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ABSTRACT New chemotherapeutic agents with novel mechanisms of action are
urgently required to combat the challenge imposed by the emergence of drug-
resistant mycobacteria. In this study, a phenotypic whole-cell screen identified
5-nitro-1,10-phenanthroline (5NP) as a lead compound. 5NP-resistant isolates har-
bored mutations that were mapped to fbiB and were also resistant to the bicy-
clic nitroimidazole PA-824. Mechanistic studies confirmed that 5NP is activated in
an F,,o,-dependent manner, resulting in the formation of 1,10-phenanthroline and
1,10-phenanthrolin-5-amine as major metabolites in bacteria. Interestingly, 5NP also
killed naturally resistant intracellular bacteria by inducing autophagy in macrophages.
Structure-activity relationship studies revealed the essentiality of the nitro group for
in vitro activity, and an analog, 3-methyl-6-nitro-1,10-phenanthroline, that had im-
proved in vitro activity and in vivo efficacy in mice compared with that of 5NP was
designed. These findings demonstrate that, in addition to a direct mechanism of ac-
tion against Mycobacterium tuberculosis, 5NP also modulates the host machinery to
kill intracellular pathogens.

KEYWORDS 5-nitro-1,10-phenanthroline, autophagy, F,,, dependence,
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uberculosis (TB) continues to be one of the major causes of unnatural morbidity

and mortality affecting the world today (1). The outcome of TB treatment is
hampered due to the ability of Mycobacterium tuberculosis to switch to a phenotypically
drug-tolerant dormant state (2). This situation is further aggravated due to the emer-
gence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) M. tuberculosis
strains (3, 4). Approximately, 5% of TB cases across the globe are estimated to be
MDR-TB, which includes 5% of newly diagnosed TB cases and 20.5% of previously
treated TB cases. Recently, a few reports have also suggested the emergence of totally
drug-resistant (TDR) M. tuberculosis strains, infection with which results in a very limited
chance of successful treatment (5, 6). The current WHO-recommended regimens for the
treatment of TB caused by drug-susceptible and -resistant bacteria last 6 months and
18 to 24 months, respectively. These lengthy durations of treatment are probably
required due to the inherently low bacterial growth rates and the poor penetration of
drugs into TB lesions. In order to tackle this situation, there is an urgent need to
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develop a regimen that (i) includes drugs with a novel mechanism of action, (ii) targets
bacteria in different metabolic states, (iii) is able to shorten the duration of treatment,
and (iv) is effective against MDR-TB and XDR-TB.

Phenotypic or target-based screening has led to the identification of various scaf-
folds that possess activity against drug-resistant M. tuberculosis (7). Target-based plat-
forms rely on protein essentiality in vivo; however, the translation of in vitro potency
into whole-cell activity has been a major challenge. Unlike target-based screens,
cell-based screens result in the identification of scaffolds that are able to penetrate the
cell membrane and inhibit their intracellular target. Phenotypic screening in association
with the use of a next-generation sequencing platform has led to the identification of
various prodrugs and scaffolds with novel mechanisms of action. FDA has approved
treatment with bedaquiline (TMC-207) and delamanid (OPC-67683) for individuals with
MDR-TB (8-10). TMC-207 inhibits the ATP synthase enzyme and is active against both
replicating and nonreplicating bacteria (11, 12). Bicyclic nitroimidazoles (OPC-67683
and PA-824) are prodrugs activated by Rv3547 (the deazaflavin-dependent nitroreduc-
tase [Ddn]) in an F,,,-dependent manner, resulting in the formation of the des-nitro
metabolite and the generation of a reactive nitrogen intermediate (13-15). Phenotypic
screens have also led to the identification of structurally diverse compounds that target
either MmpL3, a lipoprotein involved in the transport of mycobacterial trehalose mono-
mycolate (TMM) into the M. tuberculosis cell wall; DprE1, an enzyme involved in the
synthesis of cell wall arabinans; or QcrB, a component of the cytochrome bc, complex
of the respiratory chain (7, 16, 17). These screens have also resulted in the identification
of newer scaffolds targeting already validated drug targets, such as InhA or KasA (18,
19). Additionally, various repurposed drugs are being evaluated in various clinical trials
in an effort to decrease the duration of chemotherapy for individuals with MDR-TB
(20-24).

In this study, we performed phenotypic whole-cell screening using M. bovis BCG as a
surrogate host and identified 5-nitro-1,10-phenanthroline (5NP) to be a lead compound.
We demonstrate that, similar to PA-824 and 5-nitrothiophenes, 5NP is activated in an
F..0-dependent manner, but a clear difference in the nitroreductase mediating 5NP acti-
vation compared to PA-824 and 5-nitrothiophene exists. Unlike PA-824, 5NP is able to
induce autophagy in macrophages, a phenomenon reversed in the presence of
3-methyladenine (3MA). We report that the nitro group is essential for both in vitro activity
and the induction of autophagy in macrophages. The structural analog with a methyl
substitution at the 3’ position possessed better in vitro activity than the other analogs and
showed in vivo potency. These observations demonstrate that 5NP exhibits a dual mech-
anism of action against M. tuberculosis by inhibiting mycolic acid biosynthesis and aug-
menting host antimicrobial pathways.

RESULTS

Phenotypic whole-cell-based screening to identify M. tuberculosis growth in-
hibitors. M. bovis BCG was used as a surrogate host for phenotypic screening of a
small-molecule library due to its high degree of relatedness to M. tuberculosis and
a lack of pathogenicity. This small-molecule library consisting of 2,300 compounds was
procured from the National Cancer Institute Developmental Therapeutic Program
(NCI-DTP; https://dtp.cancer.gov/). For preliminary screening, all compounds were
evaluated for their ability to inhibit the growth of M. bovis BCG at a single concentration
of 50 uM. We observed that out of the 2,300 compounds, 52 compounds possessed
antimycobacterial activity at the tested concentration. These primary hits were further
rescreened for activity against either M. bovis BCG or isoniazid (INH)-sensitive or
isoniazid-resistant M. tuberculosis strains in a dose-response assay determining their
MICs. We observed that 35 scaffolds displayed similar activity against both isoniazid-
sensitive and isoniazid-resistant M. tuberculosis strains, suggesting a mechanism of
action unlike that of isoniazid (Table 1; Fig. 1A). As shown in Table 1, most of these
compounds displayed comparable in vitro activity against both M. bovis BCG and M.
tuberculosis.
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TABLE 1 Activity of small molecules against M. bovis BCG and INH-susceptible and INH-
resistant M. tuberculosis H37Rv and cytotoxicity against THP-1 macrophages

MICo (M) CCeo (M)
Serial M. bovis M. tuberculosis M. tuberculosis against THP-1
no. NSC no. BCG H37Rv H37Rv INH* macrophages
1 NSC 18415 3.125 6.25 3.125 >25
2 NSC 122131 1.25 25 ND@ ND
3 NSC 4263 1.56 1.56 3.125 >25
4 NSC 26371 1.56 25 25 >25
5 NSC 94945 0.78 1.56 1.56 >25
6 NSC 149286 1.56 1.56 3.125 >25
7 NSC 69187 1.56 3.125 3.125 5
8 NSC 125531 1.56 3.125 1.56 >25
9 NSC 139021 1.56 3.125 3.125 >25
10 NSC 228155 0.78 1.56 1.56 >25
11 NSC 47147 6.25 3.125 6.25 5
12 NSC 83318 0.39 125 125 >25
13 NSC 105827 0.78 1.56 3.125 5
14 NSC 60339 1.56 3.125 3.125 >25
15 NSC 60340 0.39 3.125 3.125 >25
16 NSC 67436 6.25 25 25 >25
17 NSC 3852 6.25 12.5 125 5
18 NSC 285166 3.125 12.5 125 >25
19 NSC 148958 6.25 50 25 >25
20 NSC 4280 6.25 6.25 3.125 >25
21 NSC 163501 0.78 0.39 ND >25
22 NSC 659501 3.125 3.125 3.125 >25
23 NSC 697726 0.39 1.56 3.125 5
24 NSC 328587 3.125 1.56 3.125 5
25 NSC 82116 6.25 12.5 125 >25
26 NSC 693632 125 125 25 >25
27 NSC 687849 0.78 1.56 1.56 >25
28 NSC 273829 1.56 6.25 6.25 >25
29 NSC 183359 1.56 0.78 ND 5
30 NSC 311153 1.56 1.56 ND >25
31 NSC 641245 1.56 6.25 ND >25
32 NSC 145366 1.56 1.56 ND 5
33 NSC 690634 0.39 1.56 1.56 5
34 NSC 218439 0.39 0.39 0.39 >25
35 NSC 10010 1.56-3.125 6.25 3.125 5
36 INH 0.39-0.78 0.39-0.78 >50 >25

aND, not done.

