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Progress against tuberculosis (TB) requires faster-acting drugs. Mycobacterium tuberculosis (Mtb) is the
leading cause of death by an infectious disease and its treatment is challenging and lengthy. Mtb is re-
markably successful, in part, due to its ability to become dormant in response to host immune pressures.
The DosRST two-component regulatory system is induced by hypoxia, nitric oxide and carbon monoxide
and remodels Mtb physiology to promote nonreplicating persistence (NRP). NRP bacteria are thought to
play a role in the long course of TB treatment. Therefore, inhibitors of DosRST-dependent adaptation
may function to kill this reservoir of persisters and potentially shorten therapy. This review examines the
function of DosRST, newly discovered compounds that inhibit DosRST signaling and considers future de-
velopment of DosRST inhibitors as adjunct therapies.
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As part of pathogenesis, Mycobacterium tuberculosis (Mtb) must navigate a variety of obstacles presented by the
immune system, including survival inside stressful environments such as the macrophage and granuloma [1,2].
Stresses associated with the macrophage and granuloma environments, such as hypoxia, acidic pH, or nutrient
limitation, can promote Mtb drug tolerance and nonreplicating persistence (NRP), adaptive physiologies that play
a role in the driving the long course of tuberculosis (TB) treatment. Therefore, it is possible that interfering with
Mtb environmental adaptations may function to limit the reservoir of drug-tolerant bacilli and potentially shorten
the course of therapy.

Environmental cues, both in vitro and inside the host, modulate Mtb gene expression to promote adaptation and
survival [3]. Two-component regulatory systems (T'CS) are one of the mechanisms used by Mtb to detect changes in
the environment and modulate gene expression [4]. The TCS is composed of a sensor histidine kinase that detects an
environmental cue and a DNA binding response regulator that modulates gene expression [5]. In most cases, upon
detecting a cue, the histidine kinase autophosphorylates and then transfers the phosphate to the response regulator,
which can then dimerize, bind DNA and induce or repress gene expression [5]. Mtb has 11 paired TCS, of which
two are essential iz vitro (MtrAB and PrrAB) (6-8] and several orphaned sensor kinases and response regulators.
There has been interest in targeting TCS as new antivirulence therapies, as disrupting environmental sensing may
sensitize pathogens to clearance by the immune system [9,10]. Indeed, several Mtb TCS are required for virulence
in macrophages or animal infection models including DosRS, MprAB, PhoPR, PrrAB and SenX3-RegX3 [11-17].
Small molecules could inhibit TCS selectively by multiple mechanisms, including interference with detection of
the environmental cue, inhibition of histidine kinase activity, blocking phosphotransfer to the response regulator,
or inhibiting response regulator dimerization or DNA binding. In this review, we will discuss the potential to target
the DosRST TCS signaling pathway, and consider the function of the targeted proteins, their role in pathogenesis
and NRP, newly discovered small molecules targeting DosRST and approaches for the further development of this
potentially new class of TB therapeutic.
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Figure 1. Schematic for the DosRST signaling pathway, with examples of where small molecules and peptides
interfere with DosRST signaling. Artemisinin and HC106A target DosST heme to inhibit the sensing domain. Peptides
A-ext and D, and small molecules HC102A and HC103A inhibit histidine kinase autophosphorylation. Peptide DevRy
inhibits phosphotransfer from DosS to DosR. Phenylcoumarin compound 10 and HC104A inhibit DosR DNA-binding.
These compounds inhibit expression of DosR-regulated genes and inhibit survival during hypoxia, with the exception
of HC104A. Compounds HC101A-HC106 were identified using a reporter strain where the DosR-regulated promoter,
hspX, was cloned upstream of green fluorescent protein (GFP). Whole cell screening of a library of >540,000
compounds for inhibitors of hypoxia-inducible GFP fluorescence was conducted to discover DosRST inhibitors.

CO: Carbon monoxide; GFP: Green fluorescent protein; NO: Nitric oxide; TAG: Triacylglycerol.

