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Abstract

Bacteria are capable of performing a number of biotransformations that may activate or deactivate
xenobiotics. Recent efforts have utilized metabolomics techniques to study the fate of small
molecule antibacterials within the targeted organism. Examples involving Mycobacterium
tuberculosis are reviewed and analyzed with regard to the insights they provide as to both
activation and deactivation of the antibacterial. The studies, in particular, shed light on
biosynthetic transformations performed by M. tuberculosis while suggesting avenues for the
evolution of chemical tools, highlighting potential areas for drug discovery, and mechanisms of
approved drugs. A two—pronged approach investigating the metabolism of antibacterials within
both the host and bacterium is outlined and will be of value to both the chemical biology and drug
discovery fields.
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A Window into Mycobacterium tuberculosis

Mycobacterium tuberculosis causes tuberculosis (TB), which is the leading cause of death
from an infectious disease worldwide, and is emblematic of the global health pandemic due
to bacterial infections. The World Health Organization reported 10.4 million cases of TB in
2015 and 1.4 million deaths (http://www.who.int/tb/publications/global_report/
gtbr2016_executive_summary.pdf?ua=1). Amongst HIV-infected individuals, 400,000
deaths were attributed to TB co-infection. With the emergence of multi-drug resistant and
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extremely drug-resistant strains, the treatment options have become limited, stressing the
need for new therapies.

Various drug discovery approaches have been adopted to identify new antituberculars, but a
significant issue centers on the identification and validation of novel drug targets [1].
Pioneering work by Sassetti and Rubin sought to address this in part through the
identification of a set of genes required for optimal /n vitro growth of M. tuberculosis [2].
Moving this work forward, we and the Lamichhane laboratory adopted a high—throughput
approach for identifying essential molecules of M. tuberculosis that were products of
enzymes that are encoded by these essential genes [3]. These essential metabolites could
serve as a blueprint for the development of new antitubercular agents, given knowledge of
the antimetabolite strategy [3]. The computational approach led to candidate metabolite
mimics of L—glutamate. Since these compounds and other antitubercular agents may in
many cases mimic an essential metabolite, we pondered the potential for their susceptibility
to the bacterium’s metabolizing enzymes.

The importance of biotransformations within M. tuberculosis is well known with respect to
the activation of current first-line and second-line drugs, i.e., isoniazid (INH), pyrazinamide
(PZA), ethionamide (ETH), and aminoglycosides such as streptomycin, amikacin, and
kanamycin. INH is activated by a catalase peroxidase encoded by kafG and mutations in this
gene can confer INH resistance to M. tuberculosis [4]. Subsequent to this discovery, a
genetic strategy was used to identify the target of the activated INH complex as InhA, an
enoyl reductase [5]. In the case of PZA, although its mechanism of action is not fully
understood, it is known that inside M. tuberculosis, PZA is converted to pyrazinoic acid by
PncA, a nicotinamidase [6-8]. ETH activation is primarily attributed to one of the six
monooxygenases encoded by M. tuberculosis that contains a Baeyer—Villiger
monooxygenase (BYMO) motif [9-11]. The aminoglycoside second-line drugs are also
known to undergo biotransformations within M. tuberculosis. Acetyltransferases, and
phosphotransferases have been shown to modify the hydroxyl or amino groups through
amidation, esterification, or phosphorylation reactions, ultimately leading to the deactivation
of aminoglycosides [12-17].

While many of these early studies relied on demonstration of the metabolism, or more
specifically activation, of these antitubercular drugs by a purified enzyme outside of the cell,
a more recent approach to track biotransformation products formed within M. tuberculosis
was pioneered by the Rhee laboratory employing metabolomics technologies [18, 19]. While
primarily focused on the inventory of metabolites of the cell, metabolomics methods have
recently demonstrated significant promise in elucidating the intrabacterial fate of
antibacterials, shedding light on their metabolism that is either activating (7.e., indicating a
prodrug mechanism) and/or deactivating (7.e., signaling a detoxification pathway) [20].
Driven by the need to identify novel antitubercular agents, research laboratories are adopting
metabolomics as a platform technology to evolve antibacterial chemical tools and drug
discovery hit and lead compounds [21]. In this review, we will describe such efforts,
grouping metabolic transformations in an early effort to generalize the types of chemical
reactions of which M. tuberculosis is capable, and propose a new workflow for
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antitubercular chemical tools and drug discovery that involves understanding drug
metabolism and biotransformations occurring within M. tuberculosis.

