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ABSTRACT Delamanid (DLM), a nitro-dihydroimidazooxazole derivative currently
approved for pulmonary multidrug-resistant tuberculosis (TB) therapy, is a prodrug
activated by mycobacterial 7,8-didemethyl-8-hydroxy 5-deazaflavin electron transfer
coenzyme (F,,0)-dependent nitroreductase (Ddn). Despite inhibiting the biosynthesis
of a subclass of mycolic acids, the active DLM metabolite remained unknown. Com-
parative liquid chromatography-mass spectrometry (LC-MS) analysis of DLM metabo-
lites revealed covalent binding of reduced DLM with a nicotinamide ring of NAD de-
rivatives (oxidized form) in DLM-treated Mycobacterium tuberculosis var. Bacille de
Calmette et Guérin. Isoniazid-resistant mutations in the type Il NADH dehydrogenase
gene (ndh) showed a higher intracellular NADH/NAD ratio and cross-resistance to
DLM, which were restored by complementation of the mutants with wild-type ndh.
Our data demonstrated for the first time the adduct formation of reduced DLM with
NAD in mycobacterial cells and its importance in the action of DLM.
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uberculosis (TB), caused by Mycobacterium tuberculosis infection, remains the most

prevalent cause of death due to a single infectious agent (1). The emergence of TB
resistant to current first-line drugs (multidrug-resistant TB [MDR-TB] with resistance to
the first-line drugs isoniazid [INH] and rifampin [RIF]) and MDR-TB with additional
resistance to any of the fluoroquinolones and to at least one of the three injectable
second-line drugs (extensively drug-resistant TB [XDR-TB]) is problematic in various
clinical settings.

Delamanid (DLM) is a key drug in the treatment of MDR-TB and XDR-TB, which was
approved in Europe and Japan in April and July 2014, respectively. DLM is a prodrug
that is metabolized in M. tuberculosis (Fig. 1). In M. tuberculosis, coupled with oxidation
of glucose-6-phosphate (G6P) to 6-phospho-gluconolactone (GDL-6-P), 7,8-didemethyl-
8-hydroxy 5-deazaflavin electron transfer coenzyme (F,,,) is reduced to F,,,H, by
F4,0-dependent G6P dehydrogenase (Fgd1, Rv0407). DLM is then reduced by F,,H,-
dependent nitroreductase (Ddn, Rv3547) coupled with F,,,H, oxidation (2-4). Actually,
mutations in the genes encoding F,,, synthesizing enzymes, including FbiA (Rv3261),
FbiB (Rv3262), and FbiC (Rv1173) (5-7), as well as Fgd1 and Ddn, lead to resistance to
DLM (2, 4, 8, 9). However, the critical metabolite of DLM that expresses antimycobac-
terial activity remains unclear.
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FIG 1 Biosynthesis of coenzyme F,,, and F,,,H,-dependent reduction of DLM in M. tuberculosis. The 7,8-
didemethyl-8-hydroxy-5-deazariboflavin (FO) is synthesized from pyrimidinedione by a series of reactions catalyzed
by enzymes, including FbiC (Rv1173) (5). FbiA (Rv3261) transfers a 2-phospho-L-lactate moiety to FO, resulting in
the synthesis of F,,, with no poly-y-glutamate tail (F,,,-0) (6). FbiB (Rv3262, y-glutamyl ligase) catalyzes the
addition of L-Glu to F,,,-0, resulting in the synthesis of F,,,-n (6, 7). Coupled with oxidation of G6P and reduction
of F,,, by Fgd1, DLM is reduced by F,,,H,-dependent Ddn (Rv3547) (2-4). The reduced intermediate of DLM is
deduced to attack an unknown target. A major part of the reduced intermediate is further converted in
mycobacteria to desnitro-DLM (inactive form) by H,O quenching.