Next, we determined the cellular cytotoxicity of these hits against THP-1 macro-
phages and observed that 24 of these primary hits were noncytotoxic even at a 25 uM
concentration (Table 1). A few of these noncytotoxic scaffolds were further evaluated
for their in vitro mode of activity (bactericidal or bacteriostatic) and ability to inhibit the
growth of intracellular M. bovis BCG (Fig. 1A). In our in vitro growth inhibition experi-
ments, we observed that exposure of M. bovis BCG to either NSC 125531, NSC 94945,
NSC 60339, or NSC 228155 resulted in up to 60.0- to 100.0-fold reductions in the
bacterial counts in comparison to those for the untreated cultures (P < 0.05) (Fig. 1B).
As shown in Fig. 1B, an approximately 8.0-fold reduction in viable bacterial counts was
observed for NSC 4263-exposed M. bovis BCG (P < 0.05) (Fig. 1B). The exposure of
M. bovis BCG to either NSC 26371, NSC 163501, or NSC 149286 resulted in a bacteriostatic
effect in liquid cultures (Fig. 1B). In THP-1 macrophages, we did not observe any
intracellular killing of M. bovis BCG after 4 days of exposure to either NSC 228155,
NSC 60339, or NSC 26371 (Fig. 1C). In concordance with the results obtained in vitro,
a bacteriostatic effect was observed in macrophages exposed to NSC 163501 (Fig.
1C). As shown in Fig. 1C, exposure to either NSC 125531, NSC 94945, or NSC 4263
resulted in approximately 20.0-fold, 5.0-fold, and 8.0-fold reductions in intracellular
bacterial counts, respectively, in comparison to the counts for the untreated wells
(P < 0.01) (Fig. 1C). These lead compounds, NSC 125531, NSC 94945, and NSC 4263,
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FIG 1 (A) Chemical structures of a few of the primary hits (therapeutic index [Ti] > 21) identified in this study. (B)
Antimycobacterial activity of identified hits in liquid cultures. For in vitro killing experiments, M. bovis BCG was grown until
the ODg,, was 0.2 and subsequently exposed to the drugs at 8X MIC. After 7 days of incubation, bacterial counts were
enumerated by plating 100 ul of 10-fold serial dilutions on MB 7H11 plates at 37°C for 3 to 4 weeks. The data presented
in this panel are means = SEs for duplicate samples and are representative of those from three independent experiments.
Significant differences were observed for the indicated groups and were determined by a paired (two-tailed) t test. *, P <
0.05; **, P < 0.01. (C and D) Antimycobacterial activity of the identified hits in macrophages. THP-1 macrophages were
seeded at a density of 2 X 105 and infected with either M. bovis BCG (C) or M. tuberculosis (D) at an MOI of 1:10. At 24 h
postinfection, the macrophages were washed and overlaid with RPMI medium containing the various drugs (8 X MIC) for
4 days. For bacterial enumeration, macrophages were lysed in 1 ml of 1X PBS-0.1% Triton X-100, and 100 ml of 10-fold
serial dilutions was plated on MB 7H11 plates at 37°C for 3 to 4 weeks. The data shown in this panel are means = SEs for
triplicate wells and are representative of those from three independent experiments. Significant differences were observed
for the indicated groups and were determined by a paired (two-tailed) t test. *, P < 0.05; **, P < 0.01. UT, untreated.

identified in our screen were also able to inhibit the growth of intracellular M. tuberculosis
in THP-1 macrophages (P < 0.01) (Fig. 1D). These three scaffolds displayed MICs in
the range of 0.78 to 1.56 uM against slowly growing mycobacteria. These three
scaffolds, NSC 125531, NSC 9495, and NSC 4263, lacked activity against Escherichia
coli and displayed MIC values of >50 uM, 50 uM, and 25 wM, respectively, against
M. smegmatis.

We next determined the activity of the lead compounds against both drug-sensitive
and drug-resistant clinical strains (25) (Tables 2 and 3). These drug-resistant clinical
strains were as sensitive as the drug-susceptible strains to these scaffolds, indicating
a lack of cross-resistance to known anti-TB drugs (Table 2). Additionally, a number of
scaffolds have recently been shown to target M. tuberculosis by inhibiting MmpL3;
therefore, we also tested these lead compounds for cross-resistance to MmpL3 inhib-
itors using M. tuberculosis strains resistant to SQ109 and DA8. As shown in Table 2,
these strains were found to be susceptible to the identified lead compounds, ruling out
the possibility that MmpL3 is their putative target. These data suggest a novel mech-
anism of action for these scaffolds and underscore the developmental potential of
these compounds for use against drug-resistant TB.

November 2017 Volume 61 Issue 11 e00969-17 aacasm.org 4


http://aac.asm.org

Deciphering Mechanism of M. tuberculosis Killing by 5NP

TABLE 2 MICs for various strains in vitro

MIC (M)

NSC NSC NSC
Strain Drug resistance? 94945 4263 125531
H37Rv None 0.61 1.25 2.5
210 None 0.61 1.25 5
316 (RpoB>531T KatG>315T EmbM306VY) INH, Rif, Emb, Kan, 1.25 1.25 5

SM, Cap

36° (RpoBH526D KatGS315T EmbM306V) INH, Rif, Emb 0.3 0.3 25
116° (RpoB-511P KatGS315T EmbM306VD354A) INH, Emb, PAS 1.25 1.25 5
692 None 0.61 1.25 5
8.1 (MmpL3L567P) DA8, SQ109 0.61 1.25 25
8.3 (MmpL3DP40R) DA8, sQ109 0.61 1.25 2.5

aINH, isoniazid; Rif, rifampin; Emb, ethambutol; Kan, kanamycin; SM, streptomycin; Cap, capreomycin; PAS,
para-aminosalicylic acid.
bThe genotype known from target gene sequencing is shown.