Biotransformation of Xenobiotics by M. tuberculosis

M. tuberculosis has the ability to perform biotransformation reactions on xenobiotics which
may be to the bacterium’s benefit or detriment. Transformation reactions, such as activation
of INH and sulfur oxidation in small molecules by BVMOs, have been identified and probed
via genetic and biochemical approaches [4, 9, 10, 22, 23]. Amongst the known BVMOs,
EthA has been extensively studied and has been shown to oxidize thioamide, thiourea, and
thiophene groups [10, 22, 23]. In particular, EthA is required for the bioactivation of ETH
and the second-line antituberculars thiacetazone and isoxyl [9, 10, 22, 23]. Furthermore,
Hung and co—workers have identified another BVMO, MymA [24]. Most of the approaches
employed to identify the bioactivation mechanism involved whole—genome sequencing of
spontaneous resistant mutants, obtained by exposure of M. fuberculosis to the antitubercular,
where the activating gene suffered a mutation that effectively reduced the concentration of
the cidal species. The next step was typically demonstration that overexpression of this
mutation conferred increased resistance to the antitubercular or that the purified gene
product was responsible for bioactivation in the absence of the bacterium. Here, we discuss
the use of metabolomics methods, used alone or in combination with genetic and
biochemical approaches, as a powerful platform to characterize chemical transformations M.
tuberculosis can perform on small molecules.

1. Hydrolysis

Ester hydrolysis is a common chemical transformation (Figure 1). We assert that its role in
intrabacterial xenobiotic metabolism has been undervalued. In M. tuberculosis, esterases and
lipases are suspected to play an important role in persistence [25-27].

Tallman et al. exploited activity—based probes and fluorogenic esterase substrates to compile
a comprehensive list of M. tuberculosis esterases that retained activity under replicating and
non-replicating conditions [28, 29]. M. tuberculosis has the machinery to hydrolyze small
molecule esters, reiterating the importance of studying this biotransformation.

Nitazoxanide (NTZ, Figure 1) is an FDA approved drug for the treatment of parasitic
infections caused by Giardiaand Cryptosporidium [30, 31]. It is active against anaerobic and
aerobic Gram—positive bacteria in addition to anaerobic Gram-negative bacteria [32-35].
NTZ is deacetylated, or hydrolyzed, in the stomach to form tizaxonide (T1Z, Figure 1),
which then inhibits pyruvate—ferredoxin oxidoreductase (PFOR) and presumably also
nitroreductases and peptide disulfide isomerases [36]. de Carvalho et a/. also found NTZ and
TIZ to be equipotent as growth inhibitors of M. tuberculosis, and NTZ to also be active
against non-replicating M. tuberculosis [37]. Leveraging metabolomics methods established
in their laboratories [38, 39] to explore the mechanism of action, they studied the
intrabacterial fate of NTZ and TIZ (Figure 1) [40]. M. tuberculosis was exposed to 1, 4, and
10 fold the minimum inhibitory concentration (MIC: 1 ug/mL) of NTZ and liquid
chromatography/mass spectrometry (LC-MS) analysis of the cell lysate showed a dose—
dependent accumulation of NTZ. Also observed was a dose—dependent conversion of NTZ
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to T1Z within M. tuberculosis. Moreover, an approximately 1000—fold greater accumulation
of TI1Z as compared to NTZ was found. Since NTZ and reactive nitrogen intermediates
(RNI) have exhibited synergy in killing M. tuberculosis [37], their effect on the
accumulation of the compounds was also studied. M. tuberculosis grown on plates
containing NTZ and RNI did not show a significant increase in NTZ uptake nor increased
conversion of NTZ to TIZ, as monitored by LC-MS analysis of the cell lysate. In summary,
this work demonstrated both NTZ and TIZ (via intracellular ester hydrolysis) accumulated
within NTZ-treated M. tuberculosis, and both molecules may be the subject of mechanism
of action studies and molecular optimization efforts.