The major metabolite of DLM in DLM-treated Mycobacterium was a desnitro-
imidazooxazole form (desnitro-DLM; Fig. 1) that had no antimycobacterial activity,
suggesting that a nitro radical anion form of DLM that may be an intermediate
metabolite between DLM and the desnitro-DLM may possibly target cellular compo-
nents (2). It is well known that the radicals of INH and ethionamide (ETH) generated in
mycobacterial cells formed the adducts with NADH, which interfere with the activity of
essential NADH-dependent trans-2-enoyl-acyl carrier protein reductase (InhA) (10-13).
Our previous study revealed that around 20% of the radioactivity of #C-labeled DLM
("4C-DLM) was distributed to cellular components of wild-type (WT) BCG (2). In contrast,
radioactivity was almost background level in a DLM-resistant (DLM") mutant in which
DLM is not reduced due to a mutation in ddn (2, 4). In this study, we demonstrated an
adduct formation of activated DLM with NAD derivatives (oxidized form) by compre-
hensively analyzed DLM-derived components specifically generated in DLM-susceptible
mycobacteria using liquid chromatography-mass spectrometry (LC-MS) and suggested
an important role of NAD-DLM adduct formation in the bactericidal action of DLM.

RESULTS

Detection of DLM metabolites specifically generated in a DLM-susceptible
strain. We analyzed cellular extracts isolated from DLM-treated mycobacterial cells by
LC-MS to identify DLM metabolites specifically generated in a DLM-susceptible strain.
Figure 2A shows the chemical structure of DLM. Based on our previous observations
(2), we predicted that activated DLM binds to cellular targets through a reduced
nitroimidazole ring. Resultant DLM adducts should always contain the 4-(4-[4-
trifluoromethoxyphenoxylpiperidin-1-yl)phenoxy group (m/z 352). We thus analyzed
the extracts with a precursor ion scan for m/z 352 and compared the spectrum data
between WT Mycobacterium tuberculosis var. Bacille de Calmette et Guérin (BCG;
formerly called Mycobacterium bovis BCG) (14) and DLM-resistant (DLM") BCG. To
confirm whether these peaks were actually derived from DLM metabolites, a precursor
ion scan for m/z 358 was also performed after treatment of WT BCG with stable
isotope-labeled DLM ('3C4-DLM; Fig. 2A), whose fragment ion would be 6 Da larger
than that of DLM.
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FIG 2 Identification of DLM-binding molecules, comparing the WT and DLM" BCG strains using a precursor ion scan. (A) Chemical
structures of DLM and "*C,-DLM. When DLM or '3C,-DLM was analyzed with a product ion scan, a fragment ion of m/z 352 or 358
was identified as the characteristic major fragment ion. (B) LC peak profiles obtained using LC-MS analysis of DLM-binding
molecules using a precursor ion scan. Cellular components extracted from WT and DLMr BCG strains were analyzed with LC-MS
analysis using a precursor ion scan for m/z 352. Each panel indicates the extracted ion chromatograms of components identified

(Continued on next page)
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Specific peaks detected in the extract from DLM-treated WT BCG are shown in Fig.
2B. Eight components (peaks A to H; refer to Fig. 2C and Fig. S1A, C, E, and G in the
supplemental material) were detected in precursor ion chromatograms for m/z 352 of
the WT BCG but not in those of DLM" BCG (Fig. 2B; DLM"). As for peaks A to D, similar
peaks (A’ to D') whose precursor ions were 6 more than those of peaks A to D were
detected in precursor ion chromatograms for m/z 358 of 3C-DLM-treated WT BCG (Fig.
2G; Fig. S1B and D). Regarding peaks A, C, and G, the common fragment ions of m/z 378
(or 377), 352, and 200 were detected in their product ion spectra and in that of
desnitro-DLM, (Fig. 2D), suggesting that a desnitro-DLM moiety is a common partial
structure of peaks A, C, and G.

Peaks E and F (m/z 979 and 1,069) were assigned to [2M+H]™ (M = 489, desnitro-
DLM and M = 534, DLM, respectively), a finding supported by the 12-Da greater m/z
values of peaks E’ and F’ in the sample treated with '3C,-DLM compared to peaks E and
F (Fig. ST1E and F). Additional evidence was that a peak showing a similar retention time
as peak F was also detected in the high-pressure liquid chromatography (HPLC)
chromatogram of a cellular extract isolated from DLM-treated DLMr" BCG (Fig. 2B).