Generation and characterization of drug-specific spontaneous resistant mu-
tants. In order to gain insight into their mechanism of action and identify the cellular
targets for the lead compounds, we attempted to raise spontaneous drug-resistant
mutants. We successfully raised such mutants resistant to NSC 4263, but repeated
efforts to raise such mutants resistant to NSC 94945 and NSC 125531 were futile,
indicating that M. bovis BCG had an unusually high barrier to genetic resistance to those
compounds, that the compounds had a nonspecific mechanism of action, or that the
mutations in the targets were not well tolerated. For M. bovis BCG raised to be resistant
to NSC 4263 (5-nitro-1,10-phenanthroline [5NP]), the MIC of the parent compound was
increased >8.0-fold in comparison to that for the wild-type strain (Table 3). The in vitro
frequency of 5NP resistance in M. bovis BCG was approximately 10~5, which was 10-fold
higher than the frequency of resistance to PA-824 and isoniazid. These resistant strains
consistently displayed resistance to 5NP but remained susceptible to standard antitu-
bercular drugs (Table 3; see also Table S1 in the supplemental material). For target
identification, genomic DNA was isolated from both the wild-type strain and the
5NP-resistant strain and subjected to whole-genome sequencing. Detailed analysis of
the sequencing data revealed an inactivating frameshift mutation in the fbiB gene,
which encodes the F,,, coenzyme L-glutamate ligase, an essential enzyme involved in
F..o biosynthesis. Sanger sequencing of five additional independent isolates also
revealed mutations in fbiB, confirming the role of FbiB in resistance to this compound.
The complementation of resistant strains with a functional FbiB expressed from an

TABLE 3 MICs for various resistant strains in vitro

MIC (M)
Strain PA-824 NSC 4263 Levofloxacin INH
NSC 4263-resistant mutant strains
M. bovis BCG (wild type) 0.78 1.56 0.78 0.78
4263 (resistant mutant 1, FbiB™) >50 12.5 0.78 0.78
4263 (resistant mutant 2, FbiB™) >50 12.5 0.78 0.78
4263 (resistant mutant 3, FbiB™) >50 12.5 0.78 0.78
4263 (resistant mutant 4, FbiB™) >50 12.5 0.78 0.78
4263 (resistant mutant 5, FbiB~) >50 12.5 0.78 0.78
4263R::pVV16-FbiB 1 1.56 1.56 0.78 0.78
4263R::pVV16-FbiB 2 1.56 1.56 0.78 0.78
PA-824-resistant mutant strains
H37Rv (wild type) 0.78 1.56 0.78 0.78
T3-MT (FGD~ F420") >50 25 0.78 0.78
50-5A1 (FGD FbiC™) >50 25 0.78 0.78
50-14A1 (FGD* Ddn~) >50 1.56 0.78 0.78
50-7A2 (FGD* FbiAB™) >50 25 0.78 0.78
50-14A1-3547 (50-14A1::Rv3547) 0.78 1.56 0.78 0.78
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episomal plasmid under the control of a constitutive hsp60 promoter restored their
sensitivity to 5NP without affecting their susceptibilities to standard anti-TB drugs, such
as isoniazid and levofloxacin (Table 3).

F 450 (8-hydroxy-5-deazaflavin), a two-electron transfer cofactor, has been implicated
in redox balance, methane biosynthesis, and activation of bicyclic nitroimidazoles
(26-28). Mycobacterial strains deficient in F,,, biosynthesis are also resistant to other
nitro group-containing drugs, such as 5-nitrothiophenes and bicyclic nitroimidazoles
(13, 14, 29). Therefore, we next investigated whether our resistant strains were also
resistant to killing by PA-824, a bicyclic nitroimidazole, and observed that they were
resistant to killing by PA-824 (Table 3). PA-824-resistant mutants were characterized by
mutations in either (i) FGD-1, an enzyme involved in the regeneration of reduced F,,;
(ii) FbiA, FbiB, or FbiC, each of which is an enzyme involved in F,,, biosynthesis; or (iii)
Ddn, a nitroreductase involved in PA-824 activation (13). As shown in Table 3, we
observed that the loss of functional FGD-1 (T3 mutant) or F,,, biosynthetic enzymes
(the FbiC 5A1 mutant or the FbiB 7A2 mutant) also resulted in cross-resistance to 5NP.
However, an FGD™* F,,,* PA-824-resistant strain harboring a mutation in Ddn was as
sensitive as the wild-type strain to 5NP. These results suggest the presence of a discrete
F,-o-dependent nitroreductase that might activate 5NP in mycobacteria.

In vitro metabolite profiling of 5NP by LC-MS. It is well-known that activation of
bicyclic nitroimidazoles, such as PA-824 and OPC-67683, by Ddn results in the forma-
tion of the des-nitro metabolite in bacteria (14, 15). Based on our observation that the
killing activity of 5NP is F,,, dependent, we hypothesized that 5NP is a prodrug and its
activation results in the formation of the des-nitro product in bacteria. In support of our
hypothesis, we observed two major peaks with m/z corresponding to 181.09 and 195.10
in M. bovis BCG exposed to 5NP (Fig. 2A). We next performed a detailed analytical
characterization of a synthetic des-nitro metabolite and confirmed that the peak with
m/z 181.09 was indeed that for 1,10-phenanthroline. As shown in Fig. 2B, we did not
observe any endogenous peaks corresponding to m/z 181.09 or m/z 195.10 in samples
prepared from untreated M. bovis BCG.

Based on these observations, we propose the following mechanism for 5NP activa-
tion in mycobacteria (Fig. 2C). The first step of activation involves hydride transfer from
H,F .5, to the 4 position of 5NP, resulting in the formation of a nitronic acid interme-
diate. This is followed by the protonation of nitronic acid, resulting in the formation of
the des-nitro metabolite (metabolite 1; m/z 181.09 and 182.10 [isotope]) and the release
of nitrous acid (Fig. 2C). Alternatively, the reduction of the nitronic acid intermediate
leads to the formation of a hydroxylamine intermediate, which upon further reduction
results in the formation of 1,10-phenanthrolin-5-amine (metabolite 2; m/z 195.10 and
196.11 [13]). We observed metabolite peaks corresponding to metabolite 1 and me-
tabolite 2 in our liquid chromatography-mass spectrometry (LC-MS) experiments (Fig.
2A). In our MIC determination assays, synthetically derived 1,10-phenanthroline (com-
pound 2) and 1,10-phenanthrolin-5-amine (compound 3) displayed an MIC value of
12.5 uM against M. tuberculosis (Table 4; see also the text in the supplemental material).
These findings suggest that the antimycobacterial component of 5NP-mediated M.
tuberculosis killing occurred during the process of its activation.

5NP inhibition of M. tuberculosis growth is independent of chelation of metal
ions. The compounds in the 1,10-phenanthroline series act as powerful chelating
agents by virtue of their ability to form thermodynamically stable metal ion complexes.
These phenanthroline-metal complexes have been demonstrated to inhibit the growth
of drug-resistant Pseudomonas aeruginosa and Clostridium difficile strains (30, 31) and
also inhibit biofilm formation by P. aeruginosa and Enterococcus faecalis (31, 32). The
1,10-phenanthroline compounds also possess fungistatic activity by inhibiting the
secretory metallopeptidase of Phialophora verrucosa (33). Therefore, we next investi-
gated whether 5NP inhibits M. tuberculosis growth by chelating intracellular metal ions.
To determine this, we measured the MIC of 5NP against M. bovis BCG both in the
presence and in the absence of various metal ions (Table S2). As shown in Table S2, the
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FIG 2 (A and B) Metabolic analysis of M. bovis BCG treated with 5NP. For metabolic analysis, a mid-log-phase culture of M. bovis BCG was exposed to 25 uM
5NP. After exposure for 8 h, metabolites were extracted by lysing the cells with acetonitrile and subjected to LC-MS analysis. The data shown were extracted
from ion chromatograms for 5NP-treated (A) or untreated (B) M. bovis BCG. In panels A and B, the y axis shows ion intensity. (C) Proposed mechanism for
activation of 5NP. The first step for 5NP activation involves initial hydride transfer from H,F,., to the 4’ position of phenanthroline, resulting in the formation
of nitronic acid. This nitronic acid intermediate can subsequently undergo either protonation or reduction, thereby leading to the formation of metabolite 1

or metabolite 2, respectively.

addition of metal ions, such as MgCl,, ZnCl,, CaCl,, or Fe,(SO,)s, in liquid medium did
not alter the MIC values of 5NP against M. bovis BCG. As shown in Table S2, we observed
that addition of 200 ng/ml and 1 ug/ml ZnCl, in liquid medium completely inhibited
the growth of M. bovis BCG. These results suggest that metal chelation is not the
plausible mechanism by which 5NP inhibits mycobacterial growth.