Nixon and co—workers [41] studied the mechanism of action of antifolates (Figure 2) such as
WR99210 and the methotrexate family [42, 43]. Methotrexate is a potent dihydrofolate
reductase (DHFR; encoded by df7A) inhibitor (IC5q = 6.8 nM), but lacks significant whole—
cell efficacy (MIC > 100 pM) against M. tuberculosis [43]. Two methotrexate analogs,
JSF-1183, the diethyl ester, and JSF-1187, the dimethyl ester, were active against M.
tuberculosis with MIC values of 0.6 uM and 0.2-0.4 uM, respectively. Also, JSF-1183 and
JSF-1187 were shown to inhibit DHFR with ICsq values of 30 nM and 50 nM, respectively.
Overexpression and knockdown strains of M. tuberculosis dfrA were supportive of DHFR
engagement within the bacterium. To determine the fates of JSF-1183 and JSF-1187 and
identify the active species formed inside M. tuberculosis, the group exposed the bacteria to
the two compounds followed by LC-MS analysis of the cell lysate. Both compounds
accumulated inside M. tuberculosis in approximately dose—dependent fashion. Additionally,
it was noted that the parent compounds were partially converted to the corresponding mono-
esters and free methotrexate within M. tuberculosis. Based on this information, the mono-
esters of JSF-1183 were synthesized and tested for antitubercular whole—cell efficacy. Both
mono—ethyl esters, JSF-2104 and JSF-2105, were significantly less active against M.
tuberculosis with MIC values of 33 uM, while still exhibiting significant sub-micromolar
ICsq values versus DHFR.

Thus, metabolomics revealed intrabacterial metabolism of the methotrexate diester to both
mono—esters as well as methotrexate. In this case, M. tuberculosis mitigated but did not
abolish the whole—cell activity of JSF-1183 by hydrolysis of the ethyl ester and may also
have altered the engagement of DHFR within the cell. Moreover, polypharmacology of the
diester class may exist due to the generation of these multiple species within the bacterium,
warranting further study of mechanism. The evolution of methotrexate analogs also has been
influenced, given the option to either circumvent or embrace the intrabacterial hydrolysis of
the diester parent.

An M. tuberculosis whole—cell growth inhibition screen of 300 known Plasmodium
falciparum enoy| acy| carrier protein reductase inhibitors for antitubercular activity by
Vilchéze and co—workers identified thienopyrimidine CD117 (Figure 3) as an active with an
MIC of 0.39 ug/mL [44]. While the compound was stable in Middlebrook 7H9 medium, its
poor mouse liver microsomal stability (t1> < 1 min) was attributed to rapid hydrolysis of the
ethyl ester to afford the corresponding carboxylic acid (independently synthesized as
JSF-2000; MIC > 200 pg/mL) as the major metabolite [21]. Metabolic instability of the ethyl
ester was also responsible for a lack of antitubercular activity in ex vivo studies with mice.
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The evolved structure—activity relationship (SAR) studies demonstrated that analogs with
larger ester substituents, such as a.,a—dimethylphenyl and t-butyl, had significantly
diminished whole—cell activity while those featuring smaller moieties (e.g., 7—propyl,
butyl) retained most of the in vitro efficacy of the parent compound. A prodrug hypothesis
was consistent with these observations in that a relatively small, hydrophobic substituent
could be required for permeability of M. tuberculosis (whereas the hydrophilic and charged
carboxylic acid may not cross the waxy cell wall of the bacterium) and then an esterase
could hydrolyze the ester to the carboxylic acid.