Identification of NAD+ during activation of DLM. Based on the equation de-
scribed in Materials and Methods, molecular weights (MW) of partner molecules in
peaks A, C, and G were calculated as MW 122, 254, and 663, respectively. In the Reaxys
database, the MW 663 and 122 molecules were predicted, respectively, as NAD* and
nicotinamide (NAM), which is a part of NAD* (Fig. 3A). Although there was no
candidate for the MW 254 molecule in the Reaxys database, we hypothesized that ADP
was dissociated from NAD™ to yield a nicotinamide-riboside (NR) (MW 254; Fig. 3A). In
the product ion scan of a commercially available NAD*, a fragment ion of m/z 428 (Fig.
S2A), namely, ADP, was detected (15). Both detection of a precursor ion of m/z 1,151,
which corresponded to peak G, in the precursor ion spectrum for m/z 428 (Fig. 3B) and
detection of m/z 428 in the product ion spectrum of peak G (Fig. 2D) strongly supported
this prediction.

Possible locations for the coupling reaction on the nitroimidazooxazole ring of DLM
were predicted to be at the 6- or 5-positions. To determine the exact structure of
NAD-DLM adducts, we chemically synthesized the two derivatives 6-NAM-DLM and
5-NAM-DLM (Fig. 3C). These compounds were analyzed, and their product ion spectra
were compared with that of peak A (m/z 610, corresponding to the m/z of NAM-DLM).
The retention times of 6-NAM-DLM and 5-NAM-DLM in HPLC were 10.94 and 10.58 min,
respectively (Fig. 3D, peaks 1 and 2), and the retention time of peak A (10.95 min) was
almost identical to that of 6-NAM-DLM (Fig. S2B to D, peak 1). The fragment ions of m/z
593, 432, 406, 378, 352, 240, and 200 detected in the product ion spectrum of
6-NAM-DLM (Fig. 3E) were also detected in that of peak A (Fig. 2D). In contrast, the
fragment ion pattern of 5-NAM-DLM (Fig. 3F) was not similar to that of peak A. Taken
together, these data suggest that NAM binds covalently at the 6-position in the
nitroimidazooxazole ring of DLM.

We next synthesized 6-NR-DLM and 6-NAD-DLM (desnitro-DLM bound to NR or
NAD™ at the 6-position, shown in Fig. 3G and H, respectively). The retention times of
6-NR-DLM and 6-NAD-DLM were 9.11 and 7.04 min, respectively (Fig. 3D, peaks 3 and
4) and were almost identical to those of peaks C (9.13 min) and G (7.05 min) (Fig. S2B
to D, peaks 2 and 3, respectively). The fragment ions of m/z 377, 352, and 200 were
detected in the product ion spectrum of 6-NR-DLM (Fig. 3G) and in the product ion
spectrum of peak C (Fig. 2D). The fragment ions of m/z 610, 593, 428, 406, 378, 352, and

FIG 2 Legend (Continued)
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by the precursor ion scan for m/z 352 in the ranges of m/z 500 to 700 (left), m/z 700 to 800 (second from left), m/z 900 to 1,100
(second from right), and m/z 1,100 to 1,200 (right). Upper panels, components extracted from WT BCG; lower panels, components
extracted from DLMr BCG. (C) Summary of precursor ions specifically detected in the extracts of DLM- or '*C,-DLM-treated WT BCG
using a precursor ion scan for m/z 352 and 358, respectively. Original precursor ion spectra of the extracts are shown in Fig. S1.
ND, not detected because the intensity was weak. (D) Product ion spectra of peaks A, C, G, and desnitro-DLM. Common fragment

