uM respectively, while not inhibiting Mtb growth (e.g. a growth
inhibition ECso >80 uM; Supplementary Fig. 2.2b and Supplementary Table 2.1). Artemisinin,
HCI102A and HC103A were selected for proof-of-concept follow-up experiments characterizing
their ability to inhibit dosRST signaling. Both HC102A and HC103A were regenerated by organic
synthesis and confirmed to have the activity of the commercially sourced compounds, thus
confirming the assigned structures as the active structures (Supplementary Fig. 2.2cd).

The DosRST regulon is strongly induced by hypoxia and nitric oxide and composed of ~50
genes that are directly regulated by DosR (6). An additional >100 genes are also differentially
expressed in a dosR mutant, possibly due to weak binding by DosR or indirect consequences of
misregulated DosR regulon genes (8). To investigate the inhibitory mechanism of the compounds,
RNAseq-based transcriptional profiling was undertaken on CDC1551 treated with 40 uM
artemisinin, HC102A, HC103A or a DMSO control. The cultures were grown in standing flasks
where growth causes the consumption of oxygen, and following 6 d of treatment RNA was
isolated, sequenced and analyzed (25) (Supplementary Datasets 2.1-3). Artemisinin caused the

strong downregulation of well-characterized DosR regulon genes, including AspX, fdxA, tgsi, and
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dosRS (6) (Fig. 2.2a). Real-time PCR confirms the RNA-seq data with AspX, tgs! and dosRS
showing 51-, 166-, and 37-fold inhibition by artemisinin, respectively (Supplementary Fig. 2.3a).
Artemisinin inhibited 85 genes (>2-fold, p<0.05) that are also repressed in the CDC1551(AdosR)
mutant, accounting for greater than two-thirds of the 125 downregulated genes in the
CDC1551(AdosR) mutant (Fig. 2.2b, Supplementary Dataset 2.1). Notably, artemisinin also
inhibited 157 genes that are not modulated in the CDC1551(AdosR) mutant, suggesting the drug
is also impacting DosRST-independent targets. HC102A and HC103A also inhibited DosRST
regulon genes, however, in contrast to artemisinin, HC102A and HC103A showed greater
specificity for inhibition of the DosRST regulon; for example, 48 out of 55 genes downregulated
by HC102A and 76 out of 90 genes downregulated by HC103A are also downregulated in the
CDC1551(AdosR) mutant (Fig. 2.2bc, Supplementary Fig. 2.3cd, Supplementary Dataset 2.1).
These transcriptional profiles demonstrate that artemisinin, HC102A and HCI103A inhibit
induction of the core DosRST regulon.

To further assess the specificity of the compounds for inhibition of the DosRST pathway,
a CDC1551(AdosR) mutant was treated with the compounds of interest, with the hypothesis that
compounds specific for the DosRST pathway will not modulate gene expression in the
CDC1551(AdosR) mutant. The CDC1551(AdosR) mutant treated with HC102A or HC103A,
exhibited only 0 and 13 downregulated genes, respectively, confirming the on-target specificity of
HCI102A and HC103A (Fig. 2.2¢, Supplementary Dataset 2.2). In contrast, the CDC1551(AdosR)
mutant treated with artemisinin exhibited 69 downregulated genes (Fig. 2.2c, Supplementary
Dataset 2.2), confirming substantial off-target activity for artemisinin. Overall, these data further

support the hypothesis that artemisinin, HC102A and HC103A function to inhibit the core DosRST
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regulon, with HC102A and HC103A showing strong specificity for the intended target of the
DosRST regulon.

The DosRST pathway is also induced by NO and vitamin C (7, 11, 26) and it was examined
if the inhibitors could suppress induction of the DosR pathway by these stimuli. CDC1551 was
pre-treated with DHA, HC102A or HC103A for 1 d prior to induction with NO or vitamin C. As
markers for the DosR regulon, the expression of three DosR regulated genes (dosR, tgsI and hspX)
was monitored by real-time PCR. dosR, hspX and tgs 1, were strongly up-regulated when Mtb was
treated with vitamin C or NO-donor reagent, DETA-NONOate (Supplementary Fig. 2.3b). For
example, vitamin C caused a 4-, 14- and 52-fold induction of dosR, hspX and tgs1, respectively,
and NO caused an 491-, 373-, and 47-fold induction of dosR, hspX and tgsi, respectively. Pre-
treatment with HC102A or HC103A strongly inhibited the induction of dosR, hspX and tgsl
transcripts in response to both vitamin C and DETA-NONOate. For example, in HC102A and
HCI103A pretreated cells the #gs/ transcript following treatment with DETA-NONOate is
repressed 3-fold and 50-fold, respectively, whereas tgs/ is induced >47-fold in the DMSO
pretreated cells. Similarly, in vitamin C treated cells, the zgs/ transcript is repressed 2-fold and 3-
fold and in HC102A and HC103A pretreated cells, respectively, while induced >50 fold in the
DMSO treated cells. DHA only weakly inhibited the induction of the DosR regulated genes by
NO or vitamin C. In DHA pretreated cells, the dosR, hspX and tgs! transcripts remain induced by
both vitamin C and DETA-NONOate treatments. Notably, the magnitude of the induction of the
transcripts in response to DETA-NONOate is significantly reduced ~2-fold in DHA pretreated
cells compared to the DMSO treatment, demonstrating partial inhibition of NO-dependent
DosRST signaling by DHA. These data support the view that HC102A and HC103A act as broad

inhibitors of the DosRST regulon in response to both hypoxia and redox environmental cues. In
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contrast, artemisinin likely acts by a mechanism that is distinct from HC102A and HC103A, given

its limited effectiveness to inhibit redox-mediated stimulation of the DosRST regulon.
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Figure 2.1. Discovery of inhibitors of the DosRST pathway. (a) Scatter plot of primary screening data
showing compounds that inhibit CDC1551(hspX’::GFP) reporter GFP fluorescence with limited
impact on Mtb growth. Six distinct classes of compounds (HC101-HC106) are highlighted. (b)
Structures of compounds confirmed to selectively inhibit CDCI1551(hspX’::GFP) reporter
fluorescence. (¢) Dose response curves for artemisinin (Art, HC101A), HC102A and HC103A
inhibition of GFP fluorescence. Dose response curves for other characterized molecules are
presented in Supplementary Fig. 2.1.
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Figure 2.2. Transcriptional profiling shows artemisinin, HC102A and HC103A inhibit the core genes
of the DosRST regulon during hypoxia. (a) Mtb differential gene expression in response to
artemisinin. Genes in red have a p-value <0.05. Indicated gene names include characterized DosR
regulated genes. (b) Venn diagram showing genes that are downregulated (>2-fold, p<0.05) in
CDC1551 treated with artemisinin, HC102A or HC103A relative to a DMSO treated CDC1551
control. Also shown are genes downregulated (>2-fold, p<0.05) in a DMSO treated
CDC1551(AdosR) mutant strain relative to a DMSO treated CDC1551 control. (¢) Venn diagram
showing genes that are downregulated (>2-fold, p<0.05) in a CDC1551 AdosR) mutant strain
treated with artemisinin, HC102A or HC103A relative to a DMSO treated CDC1551(AdosR)
control. The limited genes modulated by HC102A and HC103A confirm that these compounds are
highly specific for the DosR regulon.
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Artemisinin, HC102A and HC103A disrupt persistence

DosRST is required for several persistence-associated physiologies during hypoxia, including
triacylglycerol (TAG) synthesis (3, 27) and survival (13). We hypothesized that artemisinin,
HC102A or HC103A may target these physiologies and compared the activity of the inhibitors to
a CDC1551(AdosR) mutant. Transcriptional profiling data in CDC1551 showed that the zgs/ gene,
which encodes for the TAG synthase involved in last step of TAG synthesis, is downregulated
~100 fold by artemisinin and ~20 and ~180 fold by HC102A and HC103A, respectively (Fig. 2.2
and Supplementary Fig. 2.3a, Supplementary Dataset 2.1). Therefore, we hypothesized that
CDC1551 treated with artemisinin, HC102A or HCI103A would be defective in TAG
accumulation. To test this hypothesis, '*C-labeled lipids were isolated from CDC1551(AdosR)
mutant and WT CDC1551 treated with inhibitors or an equal volume of DMSO. The lipids were
analyzed by thin layer chromatography and quantified. TAG accumulated in the DMSO-treated
cells, whereas it was reduced 82% in the CDC1551(4dosR) mutant (Fig. 2.3a, Supplementary Fig.
2.4a). Treatment with artemisinin, HC102A and HC103A caused a 74%, 67% and 56% reduction
in TAG accumulation, respectively (Fig. 2.3a, Supplementary Fig. 2.4a), thus providing functional
evidence that the inhibitors are impacting persistence-associated lipid metabolism.

During NRP, the AdosR mutant has previously been shown to exhibit reduced intracellular
survival as compared to WT bacteria (13). Using the hypoxic shift down model of NRP (27), we
examined the impact of DHA, HC102A or HC103A on survival during NRP. Following 10 d of
incubation in the hypoxic shift down assay, CDC1551 treated with 40 uM DHA, HC102A or
HCI103A, exhibited significantly reduced survival (70-80% reduction) as compared to the DMSO

control (Fig. 2.3b). This reduction in survival is comparable to the CDC1551(AdosR) mutant

relative to the DMSO treated WT control. The survival defect of the CDC1551(AdosR) mutant

46



was partially complemented in the CDC1551(AdosR) complemented strain, indicating that the
observed survival defect is dosR-dependent. We also examined the impact of the inhibitors in the
Mtb Erdman strain, to ensure the observed physiologies are not unique to the CDC1551 strain.
Although minor differences between CDC1551 and Erdman existed, we observed that the
inhibitors also significantly inhibited survival during NRP in the Erdman strain (Fig. 2.3b). The
function of the inhibitors was examined in the hypoxic shift down assay in an 8 point dose response
covering 1 uM -100 uM and percent viability relative to the DMSO treated control was examined
following 10 d and 15 d treatment. Artemisinin, HC102A and HC103A exhibited dose dependent
inhibition of viability in the hypoxic shift down model with all three compounds causing an ~50%
reduction of viability at 10 uM following 10 or 15 d of incubation (Fig. 2.3c and Supplementary
Fig. 2.4b).

The DosR regulated gene 7gs/ has previously been shown to be required for Mtb tolerance
to antibiotics during hypoxia (17, 28). Because the inhibitors strongly inhibit 7gs/ gene expression,
we hypothesized these compounds may sensitize Mtb to isoniazid (INH). Using the hypoxic shift
down assay, Mtb Erdman was pretreated with either 20 uM or 40 uM of artemisinin, HC102A or
HCI103A and following 2 d, the cells were treated again with the experimental inhibitors (for a
combined treatment of 40 uM or 80 uM) in addition to INH over a dose response (1 uM, 5 uM,
25 uM INH or a DMSO control). Following 10 and 15 d of INH treatment surviving bacteria were
enumerated (Fig. 2.3d and Supplementary Fig. 2.4c). At day 10, treatment with artemisinin,
HCI102A or HC103A alone at 40 uM or 80 uM causes a significant reduction of survival ranging
from a 3-fold to 30-fold decrease in surviving bacteria (Fig. 2.3d). Ten days post INH treatment,
INH alone had minimal impact on Mtb survival, with ~100% viability at 1 uM and 5 uM INH and

~75% viability at 25 uM INH (Fig. 2.3e), confirming that Mtb is tolerant to INH in the hypoxic
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shift down assay. Treatment with 40 uM artemisinin, HC102A or HC103A caused a significant
~30% reduction of Mtb viability in the presence of 5 uM INH (Fig. 2.3e) relative to cultures not
treated with INH, suggesting that the inhibitors inhibit INH tolerance. At day 15, similar trends
were observed in reduction of Mtb survival and antibiotic tolerance in cultures treated with
artemisinin, HC102A or HC103A (Supplementary Fig. 2.4cd). Notably, at day 15, treatment with
40 uM artemisinin or HC103A caused a ~50% reduction of Mtb viability when treated with 5 uM
INH (Supplementary Fig. 2.4d), suggesting that the function of artemisinin and HC103A may be

enhanced during longer periods of NRP.
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Figure 2.3. Artemisinin, HC102A and HC103A inhibit TAG synthesis, survival and isoniazid
tolerance. (a) CDC1551 treated with compounds of interest (at 40 pM) exhibits a 60-70% reduction
of TAG accumulation, similar to the CDC1551(AdosR) mutant control. The position of TAG is
indicated by the asterisk. (b) CDC1551 and Erdman strains treated with 40 uM of the compounds
of interest exhibit reduced survival following 10 d in the hypoxic shift down assay. CFUs were
counted and percent survival calculated relative to the WT control at day 0. Differences between
treated samples as compared to the DMSO control are significant (P-value <0.05 based on a #-test,
marked with an asterisk). (¢) Dose dependent inhibition of Mtb survival in the hypoxic shift down
assay. Percent viability was calculated relative to viable bacteria in the DMSO control at day 10.
(d) Following 10 d in the hypoxic shift down assay, treatment with artemisinin, HC102A or
HCI103A, with or without INH, significantly reduces bacterial survival relative to the respective
DMSO controls (P-value <0.05 based on a t-test). (e) Artemisinin, HC102A and HC103A reduce
INH tolerance in the hypoxic shift down assay. Percent viability at 1, 5 and 25 uM INH was
calculated relative to the 0 uM INH control (using data in panel d). Significant inhibition of INH
tolerance (marked with an asterisk, P-value <0.05 based on a t-test) is observed relative to the
respective DMSO controls. For each panel, error bars represent the standard deviation and
experiments were repeated at least twice with similar results.
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Artemisinin targets DosS and DosT sensor kinase heme

Artemisinin is a first-line drug for treating malaria (29) and the mechanism of action has been
extensively studied (29, 30). Evidence suggests that reductive cleavage of the artemisinin
endoperoxide bridge is initiated by ferrous iron (Fe*") under reduced conditions, and generates a
C4-centered radical. The radical form of artemisinin can alkylate heme and results in artemisinin-
heme adduct formation (30, 31). Because DosS/T are also heme-containing proteins, we
hypothesized that artemisinin interacts similarly with the heme in DosS/T leading to artemisinin-
mediated inhibition of the DosRST regulon. Biochemical data suggest DosS is a redox sensor that
autoxidizes quickly under aerobic conditions (32), whereas, DosT is a hypoxia sensor and has high
affinity and sensitivity to O, (33). Both kinases sense environmental cues via heme, and are
inactive when the heme group exists as either the Met (Fe™™) form (in the case of DosS) or the oXy
(Fe*"-0,) form (in the case of DosT) in the presence of O,; the kinases are activated when DosS is
in the ferrous form and DosT is in the deoxy form (11, 32, 34-36).

A UV-visible spectroscopy assay was employed to determine the interaction between
DosS/T and artemisinin (11). DosS and DosT, purified under aerobic conditions, have Soret peaks
at 409 nm and 412 nm, respectively (11) (Fig. 2.4ab). Reduction of the heme by dithionite (DTN)
shifts the DosS/T Soret peaks to 430 nm. Treatment of DosS with artemisinin (purged of O,) causes
the Soret peak of DosS to gradually shift back to the original oxidized Soret peak. This indicates
that artemisinin can function to modulate DosS redox status. Notably, treatment of DosT with
artemisinin reduces the amplitude of the Soret peak, a response that has previously been shown to
be associated with artemisinin-mediated degradation of heme (37, 38). The position of the peaks
did not shift to the oxidized state in the DMSO treated proteins. Dose-response studies further

show that artemisinin inhibits DosT at 50 uM (Fig. 2.5d), whereas artemisinin only causes the shift
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of the reduced Soret peak of DosS at a much higher concentration of 400 uM (Supplementary Fig.
2.5a). This finding suggests that DosT is more sensitive to artemisinin than DosS and may explain
why the artemisinins had weaker activity for the inhibition of the DosR pathway when stimulated
by NO or vitamin C. Because the DosS/T kinases are active in the reduced form and inactive in
the oxidized form (11), these data are consistent with artemisinin inhibiting DosS/T kinases by
modulating their redox status (e.g. DosS at high concentrations) or causing degradation of the
heme (e.g. DosT). To test the hypothesis that artemisinin can alkylate heme carried by the sensor
kinase, DosS reaction samples treated with artemisinin or DMSO were subjected to LC-MS
analysis. Molecules with masses of ~898 Da were identified in the artemisinin treated sample that
are absent in the DMSO treated sample (Fig. 2.4c). This molecular weight corresponds to the sum
of the masses of artemisinin (282 Da) and heme (616 Da), supporting the hypothesis that
artemisinin alkylates the sensor kinase heme to form heme-artemisinin adducts (39). In a previous
study, a structure of the artemisinin-alkylated heme with a mass of 898.3 was shown to involve
alkylation of the heme at the o, B or & positions with the iron in the ferric state (39). Notably,
adducts of DosS peptides were not observed. Together, these findings support a mechanism of
action where artemisinin directly targets the heme to inactivate the DosS and DosT sensor kinases.
The UV-visible spectra and mass spectrometry data support differing mechanisms for DosS and
DosT inactivation by artemisinin, with DosS alkylated-heme remaining intact but in the ferric state
(39) and the DosT heme being degraded by artemisinin (37, 38). In both cases, these heme-
artemisinin interactions would result in disabling the sensor functions of DosS/T.

Molecular modeling of DosS and DosT structures (34, 35) shows that the kinases have a
channel through which the artemisinin may access and dock to the heme (Fig. 2.5a). To test this

model, amino acid substitutions were generated along the channel in DosS/T, including E87L and

51



G117L in DosS or G85L and G115L in DosT, that are predicted to limit the ability of artemisinin
to access the heme based on modeling conducted in this study and published studies (33). In the
UV-visible spectroscopy assay, DosS (E87L) and DosS (G117L) exhibited similar overall spectra
as WT DosS under aerobic conditions and treatment with DTN caused the Soret peak to shift to
the reduced position (Fig. 2.5bc); thus, the heme in both mutant proteins retains the ability to
respond to reduction by DTN. Notably, the DosS (E87L) and DosS (G117L) proteins were
resistant to oxidation by 400 uM artemisinin and the major Soret peak (430 nm) did not shift to
the oxidized position following 60 min of treatment (Fig. 2.5bc). The analogous mutations of
DosT, G85L and G115L, also exhibited similar overall spectrum as WT DosT under aerobic
conditions, as well as in responding to DTN treatment (Fig. 2.5de and Supplementary Fig. 2.5b).
However, the lower peak at 560 nm of deoxy-DosT (G115L) was maintained when treated with
100 uM artemisinin as compared to WT DosT and DosT (G85L) (Fig. 2.5de and Supplementary
Fig. 2.5b). The 560 nm peak is generated by merging two lower peaks at 538 nm and 575 nm
together after DTN treatment (40). This peak is highly sensitive to oxygen or artemisinin treatment
and disappears immediately upon exposure to oxygen or artemisinin (11, 37, 38). Additionally,
the Soret peak in the G115L mutant is not reduced in a dose-dependent manner, as compared to
the WT and G85L mutants (Fig 2.5de and Supplementary Fig. 2.5b), further supporting the DosT
(G115L) protein exhibits artemisinin resistance.

The UV-visible spectroscopy data collectively support the notion that DosS E87L and G117L
and DosT GI115L substitutions may limit artemisinin from fully accessing the heme, thereby
providing resistance to artemisinin. To test this hypothesis in Mtb, we transformed CDC1551 with
a plasmid overexpressing the WT dosT, dosT (G85L) or dosT (G115L) genes and determined if

artemisinin resistance is observed. The strains were grown in standing flasks to stimulate the
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DosRST regulon and expression of DosRST regulon genes (dosR, hspX, tgsl) was examined by
real-time PCR following 6 d of treatment with artemisinin over a dose response curve
(Supplementary Fig. 2.6). Strains expressing WT dosT or dosT (G85L) exhibited ECsy for
artemisinin-mediated inhibition of DosR regulon genes of 0.2-0.3 uM whereas, dosT (G115L)
exhibited ECsyp of 1.0-1.6 uM. (Fig. 2.5f and Supplementary Fig. 2.6). Therefore, the DosT
(G115L) protein provides ~5 fold resistance to artemisinin and nearly full resistance at 1 uM
artemisinin (Fig. 2.5f). These biochemical and biological data confirm that artemisinin modulates
the DosRST signaling by directly targeting the heme sensor carried by DosS and DosT histidine

kinases.
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Figure 2.4. Artemisinin directly inhibits DosS and DosT by targeting sensor kinase heme. UV-visible
spectra of DosS (panel a) and DosT (panel b) showing treatment with dithionite (DTN) reduces
the heme (the “on” state for the kinases) and that artemisinin oxidizes or degrades the heme (“oft”
states of the kinases). (¢) MS spectra showing the presence of peaks at ~898 Da that are present in
artemisinin treated DosS samples, but absent in DMSO treated samples. This mass is the
approximate combined mass of heme (616.487 Da) and artemisinin (282.332 Da) and is consistent
with the formation of heme-artemisinin adducts. Experiments were repeated at least twice with
similar results.
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Figure 2.5. Amino acid substitutions in DosS or DosT promote resistance to artemisinin. (a)
Molecular modeling indicates a channel exists in DosS and DosT through which artemisinin may
access the heme. In WT DosT, the heme (colored yellow) and iron (green ball) are accessible to
artemisinin via a channel. G85L and G115L substitutions are predicted to block this channel and
access to the heme. (b and ¢) UV visible spectra show that DosS (G87L) and DosS (G117L)
proteins can be reduced by the addition of dithionite (DTN) but are resistant to oxidation by
artemisinin (Art). (d and e) WT DosT exhibits a dose-dependent decrease in the amplitude of the
Soret peak at 430 nm (left side of panel d) and a loss of the peak at 560 nm (magnified in right
side of panel d). In contrast, DosT (G115L) exhibits resistance to artemisinin because it does not
exhibit a dose-dependent decrease in the 430 nm peak (left side of panel e) and the 560 nm peak
is maintained at treatments of 50 and 100 pM artemisinin (right side of panel e). DosT (G85L)
exhibits spectra similar to WT DosT (Supplementary Fig. 2.5B). (f) Overexpression of DosT
(G115L) in CDC1551 provides artemisinin resistance. Mtb overexpressing WT DosT or DosT
(G85L) exhibit strongly inhibited expression of DosR regulated genes (dosR, hspX and tgsl) in
the presence of 1 uM artemisinin, while the strain overexpressing DosT (G115L) is resistant. Dose
response curves are presented in Supplementary Fig. 2.6. Experiments were repeated at least twice
with similar results.