Li et al. employed metabolomics to probe the CD117 intramycobacterial metabolism and
test this hypothesis [21]. M. tuberculosis was exposed to 1x, 5x and 10x the MIC of CD117
or equimolar amounts of the carboxylic acid JSF-2000 [21, 45]. After overnight exposure,
the M. tuberculosis cultures were harvested and the cell lysates were analyzed via LC-MS to
monitor the uptake of CD117 or JSF-2000 as well as determine the intrabacterial fate of
CD117. CD117 displayed dose—dependent accumulation inside M. tuberculosis as well as
partial hydrolysis to the inactive acid. Additionally, the inactive acid JSF-2000 was shown to
accumulate inside M. tuberculosis. These results were inconsistent with the prodrug
hypothesis, as JSF-2000 apparently lacks whole—cell activity despite being cell permeable.
Lacking knowledge of the primary biological target of CD117, the authors were unable to
attribute the diminished bacterial growth inhibition of JSF-2000 to a loss of functional
inhibition of a specific protein. Armed with this information, synthetic efforts were directed
toward designing stable ester isosteres of CD117 to prevent formation of the inactive acid
within M. tuberculosis and also to improve mouse liver microsomal stability. Two analogs, a
5-methylisoxazole (JSF-2070, MIC = 3.1 pug/mL) and a thiazole (JSF-2088, MIC = 6.2 g/
mL), showed enhanced metabolic stability compared to CD117. Thus, Li et al. leveraged
knowledge of the intrabacterial and host metabolism of CD117 to direct their SAR studies
and successfully identified two analogs with enhanced metabolic stability. Understanding of
the metabolic transformations performed by M. tuberculosis allowed for focused medicinal
chemistry efforts that led to the identification of alternate antitubercular agents.

The metabolism studies with these three different antitubercular families demonstrate the
potential for M. tuberculosis to hydrolyze the ester functionality. The extent of the
hydrolysis and the whole—cell efficacy of the resulting metabolite can vary widely. While not
mentioned in these examples, it may be necessary to evaluate the consequence of liberating
both the carboxylic acid and the alcohol.

2. N—alkylation

Amines of sufficient nucleophilicity may be alkylated in the presence of an appropriately
activated alkyl group. For example, in M. tuberculosis, MamA, a DNA methyltransferase,
N-methylates adenine in a six base pair recognition sequence and thereby modulates
expression of certain genes [46].

Recent mechanistic studies with M. tuberculosis have uncovered A~methylation, in
particular, as a means to evolve drug resistance [47]. Warrier et a/. found that
pyridobenzimidazole compound 14 (Figure 4) — a cidal antitubercular agent — was
inactivated by Rv0560c [47]. They observed via LC-MS that co—incubation of compound 14
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with purified Rv0560c and S—adenosyl-L—methionine (SAM) led to the transfer of a methyl
group from SAM to the N-5 position of compound 14 to form me-14. To further understand
the intrabacterial fate of the compound, M. tuberculosis overexpressing rv0560c and two
resistant mutants to compound 14, namely 1A and 8A, were treated with 20x MIC of
compound 14 for metabolomics analysis. As expected, the intracellular concentration of
compound 14 showed a fivefold reduction in the resistant clones and a twofold reduction in
rv0560c—overexpression strain when compared to wild-type M. tuberculosis. However, a
corresponding increase in me-14 was not observed, suggesting that me-14 may be further
modified by M. tuberculosis. In a Arv0560c strain, levels of me-14 were twenty—fold lower
and compound 14 levels were ~ten—fold higher than in wild-type M. tuberculosis. These
levels reverted to wild—type metrics with constitutive expression of rv0560c in the knockout
strain. The metabolomics experiments, combined with the observed A—methylation in the
presence of purified Rv0560c, confirmed that Rv0560c catalyzed the A~methylation of
compound 14. Furthermore, lack of inhibition of M. tuberculosis growth in the presence of
increasing concentrations of A~methylated compound 14 demonstrated that this enzymatic
biotransformation of compound 14 led to its deactivation inside M. tuberculosis.

Following streptomycin, p~aminosalicylic acid was developed by Lehmann as an
antitubercular [48, 49]. PAS is a close analog of p—aminobenzoate (PABA), the native
substrate of dihydropteroate synthase (DHPS) and an essential metabolite in folate
biosynthesis. PAS has been identified as a competitive inhibitor of DHPS with an apparent
inhibition constant (K;&P) of 1 uM [50]. In contrast to some of the more potent DHPS
inhibitors like sulfamethoxazole, sulfanilamide and dapsone [51, 52], PAS possesses activity
against /n vitro cultured M. tuberculosis. To understand this phenomenon and further
elucidate the mode of action of PAS, Chakraborty ef a/. performed extensive studies
leveraging metabolomics methods to profile the M. tuberculosis response to PAS [53, 54].
Dose—dependent accumulation of PAS was observed within the bacteria, demonstrating cell
permeability. Metabolite identification and comparison with pure synthetic standards
established conversion of PAS to A~monomethylated PAS and N, A~dimethylated PAS
(Figure 5A). A-monomethylated PAS was equipotent to PAS against /n vitro cultured M.
tuberculosis and the accumulation pattern of PABA was attributed to enzymatic
transformation of PAS to A~monomethylated PAS, which also inhibited DHPS. In contrast,
N, NM-dimethylated PAS was not active against M. tuberculosis. Thus, in this case, amine
methylation by M. tuberculosis can produce metabolites of varying whole—cell activities,
including a complete loss of efficacy.