The DosRST two-component regulatory pathway

DosRS/DevRS (henceforth referred to as DosRS) was initially discovered to be associated with Mycobacterial spp.
virulence and survival during hypoxia [18-20], where DosS is a sensor histidine kinase and DosR is a response
regulator (Figure 1). Another sensor kinase, DosT, also promotes sensing of hypoxia and nitric oxide (NO), along
with DosRS [21]. DosS and DosT autophosphorylate in response to hypoxia, NO and carbon monoxide (CO),
and directly interact with and phosphorylate DosR [21-30]. Phospho-DosR then directly binds a conserved DNA
motif and regulates a core regulon of approximately 50 genes [31-33]. DosS also possesses phosphatase activity that
is active under aerobic conditions and dephosphorylates DosR to limit expression [34]. Alternatively, spontaneous
dephosphorylation of phospho-DosR may also play a role in signal dampening [30].

DosS and DosT have approximately 60% amino acid similarity and share structural homology, including a
N-terminal GAF domain, a histidine kinase domain and a C-terminal ATP-binding domain 35,36]. In both DosS
and DosT, sensing of environmental cues is dependent on a heme embedded in a GAF domain. Crystal structures
show that the heme is exposed to the environment through a channel that allows gases such as oxygen, NO or
CO to interact with the heme [37-40]. Ligand—heme interactions cause conformational changes in the GAF domain
pocket and changes in quaternary structure that are thought to be associated with modulating kinase or phosphatase
activity (34,37-39,41]. The specific sensing functions of DosS and DosT remain an area of active investigation. DosS is
thought to function as a redox and oxygen sensor, based on biochemical studies of kinase activation, whereas, DosT
is proposed to sense hypoxia [23,57]. However, a more recent study shows that DosS has a slow auto-oxidation rate
and functions in the reduced ferrous state, supporting that DosS may primarily function as an oxygen sensor [42].
Both kinases sense ligands via the heme, where hypoxic conditions convert oxidized heme in DosS to the ferrous
form, and O,-bound heme in DosT to the deoxy form, activating the kinases [23,38,40,41,43,44].
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There also exists alternative regulatory control and functions of DosRST, beyond the interactions between
DosS/T and DosR in a direct signaling pathway. For example, cross-talk exists between sensor kinases and response
regulators from different TCS. In biochemical studies, PhoR interacts with DosR [26], and transcriptional profiles
and network analysis support cross-talk between these pathways [32,45,46]. PhoPR responds to acidic pH and
its regulation is associated with maintenance of redox homeostasis [47,48], supporting a potential link between
balancing redox poise during pH- and hypoxia-dependent adaptation [49,50]. DosS interacts with the response
regulator NarL [26] and DosR and NarL coregulate Mrb gene expression [51], linking DosR signaling with nitrate
metabolism, an electron acceptor under hypoxia. PknH also phosphorylates DosR to enhance DNA binding [52].
It is also possible that a response regulator can be controlled in the absence of the histidine kinases. For example, in
response to acetyl-phosphate or growth in acetate containing medium, DosR is stimulated under aerobic conditions,
independent of DosS or DosT [53]. Additionally, acetylation of DosR also control its function, with DosR lysine
deacetylation associated with enhanced DNA binding and DosR regulon gene expression [s4]. Thus, when designing
inhibitors of TCS, one must keep in mind that modulating a sensor kinase or response regulator may have activities
that are more complicated than simply targeting a canonical cognate TCS signaling pathway.

The DosRST regulon is induced by a variety of in vitro and in vivo environments. Mtb grown in hypoxia or treated
with NO, CO or vitamin C exhibits robust induction of the DosRST pathway. Understanding DosRST induction
in animal models is complicated by the fact that the pathway is induced by multiple signals and that many mouse
models do not generate hypoxic granulomas in response to Mtb infection. In C57Bl/6 mice, which do not generate
hypoxic granulomas, the DosR pathway is strongly induced, and its induction is associated with inducible nitric
oxide synthase (iNOS) expression, M1 macrophage polarization and is dependent on interferon-gamma [55,56].
These findings support that induction in C57Bl/6 mice is driven by pro-inflammatory environments and likely
NO or CO as the signals. C3HeB/Fe] ‘Kramnik’ mice generate hypoxic granulomas and DosR is observed to be
strongly induced in these hypoxic granulomas [57,58]. The DosRST pathway is also strongly induced in granulomas
of nonhuman primates and humans [59). Interestingly, the pathway is also found to be induced by Mtb isolated
from human sputum, suggesting that prior to transmission from a necrotic granuloma the pathway is induced and
remains so in sputum [60]. Thus, there is substantial evidence supporting that DosRST is induced in animal models
and during human infection, supporting an important role for the pathway in pathogenesis.