55



HC103A inhibits DosS and DosT autophosphorylation

UV-visible spectroscopy studies showed that HC102A and HC103A have no impact on the redox
status of DosS or DosT heme (Supplementary Fig. 2.7ab), suggesting these compounds function
by a mechanism that is distinct from artemisinin. Given the strong specificity with which these
compounds inhibit the DosRST regulon, we hypothesized that HC102A and HC103 A may directly
inhibit DosS/T autophosphorylation activity. To test this hypothesis, in vitro phosphorylation
assays were performed as previously described (41). DosS and DosT were quickly phosphorylated
within 30 s of initiating the assay by adding [y-"P] ATP. The amount of phosphorylated protein
increased over time consistent with previous reports (41). DosS treated with HC102A and
HC103A showed decreased autophosphorylation activity (Fig. 2.6, Supplementary Fig. 2.8).
Inhibition of DosS autophosphorylation activity increased in a dose-dependent manner with 1Csos
of 1.9 uM and 0.5 pM for HC102A and HC103A, respectively. Notably, differences in maximal
inhibition were observed, with ~60% and ~90% for HC102A and HC103A, respectively. DosT
treated with HC103A also showed a dose-dependent inhibition of autophosphorylation and an ICs
of ~5 uM (Fig. 2.6). These findings support the proposal that HC103A functions by directly

modulating DosS and DosT kinase activity.
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Figure 2.6. HC103A inhibits DosS and DosT autophosphorylation. Recombinant DosS or DosT was
treated with HC103A (a) or HC102A (b) across a dose response curve. The autophosphorylation
assay was incubated for 1 h, the proteins were blotted and the protein autophosphorylation was
assessed by following exposure of the blot to a phosphor screen. HC102A and HC103A inhibit
DosS autophosphorylation with ICso of 1.9 uM and 0.5 uM, respectively. HC102A had limited
impact on DosT autophosphorylation, whereas HC103 A inhibited DosT autophosphorylation with

an ICsp of ~5 uM. Experiments were repeated at least twice with similar results.
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Discussion

In this study a CDC1551(AspX::GFP) fluorescent reporter strain was used as a synthetic
phenotype for the targeted discovery of several compounds that inhibit the DosRST pathway.
Treatment of Mtb with these compounds copies several phenotypes of a CDC1551(AdosR) mutant,
including: downregulation of the core DosRST regulon, reduced TAG synthesis, and decreased
survival during NRP. These findings provide proof-of-concept data that the high-throughput
screen successfully identified inhibitors of the DosRST regulon and support further studies
characterizing additional putative DosRST regulon inhibitors, including HC104-HC106, as well
as uncharacterized putative hits from the primary screen. Several new chemical inhibitors of Mtb
during NRP have been recently described. One promising target is the direct inhibition of ATP
homeostasis by targeting the components of the electron transport chain or ATP synthase (27, 42-
44). However, the approach of targeting the DosRST top-level regulators has the potential to
inhibit multiple physiologies required for establishing or maintaining NRP and this multifactorial
approach may broadly limit persistence in heterogeneous NRP-inducing environments. Using
homology modeling, the discovery of a DosR regulon inhibitor that specifically inhibits DosR
binding to target DNA (45) has been reported. Additionally, a screen for small molecules that
modulate Esx-1 export, identified inhibitors that indirectly modulate the DosR regulon (46).
However, to the best of our best knowledge, the newly discovered compounds represent novel
inhibitors of the DosRST regulon with distinct mechanisms of action.

Both HC102A and HC103A appear to be remarkably specific for inhibiting the DosRST
pathway. Indeed, no genes were downregulated (>2-fold, p<0.05) in the CDC1551(AdosR) mutant
treated with HC102A, supporting the idea that only DosR controlled pathways are targeted by

HC102A. HC103A treatment of the CDC1551(AdosR) caused downregulation (>2-fold, p<0.05)
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of 13 genes. Several genes fell into related classes including: four arginine biosynthesis genes
(argC, argB, argJ and argF), two acyl-(ACP) desaturases (desA! and desA2), two ferredoxins
(fdxC and fprB), three PE-PPE genes (Rv0160c, Rv1386 and Rv1387), and an orphan response
regulator (Rv0260c). This finding suggests that although HC103A is highly specific for the
DosRST pathway other targets likely exist.

In contrast to HC102A and HC103A, artemisinin exhibits significant off-target activities,
with 69 genes differentially regulated in the CDC1551(AdosR) mutant treated with this compound.
Given that artemisinin has a reactive endoperoxide bridge, it is perhaps surprising that there are
not a greater number of genes that are differentially regulated, as one might expect artemisinin to
react with any proteins carrying reduced iron. The downregulated genes do not match genes
regulated by ROS (47), suggesting that artemisinin is not promoting Fenton reactions and acting
as an indiscriminate oxidant. Notably, it has been shown that when artemisinin is delivered into
Mtb as a mycobactin—artemisinin conjugate it causes an intracellular burst of reactive oxygen via
Fenton reactions that kills Mtb (48). Based on this finding, it is tempting to speculate that
artemisinin alone cannot fully access the Mtb cytoplasm and is thus modulating membrane-
associated proteins, such as DosS/T. Other membrane proteins that may interact with artemisinin
(e.g. heme-bearing cytochromes) may be resistant to artemisinin if the heme is buried in the protein
and not accessible to artemisinin. Structural analysis of the heme-embedded GAF domain of
DosST shows that DosT has a wider channel than DosS that could potentially provide greater
accessibility to artemisinin (34, 35). This suggestion is supported by our data that DosT is more
sensitive to artemisinin than DosS and is consistent with artemisinins having limited ability to
inhibit NO-mediated stimulation of the DosR regulon. Alternatively, DosS may be less sensitive

to artemisinin than DosT due to differences in autooxidation rates, where DosS is more quickly
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oxidized to the ferric state in the presence of oxygen (49). Autooxidized DosS in the ferric form
would not react with artemisinin, resulting in the observed insensitivity. Collectively, we have
shown this channel is susceptible to drugs with artemisinin as a proof-of-concept, therefore
structure-based synthesis of compounds that block the heme-bearing channel of DosS and DosT
may promote the development of additional novel inhibitors of Mtb persistence. The discovery
that artemisinin inhibits Mtb persistence raises interesting questions about the use of artemisinin
to treat malaria in individuals co-infected with malaria and Mtb, however, further studies will be

required to determine the clinical significance of artemisinin-Mtb interactions.

Accession Codes:
The transcriptional profiling data have been submitted to the NCBI GEO database (accession no.

GSE76566).

Materials and methods

Bacterial strains and growth conditions. Mtb strains CDC1551 and Erdman were used as
indicated. CDC1551(4dosR) and Erdman(4ddosR) mutants were constructed using gene
replacement by homologous recombination (50) using methods as previously described (51).
Deletions were confirmed by PCR and transcriptional profiling. All strains were cultured at 37°C
and 5% CO; in standing, vented tissue culture flasks in 7H9 Middlebrook medium supplemented
with 10% OADC (oleic acid albumin dextrose catalase) and 0.05% Tween-80. For dosT
overexpression strains, the dosT gene was cloned under the control of the strong Asp60 promoter

in the pVV 16 vector and transformed into CDC1551. dosT (G85L) and and dosT(G115L) mutants
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were generated using the QuickChange site directed mutagenesis approach (Agilent) in pVV16

and confirmed by sequencing.

High-throughput screening assay and data analysis. The HTS was conducted against two
compound collections, the 211,655 compound ICCB-Longwood collection and the 328,633
compound NIH Molecular Libraries Program (MLP) collection, both provided by the ICCB at
Harvard Medical School. The compounds were arrayed in 384-well clear bottom, black sided
microtiter plates (Corning) at a final screening concentration of ~ 10 uM. Two columns of each
plate were left blank for positive and negative controls of 0.3 pM rifampicin and DMSO alone,
respectively. The M. tuberculosis CDC1551 (hspX’::GFP) fluorescent reporter was grown to
mid- to late-exponential phase in vented T-150 standing flasks in Middlebrook 7H9 (OADC)
medium (buffered to pH 7.0 with 100 mM MOPS (3-morpholinopropanesulfonic acid)). The
cultures were then re-suspended in 7H9 (OADC) pH 7.0 medium and dispensed into the 384-
well assay plates utilizing a Cy-Bio Selma liquid handler robot to an ODses of 0.05. The plates
were then placed in a Ziploc bag with a moistened paper towel (to limit evaporation) and
incubated for 6 d at 37°C. Fluorescence and optical density (OD) readings were made on an
EnSpire plate reader (Perkin Elmer, Inc.) at excitation and emission wavelengths of 488 and 509
nm as a top read, with the OD being taken at 595 nm as a bottom read.

Data analysis was performed utilizing an in-house developed computational tool written in
Python. Raw fluorescence and optical density measurements were exported from the EnSpire plate
reader (Perkin Elmer, Inc.) in plate format as comma-separated files. Measurements were then
normalized as a function of percent inhibition compared to the negative (DMSO) control (see

equation below).
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The normalized percent inhibition (NPI) for fluorescence or optical density was calculated by

subtracting the overall mean of the negative controls within the run (i, , ) from the measured value

(), divided by the dynamic range and multiplied by 100. The overall means for the positive and

negative controls within the run (u K, i) were determined if there existed at least one plate in

nk’
the run with a Z’ greater than or equal to 0.5(52). ijk represents the ith value in the jth plate within
the kth run. o represents the standard deviation. Potential inhibitors of the DosRST regulon were
defined as compounds with greater than 35% fluorescence inhibition, limited growth inhibition,
and at least 1.5-fold selectivity in the fluorescence to growth inhibition ratio. To determine the
statistical significance of the 1.5 fold selectivity cutoff, Z-scores were calculated for each
experimental compound fluorescence inhibition:growth inhibition ratio relative to the negative
controls and P-values were derived by testing against the null distribution. Due to the high number
of tests, each P-value was false-discovery rate corrected (Supplementary Fig. 2.1¢). These “class
1” compounds may be directly or indirectly inhibiting DosRST signaling. The Z-factors of the
screens were 0.90 and 0.89 for the ICCB-L and MLP library screens, respectively (52).

For GFP quenching assays, the CDC1551 (hspX::GFP) reporter was grown under GFP-
inducing conditions, aliquoted into 96 well plates, treated with a dose response of HC101A-
HC106A and then the plates were immediately read for GFP fluorescence. GFP quenchers cause
an inhibition of GFP fluorescence and none of the compounds exhibited GFP quenching activity.
Cytotoxicity assays were conducted against three eukaryotic cells, primary C57Bl/6 murine
derived macrophages (BMDMs), THP-1 and J774 cells. Macrophages were prepared as

previously described (53) and seeded in white, opaque, 96 well plates (Corning) and treated for 3

62



d with the compounds treated with a 8-point dose response curve ranging from 400 uM to 0.65
uM. Following 3 d, viability was determined using the CellTiter-glo luminescent cell viability
assay (Promega). Percent inhibition was normalized to a Triton X-100 positive control and a
DMSO negative control. EC50s were calculated using the GraphPad Prism software package
(version 6). Each experiment included two technical replicates per plate and two biological
replicates and error bars represent the standard deviation of the biological replicates. The
experiment was repeated at least twice.

ECso determinations for HC101A-HC106 compounds were performed in clear bottom,
black, 96 well plates (Corning), following methods similar to those described above for the HTS.
Briefly, 200 pL of the CDC1551(hspX"::GFP) reporter was inoculated into each well at an initial
OD of 0.05. The cells were treated for 6 d with compounds using an 8-point dose response curve
ranging from 400 uM to 0.65 pM. The plates were then read for GFP fluorescence and optical
density and percent inhibition was normalized to a rifampin positive control and DMSO negative
control. ECss were calculated using the GraphPad Prism software package (version 6). Each
experiment included two technical replicates per plate and two biological replicates and error bars
represent the standard deviation of the biological replicates. The experiment was repeated at least

twice.

Transcriptional profiling and data analysis. CDC1551 or CDC1551(4dosR) cultures were treated
with 40 uM artemisinin, HC102A, HC103A or DMSO (as a negative control) and grown at 37°C
without shaking in T-25 vented, standing tissue culture flasks in 8 mL of 7H9 medium seeded at
an initial OD of 0.1. The experiments were performed with two biological replicates. Following 6

d of incubation, total bacterial RNA was extracted and sequenced as described by Baker, Johnson
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and Abramovitch (2). RNA-seq data were analyzed using the SPARTA software package (25).

Real-time PCR assays. For the NO and vitamin C sensitivity assays, CDC1551 was seeded at an
initial density of 0.6 OD and treated with 80 uM DHA, HC102A, or HC103A for 24 h, and then
induced with 50 uM DETA-NONOate or 2 mM vitamin C for 2 h. After treatment, total bacterial
RNA was extracted as previously described (54). Transcripts of representative genes from the
dosR regulon, including dosR, hspX, and tgs 1, were quantified by RT-PCR using gene-specific
primers as previously described (51). The experiment included three biological replicates and
error bars represent the standard deviation from the mean. The experiment was repeated twice
with similar results. For the artemisinin resistance assays, CDC1551 was seeded at an initial
density of 0.1 and treated with 0.025 uM - 20 uM artemisinin for 6 d at 37 °C. Total RNA was
extracted and RT-PCR quantification of DosR-regulated genes (dosR, hspX and tgsl) was
conducted as described above. The experiment was repeated with three biological replicates with

similar results. EC50s were calculated using the GraphPad Prism software package (version 6).

Triacylglycerol accumulation analysis. CDC1551 cultures were seeded at a density of 0.1 OD in
8 mL of 7H9 medium and treated with 40 pM of artemisinin, HC102A, HC103A or DMSO. The
cultures were radiolabeled by addition of 80 pCi of [1,2-'*C] sodium acetate to the culture, which
was then grown at 37°C in vented, standing, T-25 tissue culture flasks. Total lipid was extracted
after 6 d incubation and analyzed in thin-layer chromatography (TLC), as previously described
(51). Total extractable lipid "*C incorporation was determined using a scintillation counter, and
20,000 cpm was loaded for analysis in a 100-cm” high-performance TLC silica gel 60 aluminum

sheet. To analyze TAG, the lipids were resolved in hexane-diethyl ether-acetic acid (80:20:1
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[vol/vol/vol]) solvent system. The TLC was exposed to a phosphor screen for 3 d, imaged on a
Typhoon imager and quantified by ImagelJ (55). The experiment was repeated with two biological

replicates with similar results.

NRP survival and antibiotic tolerance assays. The hypoxic shift down assay was used as a model
for NRP and performed as previously described (27). CDC1551 or Erdman cultures were pelleted
and resuspended in Dubos medium at ODggp of 0.25, and inoculated in 24-well plates (1 mL/well).
In the experiments presented in Figure 2.3b, cells were treated with 40 uM artemisinin, HC102A
or HC103A or equal volume of DMSO, and incubated in an anaerobic chamber (BD GasPak'™)
for 12 d. Cultures become anaerobic within 48 h incubation as indicated by methylene blue turning
to colorless, and consequently day 0 is considered after 48 h of incubation. Bacteria were plated
on solid medium to enumerate CFUs at day 0 and day 10. Percent viability was determined by
comparing surviving bacteria at day 10 relative to day 0. Experimental conditions were examined
with three biological replicates and error bars represent the standard deviation from the mean. The
dose response experiments (Fig. 2.3c and Supplementary Fig. 2.4b) were performed as described
above with Mtb CDCI1551 using an 8-point dose response covering 1-100 pM and a DMSO
control. CFUs were enumerated at day 10 and day 15 and percent viability was determined relative
to the DMSO control at day 10 or day 15. The INH tolerance assays (Fig. 2.3d and Supplementary
Fig. 2.4c) were performed as described above with the following modifications. Mtb Erdman was
pretreated with 20 or 40 uM artemisinin, HC102A or HC103A for 2 d in the hypoxic shift down
assay and then the anaerobic chamber was opened and the cells were treated again with 20 or 40

uM artemisinin, HC102A or HC103A (for a total treatment of 40 or 80 uM). The cells were also

treated with 1, 5 or 25 uM INH or a DMSO control. The cells were incubated in the anaerobic
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chamber for 10 or 15 d and CFUs were enumerated by plating on solid medium. To quantify INH
tolerance, percent viability at 1, 5 and 25 uM INH was measured relative to the 0 uM INH control

(DMSO control). These experiments were repeated at least twice with similar results.

DosS and DosT protein purification. The dosS (Rv3132c¢) and dosT (Rv2027c) genes were
amplified from Mtb genomic DNA by PCR and cloned into the expression vector pET15b
(Novagen Darmstadt, Germany). The DosS E87L and G117L substitutions and DosT G85L and
G115L mutants were generated using the QuickChange site directed mutagenesis approach
(Agilent) and confirmed by sequencing. The resulting constructs were confirmed by DNA
sequencing. DosS/T protein expression in E. coli BL21(DE3) and purification via Co®" column
were performed as previously described (34). Briefly, the Hisg-DosS or Hisg-DosT were
expressed in E. coli BL21(DE3) supplemented with hemin (30 mg/L) and induced by isopropyl
1-thio-B-D-galactopyranoside (IPTG, 1 mM) at 18°C for 20 h. Cell pellet was suspended in lysis
buffer (50 mM sodium phosphate (pH 7.6), 10% glycerol, 200 mM sodium chloride, 1% Triton
X-100, 0.5 mg/mL lysozyme, 0.1 mg/mL phenylmethylsulfonyl fluoride). The cell suspension
was incubated with shaking at 37°C for 0.5 h and then sonicated. Soluble extract was applied to a
Co”" column (Clontech) and washed with washing buffers (with or without 20 mM imidazole in
50 mM sodium phosphate (pH 7.6), 10% glycerol, 500 mM sodium chloride). The recombinant
proteins were eluted with 200 mM imidazole in the same buffer. The fractions containing the

purified proteins were pooled together and dialyzed in 20 mM Tris-HCL, pH 7.5.
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UV-visible spectroscopy assay and mass spectrometry. The absorption spectra of DosS (7.5 uM)
and DosT (7.5 uM or 16.9 uM) were analyzed in a stoppered quartz cuvette by a DU800
spectrophotometer (Beckman Coulter). All reagents were degassed with argon in a sealed cuvette
or vial prior to use. Proteins were also degassed, and then treated with 400 pM DTN. The UV-
visible spectra were recorded before and after DTN treatment. Lastly, different concentration of
artemisinin or an equal volume of DMSO was added to the reaction. The kinetic changes in the
absorption spectra were recorded for 2 h. For mass spectroscopy (MS) analysis, the proteins were
subjected to pepsin digestion at 37°C for 30 min after the assay, and then analyzed by liquid
chromatography MS (LC-MS). Sample analysis was carried out on Waters Xevo G2-XS QTof
mass spectrometer (Milford, MA, USA) with an electrospray ionization positive mode. The
parameters were: capillary voltage, 3 kV; sampling cone, 40 V; source temperature, 100 °C;
desolvation temperature, 350 °C; cone gas flow, 25 L/h; desolvation gas flow, 600 L/h.
Chromatographic separation was done in Waters ultra-performance liquid chromatograph
(ACQUITY UPLC) system equipped with a Waters BEH C18 column (1.7 uM, 100x2.1 mm).
The column temperature was kept at 30 °C. Solvents were (A) 0.1% (vol) folic acid in water, and
(B) acetonitrile. The flow rate was 0.2 mL/min with following gradient: A/B =99/1 to A/B =
70/30 in 8 m, then A/B = 1/99 for 10 min, and A/B = 99/1 for last 2 min. The acquisition mass
range was 200-2,000 Da. The retention time for heme and heme-artemisinin adducts was
between 10-11 min. The experiment was repeated with at least two biological replicates with

similar results.