Further analyses showed A~monomethylated PAS and PAS—derived pteroate and folate
analogs accumulated through the action of two M. tuberculosis enzymes belonging to the
folate pathway, DHPS (FolP1) and dihydrofolate synthase/folyl-polyglutamyl synthase
(FolC) (Figure 5B). /n vitro studies with purified recombinant FolP1 and FolC corroborated
these results by showing PAS to be a substrate for these two enzymes. Data also suggested
that these pteroate and folate analogs can mimic the natural substrate of FolC and thereby
undergo FolC catalyzed addition of L—glutamate. The subsequent L—glutamate adducts, lla
and Ilb (Figure 5B), may also mimic the natural substrate of DHFR. This result is
corroborated by the report from Zheng et al. wherein the antimetabolite I1a has been
proposed to inhibit DHFR [55].
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Metabolomics was used to monitor directly the accumulation of a drug, probe its
biotransformation products, and observe their effects on folate—dependent metabolite pools.
The understanding of the mode of action of a drug developed in 1944 was significantly
expanded. This approach highlights how metabolomics methods can be used to elucidate
how the bacterial machinery can be turned against itself to transform a drug into metabolites
with inhibitory activity.

Amides form the essential linkage of peptides and proteins while providing an omnipresent
bond in small molecule chemical tools and drugs. Correspondingly, in bacteria numerous
examples exist of amidation within biosynthetic pathways, including for example
peptidoglycan biosynthesis [56, 57]. Thus, it should not be surprising that xenobiotics with
the requisite chemical functionality (amine, carboxylic acid, etc.) can undergo amide bond-
forming reactions within a bacterium. Chakraborty et a/. also examined the metabolic fate of
other DHPS inhibitors such as sulfamethoxazole (MIC = 50 pug/mL), sulfanilamide (whole-
cell inactive) and dapsone (whole—cell inactive) within M. tuberculosis [53]. Metabolite
identification indicated that these compounds were inactivated via biotransformations inside
M. tuberculosis (Figure 5A). Sulfanilamide is amidated, or more specifically Aacetylated,
inside M. tuberculosis resulting in a loss of activity. Sulfamethoxazole and dapsone in
addition to A—methylation also undergo acetylation followed by apparent reduction to form
a hemiaminal. Thus, their lack of whole—cell activity may be attributed to inactivation by
these biotransformations and knowledge of these metabolic liabilities may form the basis of
future drug discovery optimization efforts.

ction

The nitro functional group, while not always the first choice for medicinal chemists due to
potential toxicity issues [58, 59], may be found in numerous antibacterials of clinical utility,
including nitrofurantoin and metronidazole. PA-824 (pretomanid) and delamanid are two
nitroimidazoles currently in clinical trials for the treatment of M. tuberculosis infection.
While evidence has existed for decades as to the importance of bioactivation of nitro-
containing small molecules [59, 60], the exact chemical transformations have only recently
been illuminated, particularly within M. tuberculosis. From a biological perspective,
nitroreductases have been identified within M. tuberculosis although their native role is
unknown [61].