5NP inhibits the mycolic acid biosynthesis of M. tuberculosis. Bicyclic nitroim-
idazoles are known to inhibit mycolic acid biosynthesis; therefore, we next investigated
the effect of 5NP exposure on M. tuberculosis mycolic acid biosynthesis. The analysis of
extracted polar lipids revealed that exposure of M. tuberculosis to 5NP results in
inhibition of trehalose monomycolate (TMM) and trehalose dimycolate (TDM) biosyn-
thesis, a phenomenon similar to that observed in the case of INH-exposed bacteria (Fig.
S1). TMMs and TDMs were identified by exposing M. tuberculosis to DA5, which inhibits
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TABLE 4 MIC,yys of 1,10-phenanthroline derivatives against M. tuberculosis H37Rv, M. bovis BCG, and 5NP-resistant M. bovis BCG

Ry Rg
R4 Re
Substituent at: MICyg (M)
Serial M. tuberculosis M. bovis 5NP-resistant
no.@ R, Re R, Ry R; R, H37Rv BCG M. bovis BCG
1 H H H H H NO, 0.78 0.78 >12.5
2 H H H H H H 12.5 12.5 12.5
3 H H H H H NH, 12,5 12,5 12,5
4 H H H H H OCH;, 6.25 6.25 6.25
5 H H H H H CH, 12.5 12.5 12.5
6 H H H H H NHCO,C,Hs 50 25 25
7 H H H H H Br 6.25 6.25 6.25
8 H H H H H cl 12.5 12.5 12.5
9 H H H H H CN 25 25 25
10 H H CH, H H NO, 0.195 0.195 6.25
11 H H C,Hs H H NO, 0.195 0.195 6.25
12 H H CHCH, H H NO, 0.39 0.78 3.125
13 H H CeHs H H NO, 3.125 1.56 6.25
14 H H 4-PhOCH, H H NO, 1.56 1.56 6.25
15 H H 3-CH;0CgH; H H NO, 1.56 1.56 6.25
16 H H 4-BnOCgH, H H NO, 1.56 3.125 12.5
17 H H 3,4-Cl,CcHs H H NO, 12,5 125 25
18 H H 4-NO,CH, H H NO, 25 25 25
19 H H 3-NO,CHs H H NO, 6.25 6.25 25
20 H H Q* H H NO2 1.56 1.56 12.5
21 H H F / \ H H NO2 1.56 1.56 6.25
N=
22 H H Br H H NO, 0.39 0.78 6.25
23 H H | H H NO, 0.39 0.39 6.25
24 H H CN H H NO, 3.125 1.56 12.5

aStrains 2, 5, and 8 were bought commercially (Sigma-Aldrich).

the MmpL3-dependent transport of TMM across the membrane, thereby resulting in
the accumulation of TMM and a reduction of TDM levels (Fig. S1) (34). We did not
observe inhibition of the biosynthesis of TDM and TMM in M. tuberculosis bacteria
exposed to either NSC 125531 or NSC 94945 (Fig. S1). In order to confirm the inhibition
of mycolic acid biosynthesis in 5NP-treated samples, we analyzed total mycolates by
preparing mycolic acid methyl esters (MAMEs) and fatty acid methyl esters (FAMEs).
Consistent with our observation of reduced levels of TDMs and TMMs in 5NP-treated
bacteria, we noticed a dose-dependent reduction in the amounts of MAMEs and FAMEs
(Fig. 3A and B). A similar reduction in the levels of MAMEs was also noticed with
treatment with INH, a known inhibitor of fatty acid synthase Il (FAS-II). This observed
reduction in the amount of FAMEs indicates that the FAS-I pathway might be inhibited
in 5NP-treated M. tuberculosis. As reported earlier (54), we also observed the inhibition
of MAMEs and FAMEs in PA-824-treated M. tuberculosis.

Structure-activity relationship studies of 5NP. We initially synthesized the parent
compound, 5NP (compound 1), and evaluated its activity against M. tuberculosis. The
synthesized lead compound 5NP (compound 1) exhibited an MIC value of 0.78 uM
against M. tuberculosis, which was similar to that observed in our phenotypic whole-cell
screen. We next started a medicinal chemistry approach to design, synthesize, and
evaluate the activity of 5NP structural analogs against M. tuberculosis (Table 4). The
detailed synthesis and analytical characterization of these structural analogs are in-
cluded in the text in the supplemental material. We observed that the removal of a
nitro group (compound 2) reduced the activity of the parent compound against
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FIG 3 (A) Effect of 5NP, INH, and PA824 on mycolic acid biosynthesis in M. tuberculosis. Polar lipids were extracted from M. tuberculosis exposed
to either 5NP (1X, 5X, 20X, or 50X MIC), INH (5X or 20X MIC), or PA824 (1X, 5%, 20X, or 50X MIC). Equal volumes of samples were loaded,
and MAME and FAME levels were determined by developing normal-phase TLC plates using hexane-ethyl acetate (19:1 vol/vol; two runs). (B)
The intensities of the bands corresponding to MAMEs (combined) and FAMEs from untreated and drug-exposed M. tuberculosis samples were
quantified using ImageQuant (version 5.2) software. The values shown on the x axis represent the multiples of the MICs of the respective drugs.
RFU, relative fluorescent units. (C) Chemical structures of the most active compounds identified in structure-activity relationship studies:
3-methyl-6-nitro-1,10-phenanthroline (compound 10) and 3-ethyl-6-nitro-1,10-phenanthroline (compound 11). (D and E) 3-Methyl-6-nitro-1,10-
phenanthroline inhibits the growth of M. tuberculosis in mouse tissues. Female BALB/c mice were infected via the aerosol route and gavaged
daily starting at 4 weeks postinfection. The bacterial loads in the lungs and spleens of the animals were enumerated at 2 weeks (D) and 4 weeks
(E) posttreatment. For bacterial enumeration, mouse tissues were homogenized in normal saline, and 100 ul of a 10-fold serial dilution was
plated on MB 7H11 plates at 37°C for 3 to 4 weeks. The data shown in this panel are means * SEs for 5 animals. Significant differences were
observed for the indicated groups and were determined by a paired (two-tailed) t test. *, P < 0.05; **, P < 0.01; ***, P < 0.0001. cpd, compound.

M. tuberculosis. The des-nitro derivative (compound 2) exhibited approximately 10.0-
fold less activity than 5NP against M. tuberculosis (MIC, 12.5 uM). In order to further
evaluate the role of the nitro group on the antimycobacterial activity of this series, we
synthesized various compounds with modifications at the R, position. As shown in
Table 3, substitution of a nitro group with either electron-donating groups, such as
amino (compound 3), methoxy (compound 4), methyl (compound 5), and carbamoyl
(compound 6) groups, or electron-withdrawing groups, such as bromo (compound 7),
chloro (compound 8), and cyano (compound 9) groups, was unfavorable, as these
analogs possessed reduced activity against both M. bovis BCG and M. tuberculosis in
comparison to that of the parent compound (5NP, compound 1; Table 4). These results
demonstrate that the nitro group at the R, position is important for the antimycobac-
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terial activity of 5NP. We also observed that the 5NP-resistant M. bovis BCG strain was
as sensitive as the parental strain to these structural analogs, indicating that their
antimicrobial activity is independent of F,,, levels in bacteria (Table 4).