DosS and DosT autophosphorylation assay. The in vitro phosphorylation assays were performed

as previously described (41). Briefly, 4 uL reaction contained 0.2 pg/pL purified DosS or DosT
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protein, 100 mM Tris-HCI, pH 8.0, 50 uM KCl,, 5 uM MgCl, and 2.5 pCi/uL [y-*P] ATP (6000
Ci/mmol, PerkinElmer Life Science). The proteins were treated with a 9 or 10 point dose response
curve of HC102A or HC103A and the reaction was incubated at RT for 1 h. All aliquots were
analyzed in 4-12% gradient SDS-PAGE (Bio-Rad), and blotted to PVDF membrane. The blot was
exposed to phosphor screen overnight and quantified by ImageJ (55). The experiment was

repeated with three biological replicates with similar results.

Structural modeling of DosT and the G85L and G115L substituted proteins. Modeling of DosT
was performed using the Molecular Operating Environment (MOE) software (Montreal, Canada).
The structure for DosT (2VZW) was downloaded from the RCSB protein data bank. For DosT
images, all of Chain B and its associated water molecules were deleted. For Chain A, all water
molecules and the acetic acid were deleted. Heavy atoms were fixed and hydrogen atoms relaxed
with energy minimization to a gradient of 0.001. Good parameters do not exist for the heme group.
Sets were defined for the protein, heme, iron, and oxygen (O, ligand). Carbon atoms making up
the heme were colored yellow. The iron atom of the heme was colored green as a large sphere.
The oxygen atoms of the oxygen group were hidden from view in all of the remaining MOE files
and pictures. Residues 85 and 115 were labeled and colored purple with heavy bonds. A
“Molecular Surface” was created on the protein only. The surface was colored by electrostatics
using Poisson-Boltzmann to compute the electrostatic field. The iron atom of the heme can be seen

down the narrow gorge.

Chemical synthesis of HC102A (CCG-232500) and HC103A (CCG-257424). Please refer to

Supplementary Notes.
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APPENDIX

Supplementary Information Inhibitors of Mycobacterium tuberculosis DosRST signaling

and persistence

Supplementary Datasets

Supplementary Dataset 2.1. Differential gene expression data of WT Mtb treated with
inhibitors and the DMSO treated DosR mutant

Supplementary Dataset 2.2. Differential gene expression data of the DosR mutant treated
with the inhibitors.

Supplementary Dataset 2.3. Complete gene expression tables for transcriptional profiling

experiments.
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Supplementary Table 2.1. EC50 calculation of GFP flourescence inhition and eukaryotic cytotoxicity by DosR regulon inhibitors

Name Structure GFP FI (EGs5o , uM) Eukaryotic cytotoxicity (EG, , M)
BMDM THP-1 1774
HC101A (Artemisinin) 1.2 >400 >400 >400
HC101B (Artesunate) 1.9 160.0 339 0.7
HC101C
(Dihydroartemisinin) H,C 3.7 100 18.8 0.4
H
N =0
H,C
NH
e
HC102A 12.4 >400um >400 >400
o}
H
HO. N N S,
|CARERT
o
HC103A 2.7 >160 112 152
q N
H
N
H
HC103B ?Ha 5.0 179.8 91.1 204.6
H/ -
O N _20
Br
HC104A H“Cj 2.8 72.7 16.3 84.8
N
Q
O e
AN
o
Ho\n)l\
OH
o
HC105A /</\‘\ 12.7 235.8 90.5 57.2
_N
HN O
o
HN
cl
cl
HC106A 6.9 86 86 90

Supplementary Table 2.1. GFP fluorescence inhibition and eukaryotic cytotoxicity by DosR
regulon inhibitors. For reporter fluorescence EC5() determination, CDC1551(AhspX::GFP)
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Supplementary Table 2.1. (cont’d)

reporter was treated with compounds over an 8 point dose response curve ranging from 400 uM
to 0.65 uM. Following 6 d of treatment, GFP fluorescence and optical density were measured. In
all cases, no inhibition of growth was observed at the reported EC5(0 for inhibition of GFP
fluorescence. For eukaryotic cytotoxicity, macrophage cells including bone marrow derived
macrophage (BMDM), THP-1 and J774, were tested with serial dilutions of DosR regulon
inhibitors over an 8 point dose response curve ranging from 400 uM to 0.65 M. Macrophages
were incubated for 3 d and viability was determined using CellTiter-Glo (Promega) luminescent
cell viability assay.
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Category

Parameter

Description

Assay Type of assay Whole Cell Phenotypic Screen against a M.
tuberculosis hypoxia-inducible fluorescent reporter
strain

Target Inhibition of DosRST regulated reporter fluorescence.
The intended targets were DosR (P95193), DosS
(P95194) or DosT (053473).

Primary measurement Inhibition of hypoxia-inducible reporter GFP
fluorescence and with limited impact on reporter
growth (measured by optical density)

Key reagents CDC1551 (aprA’.:GFP) reporter strain

Assay protocol Described in methods section “High throughput
screening and data analysis”

Additional comments Validation of reporter strain is published in Tan et al.,
Plos Pathogens 2013, ref 26).

Library Library size 540,288

Library composition Small molecules and known bioactives

Source Harvard Medical Schools Institute of Chemistry and
Cell Biology’s (ICCB) in house library (211,655
compounds) and the NIH MLP collection (328,633
compounds)

Additional comments Compound libraries described at:
http://iccb.med.harvard.edu/libraries/compound-
libraries/

Screen Format 384-well optical plate

Concentration(s) tested
Plate controls

Reagent/ compound dispensing system

Detection instrument and software
Assay validation/QC

Correction factors

Normalization

Additional comments

~10 uM in DMSO

DMSO negative control, 0.3 uM rifampin positive
control

Compounds were arrayed using Harvard’s in house
robotics platform. Reporter strain was added to the
plates using a CyBio Selma Liquid handler.

Plates were read using a Perkin-Elmer Enspire plate
reader.

Z'-Factors are calculated for each plate. Z'-factor for
whole screen averaged 0.9.

None

Percent inhibition relative to the positive and negative
controls. See equation of page 17 in the methods
section.

The screen was conducted with a clinical strain of M.
tuberculosis at Michigan State University in a BSL-3
HTS facility.

Post-HTS analysis

Hit criteria

Hit rate

Additional assay(s)

Confirmation of hit purity and structure

Additional comments

>35% inhibition of reporter GFP fluorescence, and
>1.5 fold inhibition of reporter fluorescence relative to
optical density

Remains to be fully determined, but below 0.01%.

GFP quenching; eukaryotic cytotoxicity in primary
bone marrow macrophages and two macrophage like
cell lines; ECsq determinations; RNA-seq; inhibition of
Mtb survival during persistence; biochemical assays
showing targeting of DosS or DosT using UV-visible
spectroscopy or autophosphorylation assays.

HC101 (artemisinin and analogs) are well
characterized and were purchased from Sigma. For
HC102A and HC103A,the commercial compounds
were purchased from Enamine and Chembridge,
respectively, and verified by chemists (see methods).
HC102A and HC103A were also synthesized by
organic chemists and confirmed in the whole cell and
biochemical assays.

Supplementary Table 2.2. Small molecule screening data
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a ICCB-Longwood collection

100~
L]

Normalized Percent Inhibition

Normalized
Fluorescence

Normalized
Optical Density

g

Normalized Percent Inhibition

-100-

Fluorescence Inhibition to

MLP Collection

Growth Inhibition ratio

j 0.0000
Normalized
Fluorescence

Normalized
Optical Density

Normalized Percent Inhibition

Screening collection Measure Average Standard Deviation
ICCB-Longwood  Optical Density 0.28 8.60
Fluoresence 0.40 7.39
MLP Optical Density 0.02 5.91
Fluoresence -0.01 6.72

Supplementary Figure 2.1. Statistical analysis of HTS controls. (a) Box plots showing the variation
of DMSO control wells (negative control) from the screens of the ICCB- Longwood and Molecular
Libraries Program (MLP) collections. Boxes show the 25 and 75% quartiles and the whiskers are
1.5x the interquartile range (approximately 3 standard deviations away from the mean). The dots
are considered “outliers”. (b) Table with the means and standard deviations from the DMSO
controls. Along with the Z- factor of 0.9, tight clustering of the control wells around 0% inhibition
for both fluorescence and optical density support robustness of the screen. (¢) FDR p-values plotted
vs. the fluorescence inhibition to growth inhibition ratios shows that the chosen 1.5-fold cut-off

ratio (red line) is significant (p<<0.0003).
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Supplementary Figure 2.2. Identification of inhibitors of the DosRST pathway. Dose response curves
of GFP fluorescence inhibition of CDC1551(AspX"::GFP) reporter treated with DosRST regulon
inhibitor compounds. (a) Artemisinin analogs, artesunate and dihydroartemisinin (DHA). (b)
HC103B and HC104A-HC106A. (¢) HC102A was generated by organic synthesis (CCG-
2323500) and exhibited expected activity. (d) HC103A was generated by organic synthesis (CCG-
257424) and exhibited expected activity. Error bars represent the standard deviation and
experiments were repeated at least twice with similar results.
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Supplementary Figure 2.3. Transcriptional profiling shows artemisinin, HC102A and HC103A inhibit
the core genes of the DosRST regulon during hypoxia. (a) Inhibition of DosR regulon under hypoxic
conditions by the DosR regulon inhibitors. Mtb treated with compounds of interest was grown at
37 °C without shaking for 6 d, and total RNA was extracted for RT-PCR quantification. RT-PCR
shows three highly induced DosR regulon genes (dosR, hspX and tgsl) under hypoxia were
repressed by the DosR regulon inhibitors. Error bars represent the standard deviation. (b) NO and
Vitamin C assays. Mtb cells were pre-treated with compounds of interest for 24 h, and total RNA
was extracted after inducing with NO or vitamin C for 2 h. HC102A and HC103A inhibited the
induction of DosR regulon by NO and vitamin C, but DHA had little effect. In all cases, the
difference in the drug treated samples compared to DMSO treated samples in response to vitamin
C or NO is significant with a P-value <0.001 based on #-test, except those marked as non-
significant (n.s.). Error bars represent the standard deviation. Mtb differential gene expression in
response to HC102A (panel ¢) and HC103A (panel d). Genes in red have a p-value <0.05, and
indicated gene names are DosR regulated genes. The transcriptional analysis from different assays
collectively confirm that the DosR pathway is the target of artemisinin, HC102A and HC103A.
Experiments were repeated at least twice with similar results.
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Supplementary Figure 2.4. Artemisinin, HC102A and HC103A inhibit TAG synthesis, survival and
isoniazid tolerance during NRP. (a) Quantification of TAG accumulation for Mtb treated with
compounds of interest shows that DosRST regulon inhibitors repress TAG synthesis to the level
similar to AdosR mutant. Error bars represent the standard deviation. (b) Dose dependent inhibition
of Mtb survival during NRP following 15 d of treatment. Percent viability was calculated relative
to the viable bacteria in the DMSO control at day 15. Error bars represent the standard deviation
of the mean. (¢) Fifteen days of treatment with artemisinin, HC102A or HC103 A, with or without
INH, significantly reduces bacterial survival (P-value <0.05 based on a #-test) during NRP relative
to the respective DMSO controls. (d) Fifteen days of treatment with artemisinin, HC102A and
HCI103A reduces isoniazid tolerance during NRP. To quantify INH tolerance, percent viability at
1, 5 and 25 uM INH was measured relative to the 0 uM INH control (DMSO control). Significant
differences (marked with an asterisk, p<0.05 based on a #-test) were calculated relative to the
respective DMSO control sample. For example, cells treated with 5 uM INH and artemisinin,
HC102A and HC103A are significantly different from the DMSO control treated with 5 uM INH.
Experiments were repeated at least twice with similar results.
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Supplementary Figure 2.5. Artemisinin directly modulates DosS and DosT (G85L) heme in a dose-
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dependent manner. UV-visible spectra of DosS (panel a) and DosT (G85L) (panel b) treated with

different concentrations of artemisinin. Artemisinin modulated DosT heme at a lower
concentration (50 uM, Figure 2.5d) than DosS heme (400 uM), confirming that DosT is more

sensitive to artemisinin. DosT (G85L) exhibits a similar profile to WT DosT (Figure 2.5d)
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Supplementary Figure 2.6. HC102A and HC103A do not modulate DosS redox. DosS treated with
HC102A (panel a) or HC103A (panel b) shows a similar overall spectrum as the DMSO control.
This result indicates that HC102A and HC103A has no effect in modulating redox status of DosS,

and may inhibit DosR regulon by distinct mechanism.
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Supplementary Figure 2.7. Substitutions in DosT provide resistance to artemisinin. Mtb was
transformed with a replicating plasmid that overexpresses WT dosT, dosT (G85L) or dosT
(G115L). Cells were treated with 0.025 pM - 20 uM artemisinin, and total RNA was extracted
after 6 d incubation at 37 °C. RT-PCR quantification of DosR-regulated genes (dosR, hspX and
tgsl) shows that strains expressing DosT (G115L) exhibited EC5( for artemisinin-mediated

inhibition of DosR regulon genes of 1.0-1.6 uM, which is ~5-fold more resistant than WT DosT

or DosT (G85L) with EC50 of 0.2-0.3 uM.
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Supplementary Figure 2.8. Modulation of DosS and DosT kinase activities by HC102A and HC103A.
Full western blots from which the cropped images in Figure 2.6 were generated. DosS and DosT
protein is marked by the asterisk.
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Supplementary Notes
Chemical synthesis of HC102A (CCG-232500) and HC103A (CCG-257424)

Powdered samples of commercially sourced HC102A and HC103A were analyzed by MS
and combustion analysis and found to have a molecular formula consistent with the reported
structures. 2D-NMR analysis confirmed HC102A to be the racemic (5S,9R)-7,7,9-trimethyl-1,3-
diazaspiro[4.5]decane-2,4-dione (alpha) isomer. For HC102A synthesis (generating a compound
designated CCG-232500), a mixture of 3,3,5-trimethylcyclohexan-1-one (1.1 g, 7.6 mmol) was
treated with sodium cyanide (0.92 g, 18.8 mmol), and carbonic acid, diammonia salt (3.6 g, 37.5
mmol). EtOH (10 mL) and water (10 mL) were added and the resulting mixture was heated to 55
°C for 6 h. The mixture was cooled and then diluted with cold water, treated with conc. HCI (2
mL) and filtered. The collected solid was washed with water (2x) and triturated in hot methanol.
The resulting solid was collected by filtration and dried under high vacuum overnight at room
temp. (5S,9R)-7,7,9-trimethyl-1,3-diazaspiro[4.5]decane-2,4-dione was obtained as a white solid
(0.53 g, 2.5 mmol, 32%). HPLC system A (t; = 5.6 min). 'H NMR (400 MHz, DMSO-d6) & 10.63
(s, 1H), 8.09 (s, 1H), 1.83 (d, /=9.3 Hz, 1H), 1.44 (dd, /= 13.3, 7.1 Hz, 2H), 1.32 (dd, J = 32.7,
13.7 Hz, 2H), 1.14 (t,J = 12.9 Hz, 1H), 0.96 (s, 3H), 0.92 — 0.62 (m, 7H). ESI-MS m/z 209.1 (M-
H+). For HC103A synthesis (generating a compound designated CCG-257424), first 3-amino-N-
(3- hydroxyphenyl)benzamide was synthesized. To a solution of 3-aminobenzoic acid (1 g, 7.3
mmol), 3-aminophenol (0.88 g, 8.0 mmol) and HOBT (1.3 g, 8.7 mmol) in dry DMF cooled to 0
°C was added EDC (1.6 g, 8.75 mmol). The resulting solution was allowed to warm to room
temperature and stirred overnight. The reaction was diluted with water and washed with satd.
NaHCO;, satd. NaCl solution and dried over MgSQO,. After filtration, the organic layer was

concentrated in vacuo and purified by flash chromatography (CombiFlash, CH,Cl,/MeOH
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gradient). 3-amino-N-(3-hydroxyphenyl)benzamide was obtained as an amorphous solid (0.24 g,
7.29 mmol, 14.4 % yield). "H NMR (400 MHz, DMSO-d6) (Rotomers) & 10.18 (m, J=51.4, 10.6
Hz, 1H), 9.90 (s, 1H), 9.35 (m, 2H), 8.25 (s, 1H), 7.95 (m, 1H), 7.83 — 7.34 (m, 2H), 6.82 — 6.32
(m, 2H). 52 (s, 2H). To synthesize CGC257424, to a solution of 3-amino-N-(3-
hydroxyphenyl)benzamide (0.2 g, 0.87 mmol), EDC (0.20 g, 1.1 mmol), and HOBT (0.16 g, 1.0
mmol) in dry DMF cooled to 0 °C was added thiophene-2-carboxylic acid (0.12 g, 0.96 mmol)
followed by catalytic 4-dimethylaminopyridine. The resulting solution was allowed to warm to
room temperature and stir overnight. The reaction was diluted with water and washed with satd.
NaHCO;, satd. NaCl solution and dried, MgSO.. The organic layer was filtered and concentrated
in vacuo. Flash chromatography (CH,Cl,/MeOH) was wused to obtain N-(3-((3-
hydroxyphenyl)carbamoyl)phenyl)thiophene-2-carboxamide as a white solid (0.06 g, 0.17 mmol,
20.2 % yield). HPLC system A (t, = 5.8 min). 'H NMR (400 MHz, DMSO-d6) & 10.04 (s, 1H),
9.62 (s, 1H), 8.91 (s, 1H), 8.13 (t, /= 1.9 Hz, 1H), 8.02 — 7.90 (m, 2H), 7.59 (d, /= 17.2 Hz, 2H),
7.50 (dd, J=4.9, 1.2 Hz, 1H), 7.38 — 7.29 (m, 2H), 7.11 — 6.97 (m, 2H), 6.47 (dt, J= 8.3, 1.4 Hz,
1H). ESI-MS m/z 339.0 (M+H+).

Starting materials were purchased from Fisher, Sigma-Aldrich Lancaster, Fluka or TCI-
America and were used without purification. All reaction solvents were purchased from Fisher and
used as received. Reactions were monitored by TLC using precoated silica gel 60 F254 plates.
Silica gel chromatography was performed by flash chromatography using silica gel (220-240
mesh) obtained from Silicycle or via medium pressure liquid chromatography on a CombiFlash
instrument. NMR spectra were recorded on a Varian 400 MHz spectrometer. Chemical shifts are
reported in 6 (parts per million), by reference to the hydrogenated residues of deuterated solvent

as internal standard CDCL;: 6 = 7.28 (‘"H NMR). Mass spectra were recorded on a Micromass
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LCT time-of-flight instrument utilizing the electrospray ionization mode. The purity of the
compounds was assessed via analytical reversed-phase high-performance liquid chromatography
with a gradient of 10% acetonitrile/water to 90% acetonitrile/water over 6 min (“System A”, C18

column, 3.5 pum, 4.6x100 mm, 254 nm).
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CHAPTER 3 - Chemical inhibition of the Mycobacterium tuberculosis DosRST two-
component regulatory system by targeting sensor kinase heme and response regulator DNA

binding
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Summary

Mycobacterium tuberculosis (Mtb) possesses a two-component regulatory system,
DosRST, that enables Mtb to sense host immune cues and establish a state of non-replicating
persistence (NRP). NRP bacteria are tolerant to several anti-mycobacterial drugs and are thought
to play a role in the long course of tuberculosis (TB) therapy. Therefore, small molecules that
inhibit Mtb from establishing or maintaining NRP could reduce the reservoir of drug tolerant
bacteria and function as an adjunct therapy to reduce treatment time. Previously, we reported
the discovery of six novel chemical inhibitors of DosRST, named HC101A-106A, from a whole
cell, reporter-based phenotypic high-throughput screen. Here, we report functional and
mechanism of action studies of HC104A and HC106A. RNAseq transcriptional profiling shows
that the compounds downregulate genes of the DosRST regulon. Both compounds reduce
hypoxia-induced triacylglycerol synthesis by ~50%. HCI106A inhibits Mtb survival during
hypoxia-induced NRP, however, HC104A did not inhibit survival during NRP. An
electrophoretic mobility assay shows that HC104A inhibits DosR DNA binding in a dose-
dependent manner, indicating that HC104A may function by directly targeting DosR. In
contrast, UV-visible spectroscopy studies suggest HC106A directly targets the histidine kinase
heme, via a mechanism that is distinct from the oxidation and alkylation of heme previously
observed with artemisinin (HC101A). Synergistic interactions were observed when DosRST
inhibitors were examined in pair-wise combinations with the strongest potentiation observed
between artemisinin paired with HC102A, HC103A, or HC106A. Our data collectively show

that the DosRST pathway can be inhibited by multiple distinct mechanisms.
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Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB). Mtb is an
intracellular pathogen that can latently infect the host without causing disease symptoms (1).
During chronic infection, it can establish a dormant state known as non-replicating persistence
(NRP) where Mtb modulates its metabolism in response to environmental and host immune cues,
such as hypoxia, acidic pH, and nutrient starvation (2, 3). DosRST is a two-component regulatory
system that regulates Mtb persistence (4-6). It consists of two sensor histidine kinases, DosS and
DosT, and the cognate response regulator DosR, which regulates expression of about 50 genes in
the DosRST regulon (6-8). The pathway can be induced by host intracellular stimuli, such as nitric
oxide (NO), carbon monoxide (CO) and hypoxia, through DosS and DosT (9-11). DosS is an
oxygen and redox sensor, whereas DosT acts an oxygen sensor (12-14). Both kinases sense ligands
via the heme group, and are inactive when the heme exists as either the Met (Fe™™) form (DosS) or
the oxy (Fe*"-O,) form (DosT) in the presence of O, (13). However, hypoxic conditions activate
the kinases by inducing the conversion of DosS to the ferrous form and DosT to the deoxy form.
Therefore, DosS/T play overlapping and distinct roles in sensing the redox status and oxygen level
of the environment to turn on the DosR pathway (11, 15).