Role of DosRST in NRP & pathogenesis

In response to environmental stresses, such as hypoxia, NO, acid stress or starvation, Mtb arrests its growth and
establishes a state of NRP [61]. NRP bacteria can remain viable for months or years and become highly tolerant to
many antibiotics, including the first line antibiotic isoniazid (INH) (62). DosRS is not required for survival under
aerobic conditions 77 vitro, however dosRS mutants have survival defects during prolonged hypoxia or in response
to hypoxic shock [18,63-65]. DosS and DosT appear to have distinct roles during adaptation iz vitro, where DosT
is required for induction of the pathway during early stages of hypoxic adaptation and DosS being required for
continued expression of the DosR regulon during prolonged hypoxia [66]. Killing of a dosR mutant during hypoxia
is associated with its inability to maintain intrabacterial pH-homeostasis [501. The requirement for DosRST to
maintain drug tolerance is less clear. Bartek ez /. did not observed changes of drug tolerance in a AdosR mutant,
in vitro using a model of gradual hypoxia or in vive in C57Bl/6 mice [671. However, under low iron and hypoxia,
Baek et al., observed that a mutant in the dosR-regulated gene, g5/, has significantly reduced drug tolerance both
in vitro and in vivo [68]. Given that zgs] expression is almost completely lost in a dosR mutant [65,69], a functional
DosRST pathway is associated with drug tolerance. Thus, DosRST is required for Mtb to establish and maintain
NRP in response to hypoxia and its chemical inhibition, based on these genetic studies, is predicted to reduce
survival during NRP and potentially reduce drug tolerance.

When considering DosRST as a potential drug target, it is important to consider the impact of its disruption
on pathogenesis in animals. A dosR mutant had no impact on virulence of Mtb in acute or chronic infection of
C57Bl/6 mice, supporting the pathway is not required for virulence in a model that does not generate hypoxic
granulomas [70]. In contrast, several independent studies show that mutants in the DosRST pathway have attenuated
virulence in animal models that generate well-formed hypoxic granulomas, such as rabbits, C3HeB /Fe] mice and
cynomolgus macaques. In rabbits infected with a dosRS mutant, a severe growth defect was observed [71], where
8 weeks post infection there was a approximately 100-fold reduction of CFUs in lungs infected with the doskS
mutant as compared with the control [71] and significantly fewer and smaller lesions in the lungs (113 tubercles
in wild-type-infected rabbits, versus 27 in dosRS mutant [71]). In C3HeB/Fe] mice, the role of DosRST is more
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complicated, where only the AdosS mutant had a virulence defectand both AdosR and AdosT mutants had virulence
similar to the wild-type [14]. In nonhuman primates, considered the best animal model to simulate human disease,
infection with wild-type Mtb or AdosR mutant complemented strain caused death of >50% of the macaques by
day 150 (13]. In contrast, when infected with single mutant strains of AdosR, AdosS or AdosT, all of the macaques
survived. Bacterial burdens of all three mutants, relative to the wild-type or complemented strain, were significantly
reduced in the bronchoalveolar lavage and lung tissue and the mutants were undetectable in the bronchial lymph
node tissue. Like in rabbits, the mutants also generated fewer well organized granulomas in nonhuman primates.
Opverall, the findings from rabbits and nonhuman primates provide strong evidence that genetic disruption of
DosRST results in attenuated virulence and limited formation of necrotic granulomas. These phenotypes are
attractive for a compound that could function to shorten the course of therapy. By limiting granuloma formation,
it could improve penetration of standard of care antibiotics, and also limit the generation of hypoxic environments,
that drive Mtb into a drug-tolerant persistence.

Molecules targeting the DosRST pathway

Targeting TCS has been an active area of research to translate studies of bacterial pathogenesis into new classes
of antivirulence antibiotics [9,10,72]. A variety of approaches have been employed to discover TCS inhibitors,
including whole cell reporter-based high-throughput screens (HTYS) (45,64,65,731; phenotypic HTS targeting TCS-
dependent responses [74]; target-based biochemical assays focused on inhibition of bacterial histidine kinase activity
by small molecules [75-77] or response regulator mimetic peptides [78,79]; or inhibition of response regulator DNA
binding (80,81). These approaches have generated several new compounds that are in preclinical development as
novel antivirulence therapies.