The clinical stage antitubercular PA-824 (Figure 6) undergoes one or more chemical
transformations within M. tuberculosis to generate reactive nitrogen species (RNS), which
include nitric oxide (NO) [62, 63]. It is activated by a deazaflavin (F4p0)—-dependent
nitroreductase (Ddn) in conjunction with glucose-6-phosphate dehydrogenase Fgd1l and the
F420 cofactor [62]. Dogra et al. compared the metabolites of PA-824 generated following
incubation with M. tuberculosis, M. smegmatis (a non—pathogenic close relative of M.
tuberculosis), human liver homogenate 9000x g supernatant (HLS9) or purified Ddn [64].
HLS9 were included to query what biotransformations may occur within the host.
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Unlike the previously mentioned metabolomics procedures where filter—laden bacteria were
used [45], this study utilized M. tuberculosis or M. smegmatis grown to ODggg = 0.2 in
Middlebrook 7H9 broth, harvested and then resuspended in fresh media. PA-824 was added
to each culture which was then incubated for 3 h [53]. Alternatively, a pre—incubated
mixture of purified Ddn, Fgd1, F4,q cofactor and glucose-6-phosphate in pH 7.4 phosphate
buffer was treated with PA-824 for 3 h. LC-MS analysis of the extracted metabolites showed
that PA-824 formed seven metabolites of which the des—nitro compound 1 was the major
metabolite (Figure 6) [64]. Similarly, HLS9 were pre—incubated with NADPH and NADH
cofactors in pH 7.4 phosphate buffer followed by addition of PA-824 and incubation for 3 h.
HLS9 exposure resulted in formation of four previously unknown metabolites (M1, M2, M3
and M4) common with Ddn treatment but failed to show formation of the three other
metabolites associated with Ddn (1, 2 and 3). M. tuberculosis exposure to PA-824 for 3 h
generated the same seven metabolites formed in the presence of purified Ddn. In contrast,
only six of these metabolites were observed with M. smegmatis, with no formation of the
des—nitro compound 1. The structures of metabolites 1, 2, and 3 were previously reported by
Singh et al. [62] and importantly shown to lack whole—cell efficacy versus M. tuberculosis,
supporting the hypothesis that the formation of RNS accompanying their production is
bactericidal. M3 was confirmed as the product of a two—electron reduction of PA-824 by co-
elution with an authentic sample. Treatment of M3 with HLS9 resulted in the formation of
M1 and M4, whereas Ddn treatment showed formation of 1 in addition to M1 and M4.

In summary, this work corroborated previous data demonstrating that the nitro reduction of
metabolite M3 formed by PA-824 exposure to M. tuberculosis and Ddn results in the
appearance of 1 (des—nitro PA-824) accompanied by the release of RNS. This des—nitro
metabolite was not formed in the presence of HLS9 and M. smegmatis, suggesting its
production may be crucial to the selective cidality of PA-824 to M. tuberculosis. The
employed methods, focusing on host and bacterial systems as well as exposure to purified
M. tuberculosis enzymes, have provided further insight into a clinical stage antitubercular
while providing a window into the mechanism of action of other nitro—containing
antituberculars [65-67].

Concluding Remarks and Future Perspectives

M. tuberculosis is known to catalyze metabolic transformations including but not limited to
hydrolysis, A~alkylation, amidation, and nitro group reduction that can activate (pertinent to
a prodrug) or deactivate a xenobiotic (Table 1). Given the range of chemistries operative in
the biosynthetic pathways of M. tuberculosis [3], we assert that the discussed
biotransformations of antituberculars are but a small subset of the reactions they may
undergo. Guided by the degree of the commonality of their biosynthetic pathways with those
of M. tuberculosis, other bacteria would be expected to be capable of such
biotransformations on cell-permeable xenobiotics. Keeping this in mind, our strategy
recommends determining the fate of a chemical tool or actual drug in the bacterium of
interest through the use of metabolomics—based methods. This compliments the more typical
host—focused drug metabolism studies that are a part of non—infectious disease drug
discovery workflows. Drug metabolites formed in the dosed patient can have deleterious
implications, influencing a drug’s efficacy, bioavailability, clearance rate and toxicity. Drugs
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administered to humans are subjected to phase | and phase Il metabolism in the liver. To
predict /n vivo stability of a drug candidate, human liver microsomal (HLM) assays are
widely employed. Stepping back from the administration of an antibacterial to humans, one
must consider /n vivo studies of efficacy in preclinical models, e.g. in the mouse, rat, guinea
pig, and non—human primate. These model studies provide an opportunity to probe the
metabolism of the antibacterial and may be complemented by /in vitro studies with
hepatocytes or microsomal fractions. Ultimately, quantification of the rate of metabolism
and identification of the associated metabolite/s in these assays will highlight the structural
liabilities of the antibacterial. This information can guide rational tool compound and drug
optimization.