Non-replicating bacilli are naturally tolerant to many anti-mycobacterial drugs, such as
isoniazid (INH) that only kills replicating Mtb (16-18). During TB infection, the disease presents
as a spectrum of replicating and non-replicating bacteria; the NRP population of bacteria are
thought to be responsible, in part, for the 6-month long course of TB treatment. This long antibiotic
regimen makes controlling the TB epidemic challenging and has likely contributed to the evolution
of drug-resistant Mtb strains. Therefore, there exists an urgent need to identify new strategies to

treat the disease, with a particular focus on discovering new ways to shorten the course of TB
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therapy. Targeting the DosRST pathway is a promising strategy, because dosRST mutants are
attenuated in in vitro models of hypoxia-driven NRP (19) and in animal models that generate
hypoxic granulomas, including non-human primates, guinea pigs, and C3HeB/FeJ mouse models
of TB infection (4, 20-22). Furthermore, deletion of DosR-regulated gene #gs/, which is involved
in triacylglycerol (TAG) synthesis, causes reduced antibiotic tolerance (23, 24). Therefore,
inhibiting the DosRST pathway and killing the reservoir of NRP bacteria may function to narrow
the spectrum of TB disease and shorten the course of TB therapy.

In an effort to discover the new chemical probes that inhibit Mtb persistence, we previously
performed a whole cell phenotypic high-throughput screening (HTS) of a >540,000 compound
library using the DosRST regulon reporter strain CDC1551 (hspX’::GFP) (25). We discovered six
compounds that inhibit the DosR-dependent, hypoxia-induced GFP fluorescence. In the previous
report, we showed that the HC101, HC102 and HC103 series functioned to inhibit NRP associated
physiologies, including TAG accumulation, survival during hypoxia and isoniazid tolerance.
Mechanism of action studies showed that the HC101 series, composed of artemisinin and related
analogs, functioned by oxidizing and alkylating the DosS and DosT heme. HC102 and HC103 did
not modulate the DosS/T heme, and were instead found to inhibit sensor Kkinase
autophosphorylation. Here, we report the characterization of two additional compounds, HC104A
and HC106A. Transcriptional and biochemical analysis demonstrate that both compounds function
to downregulate the DosRST pathway and inhibit persistence associated physiologies.
Biochemical studies show HC104A and HC106A function by distinct mechanisms of action, with
HC104A inhibiting DosR DNA binding and HC106A interacting with DosS and DosT heme to
block environmental sensing. Studies examining the pair-wise interactions between the five

DosRST inhibitors revealed synergistic interactions, including strong potentiating interactions of
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artermisinin and HC106A. Structure activity relationship studies of HC106 identified functional
groups of HC106A that are required for activity and enabled optimization of HC106 potency to

nanomolar effective concentrations against whole cell Mtb.

Results
Inhibition of the DosR regulon by HC104A and HC106A

Characterization studies were undertaken with two putative DosRST regulon inhibitors,
HC104A and HC106A (Fig. 3.1a) (25). Half-maximal effective concentration (ECsy) studies using
the CDC1551 (hspX’::GFP) DosRST-dependent fluorescent reporter strain, show that HC104A
and HC106A inhibit DosRST-dependent GFP florescence with ECsy values of 9.8 uM and 2.48
uM, respectively (Fig. 3.1b and 3.1¢). The compounds have minimal impact on Mtb growth,
suggesting they are also potential DosRST inhibitors, as DosRST is not required for survival under
the conditions of mild hypoxia used in the reporter-based assay. RNA-seq-based transcriptional
profiling was undertaken to determine if the DosRST regulon was inhibited by the compounds.
Mtb was treated with 40 uM HC104A, HC106A or dimethyl sulfoxide (DMSO) control for 6 d in
a standing flask, and following incubation RNA was extracted, sequenced and analyzed for
differential gene expression relative to the DMSO control. As a control for the DosR regulon,
transcriptional profiling was also previously conducted on a DMSO treated CDC1551(AdosR)
mutant strain (25). The transcriptional profiles showed that the genes strongly repressed by
HC104A and HC106A (>2-fold; q<0.05) are from the dosR regulon (Fig. 3.2a-c, Supplementary
Dataset 3.1, 3.3). HC106A exhibited a remarkably strong reduction of gene expression, with
transcripts for 7gs/ and AspX being almost undetectable by RNA-seq following HC106A treatment.

Interestingly, while HC106A broadly inhibited genes of the DosRST regulon, HC104A only
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strongly inhibited part of the DosR regulon, with the strongest inhibition reserved for AspX, the
promoter used to drive reporter fluorescence in the screen. These RNA-seq results were validated
by semi-quantitative RT-PCR, with HC104A causing downregulation of dosR, hspX, and tgs! in
vitro by 6-, 570- and 13-fold, respectively; whereas HC106A downregulated these three genes by
49-, 1360-, and 1424-fold, respectively (Supplementary Fig. 3.1), with AspX and ¢gs/ transcripts
being below the level of detection by qRT-PCR.

Comparisons of transcriptional profiles from the inhibitor treated wild type (WT) Mtb
strain to a CDC1551(AdosR) mutant strain showed that there are a total of 26 genes and 53 genes
from dosR regulon inhibited by HC104A and HC106A, respectively. Notably, HC104A and
HC106A have an additional 119 genes and 35 genes repressed that were not repressed in the
CDC1551(AdosR) mutant strain (Fig. 3.2c). This observation suggested that these two compounds
exhibit some DosR-independent activities. To confirm the specificity of the compounds, RNA-seq
was also performed on CDC1551(AdosR) mutant background (Supplementary Dataset 3.2-3)
treated with HC104A or HC106A. This analysis identified 171 genes and 51 genes that are
downregulated (>2-fold; q<0.05) by HC104A and HC106A, respectively (Fig. 3.2d). This finding
indicates that HC104A and HC106A impact other targets beside DosR regulon, with HC106A
showing greater on-target specificity than HC104A. Based on these findings, we conclude that: 1)
HC106A strongly and specifically inhibits the DosRST regulon; and 2) HC104A strongly inhibits
a portion of the DosRST regulon, with several notable off-target activities.

To assess the impact of the inhibitors on the DosRST pathway on intracellular Mtb, murine
bone marrow-derived mouse macrophages were infected with Mtb and treated with 40 uM
HC104A and HC106A for 48 h. Total bacterial RNA was isolated and analyzed by RT-PCR for

hspX and tgs I gene differential expression. The results demonstrate that the induction of AspX and
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tgs1 were inhibited 185- and 10-fold by HC104A and 6- and 4-fold by HC106A, respectively (Fig.
3.3a). These finding confirm that HC104A and HC106A can access Mtb inside the macrophage,
however, the reduced repression of the pathway by HC106A as compared to broth culture, suggests
that the molecule may not be able to efficiently target intracellular Mtb.

The DosRST pathway is also induced by redox signals such as vitamin C and NO (25). To
examine whether HC104A and HC106A can repress the induction of DosRST pathway by vitamin
C or NO, Mtb cells were pretreated with HC104A or HC106A for 24 h followed by vitamin C or
NO induction for 2 h. The expression of DosR-regulated genes (4spX and tgs/) was examined by
real time-PCR. Vitamin C and DETA-NONOate (NO donor) strongly induced AspX and tgs! as
previously reported ((25), Fig. 3.3b). For instance, vitamin C induced Asp.X and #gs/ by 2162- and
58-fold, respectively; whereas DETA-NONOate upregulated AspX and zgs/ 3024- and 113-fold,
respectively (Fig. 3.3b). Mtb cells pretreated with HC106A showed strong inhibition of Asp.X and
tgs1 induction by vitamin C and DETA-NONOate. For example, HC106A inhibited the AspX and
tgs transcripts by 78- and 14-fold following vitamin C treatment, respectively, and 362- and 151-
fold following DETA-NONOate treatment. Following vitamin C treatment, HC104 showed
inhibition of AspX by 3.4-fold and no effect on #gs/, or 302- and 6.6-fold inhibition of AspX and
tgs1 following DETA-NONOate treatment. These findings show that HC104A and HC106A act

as inhibitors of the DosRST pathway in response to hypoxia and redox signals.
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Figure 3.1. HC104A and HC106A inhibit DosRST reporter fluorescence. (a) Chemical structures of
HC104A and HC106A. HC104A (b) and HC106A (¢) inhibited DosR-driven GFP fluorescence
signal in a dose-dependent manner, while having minimal impact of Mtb growth. The ECs values
of fluorescence inhibition for HC104A and HC106A are 9.8 uM and 2.5 uM, respectively.
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Figure 3.2. Transcriptional profiling shows HC104A and HC106A inhibited DosR regulon during
hypoxia. Magnitude-amplitude plots showing differential gene expression of Mtb cells treated with
40 uM HC104A (a) or HC106A (b). The labeled genes represent selected genes that belong to the
DosRST regulon. The red dots represent genes with significant differential expression, q<0.05. (¢)
A Venn diagram for the downregulated genes (>2-fold; q< 0.05) of WT CDC1551 treated with
HC104A or HC106A compared to that of CDC1551 (AdosR). (d) Venn diagram for downregulated
genes (>2-fold; g< 0.05) of CDC1551 (AdosR) treated with HC104A or HC106A.
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Figure 3.3. Inhibition of DosR regulon and persistence-associated physiologies by HC104A and
HC106A. (a) Inhibition of DosR regulon in murine macrophages infected with Mtb and treated
with HC104A and HC106A for 48 h. Bacterial RNA was isolated after incubation, and the
differential gene expression of spX and 7gs/ bone-marrow derived were quantified by qRT-PCR.
The error bars represent the standard derivation of three biological replicates. (b) HC104A and
HCI106A inhibit DosR regulon induction by vitamin C and NO. Cells were pretreated with the
compounds or DMSO for 24 h, and induced with vitamin C or NO for 2 h. Total bacterial RNA
was isolated, and the transcripts of DosR-regulated genes, AspX and tgs/, were quantified by qRT-
PCR. The difference in the drug treated samples compared to DMSO treated samples in response
to vitamin C or NO are significant with a P-value <0.001 based on a #-test, except the one marked
as non-significant (n.s.). The error bars represent the standard deviation of three replicates. The
experiment was repeated twice with similar results. (¢) Inhibition of TAG accumulation of Mtb
treated with HC104A or HC106A. Mtb cells were treated with 40 uM of the compounds and
labeled with [1,2-'*C] sodium acetate for 6 d. Total lipid was isolated and analyzed by TLC. TAG
accumulation was quantified from the TLC. The error bars represent the standard derivation of
two biological replicates. (d) Mtb cell survival during NRP when treated with HC104A or
HC106A during NRP. Mtb cells were pretreated with 40 uM of compounds for 48 h in an
anaerobic chamber, and continued incubation for 10 d. Surviving bacteria were enumerated on
7H10 agar. The error bars represent the standard derivation of three biological replicates. The
experiment was repeated twice with similar results.
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Inhibition of Mtb persistence-associated physiologies

Mtb accumulates TAG during hypoxia (25-27). DosR directly regulates #gs/, which
encodes a TAG synthase that is involved in the last step of TAG biosynthesis and is required for
TAG accumulation during hypoxia (28). Transcriptional profiling showed that HC104A and
HC106A repress expression of 7gs/. Based on this transcriptional profiling, we hypothesized these
two compounds may inhibit TAG biosynthesis during NRP. To test our hypothesis, Mtb cells were
radiolabeled with '*C-acetate and treated with HC104A or HC106A for 6 d. Lipids were isolated
and analyzed by thin layer chromatography (TLC). As previously observed, DMSO treated
CDC1551(AdosR) mutant displayed a strong (87%) reduction of TAG accumulation as compared
to DMSO treated WT (Fig. 3.3c and Supplementary Fig. 3.2). Mtb cells treated with HC104A or
HC106A showed a ~50% reduction of TAG accumulation, supporting our hypothesis that the
compounds can inhibit TAG biosynthesis.

DosRST has been previously reported to be required for survival during NRP, where
deletion of DosR causes greatly reduced survival during prolonged hypoxic stress (19). The impact
of HC104A and HC106A on Mtb survival during NRP was examined using the hypoxic shift-
down model (25). Mtb survival was examined following 10 d of treatment with the compounds at
40 uM. The AdosR mutant control had 15% survival relative to DMSO, and was partially
complemented, supporting the proposal that survival during hypoxia is DosR dependent. Mtb cells
treated with HC106A displayed 50% survival relative to DMSO control (Fig. 3.3d), whereas,
HC104A had no impact on Mtb survival during NRP, an observation that suggests the portion of

the DosR regulon inhibited by HC104A is not essential for survival during NRP.
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HC104A inhibits DosR DNA binding

There are several potential targets of HC104A and HC106A to directly inhibit DosRST
signaling, including: 1) direct inhibition of DosS/T sensor kinase activity, 2) modulation of the
heme in the sensor, or 3) inhibition of DosR binding of DNA. To investigate the biochemical
mechanisms of action of HC104A and HC106A, inhibition of DosS autophosphorylation was
initially evaluated. The DosS protein was treated with different concentrations of HC104A and
HCI106A from 10 pM to 40 uM, or with 40 uM HC103A as a positive control that was previously
discovered to be a DosS/T autophosphorylation inhibitor (25). As previously observed, HC103A
strongly inhibited DosS autophosphorylation, but HC104A and HC106A had no inhibitory activity
(Supplementary Fig. 3.3). This suggests HC104A and HC106A are not directly inhibiting DosS/T
autophosphorylation activity.

Next, a UV-visible spectroscopy assay was employed to investigate if HC104A targets to
the heme of the sensor kinase DosS. Treatment of DosS protein with the reducing agent dithionite
(DTN) caused a shift of the Soret peak from 403 nm to 430 nm as previously described (13, 25).
Addition of HC104A to reduced DosS did not shift the peak to the oxidized position, suggesting
that HC104A does no modulate DosS heme redox (Supplementary Fig. 3.4). Together, these data
indicate that HC104A does not inhibit DosRST signaling by targeting sensor kinase
autophosphoryation or heme and supported examining DosR as a potential target.

Inspection of the HC104A structure revealed it had significant similarity to the compound
virstatin (29). Virstatin is an anti-virulence compound that inhibits Vibrio cholera cholera toxin
production by targeting the transcription regulator ToxT (29). Virstatin inhibits ToxT protein
dimerization and subsequently interferes with DNA binding, thereby inhibiting the transcription

of downstream genes involved in toxin production. Based on the similarity of chemical structure
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between HC104A and virstatin, we hypothesized that HC104A may be targeting DosR, and
interfering with DNA binding. To test this hypothesis, an electrophoretic mobility shift assay
(EMSA) was employed to investigate the impact of HC104A on DosR DNA binding. Recombinant
DosR protein, ranging from 0.5 uM to 4 uM, was treated with 40 uM HC104A or a DMSO control
and tested for binding to fluorescently labeled AspX promoter DNA. In the DMSO treated control,
DosR bound promoter DNA beginning at a concentration 2 uM DosR protein (Fig. 3.4a). Treating
the reaction containing 2 uM DosR protein with HC104A significantly inhibited DNA binding by
~22-fold compared to DMSO control (Fig. 3.4b). To further characterize the impact of HC104A
on DosR binding of DNA, a dose-response study was performed. Reactions containing 2 uM
recombinant DosR proteins were treated with different concentrations of HC104A or virstatin
ranging from 1 — 80 uM. HC104A inhibited DosR binding of DNA beginning at 10 uM HC104A.
The fraction of free DNA increased as HC104A concentration increased (Fig. 3.4c). For example,
the fraction of free DNA was 72%, 89%, 92%, 96% and 100% for 20 uM, 30 uM, 40 uM, 60 uM
and 80 uM HC104A, respectively, whereas DMSO control had 15% free DNA (Fig. 3.4d). Thus,
HC104A significantly inhibits DosR-DNA binding in a dose-dependent manner. Reactions treated
with virstatin had no impact on DosR binding of DNA (Supplementary Fig. 3.5a). Consistent with
these observations, virstatin did not have any impact on DosRST signaling in the whole cell Mtb
fluorescence reporter assay (Supplementary Fig. 3.5b). These findings support the hypothesis that
HC104A may function by inhibiting DosR DNA binding activity and has an activity that is distinct

from the related molecule virstatin.
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Figure 3.4. Inhibition of DosR DNA-binding by HC104A. (a) DosR protein ranging from 0.5 M to 4
UM was treated with DMSO or 40 uM HC104A and binding to the AspX promoter was examined by
EMSA. HC104A inhibits DosR DNA binding at 2 uM concentration. (b) The free DNA of each reaction
was quantified in ImageJ and the percentage of free DNA was normalized using reactions containing 0.5
UM DosR as 100% free DNA. Differences between reactions containing 2 uM DosR treated with DMSO
or HC104A are significant (**P value <0.005 based on a #-test). The error bars represent the standard
derivation of two biological replicates. (¢) Dose-dependent impact of HC104A on DosR DNA binding.
DosR protein at 2 uM was treated with HC104A at concentrations from 1 uM to 80 uM. (¢) The free DNA
of each reaction was also quantified in ImagelJ with the percentage of free DNA is normalized using the
reaction containing 80 uM HC104A as 100% free DNA. The differences between treated reactions as
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Figure 3.5. Interactions between HC106A and DosS heme. WT DosS protein was treated with
dithionite (DTN) and then 100 uM HC106A (a) or 100 uM pf CORM-2 (a CO donor) (b). The
UV-visible spectra of the two treatments exhibited a shift of the Soret peak to a common position
of 422 nm. (¢) DosS with a G117L amino acid substitution, that is predicted to block the heme
exposing channel, provides resistance to HC106A. The spectrum of the mutant protein did not
change, after HC106A treatment, indicating resistance to HC106A. (d) Overexpression of DosS
protein promotes resistance to HC106A treatment in Mtb. Mtb cells with the pVV 16 empty vector
or the DosS overexpression plasmid were treated with 20 uM HC106A for 6 d. Bacterial RNA
was isolated for analysis of the differential gene expression of AspX and #gs/ and analyzed by qRT-
PCR. Overexpression of DosS caused 23- and 16.5-fold increase of AspX and #gs/ transcripts,
respectively, compared to the empty vector control (***P value <0.0001 based on a ¢-test). The
error bar represents the standard derivation of the mean for three technical replicates. The
experiments were repeated twice with a similar result.
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HC106A4 modulates DosS heme

DosS and DosT have a channel that exposes the heme to the environment and enables
interactions with gases (30, 31). This channel is an Archilles heel that can be targeted by small
molecules. Previously, it was shown that the artemisinin modulates DosS/T by oxidizing and
alkylating heme carried by the kinases (25). UV-visible spectroscopy studies were conducted to
examine if HC106A modulated DosS heme. Recombinant DosS was purified from E. coli,
degassed and the change of DosS heme spectrum was monitored under anaerobic conditions by
UV-visible spectroscopy. Treating DosS with the reducing agent dithionite (DTN) caused the Soret
peak to shift to 430 nm as shown previously (13, 25). HC106A was added to the reaction following
DTN treatment to observe the impact on the DosS heme UV-visible spectrum. HC106A caused
the DosS Soret peak to immediately shift to 422 nm, where the peak was stably maintained for 2
h (Fig. 3.5a). This spectrum shift is different from artemisinin, where under identical conditions,
artemisinin causes the DosS Soret peak to gradually shift back to the oxidized state at 403 nm (25).
These findings show that HC106A may also interact with sensor kinase heme, but via a mechanism
that is distinct from artemisinin-heme interactions.

The Soret peak at 422 nm is consistent with previously described spectra that are observed
when DosS heme interacts with NO or CO (13). To confirm this observation, DosS was treated
with 100 uM CORM-2 (a CO donor) which caused a shift of the Soret peak to 422 nm, similar to
what was observed for HC106A (Fig. 3.5b). This finding supports a hypothesis that HC106A may
also be directly binding to the heme. Notably, CO activates DosS kinase function, whereas
HC106A functions to inactivate the regulon, demonstrating that the impact of heme binding by

CO or HC106A has differing impacts on the sensor kinase switch.
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Amino acid substitutions in the channel exposing the DosS heme to the environment, such
as DosS E87L or G117L, can limit access of artemisinin to modulate heme (25). To support the
hypothesis that HC106A directly targets DosS heme, we tested the impact of these amino acid
substitutions on HC106A/DosS heme interactions. Treating DosS(E87L) with HC106A exhibited
a profile similar to wild type DosS with the Soret peak shifting to 422 nm (Supplementary Fig.
3.6). However, DosS(G117L) had no change to the overall spectrum after HC106A treatment (Fig.
3.5¢). This finding indicates that DosS(G117L) is resistant to HC106A, and confirms that HC106A
accesses the heme via a similar mechanism as artemisinin.

To confirm DosS is a target of HC106A in Mtb, we examined the impact of overexpressing
DosS protein in Mtb. If DosS is the target of HC106A, overexpression may reduce the
effectiveness of HC106A. WT DosS protein was constitutively expressed from the 4sp60 promoter
in Mtb. The vector control showed that both AspX and #gs/ genes were downregulated by HC106A
by 2331- and 3470-fold, respectively (Fig. 3.5d). Overexpressing DosS provided significant
resistance to HC106A, with AspX and 7gs/ showing 23- and 16.5-fold less inhibition, respectively,
relative to the empty vector control This observation of resistance in Mtb is consistent with the

biochemical data supporting the view that DosS is a direct target of HC106A.