Next, we synthesized the various compounds to determine the effect of a substi-
tution at the R, position on the antitubercular activity of 5NP (Table 4). We observed
that the addition of electron-donating groups, such as methyl (compound 10) and ethyl
(compound 11) groups, at the R, position increased the potency of the parent com-
pound by 4.0-fold (Table 4; Fig. 3C). Furthermore, replacement of the methyl group
with other functional groups, such as vinyl (compound 12), phenyl (compound 13),
substituted phenyl (compounds 14 to 19), thiophen-2-yl (compound 20), and 3-(6-
fluoro pyridin-3-yl) (compound 21) groups, was unfavorable, as these substitutions
reduced the antimycobacterial activity of compound 10 (Table 4). In vitro MIC deter-
mination experiments revealed that derivatives with a halogen substitution, such as a
bromo (compound 22) or iodo (compound 23) substitution, were more potent than
analogs with a cyano substitution (compound 24) (Table 4). Therefore, structure-activity
relationship studies led to the identification of 3-methyl-6-nitro-1,10-phenanthroline
(compound 10) and 3-ethyl-6-nitro-1,10-phenanthroline (compound 11) as the most
active compounds, each of which displayed a MIC value of 0.195 uM against both M.
bovis BCG and M. tuberculosis. As expected, in comparison to the MIC for the wild-type
strain, most of these analogs displayed >4.0-fold increases in the MICs for the 5NP-
resistant M. bovis BCG strain (Table 4).

In vivo activity of 3-methyl-6-nitro-1,10-phenanthroline in a murine model of
tuberculosis. The lead compound (compound 10) and the positive control, rifampin
(Rif), were further evaluated for efficacy in a model of chronic infection. For animal
experiments, female BALB/c mice were infected via the aerosol route with a low dose
of ~100 bacilli of M. tuberculosis H37Rv. Following 4 weeks of infection, the mice were
treated by continuous gavage with either compound 10 at 25 or 100 mg/kg of body
weight or Rif at 10 mg/kg daily for 4 weeks. We observed that treatment with 25 mg/kg
of compound 10 did not result in a reduction of the bacterial loads in either the spleens
or lungs of the animals at 14 days and 28 days posttreatment (Fig. 3D and E). As
expected, daily administration of Rif at 10 mg/kg reduced the bacterial loads by 1.6
log,, counts in both the lungs and spleens of infected animals at 4 weeks posttreat-
ment (P < 0.001) (Fig. 3E). As shown in Fig. 3E, we also noticed that treatment with 100
mg/kg of compound 10 resulted in approximately 9.0- and 60.0-fold reductions in lung
and splenic bacterial counts, respectively (P < 0.01 and P < 0.001 in the case of lungs
and spleens, respectively). In the case of animals treated with 10 mg/kg Rif or 100
mg/kg compound 10, the splenic bacterial counts were below the limit of detection. We
also observed that treatment with 10 mg/kg of Rif or 100 mg/kg of compound 10
resulted in 9.0- and 5.0-fold reductions in lung bacillary counts, respectively, at 2 weeks
posttreatment (P < 0.01 in the case of 10 mg/kg Rif and P < 0.05 in the case of 100
mg/kg compound 10) (Fig. 3D). To the best of our knowledge, this is the first study to
report that this series of compounds possesses antimycobacterial activity in mice, a
finding that underscores their potential for further development.

5NP induces autophagy in differentiated THP-1 macrophages. Numerous host
pathways, such as the generation of reactive oxygen species, phagosome lysosome
fusion, and autophagy pathways, have been demonstrated to control the growth of
intracellular pathogens (35, 36). Therefore, we next investigated whether 5NP is able to
induce autophagy, thereby resulting in the killing of intracellular bacteria. We com-
pared the ability of 5NP (compound 1), 3-methyl-6-nitro-1,10-phenanthroline (com-
pound 10), 1,10-phenanthroline (compound 2), and PA-824 to induce autophagy in
macrophages by quantifying the expression of Atg-3, Atg-7, and Beclin-1 and the
conversion of LC3-I to LC3-Il. As shown in Fig. 4A and B, exposure to compounds 1 and
10 resulted in the significant induction of Beclin-1, Atg-7, and Atg-3 expression at 24 h
posttreatment (P < 0.05 and P < 0.01, respectively). Interestingly, we did not observe
any significant increase in the levels of expression of these proteins in macrophages
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FIG 4 (A) Effects of the various drugs on induction of autophagy in THP-1 macrophages. THP-1 cells were differentiated with PMA and
treated with 25 uM either compound 1, compound 10, compound 2, or PA-824 for 24 h. The clarified lysates from these drug-treated
macrophages were prepared and subjected to immunoblot analysis as described in Materials and Methods. The data presented in this panel
are representative of those from an experiment performed in triplicate. (B) Statistical analysis of replicate immunoblots shown in panel A
showing the normalized fold intensity of proteins in macrophages exposed to 25 uM either compound 1, compound 10, compound 2, or
PA-824. The values depicted in this panel are means = SEs from three independent experiments. Statistically significant differences were
observed for the indicated groups and were determined by a paired (two-tailed) t test. *, P < 0.05; **, P < 0.01. (C) Dose dependence of
5NP on expression of Beclin-1 and Atg-3 in THP-1 macrophages. THP-1 macrophages were differentiated and treated with various
concentrations of 5NP (3.125 uM to 25 uM, as indicated above the gels) for 24 h. As described in Materials and Methods, expression of
Beclin-1 and Atg-3 was measured by immunoblot analysis. The blots shown in this panel are representative of those from three
independent experiments. (D) Pretreatment with 5NP or its structural analogs increases LC3 punctum formation in THP-1 macrophages.
THP-1 macrophages were differentiated and treated with 25 uM either compound 1 or compound 10 for 24 h. As described in Materials
and Methods, LC3 punctum formation was visualized by staining with anti-LC3 using confocal microscopy. Bars, 10 um. (E) Detailed
quantitative analysis of LC3 punctum formation in THP-1 macrophages treated with 25 uM either compound 1 or compound 10 for 24 h.
The data shown in this panel are the mean number of LC3 puncta * SE obtained from random fields of the panels shown in panel D.
Significant differences were observed for the indicated groups and were determined by a paired (two-tailed) t test. **, P < 0.05.

treated with either compound 2 or PA-824 (Fig. 4A and B). As expected, a dose-
dependent increase in the levels of expression of Beclin-1 and Atg-3 was observed in
macrophages treated with compound 1 (Fig. 4C). These observations implicate that the
nitro group is essential for the induction of host autophagy pathways by 5NP.

During the process of autophagy, the cytosolic form of LC3-l undergoes complex
C-terminal proteolytic and lipid modification to generate LC3-ll, which is then translo-
cated to autophagosomal membranes (37). In concordance with earlier observations,
we noticed increased levels of conversion of LC3-l to LC3-Il in THP-1 macrophages
treated with either compound 1 or compound 10 in comparison to those in compound
2- or PA-824-treated macrophages (P < 0.05) (Fig. 4A and B). In concordance with that
finding, higher levels of LC3 punctum formation were observed in THP-1 macrophages
treated with either compound 1 or 10 than in macrophages treated with dimethyl
sulfoxide (DMSO) (Fig. 4D). A detailed quantitative analysis of confocal microscopy
images also revealed that the level of LC3 punctum formation was significantly in-
creased in compound 1- or 10-treated macrophages compared with that in DMSO-
treated macrophages (P < 0.05) (Fig. 4E).