Given the evidence that DosRST is induced during infection in animals and humans, is required for persistence
in vitro and is necessary for survival in animals that generate hypoxic granulomas, there has been significant interest
in generating small molecules targeting this pathway. Initial approaches were focused on targeting the response
regulator DosR. Using a virtual screen against a DosR homology model, 11 compounds were identified that
were predicted to dock in a large binding pocket. Of these compounds, a phenylcoumarin compound (named
“Compound 107, Figure 2) was shown to selectively kill Mtb under hypoxic conditions (but not aerobic conditions),
inhibit expression of DosR-regulated genes and block promoter binding in an electrophoretic mobility shift assay
(EMSA) [81] (Figure 1). Another vulnerability is the histidine kinase activity or the phosphotransfer from the sensor
kinase to the response regulator. Using phage-display approaches, DosR mimetic peptides were discovered that
could bind to DosS and inhibit autokinase activity or phosphotransfer to DosR in 77 vitro biochemical assays [78,79].
Several peptides were shown to inhibit expression of DosR-regulated genes in Mtb and also inhibit survival during
hypoxia (Figure 1). Thus, these targeted biochemical studies identified new molecules targeting histidine kinase
autophosphorylation, phosphotransfer or response regulator DNA binding.

Inhibitors of DosRST signaling have also been discovered by a reporter-based, whole-cell phenotypic HTS.
In this case, the sspX promoter, which is strongly regulated by DosR, was cloned upstream of green fluorescent
protein (GFP) on a replicating plasmid and transformed into Mtb. The reporter strain exhibited strong hypoxia
and NO inducible GFP fluorescence [55]. To discover new compounds required for hypoxia-driven adaptation, a
>540,000 compound library was screened for inhibitors of hypoxia-inducible reporter fluorescence. Six distinct
scaffolds named HC101-HC106 were confirmed as DosRST regulon inhibitors (65]. Mechanism of action studies
were initially carried out on three of the inhibitors: artemisinin, HC102A and HC103A (Figure 2). RNAseq
transcriptional profiling experiments showed that the compounds inhibit the DosR regulon when compared with a
dosR mutant control strain [64,65]. Notably, the triacylglycerol (TAG) synthase gene g5/ was repressed and treatment
with the artemisinin, HC102, HC103 significnatly reduced TAG accumulation. Treatment with these inhibitors
was also shown to decrease Mtb survival and reduce Mtb tolerance to INH in the hypoxic shiftdown model of
NRP (82]. This observation is consistent with previous studies showing that mutants in zgs/ have reduced tolerance
to INH (68,83].

Biochemical studies using recombinant DosS and DosT proteins determined the mechanism of action of
artemisinin, HC102 and HC103. Artemisinin acts by oxidizing and alkylating the heme group embedded in
DosS and DosT, thus inactivating the sensing module of the proteins [65]. Amino acid substitutions that block
artemisinin interactions with the heme, promote resistance to heme oxidation in the biochemical assays, and
one allele, dosT (G115L), promotes artemisinin resistance when overexpressed in Mtb. Together, these finidng
support artemisinin—heme intereactions are associated with the compounds mechanism of action. HC102A and
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Figure 2. Selected chemical structures of small molecules that inhibit DosRST signaling. (A) Inhibitors of DosR.
Compound 10 and HC104A inhibit DosR binding of promoter DNA. (B) Inhibitors of DosS and DosT. Artemisinin and
HC106A inhibit DosS and DosT by interacting with the embedded heme sensor. HC102A and HC103A do not inhibit
heme redox, but instead inhibit sensor kinase autophosphorylation.

HCI103A did not oxidize or alkylate DosS or DosT heme, therefore, the impact on sensor kinase activity was
examined. HC103A directly inhibited the autophosphorylation activity of the DosS and DosT sensor kinases,
while HC102A only inhibited DosS autophosphorylation (65]. Thus, artemisinin, HC102A and HC103A inhibit
DosRST signaling, persistence and drug tolerance by directly targeting the DosS and DosT sensor kinases, and do
so using distinct mechanisms.

