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Could mycobacterial MelF protein (Rv1936)
be used as a potential drug target?
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Macrophages produce antimicrobial reactive oxygen species (ROS) and reactive nitrogen species (RNS) through
NADPH oxidase (NOX2/gp91Ph*%) and inducible nitric oxide synthase in response to mycobacterial infections [11.
In general, mycobacteria are resistant to ROS, but RNS inhibit growth and even kill mycobacteria within the
activated macrophages. Mycobacterium tuberculosis is also continually exposed to endogenous ROS including the
production of superoxide radicals as part of normal aerobic respiration (2. In fact, M. tuberculosis has developed
several defense mechanisms to counteract ROS stress, for example, lipid enriched cell wall, maintenance of cytosolic
redox homeostasis, genes involved in repair and protection of DNA/protein as well as several ROS scavenger genes,
including katG (Rv1908c), SodA (Rv3846), sodC (Rv0432), ahpC (Rv2428), ahpE (Rv2238c¢), melF (Rv1936),
etc. [3,4,5]. Notably, global regulator oxyR is inactive in M. tuberculosis, but is active in other pathogenic mycobacterial
species including M. marinum. Pathways involved in mycobacterial resistance to RNS include the generation of
RNS scavenger genes such as noxRI (Rv2997), noxR3 (Rv1500), dlaT (Rv2215), msrA (Rv0137c¢) and cysH
(Rv2392), DNA repair as well as protein degradation in the proteasome [3]. Moreover, peroxynitrite is produced
by SOD in the presence of H,O, and nitric oxide, connecting the two important mechanisms of oxidative and
nitrosative stress-mediated bacterial cell death. M. rmberculosis possesses inherent resistance to peroxynitrite as
compared with less pathogenic mycobacteria 3. Hence, targeting anti-ROS/RNS machinery of mycobacterial cells
would facilitate efficient clearance of bacteria from the invading tissue.

The mycobacterial mel2 locus (mycobacterial enhanced infection locus, Rv1936-1941, size 7.9 kb), originally
identified by El-Etr ez al. (6, is M. marinum and M. tuberculosis (~98% sequence homology with M. marinum)
specific and is absent in other pathogenic and nonpathogenic mycobacterial species, including M. bovis, M. avium,
M. leprae and M. smegmatis, which can tolerate ROS and RNS stress responses. /7 silico analysis of six genes of mel2
locus, in other words melE; melG, melH, etc. revealed them to be close homologs of /ux genes present in Vibrio
harveyi [3). Moreover, the melF within this locus shows high similarity to /uxA, a monooxygenase gene involved in
resistance to ROS in bioluminescent bacteria. The mel2 locus also confers resistance to ROS/RNS stress iz vitro
and reveals a similar function in activated murine macrophages [3,4]. Moreover, the M. marinum mel2 mutants do
not display growth defect in macrophages in presence of ROS scavengers or nitric oxide synthase inhibitors, thus
demonstrating that the growth defect is dependent on the production of both ROS and RNS (4]. Interestingly, the
mutation in melF of mel2 locus displays a polar effect on the downstream genes of me/2 locus as the enhanced
susceptibility of me/F mutant to ROS/RNS could only be partially recovered by melF alone and completely by the
entire mel2 locus [3,4. M. marinum mel2 mutants also reveal reduced bacterial growth in the late stages of mouse
footpad model of infection [4]. In a similar manner, the association of me/2 locus in resistance to ROS has been
demonstrated for the persistence and dissemination of M. tuberculosis in C57BL/6] mice [51. The growth of M.
tuberculosis in activated murine macrophages and infection of Phox-/- and inducible nitric oxide synthase -/- mice
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as well as bone marrow derived macrophages infected with M. tuberculosis suggest that the primary mechanism by
which mel2 impacts pathogenesis is through its ability to display resistance to ROS [5]. In addition, an enhanced
production of cell wall virulence lipid, pthiocerol dimycoserosate by the M. tuberculosis mel2 mutant as compared
with wild-type in presence of H,O, and diamide oxidative stresses has been documented (7], thus proposing that
mel2 plays a crucial role in M. tuberculosis lipid biosynthesis.

The development of new antitubercular drugs (ATDs) is quite difficult due to slow growth of M. tuberculosis.
Alternatively, M. marinum, relatively a fast grower (with a generation time of ~4 h), requires BSL-II facility
and is considered as a surrogate model to study M. tuberculosis pathogenesis (6,8]. The utility of M. marinum for
evaluating the activity of ATDs has been documented (8]. Using M. marinum as an evaluation model, Liu ez a/. (8]
identified an inhibitor targeting ICL (Rv0467) against both active and nonreplicating M. tuberculosis. Zebrafish
M. marinum infection model has also been reported for evaluating ATDs in vivo as a high-throughput screening
system [9]. Indeed, the TB structural genomics consortium (TBSGC), an international alliance of researchers from
15 different countries and 93 research centers, facilitates to design the 3D protein structures of M. tuberculosis and
thus, the structure based drug designing [10]. Several protein structures are ascertained by TBSGC including malate
synthase (Rv1837c¢), arginine biosynthetic enzymes, urease (Rv1848) and phosphoenolpyruvate carboxykinase
(Rv0211), which are involved in metabolic pathways and are considered as potential drug targets. However, a
crystal structure of MelF has not yet been elucidated. Therefore, we designed putative inhibitors by virtual ligand
screening (VLS) targeting MelF that could diminish the ability of M. marinum to withstand ROS/RNS stress and
later, the bacteriostatic/bactericidal effects of shortlisted compounds were evaluated against the M. marinum and
M. tuberculosis in vitro [11). A structure-based VLS approach was applied to the homology model of MelF protein.
The ligand binding pocket was identified through consensus among multiple methods (Pocket-finder, Q-site finder
and InCa-Sitefinder), and VLS was carried out by adopting a similar consensus for DOCK and Vina [11]. From
the entire collection of approximately one million small drug-like molecules, a subset of approximately 250,000
inhibitors was filtered by applying Lipinski’s rules of 5 for orally active drug-likeness. Furthermore, top 1000 docked
inhibitors were manually screened to shordist 178 inhibitors with good binding affinities and maximization of
scaffold diversity.