We next combined 3-methyladenine (3MA), an inhibitor of autophagosome forma-
tion, with compound 1, to quantify the levels of expression of various autophagic
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FIG 5 (A) Effect of 5NP on induction of autophagy in the presence or the absence of 3MA. THP-1
macrophages were differentiated and treated with 25 wM 5NP either in the presence or in the absence
of 10 mM 3MA. At 24 h posttreatment, the expression of various proteins was quantified by immunoblot
analysis. The data shown in this panel are representative of those from three independent experiments.
(B) Statistical analysis of immunoblot replicates showing the normalized fold intensity of proteins in the
different combinations tested, as shown in panel A. The values depicted are means *+ SEs from three
independent experiments. Statistically significant differences were observed for the indicated groups and
were determined by paired (two-tailed) t test. *, P < 0.05; **, P < 0.01. (C) Effect of 5NP and PA-824 on
the intracellular growth of M. smegmatis. THP-1 macrophages were seeded at a density of 5 X 10°,
differentiated, and infected with M. smegmatis at an MOI of 1:1. Following 3 h of infection, extracellular
bacteria were removed and the macrophages were overlaid with RPMI medium containing 25 uM drugs.
For bacterial enumeration, macrophages were lysed in 1 ml of PBS-0.1% Triton X-100, and 100 ul of
10-fold serial dilutions was plated on MB 7H11 plates at 37°C for 2 days. The data shown in this panel
are means * SEs from three independent experiments. Statistically significant differences were observed
for the indicated groups and were determined by a paired (two-tailed) t test. *, P < 0.05. (D) Effect of 5SNP
on intracellular growth of M. bovis BCG wild-type and 5NP-resistant strains. THP-1 macrophages were
seeded at a density of 2 X 10° and infected with either M. bovis BCG or an M. bovis BCG-resistant strain
at an MOI of 1:10. At 24 h postinfection, macrophages were washed and overlaid with RPMI medium
containing 25 uM drugs. Bacterial enumeration was performed as described in the legend to Fig. 1C.
Statistically significant differences were observed for the indicated groups and were determined by a
paired (two-tailed) t test. *, P < 0.05; **, P < 0.01. 5NP-R, 5NP resistant.

markers in THP-1 macrophages. As shown in Fig. 5A and B, addition of 3MA abrogated
the ability of compound 1 to induce expression of the Beclin-1, Atg-3, or Atg-7 protein
or the conversion of LC3-I to LC3-Il in THP-1 macrophages. As expected, pretreatment
with 3MA reduced the level of LC3 punctum formation in THP-1 macrophages treated
with compound 1 (P < 0.05) (Fig. S2). Taken together, these observations demonstrate
that 5NP has the property to induce autophagy in THP-1 macrophages. Further, we also
noticed significantly higher levels of LC3 punctum formation in THP-1 macrophages
treated with other nitro group-containing 5NP analogs (compound 18, 22, or 24) than
in macrophages treated with non-nitro group-containing derivatives (compound 2, 3,
4,5,7,0r8) (P<0.001, in the case of compounds 18 and 22; P < 0.01, in the case of
compounds 1 and 24; and P < 0.05, in the case of compounds 3, 4, 7, and 8) (Fig. S3;
data not shown). We also investigated the ability of NSC 94945 and NSC 125531 to
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FIG 6 Proposed model for the antimycobacterial activity of 5NP. The findings presented in this study illustrate
that 5NP has a dual mechanism of action against M. tuberculosis (Mtb). In the pathogen, 5NP is activated in an
unknown F,,,-dependent manner, resulting in the formation of two major metabolites. In addition, 5NP also
activates autophagy via autophagosome formation, thereby resulting in the clearance of intracellular
mycobacteria. Glucose-6-P, glucose-6-phosphate; 6-P-gluconolactone, 6-phospho-gluconolactone.

induce autophagy in macrophages. As shown in Fig. S4A and B, exposure to NSC
125531 also resulted in the upregulation of expression of Beclin-1, Atg-3, and Atg-7
(P < 0.05) or the conversion of LC3-I to LC3-Il (P < 0.01) in THP-1 macrophages.

Host-directed therapies (HDTs) have recently emerged as a promising intervention
strategy to tackle the problem of drug-resistant TB. Several reports have demonstrated
that small molecules modulating host antimicrobial pathways inhibit the intracellular
growth of both drug-susceptible and drug-resistant M. tuberculosis. In this study, we
demonstrated that, unlike PA-824, 5NP is able to induce autophagy in THP-1 macro-
phages. Therefore, we next investigated whether 5NP is able to inhibit the intracellular
growth of resistant mycobacteria (5NP-resistant strains and M. smegmatis). In support
of our hypothesis, we observed that treatment with 5NP resulted in significant inhibi-
tion of the intracellular growth of both 5NP-resistant strains and M. smegmatis in
comparison to that seen in untreated macrophages (P < 0.05) (Fig. 5C and D). We also
demonstrated that preincubation of macrophages with 3MA reduced the killing activity
of 5NP against intracellular resistant strains (P < 0.05) (Fig. 5C and D). As expected,
PA-824 was unable to inhibit the growth of M. smegmatis in THP-1 macrophages (Fig.
5C). To the best of our knowledge, this is the first study to demonstrate that 5NP
requires an F,,,-dependent nitroreductase for activation and upregulates autophagy in
host macrophages (Fig. 6).

DISCUSSION

Due to the questionable long-term protective efficacy afforded by BCG vaccination,
control of TB infection is primarily dependent on 6 to 24 months of chemotherapy.
However, the rapid emergence of drug-resistant M. tuberculosis strains, the HIV-TB
nexus, and the ability of M. tuberculosis to persist in the nonreplicating stage pose
serious challenges to the fight against TB. Therefore, it is of utmost importance to
identify new scaffolds with novel mechanisms of action that target both drug-resistant
and metabolically less active bacteria. The combination of the results of phenotypic
whole-cell screens and activity against intracellular bacteria led to the identification of
NSC 125531, NSC 94945, and 5NP as lead compounds. These identified hits were active
against both drug-susceptible and multidrug-resistant clinical strains, indicating that
they inhibit a novel bacterial pathway. In concordance with previous reports, we
observed a good correlation between the activities of these primary hits against M.
bovis BCG and M. tuberculosis. The lead compounds were comparably less active against
M. smegmatis, which might be due to variations in (i) the essentiality of the targets in

November 2017 Volume 61 Issue 11 €00969-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 13


http://aac.asm.org

Kidwai et al.

the two strains, (ii) the affinity of these identified hits for the drug targets, or (iii) the
relative intracellular concentration due to enhanced efflux or a defect in cellular uptake.
5NP has also been reported to inhibit M. tuberculosis growth in vitro and in macro-
phages, but its mechanism of killing is still unknown (38).

Identification of small molecules by phenotypic screening was followed by next-
generation sequencing of genomic DNA isolated from revertant strains with resistance
to a specific drug to identify single nucleotide polymorphisms (SNPs) associated with
their mechanism of resistance. Using a combination of genetic and biochemical tools,
we were able to decipher the mechanism of M. tuberculosis killing by 5NP. Using
whole-genome sequencing, we identified a frameshift mutation that resulted in the
inactivation of FbiB, an enzyme involved in F,,, biosynthesis in resistant strains, and
complementation with functional FbiB restored its susceptibility to 5NP. These findings
confirm that the depletion of F,,, is associated with resistance to 5NP, as has also been
reported in the case of 5-nitrothiophenes and bicyclic nitroimidazoles (13, 14, 29). The
mechanism was unequivocally confirmed by PA-824 cross-resistance studies using M.
tuberculosis strains harboring mutations in either FGD-1 or F,,, biosynthetic enzymes
(13). Surprisingly, M. tuberculosis strains with a defect in Ddn enzyme activity were fully
sensitive to 5NP (13). These observations suggest that 5NP is likely to be activated by
an unknown nitroreductase in an F,,,-dependent manner. Similar to the findings for
bicyclic nitroimidazoles, we observed that 1,10-phenanthroline (des-nitro) and 1,10-
phenanthrolin-5-amine were the major cellular metabolites of 5NP in M. bovis BCG (15).
The proposed mechanism for 5NP activation in mycobacteria would result in the
generation of a reactive nitrogen intermediate which inhibits bacterial growth by
affecting the electron transport chain. Similar to the findings for PA-824, exposure of M.
tuberculosis to 5NP also inhibited the M. tuberculosis FAS-I/FAS-Il pathways, thereby
resulting in the depletion of MAMEs and FAMEs.