Further characterizations were undertaken for HC104 and HC106 (Figure 2). RNA-seq transcriptional profiling
showed that HC106 broadly inhibited the DosR regulon [64], with many of the genes being almost undetectable
(>400-fold downregulated); in contrast, HC104 only inhibited a small subset of the DosR regulon, including the
hspX operon used in the reporter. HC106 inhibited the DosR regulon when stimulated by NO (under acrobic
conditions) and in infected macrophages [64], this is in contrast to artemisinin, that did not inhibit NO-driven
signaling [65]. HC106 also inhibited NRP associated physiologies including TAG accumulation and survival during
hypoxia [64], while HC104 did not inhibit survival. Overexpression of DosS promoted resistance to HC106,
consistent with DosRST being the targeted pathway.

Mechanism of actions studies were undertaken for HC104 and HC106 and both were found to function by new
mechanisms. HC106A was tested for its ability to modulate DosS heme redox status using a UV-visible spectroscopy
assay and a spectral change was noted, where HC106A caused a shift of the dithionite reduced Fe?™ Soret peak
from 430 to approximately 420 nm. This shift is neither associated with oxidized or reduced iron; however, NO
and CO binding of heme causes a shift of the Soret peak to a similar position of approximately 420 nm [23]. An
amino acid substitution in the heme exposing channel, DosS (G117L), resulted in resistance to HC106 in the UV-
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visible spectroscopy assay, supporting that HC106A modulates DosS heme by a mechanism that is distinct from
artemisinin, but is accessing the heme via the same G117L dependent channel. Notably, NO/CO induces DosS,
however, phenotypically we observe HC106A represses DosS/T signaling. This suggests that the HC106A—heme
interactions are causing a new modification of the DosS kinase that potentially locks the kinase in an ‘off” state.
Understanding the molecular basis of this physiology will provide novel insights in the activation of the DosS/T
kinases.

HC104A was examined for interactions with DosS in the UV-visible spectroscopy and kinase autophosphoryla-
tion assays and had no impact. Notably, HC104A bears similarity to the compound virstatin [84], which interferes
with the dimerization of the ToxT transcription factor in Vibrio cholera (84,85]. Therefore, it was hypothesized that
HC104A may be functioning by interfering with the dimerization of the response regulator transcription factor
DosR and its binding to DNA. EMSA showed that HC104A inhibits the ability of DosR to bind DNA and
functions with an ICs, of approximately 10 uM [23]. Notably, virstatin did not impact DosR binding of promoter
DNA, nor did virstatin inhibit the DosRST pathway in the whole cell Mtb assay. Interestingly, the transcriptional
profiling shows that HC104A only strongly inhibits the AspX operon, suggesting that it may specifically interfere
with DosR binding to the AspX promoter, and not broadly impact DNA binding. This specificity explains why
HC104 did not impact Mtb survival during hypoxic shock.

Overall, multiple distinct mechanisms have been discovered for inhibitors of DosRST signaling including
oxidation/alkylation of heme, heme-binding, inhibition of autophosphorylation, inhibition of phosphotransfer to
DosR and inhibition of DosR DNA binding. It is possible that combinations of these approaches may result in
enhanced additive or synergistic functions of these compounds. Indeed, pairwise comparisons of all combinations
of HC101-HCO016, identified additive interactions and in the case of HC106 and artemisinin, strong synergistic
interactions. Given that both target DosS/T heme, this observation is surprising, and suggests the mechanisms of
these compounds against DosS/T in whole cells, may be more complicated than defined in the biochemical assays.
A key development from these studies was the demonstration that the heme-based sensor in DosS/T is vulnerable
to chemical inhibition. Given that structures are available for the DosS and DosT GAF domains, this opens the
path for iz silico screening or structure guided development of novel inhibitors of DosS or DosT that may function
by targeting the heme, or possibly independent of heme, but binding in this vulnerable sensory domain.