Synergistic interactions between DosRST inhibitors

With multiple distinct inhibitory activities of the HC101A, HC102A, HC103A, HC104A
and HC106A, we sought to examine if potentiating or antagonistic interactions existed between
the molecules, when targeting the DosRST pathway. To examine these interactions, checkboard
assays were performed with pairwise comparisons of artemisinin (HC101A), HC102A, HC103A,

HC104A and HC106A. CDC1551 (hspX'::GFP) was treated with combinations of two compounds
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ranging from 50 uM to 0.08 uM in 96-well plates. DosR-driven GFP fluorescence and optical
density were measured following 6 d of treatment. The Combination Index (CI) was calculated for
each drug pair based on the Chou-Talalay method in the CompuSyn software package (32, 33),
where CI values of < 1, = 1 and >1 indicate synergistic, additive or antagonistic interactions,
respectively. Among all 64 compound pairs, artemisinin combined with HC102A, HCI103A,
HC104A and HC106, showed 46, 49, 41, and 50 combinations that have CI <1, respectively (Fig.
3.6). Notably, some CI values are below 0.1 when artemisinin was paired with HC102A, HC103A
or HC106A combinations. Example dose response curves illustrate these synergistic interactions
(Fig. 3.6). Several other pairwise comparisons also demonstrated synergy (Supplementary Fig.
3.7), however, in general, these interactions had CI between 1 and 0.1, supporting weaker
synergistic interactions, as compared to combinations with artemisinin. Overall, these studies
provide the evidence that the inhibitors function by distinct mechanisms and may be combined to

improve potency.
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Figure 3.6. Synergistic interactions between DosRST inhibitors. CDC1551 (hspX’:: GFP) was treated
with pairwise combinations of two compounds at concentrations of 50 uM to 0.08 uM. GFP
fluorescence was measured and used to calculate percentage inhibition. The data were analyzed in
the CompuSyn software to determine the combination index (CI) for the panel of each drug
combination, including (a) artemisinin and HC102A; (b) artemisinin and HC103A; (¢) artemisinin
and HC104A; and (d) artemisinin and HC106A. Example ECsy curves are presented with
individual compounds or a selected synergistic combination to illustrate the potentiating
interactions.
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Structure-activity relationship study for HC104A and HC106

We conducted a catalog search for HC104 and HC106 analogs and obtained 10 commercial
analogs for each series to define initial structure activity relationships (SAR). For HC104A we
observed that a bromine in the 5-position is required for activity and that the R2 dimethylamine
group is not required (Supplementary Table 3.1). For example, HC104B is identical to HC104A
except for the removal of the bromine (R1), which results in a complete loss of activity in the
whole cell assay. Whereas, replacement of the R2 group with a methyl (HC104G) results in an
active compound, although ~5-fold less active than HC104A. Although not highly potent, its
ligand efficiency, cLogD and druglikeness are in the range of what would be considered acceptable
to good as a starting point for further manipulation. For HC106A (Supplementary Table 3.2),
catalog SAR work led to new understandings of the nature of the series. We first found that the
simple removal of an ortho chloro on the “A” ring of HC106A leads to ~ 2-fold enhanced activity,
with an ECsg in the whole cell Mtb assay for DosRST inhibition of 1.33 uM (HC106F). It was
also found that the use of an alternative isomer of the isoxazole had no activity (HC106C).

To further understand the SAR of the HC106 series, additional analogs were synthesized
to examine the need of the central urea functionality and whether modifications can be tolerated
(Supplementary Table 3.3). A pyridyl analog (MSU-41425), designed to replace the isoxazole
also demonstrated no activity as was the symmetrical 4-chloroaniline derived urea (MSU-
41324). However, the bis-isoxazole urea (MSU-39444) provides an ECs of 1.7 uM, indicating
that the isoxazole is important for binding. Isoxazoles are unique among heterocycles in that they
exist in multiple tautomeric forms as supported by initial NMR studies (34). We next explored
the need of one of the -NHs of the urea, capping it with a methyl (MSU-39451), integrating it

into a ring for conformational restriction (MSU-39453), and replacing with a methylene unit
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(MSU-39449). In all cases, reduced activity (0.5 - 1 log) was observed but not all activity was
lost. Thus, HC106A is a potent whole cell inhibitor of the DosRST pathway, with flexibility to
be improved via SAR.

To further test the SAR, we conducted a Topliss Tree evaluation of the “A-ring” aniline
(35). To reliably prepare the derivatives, we explored and established a general preparation
(Supplementary Fig. 3.8). This route is preferred relative to alternative approaches for its
cleanliness, yields and ease of purification, usually by trituration. It is also anticipated that it
will allow access to future derivatives. Using HC106F and HC106A as starting points, we
prepared the 3,4-diclorochloro and 3-chloro derivatives (MSU-39452 and MSU-39445,
respectively). Both the 3- and 4-chloro derivatives demonstrated greater activity than 3,4-
dichloro (MSU-39452). We found that replacing the 4-chlorophenyl ring with pyridyl analogs
(MSU-39448 and MSU-39450) lead to increased activity. Focusing on 4-position derivatives,
we found that fluoro (MSU-39446), bromo (MSU-41464) and methoxy (MSU-39447), as
electron p-orbital donating substituents, also lead towards increased activity. Para-t-butyl phenyl
(MSU-41442), also did the same. Electron withdrawing substituents, such as 4-CO,Me (MSU-
4165), 4-trifluoromethyl (MSU-41463) and biphenyl (MSU-41443) saw similar activity.
Overall, several analogs were discovered with significantly ~4-fold enhanced potency, with
several inhibitors having whole cell DosRST inhibitory ECsy below 1 uM, including ECsy of
0.63 uM, 0.61 pM, 0.54 uM and 0.75 puM for MSU-33189, -39447, -39446, and -39455.
respectively. The parent analog HC106A had an ECsp of 2.48 uM. Kinetic solubility assays were
conducted for selected analogs and all exhibited excellent aqueous solubility greater than >100
uM, except for MSU-41443 (Supplementary Table 3.3). This finding shows that the urea group

present in the HC106A does not have a detrimental impact on HC106 aqueous solubility.
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Overall, the nanomolar whole cell potency, flexible SAR and excellent solubility, confirm that
the HC106 series is a suitable series for continued optimizations to identify a drug-like lead

compound.

Discussion

DosRST is a two-component regulatory system required for Mtb environmental sensing,
adaptation, and persistence. By using a fluorescent reporter strain CDC1551 (hspX’::GFP), we
have previously discovered small molecule inhibitors of DosRST, named HC101A-HC106A, from
the whole-cell phenotypic HTS. Here, we report the characterizations of HC104A and HC106A as
DosRST inhibitors. Both compounds downregulated genes in the DosR regulon, and inhibited
TAG biosynthesis. HC106A also reduced Mtb survival during NRP.

In a UV-visible spectroscopy assay, we observed that HC106A interacts with the heme of
sensor kinase DosS. The UV-visible spectrum of HC106A-treated DosS is similar to those of CO-
or NO-treated DosS. The overlap between the CO and HC106A spectra supports that HC106A
may also directly bind to the heme of DosS. Interestingly, CO activates sensor kinases, whereas
HC106A inhibits them. This could be due to the difference in conformational changes induced by
CO and HC106A, or binding of HC106A may lock the sensor kinases into an inactive state.
Furthermore, the DosS G117L substitution, recombinant DosS blocks the heme exposing channel,
provides resistance to HC106A. This means that, similar to artemisinin, this channel is also
important for the activity of HC106A. These findings provide additional evidence that the heme-
exposing channel in DosS/T can be exploited by small molecules to prevent or inhibit the heme

from sensing signals and to disrupt signal transduction of a two-component regulatory system. To
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our knowledge, these two distinct mechanisms of actions are novel mechanisms to inhibit the
DosRST pathway.

Mechanistic studies via EMSA indicates that HC104A may function by targeting DosR
and inhibiting DosR DNA binding. Virstatin had no effect on DosR DNA binding and no impact
on the DosRST signaling in whole cells, showing that although both compounds share a similar
structure, they function by distinct mechanisms. From the catalog SAR study, we found that the
bromine group is required for the compound. Virstatin does not have the bromine, and the R-group
is butyric acid instead of dimethylamine. These two differences are enough to differentiate the
activity of the compounds. Moreover, transcriptional profiling shows that the most repressed genes
by HC104A are from the DosR regulon, providing additional evidence that HC104A is somewhat
selective for DosR regulated genes. Interestingly, the genes most downregulated by HC104A,
including AspX, Rv2030c, pfkB, and Rv2028c, are from the same operon under control of AspX
promoter, which is strongly induced by DosR in hypoxia. This result suggests that HC104A is
more specific to target AspX operon genes as compared to other DosR regulated genes. This finding
leads to the speculation that HC104A may be more efficient to prevent DosR binding to the AspX
promoter than the other DosR promoters. HC104A may fit better in the pocket in the interface of
DosR-AspX’ complex. This postulation also supports the idea that HC104A may not have an
impact on DosR protein dimerization, which would lead to universal downregulation of DosR-
regulated genes. Detailed characterizations of HC104A on inhibiting DosR dimerization and
promoter binding specificity is the subject of ongoing characterizations.

This study together with the previous report reveals multiple distinct inhibitory
mechanisms for the five compounds, HC101A-104A, HC106A. Four out five compounds,

HC101A-HC103A and HC106A, are proposed to function by targeting the sensor kinases
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DosRST. Furthermore, these four compounds are effective at decreasing Mtb survival during NRP
in hypoxic-shift down assay. In contrast, the compound targeting DosR, HC104A, had no impact
on Mtb survival during NRP. This result is consistent with a previous report that showed only the
AdosS mutant exhibits a survival defect in the C3HeB/Fe] mouse model (22). Notably, the dosR
mutant strain used in our study is also lacking dosS expression due to polar impacts of the deletion,
supporting the hypothesis that the reduced survival during NRP may be dependent on DosS.
Alternatively, we noted that HC104A only inhibits a portion of the DosR regulon with only 26
genes being downregulated. This finding suggests that the DosR regulated genes that are inhibited
by HC104A (Fig. 3.2, and Supplementary Dataset 3.1, 3.3) are not required for DosRST-dependent
persistence during NRP or not sufficiently inhibited to have an impact on survival.

The transcriptional profiling data showed off-target impacts in the treated dosR mutant
strain. These effects may be due to inhibition of DosS/T signaling that functions independent of
the response regulator. Several recent studies have demonstrated the occurrence of cross-
interactions between histidine kinases and response regulators in Mtb. For instance, Lee ef al.
shows that DosT can interact with the other non-cognate response regulators, including NarL and
PrrA (36). Our transcriptional profiling of the compound treated dosR mutant strain suggests that
some genes downregulated by HC101A, HC103A and HC106A may be DosS-dependent but
DosR-independent (Supplementary Fig 3.9). In the prior study, six genes are similarly regulated
between artemisinin and HC103A in the treated dosR mutant strain, including Rv0260c that
encodes a putative response regulator (25). HC106A and HCI103A share four differentially
regulated genes in the dosR mutant, including argC, argJ, argB, and argF, which are genes
involved in arginine biosynthesis. Our data presented here and in the literature point to the

possibility that DosST modulate gene expression independently of DosR.
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The synergy studies show significant synergistic interactions between artemisinin,
HC102A, HC103A, HC104, or HC106A. Moreover, artemisinin exhibited the greatest synergistic
activities with HC102A, HC103A or HC106A, indicating that inhibition of histidine kinases by a
second inhibitor can lead to synergistic inhibition of the DosRST pathway. This interaction could
be due to both sensor kinases being required for full induction of the DosR regulon, where DosT
responds early during hypoxia and DosS further induces the regulon at later times (37), and it is
possible that the inhibitors have different affinities for DosS or DosT. Thus, multiple inhibitors
could inhibit both DosS and DosT better than an inhibitor alone. Interestingly, artemisinin shows
the greatest synergism with HC106A. Both compounds are proposed to target the heme of DosS/T,
but through different mechanisms. This finding shows that both inhibitors can enter the channel of
DosST to interact with the heme and do so without antagonizing interactions.

The identification of new antibacterial agents and tuberculosis drugs has been associated
with the realization that these compounds can occupy a different region of chemical space relative
to drugs in most other therapeutic areas. Series HC106 is easily in the range of the characteristics
for compounds currently in use, in development and anti-TB compounds. Series HC104 needs
further exploration to fully assess its suitability. The physicochemical properties of a drug, such
as solubility and permeability, impact its oral bioavailability as these factors influence absorption,
distribution, metabolism, and excretion. Series HC106 demonstrates excellent aqueous solubility
(Table 3.3, with compounds generally having solubility >100 uM). The melting points of most of
the compounds in the series and the corresponding cLogP are also supportive appropriate
solubility. The ability of an anti-TB drug to reach its target site is greatly hampered by the highly
impermeable Mtb cell envelope. Both series (HC104 and HC106) demonstrate low micromolar

and nanomolar whole cell ECsy values, suggesting adequate cell wall permeability. SAR studies
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of HC106 show that there remain significant opportunities for optimization of HC106 for potency

and drug properties and future studies will be focused on such optimizations.

Materials and methods

Bacterial strains and growth conditions. Mtb CDC1551, CDC1551 (AdosR) strains were used in
this study. All cultures were grown at 37°C and 5% CO; in 7H9 Middlebrook medium
supplemented with 10% OADC (oleic acid albumin dextrose catalase) and 0.05% Tween-80 in

standing, vented tissue culture flasks, unless stated otherwise.

ECsy assays. The assay was performed as previously described (25). Briefly, the (hspX’::GFP)
reporter strain culture was diluted to an ODggo of 0.05 in fresh 7H9 media, pH 7.0, and 200 uL of
diluted culture was aliquoted in clear-bottom, black, 96-well plates (Corning). Cells were treated
with an 8-point (2.5-fold) dilution series ranging from 200 uM — 0.32 uM. For the structure
relationship studies for the HC106 series, a 12-point (2.5-fold) dilution series of HC106 analogs
ranging from 200 uM — 8.4 nM were used. GFP fluorescence and optical density were measured
following 6 d incubation. Percentage fluorescence and growth inhibitions were normalized to a
rifampin-positive control (100% inhibition) and DMSO-negative control (0% inhibition). ECs
values were calculated for each compound using GraphPad Prism software package (version 6).
Each experiment was performed with two technical replicates per plate and two biological
replicates, and the error bar represents the s.d. of the biological replicates. Experiments were

performed twice with similar results.
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Transcriptional profiling and data analysis. Transcriptional profiling studies were conducted as
previously described in Zheng et al. (25). Briefly, CDC1551 or CDC1551 (AdosR) cultures were
treated with 40 uM HC104A, HC106A or DMSO control for 6 d. The starting ODgpp was 0.1 in 8
mL of 7H9 medium in standing T25 vented tissue culture flasks. Bacterial growth consumes
oxygen and stimulates the DosRST pathway. The total bacterial RNA from two biological
replicates was isolated and prepared for sequencing as previously described (38). The RNA-seq

data were processed and analyzed using the SPARTA software package (39).

Real-time PCR assays. The vitamin C and NO assays were performed as previously described
(25). Briefly, cultures at an ODggp of 0.6 were pretreated with 80 uM HC104A, HC106A or a
DMSO control for 24 h, and induced with 50 uM DETA-NONOate or 20 mM vitamin C for 2 h.
For the HC106A resistance assays, CDC1551 was transformed with the empty replicating plasmid
pVV16 or the plasmid expressing dosS from the strong Asp60 promoter (pVV16-DosS), and
treated with 20 uM HC106A for 6 d. Total bacterial RNA was isolated and differential gene
expression of DosR-regulated genes, including 4spX and #gs 1, was quantified. The experiment was
performed in three technical replicates and error bars represent the s.d from the mean. The
experiment was repeated twice with similar results. To examine Mtb gene expression in
macrophages, murine bone-marrow derived macrophages were isolated as previously described
(40) and seeded in T75 vented, tissue culture flasks. Macrophages were infected with CDC1551
with multiplicity of infection ratio of 1:20 as previously described (40). After infection, the flasks
were treated with 40 uM HC104A or HC106A or DMSO for 48 h, with three individual flasks for

each treatment. Total bacterial RNA was isolated after treatment, and the transcripts of DosR-
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controlled genes (hspX and tgs1) were quantified in RT-PCR. The experiment was conducted with

three biological replicates. The error bar represents the s.d. of the biological replicates.

TAG biosynthesis. The lipid labelling and TAG TLCs were performed as previously described
(25). Briefly, CDC1551 was cultured at an initial ODggp of 0.1 and radiolabeled with 8 uCi of [1,2-
1C] sodium acetate in T25 vented tissue culture flasks. The cultures were treated with 40 uM
HC104A, HC106A or DMSO for 6 d at 37°C. CDC1551 (AdosR) and dosRS complement strains
were also examined. Total lipids were extracted and '*C incorporation was determined by
scintillation counting. 20,000 c.p.m. of total lipids were analyzed by TLC using silica gel 60
aluminum sheets (EMD Millipore). To determine TAG accumulation, the lipids were developed
in hexane-diethyl ether-acetic acid (80:20:1; vol/vol/vol) solvent system. The TLC was exposed
to a phosphor screen for 3 d, and imaged on a Typhoon imager and TAG was quantified using
Imagel software (41). The experiment was repeated twice with similar results, and the error bar

represents the s.d. of two biological replicates.

NRP survival assays. Survival during NRP was examined using the hypoxic shift down assays as
previously described (25, 42). Briefly, CDCI1551 cells were treated with 40 uM HCI104A,
HC106A or DMSO control in a 24-well plate (1 mL/well). CDC1551 (AdosR) and dosRS
complement strains were also examined. Plates were incubated in an anaerobic chamber (BD
GasPak) for 12 d. It took 48 h for cultures to become anaerobic, as monitored by a methylene blue
control. Bacterial CFUs were numerated on 7H10 agar plates following incubation. The

experiment was repeated twice with similar results.

120



DosR protein purification. DosR full length protein was purified as previously described (43).
Briefly, the dosR gene (Rv3133c) was cloned into pET15b (Novagen Darmstadt, Germany) using
the primer set: forward primer 5’-TTTCATATGGTGGTAAAGGTCTTCTTGGTCGATGAC-3’;
reverse primer 5’-TTTGGATCCTCATGGTCCATCACCGGGTGG-3’. The Hise-DosR protein
was expressed in E. coli BL21(DE3) strain. The culture was grown to ODggo 0.5-06, and induced
with 1 mM IPTG for 6.5 h at 29°C. The cell pellet was suspended in lysis buffer (20 mM Tris-
HCI, pH 8.0, 10% glycerol, 500 mM NaCl, 0.5 mg/ml lysozyme and 0.1 mg/ml PMSF), and
incubated at 37°C for 30 min. The soluble fraction of lysate was collected after centrifugation and
applied to a TALON metal affinity Co®" column (Clontech). The column was washed twice with
washing buffer (20 mM Tris-HCI, pH 8.0, 10% glycerol, 500 mM NaCl) without imidazole, then
with 20 mM imidazole. The protein was eluted with the same buffer containing 300 mM imidazole.
The fractions with the most DosR protein (as determined by SDS-PAGE) were pooled together for
dialysis in 25 mM Tris-HCI, pH 8.0. The final protein concentration was determined using a Qubit

kit (Invitrogen).

Electrophoretic mobility assay. The assay is fluorescence-based using 6-carboxyfluorescein
(6FAM) labeled 385 bp probe from the AspX promoter. In designing the primer set, 6FAM was
added to the 5 ends of forward and reverse primers. The AspX probe was synthesized via PCR
using the primer set: forward primer 5’-6FAM-CAACTGCACCGCGCTCTTGATG-3’; reverse
primer 5’-6FAM-CATCTCGTCTTCCAGCCGCATCAAC-3’. The probe was purified by Qiagen
PCR purification kit. The DosR protein was pre-phosphorylated in 10 pL of phosphorylation
buffer (40 mM Tris-HCI, pH 8.0, 5 mM MgCl,, 50 mM lithium potassium acetyl phosphate), and

incubated at room temperature for 30 min. The protein was then transferred to binding buffer in a

121



final volume of 20 pL (final concentration, 25 mM Tris-HCI, pH 8.0, 0.5 mM EDTA, 20 mM KCl,
6 mM MgCl,, 10 nM probe, 1 pg poly-dI-dC (Sigma Aldrich)), and treated with HC104A or an
equal volume of DMSO or virstatin (Santa Cruz Biotech). Two different assays were performed.
Firstly, different DosR protein concentrations from 0.5 uM to 4 uM were treated with 40 pM.
Second, dose response assays were performed with 2 uM DosR treated with different
concentrations of HC104A or virstatin from 1 uM to 80 uM. After incubating on ice for 30 min,
the reactions were terminated by adding 1 pL 80% glycerol, and loaded on a native 5%
Tris/Borate/EDTA (TBE) polyacrylamide gel. The gel was run at 50 V, for 5-6 h at 4°C in 1X
TBE buffer, and was imaged using a Typhoon scanner with appropriate filters that can detect
florescence at excitation = 495 nm, emission = 520 nm. Binding of the unbound probe was
quantified using ImagelJ (41). The assay was repeated at least twice with similar results. The error

bar represents the s.d. of two biological replicates.