1,10-Phenanthroline has been shown to mediate microbial killing by virtue of its
ability to either bind DNA, chelate metal ions, or inhibit acetyl coenzyme A synthesis
(30, 39-41). However, in this study, we demonstrate that the chelation of metal ions is
not the mechanism by which 5NP inhibits M. tuberculosis growth in vitro. A detailed
structure-activity relationship approach revealed that (i) the nitro group at the R, position
is important for antimycobacterial activity and (ji) addition of methyl and ethyl groups at
the 3’ position increases the activity of the parent compound. We also showed that
treatment of mice with 100 mg/kg of 3-methyl-6-nitro-1,10-phenanthroline for 28 days
results in approximately 10.0- and 60.0-fold reductions in the bacterial counts in the
lungs and spleens of M. tuberculosis-infected animals, respectively. Here, we also
demonstrated that 5NP is able to activate autophagy in THP-1 macrophages in a
dose-dependent manner and the nitro group is essential for this host modulating
activity. This observed induction of autophagy could have been due to higher rates of
formation of autophagosomes and was reversed in the presence of 3MA, a known
inhibitor of autophagosome formation.

Several studies have shown that the treatment of mice with immunomodulatory
agents in conjunction with current anti-TB drugs results in the faster clearance of
MDR-TB. HDTs possess several advantages, such as the following: (i) pathogens are
unable to acquire resistance to them, (ii) they have the ability to clear intracellular
drug-resistant and nonreplicating bacilli, and (iii) they can lead to a shortening of the
duration of chemotherapy. Autophagy is regulated by mTOR and is an essential
component of the host antimicrobial machinery (35, 42). Polymorphisms in the IRGM1
(LRG47) gene have been shown to be associated with susceptibility to TB in different
geographical regions (43-45). The upregulation of autophagy-related genes, like
Beclin-1, P2X7, VDR, NOD2, and the Toll-like receptor 8 gene, has been reported to be
a biomarker for the identification of TB-infected individuals (46-48). Several molecules,
such as rapamycin, nortriptyline, prochlorperazine edisylate (PE), and tat-Beclin-1
peptide, also induce autophagy and possess antibacterial and antiviral activities (35,
49-51). In addition to these, several other immunomodulatory agents, such as met-
formin, imatinib, ibuprofen, zileuton, and vorinostat, are also being evaluated as
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treatments for individuals with MDR-TB (52, 53). Here, we show that both PA-824 and
5NP are activated in an F,,,-dependent manner, but unlike PA-824, 5NP is able to
induce autophagy. This 5NP-dependent modulation of the host pathway also resulted
in the clearance of resistant bacteria by macrophages.

In conclusion, 5NP represents a promising scaffold that possesses activity against
both multidrug-resistant and susceptible M. tuberculosis strains. Mechanistic studies
revealed that 5NP is a prodrug requiring F,,, for activation, a process independent of
Ddn. We also showed that 3-methyl-6-nitro-1,10-phenanthroline killed M. tuberculosis
bacteria in mouse tissues by targeting both the host and the pathogen. To the best of
our knowledge, this is the first study to report that 5NP has a dual mode of action
against M. tuberculosis by inhibiting mycolic acid biosynthesis and activating host
autophagy pathways. Future experiments will involve detailed mechanistic studies of
the remaining identified scaffolds and the synthesis of 5NP structural analogs with
better in vivo, pharmacokinetic, and pharmacodynamic properties. These findings
should lead the way to the further discovery and development of scaffolds with similar
antibacterial properties.

MATERIALS AND METHODS

Strains, culture conditions, and chemicals. M. smegmatis, M. bovis BCG, and M. tuberculosis H37Rv
were cultured in Middlebrook (MB) 7H9 broth supplemented with 10% albumin dextrose saline, 0.2%
glycerol, and 0.05% Tween 80 or MB 7H11 agar supplemented with 10% oleic acid-albumin-dextrose-
saline per standard protocols. E. coli culturing was performed in Luria-Bertani (LB) broth or agar at 37°C
and 200 rpm. A chemical library consisting of approximately 2,300 compounds was obtained from
National Cancer Institute Developmental Therapeutic Program (NCI-DTP; https://dtp.cancer.gov/). The
compounds in this library belong to either a diversity set, a mechanistic set, or a natural product set. All
other chemicals used in this study, unless mentioned otherwise, were procured from Sigma-Aldrich (St.
Louis, MO, USA). For MIC determination assays, compounds were prepared as 50 mM stocks in DMSO and
evaluated for antimycobacterial activity at concentrations ranging from 50 to 0.05 wM. For these assays,
various strains were grown in MB 7H9 medium until the optical density at 600 nm (ODg,,) was 0.2, diluted
1,000 times, and added to 96-well plates containing drugs. The MIC,, value was defined as the drug
concentration at which no visible bacterial growth was observed. For MIC determination, 96-well plates
were incubated for either 1 day in the case of E. coli, 2 days in the case of M. smegmatis, or 14 days in
the case of M. bovis BCG and M. tuberculosis per standard protocols.

Cell cytotoxicity assays. Cell viability assays were performed using a 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability kit per the manufacturer's recommendations
(Sigma-Aldrich, St. Louis, MO, USA). Briefly, 2.5 X 104 THP-1 cells were seeded in triplicate wells in 96-well
plates. On the next day, the macrophages were washed and overlaid with medium containing drugs at
concentrations ranging from 25 uM to 0.05 wM for 96 h. In order to determine cell viability, 10 ul of the
MTT reagent was added to each well, and formazan crystals were dissolved in 100 ul of lysis solution. The
absorbance at 562 nm was measured in a plate reader, and cell viability was calculated according to
following formula: percent cell viability = (OD, of the test sample/OD,, of the control sample) X 100.
The 50% cytotoxic concentration (CC,) was defined as the concentration of drug at which 50% of cells
were viable.

Antimycobacterial activity in vitro and in macrophages. For in vitro experiments, M. bovis BCG
cultures were grown until the ODg,, was 0.2 in MB 7H9 medium and subsequently exposed to the various
drugs. At 7 days postexposure, the bacterial cultures were harvested and washed once with 1X
phosphate-buffered saline (PBS), and bacterial counts were enumerated by plating 100 ul of 10-fold
serial dilutions on MB 7H11 plates at 37°C for 3 to 4 weeks.

For intracellular killing experiments, THP-1 macrophages were seeded at a density of 2 X 10° (for the
M. bovis BCG experiment) or 5 X 10° (for the M. smegmatis experiment) in a 12-well plate and
differentiated by the addition of phorbol myristate acetate (PMA). Subsequently, macrophages were
infected with either M. bovis BCG or M. smegmatis at a multiplicity of infection (MOI) of 1:10 or 1:1,
respectively. At 3 to 4 h postinfection, the extracellular bacteria were removed by overlaying the
macrophages with RPMI medium containing 200 wg/ml amikacin. After 2 h, the infected macrophages
were overlaid with RPMI medium. On the next day, the macrophages were washed twice with 1X PBS
and overlaid with RPMI medium containing drugs. At designated time points (72 h and 96 h in the case
of M. smegmatis and M. bovis BCG, respectively), the macrophages were lysed in 1X PBS-0.1% Triton
X-100, and 100 ul of 10-fold serial dilutions was plated on MB 7H11 plates at 37°C for 3 to 4 weeks.

Generation of spontaneous resistant mutant and complemented strains. For the generation of
mutant strains spontaneously resistant to specific drugs, mid-log-phase cultures of M. bovis BCG were
plated on MB 7H11 plates containing the various drugs at a concentration of 10X MIC. The colonies
appearing on these drug-containing plates were grown until the ODg,, was 0.2 to 0.3, and MIC values
were determined as described above. For target identification, genomic DNA was isolated from both
wild-type and resistant mutant strains and subjected to next-generation sequencing (Edge-Bio, Gaith-
ersburg, MD). For complementation analysis, fbiB was PCR amplified and cloned into the mycobacterial
expression vector pVV16. The complemented strain was constructed by electroporation of pVV16-FbiB
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into the 5NP-resistant strain, and transformants were selected on MB 7H11 plates with 25 ug/ml
kanamycin.