M. marinum MelF, a dimeric protein (~ 84 kDa) exhibited flavin dependent oxidoreductase activity and the
inhibitors designed by 77 silico analysis were screened for the reduced enzyme activity of whole bacterial cell
lysate and the purified MelF [11]. Among 178 putative inhibitors evaluated, 16 (~9%) were found to significantly
reduce the flavin oxidoreductase activity of purified MelF, while six inhibitors were shortlisted based on minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values determined against the
M. marinum and M. tuberculosis. Interestingly, these inhibitors did not display any nonspecific protein-structure
destabilizing effects as the a-helices and B-sheets of MelF protein were almost constant with and without inhibitors
as revealed by the circular dichroism spectra evaluation [11]. It was observed that 1.68% (3/178) of inhibitors
revealed an MBC/MIC ratio of < 2 for M. marinum and M. tuberculosis (11), which indicate better efficacy
of VLS to design novel inhibitors targeting MelF, in comparison with the chemical screening with an efficacy of
approximately 0.01%. Moreover, few inhibitors could synergize with the first line bactericidal drugs, in other words,
isoniazid (INH) and rifampicin (RIF) with no cytotoxic effect in HeLa cells [11]. Such synergistic effect could be
due to generation of ROS/RNS by INH/RIF [12,13], which might have become more intense with the suppression
of MelF (anti-ROS/RNS machinery). These findings suggest to exploiting new inhibitors targeting MelF with
the synergistic effect, which may also improve the competence of existing ATDs. We recently demonstrated the
killing of both replicating and nonreplicating M. marinum and M. tuberculosis inside the activated murine and
human macrophages by such inhibitors with no cytotoxic effect [manuscript, in preparation]. Similar to MelE, M.
tuberculosis Lsr2 (Rv3597¢) appears to be a unique protein with histone-like features that could protect mycobacteria
against ROS 7z vitro as well as during macrophage infection [14]. Also, using macrophages derived from NOS—/—
and Phox ™/~ mice, Colangeli et 4/. [14] demonstrated that Lsr2 is crucial in protecting against ROS, but not RNS
and is considered as an attractive drug target.

In a similar manner, M. tuberculosis Ddn (Rv3547) and its two homologs, in other words, Rv1261c and Rv1558
are documented to protect mycobacterial cells against ROS and bactericidal drugs such as clofazimine and INH [15].
It is proposed that the Ddn inhibitors could exhibit synergistic effect with the current ATDs, as monitored with
MelF inhibitors [11]. Furthermore, Grant ¢t al. [16] demonstrated that even a small change in dissolved oxygen
concentration (20%) could yield high quantities of hydroxyl radicals, which influence killing of mycobacterial
persisters, thus confirming the susceptibility of mycobacteria to enhanced ROS. This finding seems to be critical for
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killing M. tuberculosis in hypoxic conditions, for example, granulomas. Other metabolic enzymes of M. tuberculosis,
such as Lpd (Rv3303c¢) and DlaT are also described as drug targets, the components of pyruvate dehydrogenase
and peroxynitrite redutase/peroxidase that are shown to counteract RNS induced by the host [12,17]. By targeting
the Lpd and DlaT, Bryk e al. (12,17) identified inhibitors that are specifically effective against the nonreplicating
M. tuberculosis. In addition, TMC207 (bedaquiline) and pyrazinamide have been designed by targeting the M.
tuberculosis ATP synthase and proton motive force of the respiratory chain, respectively [11,18].

Interestingly, clofazimine and plumbagin capable of generating ROS through production of superoxide radicals
are shown to reduce the MIC of INH for M. muberculosis thus indicating that superoxides play a role in INH
activation [13,19]. Since oxidative susceptibility increases susceptibility of mycobacteria to INH, there seems to be a
correlation between the INH susceptibility and me/2 locus. RIF, a known RNA polymerase inhibitor, has also been
demonstrated to enhance ROS including hydroxyl radicals in M. zuberculosis (121. These studies provide evidence
for the sensitivity of M. tuberculosis toward oxidative stress, however, M. tuberculosis's response to endogenous ROS
generated within cells remains poorly understood. To understand the effects of enhanced endogenous ROS in M.
tuberculosis, Tyagi et al. 2] synthesized a series of hydroquinone-based small molecules generating ROS. Among
these, ATD-3169 permeated mycobacteria to enhance the endogenous ROS with an irreversible oxidative shift in
intramycobacterial redox potential and a reduced capacity of M. tuberculosis to restore cytoplasmic redox balance,
in comparison with M. smegmatis thus indicating the requisite of targeting intramycobacterial redox metabolism
for controlling TB infection. Nonetheless, the inhibitors targeting MelF (anti-ROS/RNS machinery) would open
up fresh avenues pertaining to the design of adequate ROS generators (both exogenous and endogenous), which
may also improve the efficacy of current AT Ds.
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