Future perspective

Questions still remain about the utility of targeting DosRST as a new approach to TB therapy. Several lines of
evidence support the importance of the pathway to pathogenesis. The DosR regulon is strongly induced in clinical
human samples and there is evidence for its selection in more virulence strains, where HN878 ’Beijing’ strain
constitutively overexpresses the DosR regulon (s6]. The pathway is required to establish NRP in response to
hypoxia. And, as discussed above, mutants in the pathway are strongly attenuated in nonhuman primates and other
animals that generate hypoxic granulomas. Thus, there is strong evidence supporting the hypothesis the pathway
is a required for virulence and persistence. However, the virulence studies relied on knockout mutants, which will
have altered physiology at the beginning of the stress and do not adequately reflect the consequences of conditional
inhibition. When the genes are knocked out at the beginning of the assay (in the AdosR mutant, or compound
treated), a significant decrease of survival is observed during NRP [63-65]. However, a critical question still needs to
be addressed: what is the impact of inhibiting DosRST after Mtb has established NRP or is encased in a granuloma?
Generating conditionally expressed mutants or using CRISPR interference approaches [87,88], to genetically deplete
DosR following the establishment of NRP i vitro or granuloma formation 77 vive, will enable comparison of the
impact of controlled genetic depletion or chemical inhibition of dosR, dosS and dosT. Such studies will provide
important data regarding the validity of targeting DosRST as a therapeutic approach.

Numerous challenges exist for developing a DosRST-targeting therapy. The pathway is not required for growth
or survival under aerobic conditions, therefore, it is not a traditional antibiotic. Rather, it is a targeted antivirulence
approach that is intended to selectively deplete the reservoir of drug-tolerant persisters, that are thought to drive
the long course of therapy. Thus, DosRST inhibitors are proposed to be employed as adjunct therapies to current
or next generation combination TB treatments. The compounds are intended to shorten the course of therapy, by
killing persisters and reducing the population of drug-tolerant Mitb, therefore, the compounds will need to be shown
to shorten time to cure or reduce relapse in animal models. Efficacy in clinical trials will also be challenging, as there
is not expected to by any effect when used as monotherapy in a two week early bactericidal activity study. Thus,
should a DosRST inhibitor be found to shorten treatment duration in an animal model, and be safe in humans,
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it would need to be studied for efficacy in combination with current therapies with the positive outcomes being
shortened time to cure, reduction of relapse or radiological evidence of enhancing standard of care therapy. Thus,
new positron emission tomography imaging approaches could play an important role in establishing the efficacy
of using a DosRST inhibitors as an adjunct therapy in animal models or humans [(89-91]. Developing new methods
to shorten TB treatment is essential for the long-term control of TB, and new approaches, such as antivirulence
therapies targeting DosRST or other factors required for persistence, may play an important role in achieving the
goal of shortening therapy.

Executive summary

New treatments are required to control the tuberculosis epidemic

e Tuberculosis (TB) treatment requires 6 months of therapy and approaches to shorten TB therapy are required to
improve treatment outcomes.

e New drug targets are important to treat drug-resistant TB. Targeting pathways required for Mycobacterium
tuberculosis (Mtb) virulence represents a promising new approach for therapy.

e Mtb establishes nonreplicating persistence during infection, a physiological adaptation that is associated with
phenotypic drug tolerance.

Role of DosRST signaling in Mtb pathogenesis

e DOsRST is a two-component regulatory pathway that is induced by host immune cues such as hypoxia, nitric oxide
and carbon monoxide.

e The DosR regulon is composed of approximately 50 genes and is required for Mtb to establish nonreplicating
persistence and survival during hypoxia.

e Mtb mutants in DosRST have reduced virulence in animal models that form hypoxic granulomas, supporting its
potential as a drug target.

e Inhibiting DosRST during infection may reduce the reservoir of persistent, drug-tolerant bacteria.

Inhibitors of DosRST signaling

e Small molecules targeting a heme sensor embedded in DosS/T, including Artemisinin and HC106A, inhibit DosRST
signaling and persistence. This finding shows that DosS/T heme is a vulnerable target for inhibiting the DosRST
pathway.

e Small molecules (HC102A and HC103A) and peptides have been discovered that inhibit DosS/T
autophosphorylation activity and phosphotransfer to DosR.

e Small molecules (HC104A and compound 10) have been identified that inhibit DosR-DNA binding.

e Inhibitors of DosRST selectively inhibit Mtb growth during hypoxia.
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