We propose a holistic approach to the evolution of antibacterial chemical tools, to probe
basic biology, as well as drug discovery entities where the workflow addresses the stability
of a small molecule taking into account biotransformations occurring in the host and the
target organism. Thus, novel antibacterials should be probed for metabolism within (i) the
relevant bacterium via metabolomics—based methods and (ii) within pertinent hosts through
studies with the actual animal or more simply with cultured hepatocytes or microsomal
fractions. The simultaneous evaluation of the metabolic fate in host and bacterium will better
guide the antibacterial design and optimization studies, improve the time— and cost—
efficiencies of the process, and help address key questions within the antibacterials field (See
Outstanding Questions).
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Trends

A shift in perspective to the antibacterial may commence with a determination of the
ability of the small molecule to accumulate within the bacterium.

The antibacterial may not simply remain within the bacterium and instead suffer
metabolic transformation (which may be categorized by chemical reaction type mirroring
a bacterial biosynthetic reaction) that results in efficacious or inactive molecules.

The antibacterial may also be metabolized by the host, and model systems such as mouse
liver microsomal preparations may be probed to discern the fate of the small molecule.

Metabolomics—based methods may inform the evolution of antibacterial chemical tools
and drug discovery entities.
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Outstanding Question

What are the ultimate fates of approved antibacterial drugs within the host and bacterium
that are critical to understanding their mechanism of action?

How may this knowledge be leveraged to design the next generation of antibacterials?
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Figure 1.
Ester Hydrolysis. Targeted metabolomic analysis of M. tuberculosis treated with NTZ

showed dose—dependent accumulation of the compound and partial conversion to T1Z [38].
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Figure 2.
Chemical Structures of WR-99210 and Methotrexate Analogs, JSF-1187 and JSF-1183.

These accumulate inside M. tuberculosisin a dose—dependent manner as confirmed by
metabolomics [43].
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Figure 3.

A) Ester Hydrolysis of CD117 Affords JSF-2000. While metabolomics analysis showed M.
tuberculosis uptake of both CD117 and JSF-2000, CD117 is partially hydrolyzed to
JSF-2000 inside the bacterium. B) Two CD117 analogs with improved metabolic stability
are JSF-2070 and JSF-2088 [21].
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Figure 4.
N-methylation of Compound 14 [47].
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Figure 5.
Amine Metabolism with Antifolates. A) Biotransformation of PAS, sulfanilamide,

sulfamethoxazole and dapsone in M. tuberculosis. B) Metabolomics analysis showed
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OH OH
(@]
P enzymatic biotransformation_ A 2 \
HoN nside M. fub loSi HN N
OH inside M. tuberculosis OH / OH

p-aminosalicylic acid (PAS) N-methyl PAS N,N-dimethyl PAS

concentration—dependent formation of PAS—derived la & lla and A~methyl PAS Ib & I1b

after exposure of M. tuberculosisto PAS for 18 h [53].
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Figure 6.
Metabolism of PA-824 [64].
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Known Metabolic Transformations Performed by M. tuberculosis on Small Molecule Antituberculars.

Table 1

Compound Biotransformation reaction Result

INHE Oxidation (KatG) Activating
pzAd Hydrolysis (PncA) Activating
ETHA Oxidation (EthA, MymA) Activating
Thiacetazone, isoxyl? Oxidation (EthA) Activating

Aminoglycosides

Amidation, esterification, phosphorylation

Deactivating

NTZ Hydrolysis Retain potency
MTX esters Hydrolysis Deactivating
CD117 Hydrolysis Deactivating
Compound 14 N-alkylation Deactivating
PAS N-alkylation N-methylation: equipotent
N, N-dimethylation: deactivating
Sulfanilamide Amidation Deactivating

Sulfamethoxazole

N-alkylation, amidation (and reduction)

Deactivating

Dapsone

N-alkylation, amidation (and reduction)

Deactivating

PA-824, delamanid

Nitro reduction

Activating

aStudied via genetics/biochemical
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