UV-visible spectroscopy assay. DosS and mutant proteins were purified and analyzed as
previously described (25). Briefly, 7.5 uM of recombinant DosS protein was deoxygenated with
argon gas in a sealed cuvette. The protein was reduced with 400 uM DTN for 20 min. The reaction
was then treated with 100 uM HCI106A, 400 uM HC104A, 100 uM CORM-2
(tricarbonyldichlororuthenium (II) dimer) or equal volume of DMSO. The UV-visible spectra were
recorded for kinetic changes over 2 h. The experiment was repeated at least twice with similar

results.

Checkboard synergy studies. The reporter strain CDC1551 (hspX::GFP) was treated with pairs of

DosRST inhibitors from 50 uM — 0.08 uM in 96-well plates, including HC101A-HC104A and
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HC106A. GFP fluorescence and ODgyy were measured after 6 d incubation. The percentage of
fluorescence inhibition (FI) and growth inhibition were calculated for each drug pair, with limited
growth inhibition observed. The FI data was utilized for further analysis of interactions using
CompuSyn software (32). The Combination Index (CI) value was calculated for each drug pair
according to the Chou-Talalay method, which is based on the Median-Effect equation derived from
the Mass-Action Law principle (33, 44). The resulting CI values provide quantitative
determination of drug interactions, including synergism (CI < 1), additive effect (C = 1), and

antagonism (C > 1).

Autophosphorylation assay. The DosS autophosphorylation assay was performed as previously
described (25). Recombinant DosS protein was treated with 10 uM, 20 uM or 40 uM of HC104A,
or HC106A. DMSO and 40 uM HC103A were also included as positive and negative controls,

respectively.

Kinetic solubility assay. The assay was performed with 7-point (2-fold) dilutions from 200 pM -
3.125 uM for HC106 analogs. Mebendazole, benxarotene and aspirin were also included as
controls. The drug dilutions were added to PBS, pH 7.4, with the final DMSO concentration of
1%, and incubated at 37 °C for 2 h. The absorbance at 620 nm was measured for each drug dilution

to estimate of the compound solubility. Three replicates were examined for each dilution.
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APPENDIX

Supplementary information

Supplementary Dataset 3.1. Differential gene expression data of WT Mtb treated with
inhibitors

Supplementary Dataset 3.2. Differential gene expression data of the DosR mutant treated
with the inhibitors.

Supplementary Dataset 3.3. Complete gene expression tables for transcriptional profiling

experiments.
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Compound On-Np© 0_N_O
o

Br
ID# HC104A HC104G HC104B

MW (g/mole) 361.2 290.1 282.3

ECs (UM) 9.8 43.8 >200

Ligand
Efficiency 0.34 0.36 0.26
CLogP (cLogD

at pH 7.4) 3.0 (0.55) 2.3(2.4) 2.9 (-0.24)

Druglikeness 4.4 0.55 6.2

Supplementary Table 3.1. Structure and properties of HC104 series. Catalog structure activity
relationship study performed for HC104 analogs with different R-groups. The reporter strain
CDC1551 (hspX'::GFP) was treated across doses of each analog from 200 uM to 0.328 uM. The
ECs values of fluorescence inhibition calculated for each analog to determine their potency. The
other chemical properties of the analogs are also included.
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EC EC
ID# Compound 0 ID# Compound 2
pot (uM) e (uM)
Cl Cl Cl
o oN MSU- @ o
A\
HC106F @HJLHN 133 | VS5 HJLHQ >200
Cl cl
o oN MSU- m o-N
HC106A QH HN 2.48 39449 HN 5.2
Cl
Cl Cl
0 N-Q o o-N
HC106C QN A2 | >200 MSU- | T R RS | 4
NN 39451 NN
Cl Me
Cl _ le) o-N
MSU- 9 9N MSU- S
39450 N HJLHN 1.95 39453 N HU 16.62
Cl
MSU- N0 o oN MSU- ™ o
39444 QAHJLH&) - 41422 ON*@“ 0
Cl Cl
MSU- @ o
41425 NN >200

Supplementary Table 3.2. Initial SAR studies of the HC106 series. The HC106 analogs with
different R-groups were synthesized or purchased. The reporter strain CDC1551 (hspX’::GFP)
was treated with across doses of each analog from 200 uM to 0.328 uM. The ECsy values of
fluorescence inhibition calculated for each analog to determine their potency.
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o o-N
A\
R)LHN
Ligand .
Compound EC50 MW TPSA e m.p. Solubility
o R= (M) | (@mol) | (ang?) | ETEENY] (o) | P | umy
Cl
HC106F @N/ 133 | 2376 | 63 0.54 183 2.2 >200
H
Cl
HC106A QN/ 248 | 272.1 63 164 110
a M
MSU- ). 183-
33189 Ay 0.63 | 203.1 63 0.40 164 16
MeO
MSU- j@ 166-
39447 Ay 061 | 2332 | 72 0.36 167 15 >100
[¢]]
MSU- P 158-
39448 Ny 142 | 2386 | 75 0.38 129 13
Cl
MSU- S 122-
30450 oy 195 | 2386 | 75 0.38 153 13
-
MSU- B 176-
39246 Ay 054 | 2212 | 63 0.38 177 17 >100
Br.
MSU- 183-
41464 @u/ 12 | 2821 67 184 2.3
MSU- X 159
39445 @ 075 | 2376 | 63 0.37 2.1 >100
N (dec)
H
Cl
_ Cl
3'%3‘;2 \Ej | 247 | 2721 | 63 036 | 164 | 28
N
t-Bu x
mfﬁé P 208 | 2593 | 63 163 3.1 >100
H
e 112 | 2793 | 63 103 | 32 14
-
N
FsC
MSU- :
21263 QH/ 167 | 2712 | 67 178 2.4
o]
MSU- Me\OJK@
116 | 2612 | 94 194 15
41465 -
N
MSU- TN 128-
41469 P 112 | 2172 | 67 130 13

Supplementary Table 3.3. Initial Topliss Tree evaluation of “A-ring” aniline of series HC106.
The HC106 analogs with different R-groups were synthesized. The reporter strain CDC1551
(hspX'::GFP) was treated with across doses of each analog from 200 uM to 0.328 uM. The ECs,
values of fluorescence inhibition were calculated for each analog to determine their potency. The
other chemical properties of the analogs are also included. Kinetic solubility was experimentally
determined.
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Supplementary Figure 3.1. Inhibition of the DosR regulon by HC104 and HC106A during hypoxia.
Mtb cells were treated with 40 pM compounds for 6 d, and total bacterial RNA was isolated. The
DosR regulated genes, dosR, hspX, and tgs were quantified in qRT-PCR. The error bars represent
the standard derivation of three replicates. The experiment was repeated at least twice with similar
results.
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Supplementary Figure 3.2. TLC of TAG reduction in Mtb treated with HC104A and HC106A. Mtb

cells were treated with 40 uM of the compounds and labeled with [1,2-'*C] sodium acetate in T25
vented tissue culture flasks for 6 d. Total lipid was isolated and analyzed BY TLC. The experiment

was repeated twice with similar results.
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Supplementary Figure 3.3. Autoradiograph examining the impact of HC104A and HC106A on DosS
autophosphorylation. DosS protein was treated with 10 uM, 20 uM or 40 uM of the compounds,
with DMSO and HC103A as positive and negative controls, respectively. The results show that
HC104A and HC106A have no effect on DosS autophosphorylation.
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Supplementary Figure 3.4. Investigation of interaction between HC104A and DosS. WT DosS treated
with 400 pM HCI104A shows no impact on shifting of the Soret peak in the UV-visible
spectroscopy assay. The experiment was repeated at least twice with similar results.
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Supplementary Figure 3.5. The impact of virstatin on DosR DNA-binding and DosRST signaling in
Mitb. (a) Chemical structure of virstatin. (b) Dose-response curve of virstatin shows no effect on
inhibition of Mtb DosR-driven GFP fluorescence. (¢) DosR protein at 2 uM was treated with 9
point dose response of virstatin from 1 uM to 80 uM. The reactions were analyzed on native PAGE

gel. The experiment was repeated at least twice with similar results.
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Supplementary Figure 3.6. Investigating the interaction between HC106A and DosS heme. DosS
E87L protein was treated with 100 uM HC106A after being reduced with DTN. The UV-visible
spectra were recorded after each treatment, and showed no change on the overall spectrum
compared to WT protein. The experiment was repeated at least twice with similar results.
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Supplementary Figure 3.7. Checkerboard assays examining paired interactions of DosRST inhibitors.
CDC1551 (hspX’::GFP) was treated with different combination of two compounds from 50 uM
to 0.08 uM. GFP fluorescence was measured and used to calculate percentage inhibition. The data
were analyzed in the CompuSyn software to determine the combination index (CI) for the panel
of each drug combination, including (a) artemisinin and HC104A; (b) HC102A and HC103A; (¢)
HC102A and HC104A; (d) HC102A and HC106A; (e) HC103A and HC104A; (f) HC103A and
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Supplementary Figure 3.7. (cont’d)

HC106A; (g) HC104A and HC106A. Selected dose response curves are presented to illustrate
synergistic interactions. The experiment was repeated twice with similar results.
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Supplementary Figure 3.8. Synthetic scheme for the HC106 analogs.
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Rv0886 forB

Rv1386 PE
Rv3049c Rv3049c

HC103A  HC106A
Rv1652 argC
Rv1653 argJ
Rv1654 argB
Rv1656 argF

.
1.0 5.0 25.0
HC106A Fold change

Supplementary Figure 3.9. Comparison between artemisinin, HC103 and HC106 for interactions. (a)
Venn diagram for the downregulated genes (>2-fold; q< 0.05) of CDC1551 (AdosR) treated with
artemisinin, HC103A, or HC106A. (b) Overlap exists between artemisinin and HC103A or
HC103A and HCI106A differentially expressed genes (downregulated >2X, q<0.05). The
heatmaps represent the commonly downregulated genes between the two compounds.
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Experimental procedures for urea formation

Formation of acyl chloride 2. To a stirred solution of isoxazole acid 1 (1 eq.) in dry
tetrahydrofuran (THF, 0.4 M) under N, atmosphere was added oxalyl chloride (1.5 eq.) dropwise
over 5-10 min followed by dimethylformamide (DMF) (cat.) and the reaction mixture was
continued to stir at room temperature. Upon completion, the reaction mixture was concentrated
into a residue in vacuo and the residue was dissolved in THF and concentrated again to ensure the
removal of excess oxalyl chloride. The crude acyl chloride 2 was used directly in the next step
without further purification.

Formation of acyl azide and rearrangement into isocyanate 3. The crude acyl chloride 2
was dissolved in THF (0.4 M) and stirred at room temperature under N, atmosphere. Trimethylsilyl
(TMS) azide (2 eq.) was added dropwise over 5 min and stirring was continued. Upon completion
of the reaction, the mixture was diluted with ethyl acetate (0.4 M) and quenched with H,O (0.4
M). The two layers were separated, and the organic layer was dried over anhydrous Na,SO4 and
filtered. The ethyl acetate solvent was swapped into toluene (0.1 M) by the addition of toluene
followed by removal of the ethyl acetate in vacuo. Care was taken not to concentrate the toluene.
The toluene acyl azide solution was heated at reflux conditions under N, atmosphere for 4 h to
give the desired isocyanate 3 which was used as a solution in toluene in the next step.

Formation of urea 4. The crude isocyanate solution in toluene was mixed with different
amines (1.5 eq.) and stirred at room temperature overnight. Isolation of the ureas was done by
diluting the reaction mixture with hexanes, stirring for few hours and filtration of the formed
precipitate. The solid material was washed with hexanes and dried under high vacuum. The urea
products usually do not require further purifications. All products were analyzed by '"H NMR and

high-resolution mass spectrometry.
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Synthesis of MSU-41422 (amide) from acyl chloride 2. Acyl chloride 2 (1 eq.) was
dissolved in dichloromethane (DCM, 0.2 M) and 4-chloroaniline (1.2 eq.) was added. The reaction
mixture was stirred at room temperature overnight. The reaction mixture was concentrated in
vacuo and the residue was purified by flash column chromatography.

Synthesis of MSU-39449. A slurry of aaa (0.10 g, 0.60 mmoles) in 2.0 mL of DCM was
treated with oxalyl chloride (0.12 mL, 0.9 mmoles) and 1 drop of DMF. The mixture (with gas
evolution) gradually became homogeneous and was stirred for 30 min. The mixture was
concentrated in vacuo, diluted with 5 mL of DCM and again concentrated in vacuo, the process
repeated three times. The resulting residue was again dissolved in DCM (2 mL) and treated with
5-aminoisoxazole (0.030 g., 0.36 mmoles), followed by pyridine (0.48 mL, 0.6 mmoles). The
mixture was then allowed to stir overnight. The mixture was then quenched with 1.0 N HCI and
extracted with DCM. The organic layers were combined, washed with saturated KHCO3, dried
with Na,SO4 and concentrated in vacuo. Medium pressure liquid chromatography (SiO,, 100%

DCM to 3% methanol / DCM) to provide a solid (0.023 g).

MSU-39444. "H NMR (500 MHz, DMSO-ds) & 10.54 (s, 2H), 8.44 (d, J= 1.9 Hz, 2H), 6.11 (d, J
= 2.0 Hz, 2H).

MSU-39449. "H NMR (500 MHz, DMSO-ds) & 11.91 (s, 1H), 8.41 (s, 1H), 7.39 (d, J = 2.0 Hz,
2H), 7.35 (d, J = 2.0 Hz, 2H), 6.19 (s, 1H), 3.73 (s, 2H).

MSU-39445. "H NMR (500 MHz, DMSO-ds) & 10.41 (s, 1H), 9.14 (s, 1H), 8.40 (d, J = 2.0 Hz,
1H), 7.82 — 7.58 (m, 1H), 7.31 (dd, J = 4.9, 1.8 Hz, 2H), 7.07 (dt, J = 6.4, 2.3 Hz, 1H), 6.06 (d, J
= 1.9 Hz, 1H).

MSU-39452. "H NMR (500 MHz, DMSO-ds) & 10.50 (s, 1H), 9.23 (s, 1H), 8.51 — 8.28 (m, 1H),

7.86 (d, J=2.5 Hz, 1H), 7.64 —7.43 (m, 1H), 7.37 (dd, J = 8.9, 2.5 Hz, 1H), 6.26 — 5.80 (m, 1H).
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MSU-39447. "H NMR (500 MHz, DMSO-de) & 8.83 (s, 1H), 8.43 — 8.29 (m, 1H), 7.36 (d, J = 8.4
Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.00 (d, J= 1.9 Hz, 1H), 3.70 (s, 3H).

MSU-39451. "H NMR (500 MHz, DMSO-de) & 10.13 (s, 1H), 8.34 (d, /= 1.9 Hz, 1H), 7.56 — 7.41
(m, 2H), 7.41 — 7.22 (m, 2H), 6.04 (d, J = 2.0 Hz, 1H), 3.25 (s, 3H).

MSU-39453. "H NMR (500 MHz, DMSO-ds) & 10.49 (s, 1H), 8.41 (d, J= 1.9 Hz, 1H), 7.84 (d, J
= 8.7 Hz, 1H), 7.27 (dt, J = 2.3, 1.1 Hz, 1H), 7.18 (dt, J = 8.8, 1.6 Hz, 1H), 6.14 (d, J = 1.9 Hz,
1H), 4.13 (dd, J=9.1, 8.2 Hz, 2H), 3.17 (1, J = 8.6 Hz, 2H).

MSU-39448. '"H NMR (500 MHz, DMSO-de) 8 10.55 (s, 1H), 9.25 (s, 1H), 8.64 — 8.24 (m, 2H),
7.98 (d, J= 8.6 Hz, 1H), 7.45 (d, J = 8.6 Hz, 1H), 6.08 (d, J= 18.1 Hz, 1H).

MSU-39450. "H NMR (500 MHz, DMSO-ds) & 11.00 (s, 1H), 9.66 (s, 1H), 8.42 (d, J = 1.9 Hz,
1H), 8.34 (d, J = 2.6 Hz, 1H), 7.96 — 7.79 (m, 1H), 7.73 (d, J = 8.9 Hz, 1H), 6.10 (q, J= 2.7, 2.2
Hz, 2H).

MSU-39446. "H NMR (500 MHz, DMSO-ds) & 10.24 (s, 1H), 8.90 (s, 1H), 8.38 (d, J = 1.9 Hz,
1H), 7.54 — 7.37 (m, 2H), 7.26 — 7.02 (m, 2H), 6.03 (d, J = 2.0 Hz, 1H).

MSU-41422. "H NMR (500 MHz, Chloroform-d) & 8.41 (d, J = 1.8 Hz, 1H), 8.26 (s, 1H), 7.71 —
7.52 (m, 2H), 7.44 — 7.33 (m, 2H), 7.06 (d, J = 1.8 Hz, 1H).

MSU-41324. "H NMR (500 MHz, DMSO-de) 8 9.91 (s, 1H), 9.50 (s, 1H), 8.31 (d, J=2.6 Hz, 1H),
7.85 (dd, J=9.0, 2.7 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.39 — 7.30 (m, 2H).

MSU-41425. "H NMR (500 MHz, DMSO-de) & 8.83 (s, 1H), 7.53 — 7.39 (m, 2H), 7.39 — 7.16 (m,
2H).

MSU-41443. "H NMR (500 MHz, DMSO-d) 5 10.36 (d, J = 28.4 Hz, 1H), 9.13 (d, J = 45.7 Hz,
1H), 8.40 (d, J = 1.9 Hz, 1H), 7.70 — 7.59 (m, SH), 7.59 — 7.49 (m, 3H), 7.43 (t, J = 7.7 Hz, 3H),

7.32(t,J = 7.4 Hz, 1H), 6.06 (d, J= 1.9 Hz, 1H).
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MSU-41442. "H NMR (500 MHz, DMSO-ds) & 10.15 (s, 1H), 8.77 (s, 1H), 8.38 (d, J = 1.9 Hz,
1H), 7.44 — 7.27 (m, 4H), 6.03 (d, J = 2.0 Hz, 1H), 1.25 (s, 9H).

MSU-33189. "H NMR (500 MHz, DMSO-ds) & 10.20 (s, 1H), 8.85 (s, 1H), 8.39 (d, J = 1.9 Hz,
1H), 7.54 — 7.37 (m, 2H), 7.35 — 7.21 (m, 2H), 7.02 (t, J = 7.4 Hz, 1H), 6.04 (d, J = 1.9 Hz, 1H).
MSU-33231. "H NMR (500 MHz, DMSO-ds) & 10.29 (s, 1H), 9.01 (s, 1H), 8.39 (d, J = 1.9 Hz,
1H), 7.56 — 7.41 (m, 2H), 7.41 — 7.27 (m, 2H), 6.05 (d, J = 1.9 Hz, 1H).

MSU-41462. "H NMR (500 MHz, DMSO-de) & 10.18 (s, 1H), 8.31 (d, /= 2.0 Hz, 1H), 7.43 - 7.07
(m, 3H), 6.92 (s, 1H), 5.94 (d, J= 1.9 Hz, 1H), 4.30 (d, J = 6.0 Hz, 2H).

MSU-41463. "H NMR (500 MHz, DMSO-ds) & 10.39 (s, 1H), 9.29 (s, 1H), 8.41 (d, J = 1.9 Hz,
1H), 7.67 (d, J = 1.0 Hz, 4H), 6.08 (d, /= 1.9 Hz, 1H).

MSU-41464. "H NMR (500 MHz, DMSO-ds) & 10.29 (s, 1H), 9.01 (s, 1H), 8.39 (d, J = 1.9 Hz,
2H), 7.50 — 7.45 (m, 1H), 7.45 — 7.40 (m, 1H), 6.05 (s, 1H).

MSU-41465. "H NMR (500 MHz, DMSO-ds) & 10.38 (s, 1H), 9.27 (s, 1H), 8.41 (d, J = 2.0 Hz,

1H), 8.00 — 7.79 (m, 2H), 7.66 — 7.48 (m, 2H), 6.08 (d, J = 1.9 Hz, 1H), 3.81 (s, 3H).
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CHAPTER - 4 HC2091 Kkills Mycobacterium tuberculosis by targeting the MmpL3 mycolic

acid transporter
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Summary

Tuberculosis, caused by the intracellular pathogen Mycobacterium tuberculosis (Mtb), is a deadly
disease that requires a long course of treatment. The emergence of drug resistant strains has been
driven efforts to discover new small molecules that can kill the bacterium. Here we report
characterizations of the compound HC2091 that kills Mtb in a time- and dose-dependent manner
in vitro, as well as killing Mtb in macrophages. Whole genome sequencing of mutants that are
spontaneously resistant to HC2091 identified single nucleotide variants in the mmpL3 mycolic acid
transporter gene. HC2091 resistant mutants do not exhibit cross-resistance with the well-
characterized MmpL3 inhibitor SQ109, suggesting a distinct mechanism of interaction with
MmpL3. Additionally, HC2091 does not modulate bacterial membrane potential or kill non-
replicating Mtb, thus acting differently from other known MmpL3 inhibitors. RNA-seq
transcriptional profiling and lipid profiling of Mtb treated with HC2091 or SQ109 show that both
compounds target a similar pathway. HC2091 has a dissimilar chemical structure from previously

described MmpL3 inhibitors, supporting that HC2091 is a new class of MmpL3 inhibitor.
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Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB). Standard
TB therapy requires months long treatment with four drugs, isoniazid, rifampin, pyrazinamide,
and ethambutol. However, with the evolution and spread of drug resistant Mtb, currently available
therapies have become inadequate to control multi-drug resistance and extensively drug resistant
TB. Therefore, discovery efforts focused on identifying new antibiotics is critical for the long-term
control of TB disease. Several new classes of compounds that kill Mtb, by inhibiting new targets,
have been discovered in recent years (1), including inhibitors of the MmpL3 mycolic acid
transporter.