Lipid analysis of mycolic acids from M. tuberculosis. M. tuberculosis cultures were grown until the
0Dy, Was 0.3 to 0.4, and 5-ml cultures were treated with the various drugs. At 1 h postincubation, M.
tuberculosis was labeled using 1 uCi/ml of [*Clacetate (56 mCi/mmol; PerkinElmer, USA) for 4 h. The
labeled bacilli were harvested, and the pellets were hydrolyzed by addition of 2 ml tetra-n-butyl
ammonium hydroxide (TBAH) and incubated overnight at 100°C. The fatty acids were esterified by
addition of 4 ml of dichloromethane, 300 wl of methyl iodide, and 2 ml of water, followed by end-to-end
mixing for 1 h at room temperature. The phases were separated by centrifugation, and the lower phase
was washed twice with distilled water, dried under a stream of air, resuspended in 3 ml of diethyl ether,
and centrifuged. The material insoluble in the solvent was transferred to new glass tubes, dried, and
resuspended in 200 ul dichloromethane. Equal volumes were loaded on silica gel 60 F,, thin-layer
chromatography (TLC) plates and resolved using hexane-ethyl acetate (19:1, vol/vol; two runs). The
bands corresponding to FAMEs and MAMEs were visualized by phosphorimaging and quantified using
ImageQuant (version 5.2) software (GE Healthcare Life Science, UK).

For analysis of TDM and TMM levels, M. tuberculosis cells were treated and labeled as described
above. The labeled bacilli were harvested, resuspended in chloroform-methanol (2:1, vol/vol), and
incubated overnight at 55°C. The samples were centrifuged, and the supernatants were dried in new
glass tubes and resuspended in 200 ul of chloroform-methanol (2:1, vol/vol). Equal volumes of the
various samples were spotted on normal-phase TLC plates and resolved using chloroform-methanol-
water (62:24:4, vol/vol/vol), and radioactive spots were visualized by phosphorimaging. The radioactive
spots corresponding to TDM and TMM were quantified using ImageQuant (version 5.2) software (GE
Healthcare Life Sciences, UK).

Intracellular metabolite analysis of M. bovis BCG treated with 5NP. For metabolite analysis,
mid-log-phase cultures of M. bovis BCG were incubated with 20 uM 5NP at 37°C with end-to-end mixing.
Following 8 h of incubation, bacterial cells were harvested and lysed by addition of acetonitrile, and
clarified lysates were prepared by centrifugation and filtered using 0.22-um-pore-size filters. The filtered
lysates were subjected to mass spectrometry analysis. Mass spectra were recorded with an AB Sciex triple
time of flight 5600 system.

Synthesis of small molecules. All reagents used for the chemical synthesis of 5NP structural analogs
were of American Chemical Society grade and purchased from either Sigma-Aldrich, Tokyo Chemical
Industry Co., or Alfa Aesar. The detailed protocol for the chemical synthesis of these structural analogs
is described in the supplemental material. The chemical reactions were monitored by thin-layer chro-
matography using F,., glass-backed silica plates. The plates were visualized by shortwave UV light (254
nm) and stained with p-anisaldehyde and phosphomolybdic acid. The final compounds were dissolved
in either CdCl,, d,-DMSO, or Cd;0D for collection of the nuclear magnetic resonance (NMR) spectra. The
NMR ("H NMR, 3C NMR) spectra were recorded using a Varian Gemini 300-MHz spectrometer or a Bruker
DPX 300-MHz or 500-MHz spectrometer. High-resolution mass spectrometry (time of flight mass spec-
trometry with electrospray or electrospray ionization) was performed using a JOEL JMS-700 mass
spectrometer.

Animal ethics statement. All animal experimental procedures were reviewed and approved by the
institutional Animal Ethics Committee of the Translational Health Science and Technology Institute and
the International Centre for Genetic Engineering and Biotechnology (ICGEB). Mouse efficacy experiments
were performed at the Tuberculosis Aerosol Challenge Facility according to the protocol of the ICGEB
Animal Care Committee.

In vivo mouse efficacy experiments. Female BALB/c mice were procured from the National Institute
of Nutrition, Hyderabad, India. In vivo mouse efficacy experiments were performed after aerosol infection
of BALB/c mice with approximately 100 CFU of M. tuberculosis. At 4 weeks postinfection, the mice were
treated with either 25 mg/kg or 100 mg/kg 3-methyl-6-nitro-1,10-phenanthroline or 10 mg/kg rifampin
for 14 days or 28 days. These compounds were orally administered daily in 1% carboxymethyl cellulose
formulations. The bacterial loads in the lungs and spleens of infected animals (5 animals per group) were
determined at both 2 weeks and 4 weeks posttreatment. For bacterial enumeration, tissues were
homogenized in saline, and 100 ul of 10-fold serial dilutions was plated on MB 7H11 plates at 37°C for
3 to 4 weeks.

Autophagy experiments and immunoblot analysis. For autophagy experiments, THP-1 cells were
differentiated by the addition of 50 ng/ml PMA and 1.5 X 106 THP-1 cells were seeded into each well of
12-well plates. On the next day, differentiated THP-1 cells were treated with the various drugs and
clarified lysates were prepared by lysing macrophages in radioimmunoprecipitation assay buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS)
containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The amount of protein in the
cell lysates was quantified using a bicinchoninic acid kit (Sigma-Aldrich, St. Louis, MO, USA), and 50 ug
of protein was electrophoresed on 15% SDS-polyacrylamide gels and subjected to immunoblot analysis.
After protein transfer, the nitrocellulose membrane was blocked in 2% skimmed milk and probed
overnight with either anti-Beclin-1, anti-Atg-3, anti-Atg-7, or anti-LC3 (Cell Signaling Technology, MA,
USA) antibodies at 4°C. This was followed by incubation of the nitrocellulose membrane with secondary
antibody for 45 min at room temperature, and protein bands were visualized using an enhanced
chemiluminescence kit (GE Healthcare Life Science, UK). In order to determine equal loading among the
various lanes, the blots were stripped and probed with B-actin antibody (Cell Signaling Technology, MA,
USA) following the same protocol described above.
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Immunofluorescence detection of LC3. For the confocal microscopy experiment, 5 X 10° THP-1

cells were differentiated by addition of PMA to 18-mm glass coverslips in a 12-well plate. On the next day,
differentiated THP-1 cells were treated with the various drugs for 24 h, washed two times with 1X PBS,
and fixed in 4% paraformaldehyde. The fixed cells were blocked in buffer containing 2% bovine serum
albumin and 0.3% NP-40 for 1 h and incubated overnight with anti-human LC3 antibody (Cell Signaling
Technology, MA, USA) at 4°C. The labeled cells were subsequently washed and incubated with Alexa
Fluor 568-conjugated goat anti-rabbit IgG antibody (Thermo Fisher Scientific, IL, USA) for 1 h. The cells
were then washed three times with 1X PBS, and the coverslips were mounted on glass slides with
Fluoromount aqueous mounting medium (Sigma-Aldrich, USA) and observed under a confocal scanning
laser microscope (CSLM; Leica Microsystems, Wetzlar, Germany). For quantitative analysis, images were
taken at random locations and the numbers of LC3 puncta per cell in all the fields were counted by an
observer who did not have any information about the experimental setup.

Statistical analysis. Prism software (version 5.01; GraphPad Software Inc., CA, USA) was used for

statistical analysis and the generation of graphs. For normally distributed data, comparisons were
performed by a paired (two-tailed) t test. Differences between groups were considered significant at a
P value of <0.05.

SUPPLEMENTAL MATERIAL
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