ions with m/z 378 (or 377), 352, and 200 are detected in each spectrum.
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FIG 3 Comparative analysis of predicted DLM-binding molecule candidates using chemically synthesized 5-NAM-DLM, 6-NAM-DLM, 6-NR-DLM, and 6-NAD-
DLM. (A) Chemical structures of DLM-binding molecular candidates: NAD* (MW, 663) and its component molecules, nicotinamide-riboside (NR; MW, 254) and
nicotinamide (NAM; MW, 122) predicted with the Reaxys database and based on mass sizes of the peaks. The structure of ADP (m/z 428) is indicated. (B)
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200 were detected in the product ion spectrum of NAD-DLM (Fig. 3H) and in the
product ion spectrum of peak G (Fig. 2D). Judging from the corresponding retention
times and MS patterns, peaks A, C, and G were identical to 6-NAM-DLM, 6-NR-DLM, and
6-NAD-DLM, respectively. From this result, we anticipate that peak D and peak H can be
assigned to reduced 6-NR-DLM and 6-NADH-DLM (Fig. S1C and G).

In vitro antimycobacterial activity of chemically synthesized DLM adducts. We
examined the antimycobacterial effects of DLM adducts (6-NAM-DLM, 6-NR-DLM, and
6-NAD-DLM) to M. tuberculosis and BCG strains and found that none of these synthe-
sized adducts showed antimycobacterial activity (MICs, >25 ug/ml; Table S1). This is
presumably due to a lack of membrane permeability described as follows. Localized
charge or highly polar groups can significantly decrease the passive permeation (16).
Both NAD-DLM and NR-DLM have pyridinium moiety which has a positive charge, and
NAD-DLM has negatively charged phosphate moiety as well. It has been reported that
membrane permeability is typically limited when total polar surface area (tPSA) exceeds
140 A (17). Lipinski’s “Rule of 5” has also been used to predict drug bioavailabilities and
has been generally successful at predicting membrane permeability (18). A compound
with fewer than 5 hydrogen bond donors and 10 hydrogen bond acceptors, a molec-
ular weight of less than 500, and an octanol-water partition coefficient (ClogP) of less
than 5 would be membrane permeable. Having 10 or fewer rotatable bonds is also
known as a good criterion for better permeability across artificial membranes (19). As
shown in Table S2, these criteria suggest that at least NAD-DLM and NR-DLM might not
permeate the membranes of mycobacteria. On the other hand, NAM-DLM had the
same range of these values as DLM, suggesting that NAM-DLM may permeate the
membrane but not affect the drug target of DLM directly.

Isolation of thermosensitive (TS) mutants showing cross-resistance to INH and
DLM. We further evaluated the role of DLM adducts in the antimycobacterial action of
DLM. Mycolicibacterium smegmatis (formerly called Mycobacterium smegmatis) (14), a
saprophytic, fast-growing mycobacterial species widely used as a model for the study
of mycobacteria (20, 21), is naturally resistant to DLM (MIC, =16 ug/ml; Fig. S3A). The
expression of BCG-derived fbiA (JTY_3286), fbiB (JTY_3287), fbiC (JTY_1209), fgd1
(JTY_0416), and ddn (JTY_3612) was enough for M. smegmatis (called strain shi) to be
susceptible to DLM (MIC, 0.063 to 0.125 wg/ml; Fig. S3A), suggesting that the target
pathway of DLM is conserved among M. tuberculosis, BCG, and M. smegmatis. NAD-DLM
was actually detected in chloroform/methanol extract of DLM-treated shi strain (Fig.
S3B). Thus, we decided to use this DLM-susceptible M. smegmatis strain shi to evaluate
the role of adduct formation in DLM action.

Currently, it is known that adducts of INH and ETH with NADH inhibit a target
enzyme InhA competitively to NADH (10-13). Vilchéze et al. and Miesel et al. reported
the tolerance to INH and ETH due to elevated cellular NADH levels caused by the T°
mutations of the type Il NADH dehydrogenase (Ndh) gene (ndh, MSMEG_3621) (12, 22),
suggesting that similar mutations in ndh may also alter bacterial susceptibility to DLM.
From spontaneous T° INH-resistant (INH") mutant colonies, we established four DLM-
resistant (DLM") mutants (shi-4-1, shi-8-1, shi-10-1, and shi-11-1; Fig. S3C), which grew
in the presence of 1 ug/ml DLM. After exposure of these strains to 25 ug/ml DLM, we
further established four mutant derivatives (shi-4-25, shi-8-25, shi-10-25, and shi-11-25;
Fig. S3Q).