MmpL3 (Mycobacterium membrane protein Large 3) has proven to be a common target of
small molecule inhibitors of mycobacterial growth identified by high-throughput screens (2, 3).
MmpL3 is a membrane transporter belonging to the resistance, nodulation, and division
superfamily. It is a mycolic acid flippase (4) that moves trehalose monomycolate (TMM) to the
pseudoperiplasmic space, from where TMM is further modified to trehalose dimycolate (TDM)
and incorporated into the mycomembrane (5, 6). Initial genetic studies suggested that mmpL3 may
be essential, including the absence of mutants in high density transposon mutant library (7, 8) and
an inability to generate deletion mutants by homologous recombination (6, 9). Mtb and M.
smegmatis mmpL3 knockdown strains provide genetic evidence that mmpL3 is required for
survival both in vitro and in vivo in a mouse TB infection model (3, 10-12). Depletion of MmpL3
arrests bacterial cell division and causes rapid cell death. This phenotype makes MmpL3 an
attractive therapeutic target and supports efforts to characterize small molecules targeting MmpL3.
Reported MmpL3 inhibitors include a highly diverse collection of chemical classes: 1,2-

ethylenediamine, SQ109 (13); diphenylether-modified adamantyl 1,2-diamine, TBL-140 (14);
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indole-2-carboxamide, NITD-304 and NITD-349 (15-17); adamantyl ureas, AU1235 (6, 18); 1,5-
diarylpyrrole, BM212 (19, 20); benzimidazole, C215 (21); tetrahydropyrazo[1,5-a]pyrimidine-3-
carboxamide, THPP-2 (22) and N-benzyl-6’,7’-dihydro-spiro[piperidine-4,4’-thieno[3,2-c]pyrans
(23) and N-[(4-methoxyphenyl)methyl]-5-(4-methylphenyl)-7-(trifluoromethyl)-1,5,6,7-

tetrahydropyrazolo[1,5-a]pyrimidine-3-carboxamide, Compound 2 (24). MmpL3 inhibitors
decrease TDM synthesis due to ineffective transport of precursor TMM. Additionally, several
MmpL3 inhibitors decrease intracellular ATP concentration and reduce the protein motive force
(PMF) by disrupting membrane potential (14, 25, 26), however, this activity is not universally
shared by compounds targeted MmpL3. We previously performed a high-throughput phenotypic
screen of a >200,000 compound library for inhibitors of Mtb PhoPR and DosRST two-component
regulatory systems (27, 28), and as part of these screens we also identified compounds that
inhibited Mtb growth. Through a series of high-throughput secondary assays, the compound
HC2091 was identified in both screens as an inhibitor of Mtb growth with no detectable
macrophage cytotoxicity, supporting its continued study. Here we report that HC2091 is an

MmpL3 inhibitor that kills Mtb in vitro and in macrophages.

Results
HC2091 kills Mtb in vitro and in macrophages

HC2091 (N-[2-(4-chlorophenyl)ethyl]-4-thiophen-2-yloxane-4-carboxamide; Fig. 4.1a)
inhibits Mtb growth with a half maximal effective concentration (ECs) of 6.4 uM (Fig. 4.1b).
The structure is distinct from other previously identified MmpL3 inhibitors, however it does
share a carboxamide group that is present in indolecarboxamides and THPP, suggesting this

functional group may be associated with activity. The spectrum of activity of HC2091 was
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examined in M. smegmatis and other non-mycobacteria. HC2091 was active against M.
smegmatis with a growth inhibition ECsy of 20 uM, but had no impact on other tested Gram-
negative or -positive bacteria (Supplementary Table 4.1), supporting the notion that HC2091
inhibits a mycobacterium specific target.

Dose- and time- dependent killing of Mtb by HC2901 was examined by treating Mtb for 7
d across a 0.25 uM to 80 uM dose response curve, and enumerating CFUs (Fig. 4.1c). At
concentrations below 1 uM HC2091 had no effect on growth, at 5 uM HC2091 was bacteriostatic
and above 10 uM HC2091 was bactericidal with an ~3 log reduction of CFU at day 7, relative to
dimethyl sulfoxide (DMSO) treated controls. Killing of Mtb was observed beginning at 2 d of
treatment. Collectively these data indicate that HC2091 bactericidal activity is dose and time
dependent. Furthermore, HC2091 did not show any cytotoxicity against primary murine bone-
marrow derived macrophages up to concentrations of 200 uM (Supplementary Table 4.2) and was
fully soluble in a kinetic solubility assay (Supplementary Table 4.3).

The observed high solubility and low cytotoxicity properties of HC2091 suggested that the
compound could kill Mtb in macrophages. To examine the activity of HC2091 against intracellular
Mtb, murine bone marrow derived macrophages were infected with Mtb and treated with HC2091
across a 6-point dose response curve from 1 uM to 40 uM. Bacterial CFUs were enumerated at
various timepoints over 6 d of treatment. Consistent with the potency in broth culture (Figure 4.1c¢),
bacterial growth inhibition was observed at concentrations of 5 pM and greater, with a 1 log
reduction of CFUs compared to the DMSO control (Fig. 4.2a). These data show that HC2091 can
kill intracellular Mtb.

During infection, Mtb can present as a spectrum of disease, with some bacteria actively

replicating and others existing in a state of non-replicating persistence (NRP). Non-replicating
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bacteria are often tolerant to antibiotics and we sought to determine if HC2091 could kill them.
Using the hypoxic-shift down model of NRP to examine HC2091 activity (29), Mtb cells were
pre-incubated in an anaerobic chamber for 48 h to promote NRP, and then treated with HC2091
from 0.5 uM to 80 uM for 5 and 10 d. As a positive control, cells were treated with 10 uM and 20
uM SQ109, which has been shown to kill Mtb during NRP. To show that the bacteria were drug
tolerant, cells were treated with 5 uM and 25 uM isoniazid (INH), which is less effective against
NRP bacteria. It was observed that HC2091, like INH, does not kill NRP Mtb. In contrast, SQ109
reduced Mtb CFUs by 1 log at day 5 and 2 logs at day 10. This supports the hypothesis that HC2091

is inactive against non-replicating Mtb cells and likely acts in a manner unique from that of SQ109.
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Figure 4.1. HC2091 is bactericidal to Mtb. (a) Chemical structure of HC2091; (b) HC2091 inhibits
Mtb growth with ECsy value of 6.4 uM; (¢) HC2091 kills Mtb in a dose- and time- dependent
manner. The error bars represent the standard deviation of three technical replicates. The
experiment was repeated twice with similar results.
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Mtb-infected murine bone marrow derived macrophages were treated with doses of HC2091
ranging from 1 pM to 40 pM. CFUs were enumerated on 7H10 agar plates at the indicated days
post infection. (b) The impact of HC2091 on non-replicating Mtb was characterized using the
hypoxic shift-down assay (29). SQ109 and INH were used as controls. Both experiments were

repeated twice with similar results and the error bars represent the standard deviation of three
technical replicates.
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HC2091 resistant strains have mutations in mmpL3

To identify the potential target of HC2091, 10" Mtb cells were plated on 7H10 plates
containing 10 uM HC2091. Putative spontaneous resistant mutants were isolated and purified and
ECs values were determined for 23 mutants to confirm their resistance to HC2091. All mutants
exhibited 8- to 30- fold increased resistance to HC2091 compared to WT (Supplemental Fig. 4.1).
Whole genome sequences for eleven mutants were obtained to discover the potential target of
HC2091. Using a GATK-based analysis pipeline, single nucleotide variants in each mutant were
identified. All of the sequenced mutants harbored mutations in the mmpL3 gene (Table 4.1).
Notably, four amino acid substitutions were concentrated in the region of amino acid 643-670
(Supplementary Fig. 4.2), which is a distinct region from where many other mmpL3 resistance
mutations have been identified. This observation suggests that cross-resistance may not be
observed with other MmpL3 inhibitors. To test this hypothesis, the ECsy of SQ109 was examined
in several of the HC2091 mutants. HC2091 resistant mutants exhibited a small 1- to 3- fold
enhanced resistance to SQ109 (Table 4.1), as compared to a greater than 10-fold resistance to
HC2091. This observation suggests HC2091 may target a different region of MmpL3 than SQ109

and other MmpL3 inhibitors where the HC2091 resistant alleles have not been isolated.
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Mutant SNV Nucleotide Quality Amino acid HC2091 SQ109
clones location change changes ECso (UM) ECso (UM)
WT N/A N/A N/A N/A 6.4 0.95
#01/17 245733 CTG->CCG 3030/3503  L567P 40-45 2.2
#02 245506 GTG->ATG 2491 V643M >100 3.77
#03 245488 ATG->CTG 3441 M649L >100 1.03
#04114116 245503 TTC->CTC 28%%2;79/ F644L >100 3.75
#0506/12 245424 ACC->AAC 20024 re7on >100 1.02
#23 245335 GCC->ACC 2615 A700T >100 2.5

Table 4.1. Identification of HC2091 resistance mutations. Whole genome sequencing of
selected HC2091 resistant strains identified single nucleotide variants (SNVs) in mmpL3 in all of

the sequenced mutants. The mutants did not show cross resistance with SQ109.
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Inhibition of mycolic acid biosynthesis by HC2091

A primary function of MmpL3 is to export TMM from the cytoplasm for mycomembrane
formation (4-6). To assess the impact of HC2091 on biosynthesis of mycolic acids, Mtb cells were
grown in the presence of '*C-acetate and treated with HC2091. Radiolabelled total lipids were
isolated and analyzed by thin layer chromatography (TLC, Fig. 4.3a). TDM accumulation in
HC2091-treated Mtb was decreased in a dose dependent manner, with a 66% reduction of TDM
relative to a DMSO control when treated with 40 uM HC2091 (Fig. 4.3b). Consistent with the
mechanism of an MmpL3 inhibitor, the TDM-precursor TMM accumulated in all of the treatments.
The results are consistent with previous reports that TDM biosynthesis is inhibited due to blockage
of the exporting precursor TMM (5, 6). Modulation of mycolic acid accumulation provides further

evidence supporting that MmpL3 is the target of HC2091.

Transcriptional analysis of Mtb treated with HC2091 and SQ109

Transcriptional profiling was undertaken to define pathways that are regulated by HC2091.
Mtb cells were treated with 10 uM HC2091 or SQ109 for 24 h, and total bacterial RNA was
isolated. HC2091 at this concentration and time point was observed to have a defined impact on
Mtb transcriptional profiling with 11 genes downregulated (>2-fold, q<0.05, Fig. 4.4ab and
Supplementary Database 4.1-2). These genes completely overlapped with genes downregulated by
treatment with SQ109, suggesting that both compounds are targeting the same pathway (Fig. 4.4c).
The most highly repressed genes include Rv1886c¢ (fbpB) and Rv2244 (acpM) both of which are
involved in cell wall mycolic acid biosynthesis. The RNA-seq data show that HC2091 and SQ109
likely inhibit the same target. Given the limited number of genes regulated by HC2091, it is likely

that HC2091 does not have other strong activities independent of targeting MmpL3.
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HC2091 has no effect on Mtb membrane potential.

Several MmpL3 inhibitors inhibit the mycobacterial membrane potential, including
SQ109, BM212, TBL-140, indolecarboxamides, AUs, and THPPs (14, 22). Additionally, specific
mmpL3 mutations have been shown to modulate membrane potential (30). We next sought to
determine if HC2091 had any impact on Mtb membrane potential. Using the ratiometric membrane
potential reporter dye DiOC,, kinetic changes of membrane potential were monitored for 1 h after
treatment with doses of HC2091, at 5 uM, 20 uM and 80 uM, or treatment with SQ109 and
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) as positive controls. The results showed that
the fluorescence ratio was decreased over time with CCCP and SQ109 treatments (Supplementary
Figure 4.3), consistent with the previous reports that these two compounds inhibit Mtb membrane
potential. However, for HC2091 treatments, the fluorescence ratio was stable and similar to the
DMSO control. These data support the idea that HC2091 does not impact on Mtb membrane

potential.

160



o) R S
S Q N
™ RS EENEES
’.,,‘W ?“* z “ﬁﬁ» z 200~ 1H TOM
| v £ T™MM
oM | [ ; m
- £ 5 150- I
st I I
y 0 100-
m %]
T™M * :
on i
0=

HC2091 S0108

Figure 4.3. HC2091 inhibits TDM accumulation. (a) Mtb cells were treated with HC2091 or SQ109
and lipids were labeled with '*C-acetate for 6 d. Lipids were isolated and analyzed by TLC. (b)
Quantification of TDM and TMM accumulation for Mtb cells treated with HC2091 or SQ109 as
controls. The error bars represent the standard deviation of two biological replicates.
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Figure 4.4. Shared transcriptional profiles between HC2091 and SQ109. Transcriptional profiling of
Mtb cells treated with HC2091 (a) or SQ109 (b). Cells were treated with 10 uM of the compounds
for 24 h. The genes in red are significantly differentially regulated (q<0.05). (¢) Overlap exists
between the HC2091 and SQ109 differentially expressed genes (downregulated >2X, q<0.05).
The heatmap represents the 11 commonly downregulated genes. CHP, conserved hypothetical

protein; HP, hypothetical protein.
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Structure-activity relationship studies

A small-scale structure-activity relationship (SAR) study of HC2091 was conducted using
24 commercially available compounds to identify the functional group/s of the compound
responsible for its activity. Mtb was treated with a dose response profile from 0.32 uM to 200 uM,
growth was measured after 6 d incubation and ECs, values were determined for each analog (Fig.
4.6). We observed that HC2091M, N, W had a similar activity to HC2091A, with ECs, values are
9.7 uM, 10 uM, and 8.5 uM, respectively. HC2091D, E, F have ECs values of 33 uM, 22 uM,
and 35 uM, respectively. HC2091G, J, L have ECs values of 81.3 uM, 66.8 uM, and 63.8 uM,
respectively. HC2091I and K were inactive (>200 uM). Comparing the activity of HC2091A to
HC2091E shows that the extra carbon linker to the benzene ring improves the activity. Additional
observations include that a chloride (HC2091E) at the para-position had higher activity as
compared to a fluoride (HC2091J), with ECsyp of 21.9 uM and 66.8 uM, respectively. However,
other functional groups, such as trifluoromethyl, ethyl, and isobutyl, provided activity similar to
the primary hit HC2091A. Eukaryotic cytotoxicity was determined for HC2091A, M, N, W
(Supplemental Table 4.2) and toxicity was >200 pM for HC2091A, M, and N and 80 uM for
HC2091W, suggesting that the analogs have limited macrophage cytotoxicity. Analogs HC2091A,
M and N were also soluble in water at concentrations of >200 uM (Supplementary Fig. 4.3).
Overall, these initial SAR studies indicate that there exists opportunities to improve the HC2091
for potency or pharmacokinetic properties, as several distinct analogs of HC2091 exhibited

activity, cytotoxicity and solubility properties comparable to the parent compound.
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Table 4.2. HC2091 Structure activity relationship study. Analogs of HC2091 were purchased
from commercial sources and ECsy values were calculated for each analog. The primary hit
HC2091A has ECsg value of 6 uM. Three analogs with a similar ECs, value as HC2091A were
identified, including HC2091M, N, W.
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Discussion

This study describes the identification of a new class of MmpL3 inhibitor. HC2091 has
several features that distinguish it from other MmpL3 inhibitors, including a distinct chemical
structure, limited impact on membrane potential, resistance amino acid substitutions clustered in
the MmpL3 C-terminus, and high solubility. In contrast to SQ109, HC2091 has no effect on non-
replicating Mtb, consistent with its lack of impact on membrane potential, which is essential for
Mtb survival during NRP (31). HC2019 resistant mutants do not show cross-resistance with
SQ109, and HC2091 does not impact the membrane potential, suggesting that HC2091 is a distinct
anti-mycobacterial agent from SQ109. Whole genome sequencing of HC2091 resistant mutants
strongly suggests that HC2091 targets MmpL3. This conclusion is further supported by the
phenotype of decreasing TDM accumulation observed by TLC. Analogs of HC2091A were
identified from an SAR study, showing that optimization of this molecule is possible with
additional chemistry efforts. Such optimizations could include increased potency and
improvements to pharmacokinetic properties, such as replacing the thiophene group which may be
prone to in vivo metabolism (32).

MmpL3 has the essential function of exporting mycolic acids to the mycomembrane.
mmpL3 knockdown studies show that MmpL3 is essential to Mtb and required for virulence in a
mouse model of TB infection (10, 11). Therefore, MmpL3 is an attractive drug target for new TB
therapies. Several MmpL3 inhibitors have been discovered recently, with a variety of distinct
chemical structures. None of the known MmpL3 inhibitors known to date share the structure of
HC2091. It is apparent that MmpL3 is particularly susceptible to chemical inhibition, however, it
is unclear why it is such a common target in whole cell phenotypic screens. One possibility is that

the mutations in mmpL3 are enough to offset the activity of the compound on other targets. For
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instance, THPP was originally discovered and characterized as an MmpL3 inhibitor based on
spontaneous resistance-conferring mutations and phenotypes. Later research, however, showed
that it actually targets EchA6, which is predicted to be an enoyl-coenzyme A (CoA) hydrolase
(33). This result raises the question of whether other putative MmpL3 inhibitors are actually
targeting to MmpL3 or have other targets. Further biochemical studies are needed to characterize
these compounds to define their direct interaction and modulation of the MmpL3 protein, such as
a recent demonstration that BM212 directly binds and inhibits MmpL3 (4).

In membrane potential studies, MmpL3 inhibitors, including SQ109, BM212,
indolecarboxamides, AUs, and THPPs, were all reported to disrupt membrane potential (22),
which abolishes PMF-driven translocation processes, including TMM translocation via MmpL3.
To further support the requirement of PMF for TMM translocation, the impacts of known PMF
inhibitors, CCCP and valinomycin, on TDM synthesis were examined (22). The results showed
CCCP caused 3.7-fold decrease in TDM biosynthesis, while there was 10-fold increase in TMM
accumulation (22). Similar effects were also observed when Mtb was treated with valinomycin.
This may explain why these MmpL3 inhibitors have broader targets, as PMF is required for many
cellular functions.

HC2091 exhibited a very narrow transcriptional response when treated with HC2091,
however, the genes that were regulated overlapped with SQ109. These observations support the
hypothesis that MmpL3 may be the primary target of HC2091. Additionally, HC2091 has no
impact on non-replicating Mtb, while other MmpL3 inhibitors, including SQ109, DAS, BM212,
THPP-2 have significant impact on killing non-replicating Mtb. It is not known whether MmpL3
is required for Mtb survival during NRP, whereas agents that target electron transport and

membrane potential are known to kill NRP bacteria (29, 31, 34). However, it is known that cell

166



wall synthesis, including mycolic acid biosynthesis, is reduced during NRP, therefore it is
reasonable to postulate that the translocation of TMM is minimal, and inhibition of MmpL3,
without disrupting PMF, is not lethal to non-replicating Mtb. Therefore, the impact on non-
replicating Mtb by other MmpL3 inhibitors may not be due to inhibition of TDM synthesis, but
rather due to disruption of PMF. Overall, HC2091 represents a new class of MmpL3 inhibitor with
distinct chemical and physiological properties that support its continued study as a potential new

anti-mycobacterial agent.

Materials and methods

Bacterial strains and growth conditions. Mtb strain CDC1551 was used for this study. It was
cultured in 7H9 Middlebrook medium (supplemented with 10% OADC (oleic acid dextrose
catalase) and 0.05% Tween-80) at 37°C and 5% CO; in standing vented tissue culture flasks. M.
smegmatis was grown in Luria-Bertani (LB) broth with standing at 37°C. Non-mycobacterial
strains include S. aureus strains Wichita (29213) or Seattle (25923), E. coli (Migula) Castellani
and Chalmers, P. aeruginosa (Schroeter) Migula, P. vulgaris Hauser emend Judicial Commission,
and E. faecalis (Andrewes and Horder) Schleifer and Kilpper-Balz. All of non-mycobacterial
strains were grown in LB broth with shaking at 37°C with the exception of E. faecalis, which was

grown in brain heart infusion medium in standing flasks at 37°C.

ECsy determination and spectrum of activity in other mycobacteria and non-mycobacteria. Mtb
cultures were grown to mid-exponential phase, diluted into fresh 7H9 medium to an ODggo 0of 0.05,
and 200 pL of diluted culture was aliquoted to wells of a 96-well plate and treated with an 8-point

(2.5-fold) dilution series of HC2091 ranging from 200 uM-0.32 uM. Optical density (ODgoo) was
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measured after 6 d of incubation, and growth of cultures was normalized based on ODg relative
to the 0.3 uM rifampin (100% growth inhibition) and DMSO (0% growth inhibition) controls. The
ECso values were calculated using the GraphPad Prism software package (version 6).

To examine the spectrum of activity of HC2091, the ECso of HC2091 was also determined
against M. smegmatis and other non-mycobacteria, including S. aureus, E. coli, P. aeruginosa, P.
vulgaris, and E. faecalis. Tests were performed in 96-well plates in LB broth shaking at 37°C, with
the exception of E. faecalis, which was grown in brain heart infusion medium in standing flasks at
37°C, and M. smegmatis, which was also grown standing at 37°C. Culture was diluted to a starting
ODggo of 0.05. Bacteria were incubated in the presence of an 8-point (2-fold) dilution series of
HC2091 ranging from 200 uM - 1.5 uM for 6-8 h, except for M. smegmatis, which was incubated
for 60 h. Growth was monitored using by measuring ODgo9 and normalized based on kanamycin
(100% growth inhibition) and DMSO (0% growth inhibition) controls with the exception of P.
aeruginosa, for which tobramycin was used as the control for 100% growth inhibition. The
experiments were performed with three technical replicates per plate and two biological replicates.
ECs values were calculated based on a variable slope, four-parameter non-linear least squares

regression model in the GraphPad Prism software package (ver. 6).

Bactericidal activity of HC2091. Mtb cells were initially cultured to an ODggy 0.1 in 7H9 media
in standing T25 tissue culture flasks, and incubated at 37°C. The cultures were treated with
different doses of HC2091 from 0.25 uM to 80 uM including a DMSO control. At each indicated
time point, 100 pL of culture was removed from the flasks, and 10-fold serial dilutions were
performed and bacterial CFUs were enumerated by dilution plating on 7H10 agar plates.

Bactericidal activity of the compound was determined by comparing bacterial CFUs after
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treatment to the initial inoculum. The experiments were performed with three technical replicates

per treatment and two biological replicates.

Activity of HC2091 against intracellular Mth. Murine bone-marrow derived macrophages were
seeded in 24-well plates before infection as previously described (35). Macrophages were infected
with Mtb at a multiplicity of infection ratio of 1:2 for 1 h. Mtb-infected macrophages were then
treated with indicated doses of HC2091 with a DMSO control. Culture medium was changed every
2 d with fresh antibiotics added at each medium change. Macrophages were lysed by adding 0.1%
Tween-80 in water. Viable Mtb cells were dilution plated on 7H10 agar medium and enumerating
CFUs. The experiment was performed with three technical replicates per treatment and two

biological replicates.

Whole genome sequencing to identify the target of HC2091. Mtb cells were grown to late-
exponential phase with an ODgg of ~1.0, 10" cells were plated on 7H10 agar medium
supplemented with 10 uM HC2091. The plates were incubated at 37°C until isolated resistant
colonies were observed. Spontaneous resistant mutants were isolated, cultured and dilution plated
to purify single colonies. ECsy values were determined as described above. Genomic DNA from
eleven resistant mutants with different ECsy values were submitted for whole genome sequencing,

and results were analyzed using a GATK based workflow as previously described (36, 37).

Mpycolic acid accumulation analysis. Mtb cells were diluted to ODggo of 0.1 in 8 mL of 7H9

medium in standing T-25 tissue culture flasks. Cells were radiolabeled by adding 8 uCi of [1,2-

'C] sodium acetate to the culture. Cultures were treated with the indicated doses of HC2091,
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SQ109 or a DMSO control for 24 h at 37°C. Total lipid was extracted and analyzed in thin-layer
chromatography (TLC), as previously described (38). Total extractable lipid '*C incorporation was
determined in scintillation counting, and 20,000 c.p.m. (counts per minute) were spotted on a 100-
cm® high-performance TLC silica gel 60 aluminum sheet (EMD Millipore). A chloroform-
methanol-water (20:4:0.5, vol/vol/vol) solvent system was used to resolve lipids to analyze
mycolic acid accumulation. The TLC was exposed to a phosphor screen for 3 d, imaged on a
Typhon imager and lipids were quantified by ImageJ (39). The experiment was repeated with two

biological replicates with similar results.

Transcriptional profiling and data analysis. Mtb cells were inoculated to an initial ODggo of 0.1
in 8 mL 7H9 medium. Cell were treated with 10 uM HC2091, SQ109 or DMSO for 24 h and
grown at 37°C and 5% CO, without shaking in T-25 tissue culture flasks. Total bacterial RNA
from two biological replicates was extracted and sequenced as previously described (38). RNA-
seq data were analyzed in the SPARTA software package (40). Transcriptional profiling data is

available at the GEO Database (GEO accession number GSE107485).

Membrane potential. The membrane potential assay was performed as previously described (14).
Briefly, CDC1551 cells were labeled with 30 uM DiOC, (diethyloxacarbocyanine iodide,
ThermoScientific) in 1 mL PBS, pH 7.4, supplemented with 50 mM KCI, and incubated at 37°C
for 15 min. Cells were washed twice and suspended in PBS at final concentration of 0.2 ODggo,
200 pL of labeled cells were aliquoted to 96-well plates, and treated with 20 uM SQ109, or 5 uM,
20 uM, and 80 uM HC2091. A DMSO negative control and a 25 uM CCCP (Sigma Aldrich)

positive controls were also included in the assay. Each treatment included 4 replicates per plate.
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The kinetics of fluorescence (excitation = 485 nm, emission = 610 nm / 515 nm) was measured
every 2 min for 60 min. The red / green (610 nm / 515 nm) fluorescence intensity ratio was
calculated and used to quantify membrane potential. The experiment was repeated at least twice

with similar result. The error bars represent the standard deviation of four replicates.

Structure activity relationship (SAR) and eukaryotic cytotoxicity of HC2091. HC2091 analogs
with different chemical properties were purchased from ChemDiv for catalog SAR studies. The
ECsp values of compounds B-X were calculated by using 8-point (2.5-fold) dilution series ranging
from 200-0.32 uM as described above. Eukaryotic cytotoxicity of HC2091 and its selected analogs
were examined as previously described (28). Briefly, mouse bone marrow derived macrophages
were seeded in 96-well plates and grown at 37°C with 5% CO; in medium without antibiotics.
After overnight incubation, cells were treated with a dilution series of the compounds from 200 -
0.32 uM, and continued incubation for 4 d at 37°C with 5% CO,. Cell viability was assessed using
the CellTiter Glo luciferase reagent (Promega). The data were normalized with the 1% Triton X-
100 (100% toxicity) and DMSO (0% toxicity) controls. ECsy and half-maximal cell toxicity

concentration (CCsp) values were calculated in the GraphPad Prism software package (version 6).

Kinetic solubility assay. The solubility assay was performed with 7-point (2-fold) dilutions from
200 uM - 3.125 pM for HC2091 analogs. Mebendazole, benxarotene and aspirin were also
included as controls. The drug dilutions were added to PBS, pH 7.4, with the final DMSO
concentration of 1%, and incubated at 37 °C for 2 h. The absorbance at 620 nm was measured for
each drug dilution to estimate the compound solubility. Three replicates were done for each

dilution.
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Supplementary information

Supplementary Dataset 4.1. Differential gene expression data of WT Mtb treated with

inhibitors

Supplementary Dataset 4.2. Complete gene expression tables for transcriptional profiling

experiments.
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Bacterial strain EC., (M)
E. coli > 200
E. faecalis > 200

M. smegmatis 20

P. aeruginosa > 200
P. vulgaris > 200
S. aureus 25923 > 200
S. aureus 29213 > 200

Supplementary Table 4.1. Spectrum of activity of HC2091. The ECs, studies were performed
for the mycobacteria and non-mycobacteria. Cells were treated with a dose from 200 uM to 0.32
uM, and the optical density was measured after time that allowed for bacterial growth. The ECs
values were calculated for each strain. The experiment was repeated twice with similar results.
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HC2091 analogs EC:, (LM)
A > 200
M > 200
N >200
W > 80

Supplementary Table 4.2. Cytotoxicity of HC2091 analogs. Murine bone-marrow derived
macrophages were treated with a series of (2.5-fold) dilutions of HC2091 analogs ranging from
200 pM to 0.32 uM for 4 d. Cell survival was measured with CellTiter-Glo (Promega).
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Compound Name Solubility (uM)
Mebendazole 37.0
Benxarotene 23.8

Aspirin >100
HC2091A > 200
HC2091M > 200
HC2091N >200
HC2091W 161.8

Supplementary Table 4.3. Solubility of HC2091 analogs. The assay was performed with 7-point
(2-fold) dilutions from 200 uM - 3.125 uM for HC2091 analogs. Mebendazole, benxarotene and
aspirin were also included as controls. The absorbance at 620 nm was measured for each drug
dilution to estimate of the compound solubility. The experiment was repeated with three replicates.
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Supplementary Figure 4.1. Dose-response curves for HC2091 resistant mutants. Each mutant was
treated with a series of (2.5-fold) dilutions of HC2091 ranging from 200 uM to 0.32 uM for 6 d,
and the ODgoo was measured after allowing 6 d for growth. The experiment was repeated twice

with similar results.
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Extracellular

Cytoplasmic

‘ HC2091 (L567P) ‘ HC2091 (V643M) ‘ HC2091 (F644L)

‘ HC2091 (M649L) ‘ HC2091 (T670N) ‘ HC2091 (AN700T)

Supplementary Figure 4.2. The map of HC2091 resistance substitutions on the MmpL3 protein. Six
different single mutations on mmpL3 were identified from whole genome sequencing of HC2091
spontaneous resistant mutants. The majority of the amino acid substitutions are located in the C-
terminus of the protein. The model of MmpL3 protein was derived from the PHYRE?2 protein fold
recognition server (41).
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Supplementary Figure 4.3. Impact of HC2091 on Mtb membrane potential. Mtb cells were labeled
with DiOC, and treated with 20 uM SQ109, or 5 uM, 20uM, and 80uM HC2091. DMSO-negative
and CCCP-positive controls were also included. The red / green (610 nm / 515 nm) fluorescence
intensity ratio was calculated for each treatment over 60 min. SQ109 and CCCP showed reduced
fluorescence intensity ratio, while HC2091 maintained the curve similar to DMSO control,
suggesting HC2091 has no impact on Mtb membrane potential. The experiment was repeated twice
with similar results. The error bars represent the standard deviation of four technical replicates.
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CHAPTER 5 - Concluding Remarks

Bacterial persistence is increasingly recognized as a threat to human health, as it may
contribute to infectious disease treatment failure. Although currently available antibiotics are
effective at killing replicating bacteria, the remaining persisters or non-replicating bacteria that
survive antibiotic treatment represent a reservoir that can promote disease relapse. Additionally,
survival of persisters can select for the evolution of drug-resistant bacterial strains, which further
exacerbates the control of infectious diseases. Therefore, bacterial persistence is a fundamental
problem in infectious disease research. Approaches for controlling bacterial persistence or
eradicating the survivors of drug treatment represent important new avenues for drug development.
This dissertation demonstrates new discoveries that may be applied to control bacterial persistence.

Mycobacterium tuberculosis (Mtb) is an excellent pathogen to study bacterial persistence
because Mtb is well-known for shifting its physiology to a non-replicating persistence (NRP) state
to survive in stressful environmental conditions. Although Mtb is a strict aerobe, it can remain
viable for years in anaerobic conditions during dormancy (1). Non-replicating Mtb naturally
tolerates many anti-mycobacterial drugs (2), and is a driving force of the long course of TB
therapy. Therefore, one strategy to shorten and improve TB treatment is to inhibit Mtb from
establishing and maintaining NRP.

Mtb uses the DosRST two-component regulatory system to promote NRP and enable it to
establish and maintain a chronic infection. DosRST is not required in vitro under conditions of
mild hypoxia, but is required for full virulence in vivo (1). Animal model studies show that deletion
of dosR significantly reduces Mtb survival in different animal species that form hypoxic

granulomas, including C3Heb/FeJ mice, non-human primates, and guinea pigs, suggesting the
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DosRST pathway is a valid drug target (3-5). This dissertation presents a new approach to target
the DosRST pathway using small molecule inhibitors discovered from whole cell phenotypic high-
throughput screening (HTS). The reporter strain CDC1551 (hspX’::GFP) was used to screen for
compounds that inhibit DosR-driven GFP fluorescence under hypoxic conditions, while having
minimal impact on Mtb growth (Chapter 2). Six novel molecules HC101 A-HC106A with distinct
chemical structures were identified and characterized as DosRST inhibitors. To our knowledge,
these are the first small molecules that inhibit the DosRST pathway by the presented mechanisms.
The success of this HTS validates the use of a reporter strain to screen for virulence inhibitors. A
series of physiology studies show that DosRST inhibitors can inhibit persistence-associated
physiologies, including triacylglerol biosynthesis, survival and antibiotic tolerance, providing
proof-of-concept evidence that inhibiting Mtb from establishing or maintaining persistence is an
effective way to kill Mtb (Chapter 2-3).

Biochemical studies revealed novel mechanisms of action for the compounds (Chapter 2-
3). HC101A is the first-line antimalarial drug artemisinin that targets DosS/T heme, by modulating
the heme iron redox state and alkylating the heme carried by the sensor histidine kinases.
Interestingly, HC106A also interacts with the heme of DosS/T, likely by directly binding to the
ferrous ion in a manner similar to natural ligands, such as carbon monoxide (CO) and nitric oxide
(NO). Although both HC101A and HC106A target the heme of DosST, their inhibitory
mechanisms are distinct. This result demonstrates that the heme is particularly vulnerable to
chemical modulation to repress the DosRST pathway. This dissertation further shows that
HC102A and HCI103A may target the kinase domains of DosST by inhibiting their
autophosphorylation activity, although further genetic and biochemical studies are required to

define the precise mechanism of action. HC104A disrupts DosR DNA binding activity, without
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modulating sensor kinase heme or autophosphorylation activity. Overall, these mechanistic studies
demonstrate there are multiple mechanisms by which chemical probes can disrupt DosRST
signaling.

This dissertation also shows that characterization of small molecules can be applied as
chemical biology tools to study protein structure and function. For instance, modeling of the
protein DosT with artemisinin revealed a channel on the protein that artemisinin can access to
interact with the heme. To support the modeling results, amino acid substitutions E85L and G115L
in DosS or G87L and G117L in DosT were tested in biochemical assays and shown to block the
channel and provide resistance to artemisinin (Chapter 2). This study provides evidence that the
channel is important for the protein function and can be targeted by small molecules and thus opens
the door to screen for or design small molecules that target this channel. For instance, any
molecules that can enter the channel and block it or modulate the heme may efficiently inactivate
the protein DosS/T from sensing host signals. Moreover, HC106A binds to the ferrous ion of the
heme like CO or NO (Chapter 3). Interestingly, CO or NO binding of heme activates the protein
(6), whereas HC106A presumably inactivates the protein. Future structural biology comparisons
examining conformational changes of DosS/T induced by the binding of HC106A, CO or NO can
be performed to elucidate the mechanism of kinase activation. This information is important
because the structural profiles can be used to design drugs that lock the protein in the inactive form
via simulation. Furthermore, incorporating the protein channel information and ligand binding,
more novel drugs can be designed to target the sensor domains of heme-based histidine kinases.

This study also supports the hypothesis that other heme-based sensor kinases may also be
targeted by similar mechanisms. For instance, the newly discovered NO sensor, NosP, is a heme-

containing sensor protein that regulates biofilm formation and quorum sensing in many bacteria,
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including Pseudomonas aeruginosa, Vibrio. cholera, Legionella pneumophilia and Shewanella
oneidensis (7, 8). Binding of NO to NosP inhibits the activity of the associated histidine kinase,
and thus blocks phosphate flux to activate the signaling pathways. NtrY/NtrX is the two-
component system that regulates gene expression of a nitrogen respiration enzyme in Brucella
abortus (9). This system functions more like DosRST, where NtrY is a redox sensor that employs
the heme group in the PAS domain to sense the environmental cues, including NO, CO and oxygen
level. It can be quickly oxidized in the presence of oxygen, whereas it is activated under low
oxygen level to induce the NtrX regulon. RcoM is a single-component transcriptional regulator
that induces the CO oxidation operon in responding to CO in Burkholderia xenovorans (10). It has
a PAS sensor domain in the N-terminus, and a LytTR DNA-binding domain in the C-terminus.
The heme group of RcoM can bind to CO to activate the protein for binding to the targeted genes.
In the future, we hope to examine the impact of heme-targeting molecules on these diverse
environmental sensors.

Two-component regulatory systems play essential roles in bacterial signaling, and are often
required for bacterial pathogenesis. Many inhibitors have been discovered and proven as an
effective way to control bacterial pathogenesis (11-13). An early study found the chemical
inhibitors of the AlgR2/AlgR1 two-component regulatory system that is involved in the regulation
of alginate production in P. aeruginosa (14). These inhibitors repressed autophosphorylation
activity of AlgR2, analogous to how we propose HC102A and HC103A may inhibit DosST, and
another inhibitor targeted DNA-binding activity of AlgR1, analogous to how we think HC104A
may target DosR. They have therapeutic potential to treat P. aeruginosa infections in cystic
fibrosis patients (14). Another notable inhibitor, LED209, was found to have a broad spectrum of

activity against multiple Gram-negative bacteria by inhibiting the conserved histidine kinase,
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QseC (15). QseC can activate multiple response regulators that control the induction of the locus
enterocyte effacement, as well as Shiga toxin production in different bacterial species. Animal
studies show that LED209 significantly improves survival of mice infected with Salmonella
typhimurim and Francisella tularensis (16). Ethoxzolamide was discovered as an inhibitor of the
PhoPR system involved in sensing several environmental cues, such as acidic pH and chloride
(17). Mtb treated with ethoxzolamide have reduced virulence lipid production, as well as inhibition
of the Esx-1 secretion system. Mice treated with ethoxzolamide also have reduced bacterial
burdens following TB infection. Together, data presented in this dissertation, along with these
other examples support the conclusion that two-component regulatory systems are good drug
targets to treat pathogenic bacteria to control infectious diseases.

Additionally, this dissertation discovered an impact of artemisinin on Mtb. The recent
advances in antimalarials have identified several novel synthetic endoperoxides that are effective
as antimalarials (18-22). It would be interesting to see if those synthetic endoperoxides also have
an impact on modulating the DosRST signaling pathway. Furthermore, modification of the
chemical structure to become more TB specific would be ideal, so there is reduced overlap between
malaria and TB treatments. Co-infection of malaria and TB is not commonly reported, but cases
have been described in some developing countries (23). Given the high prevalence of latent TB in
the developing world, it is highly likely many individuals with malaria are chronically infected
with TB. Findings from this dissertation raise potential concerns about the impact of artemisinin
treatment on TB in co-infected patients. It is unknown whether treating co-infected patients with
artemisinin to cure malaria has any impact on latent TB. There might exist a risk that artemisinin

treatment can reactivate Mtb from dormancy by inhibiting the DosRST pathway.
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Lastly, this dissertation describes the discovery and characterization of another compound,
HC2091, that kills Mtb by targeting MmpL3 (Chapter 4). Many MmpL3 inhibitors have been
reported in the literature, however many of the previously discovered inhibitors have liabilities
including poor solubility (24, 25). HC2091 exhibits no cross-resistance with the well characterized
MmpL3 inhibitor SQ109, and the HC2091 resistance mutations are observed in distinct areas of
the gene. Together, these data suggest that the compounds might use different mechanisms to
inhibit MmpL3. HC2091 has high solubility (>200 uM) and low cytotoxicity, characteristics that
support continued studies of HC2091 as a candidate for treating TB disease. Further efforts to
optimize potency and ascertain drug metabolism and pharmacokinetic properties of HC2091 are
required to determine if it could be pursued as a potential TB therapeutic.

There remain significant future studies that will need to be undertaken to follow up the
research presented in this dissertation. This dissertation presents the initial discovery and
characterization of the DosRST inhibitors HC101A-HC106A, and shows that these inhibitors
reduce Mtb survival and antibiotic tolerance in vitro. However, in order to further develop these
inhibitors, several additional experiments are required. For instance, testing DosRST inhibitors in
TB infection animal models, such as C3Heb/FeJ mice, and specifically examining the ability of
these compounds to reduce Mtb survival and antibiotic tolerance. Large scale structure-function
relationship studies should be performed for the compounds discovered in this dissertation,
including DosRST inhibitors and HC2091, in order to optimize their potency and pharmacokinetic
properties and to prioritize compounds for animal efficacy studies.

This dissertation presents chemical biology based approaches to define novel mechanisms
of inhibiting the Mtb two-component regulatory system DosRST. The studies provide proof-of-

concept evidence supporting our original hypothesis that inhibiting Mtb from establishing NRP
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via chemical inhibition of the DosRST pathway will reduce Mtb survival and antibiotic tolerance.
In addition, I have shown multiple, distinct mechanisms of action for the inhibitors to repress
DosRST signaling. This work has furthered our understanding of how to target two-component
regulatory systems that are important for virulence. Moreover, I discovered an MmpL3 inhibitor
that is effective against Mtb. Together, these studies advance our knowledge of Mtb physiology
and biochemistry. The findings support new avenues to combat this deadly disease and, thus, this

research has the potential to improve TB treatment and global health.
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