As we expected, the analysis of single nucleotide polymorphisms (SNPs) using
next-generation sequencing revealed that all T> INH" DLM" mutants contained nonsyn-
onymous nucleotide substitutions in ndh (shown in Table 1 and Fig. S3D). Of the four
original mutants (shi-4-1, shi-8-1, shi-10-1, and shi-11-1), two (shi-10-1 and shi-11-1)

FIG 3 Legend (Continued)
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lon chromatogram of synthesized 6-NAM-DLM (1), 5-NAM-DLM (2), 6-NR-DLM (3), and 6-NAD-DLM (4). (E and F) Product ion spectra of synthesized 6-NAM-DLM
(E) and 5-NAM-DLM (F). (G) Chemical structure and product ion spectrum of 6-NR-DLM (chemical formula C;4H;,F;NsO4*; exact mass, 742.2700 Da). (H) Chemical
structure and product ion spectrum of 6-NAD-DLM (chemical formula C,¢Hs,F5N,,0,4P,*; exact mass, 1,151.2888 Da). R = 4-(4-[4-trifluoromethoxyphenoxy]pi-

peridin-1-yl)phenoxy group.
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TABLE 1 SNPs found in T° INH" DLM" mutant strains and drug susceptibility

SNPs in ndh Susceptibility (MIC, pug/ml) to:

Strain Nucleotide change Amino acid change DLM INH ETH RIF SM EB

shi 0.063 16 64 16 0.625 0.031
shi-4-1 G251T Gly84val =8 256 =1024 4 0.625 0.016
shi-4-25 G251T, G1297A Gly84Val, Ala433Thr =8 128 =1024 16 0.625 0.031
shi-8-1 G523A Ala175Thr =8 128 =1024 16 0.625 0.031
shi-8-25 G523A Ala175Thr =8 128 =1024 16 0.625 0.031
shi-10-1¢  T662G Met221Arg 0.25 128 =1024 8 0.625 0.031
shi-10-259 T662G Met221Arg =8 128 =1024 16 0.625 0.031

aStrains shi-11-1 and shi-11-25 indicated same genotypes as those of strains shi-10-1 and shi-10-25,
respectively.

contained the same SNP (T662G [Met221Arg]; Table 1 and Fig. S3D). Strain shi-8-1
contained a SNP in the NAD-binding domain of Ndh (G523A [Ala175Thr]; Table 1 and
Fig. S3D) (23). Strain shi-4-1 contained another SNP (G251T [Gly84Val]; Table 1 and Fig.
S3D). Strains shi-8-25, shi-10-25, and shi-11-25 contained the same ndh SNPs found in
their respective parental strains. In contrast, strain shi-4-25 contained an additional SNP
(G1297A [Ala433Thr]; Table 1 and Fig. S3D) and the G251T of its parent, shi-4-1. No SNP
was found in either the flavin adenine dinucleotide (FAD)-binding domain or the
transmembrane domain of ndh (23, 24).

All mutants showed high INH MIC levels (128 to 256 ug/ml; Table 1) compared to
that of the parental strain shi (16 wg/ml). Similarly, all mutants except for shi-10-1
showed high DLM MIC levels (=8 ug/ml; Table 1) compared to that of strain shi
(0.063 g/ml). The strain shi-10-1 showed moderate resistance to DLM (MIC, 0.25 ug/
ml; Table 1). As reported by Vilchéze et al. (12), cross-resistance of all mutants to ETH
was also observed (=1,024 ng/ml, compared to 64 ug/ml of strain shi; Table 1). In
contrast, mutations in ndh did not affect the susceptibility to other drugs, such as RIF,
streptomycin (SM), and ethambutol (EB) (Table 1). Taken together, all T> INH™ DLM"
mutants contained SNPs in ndh and showed cross-resistance to DLM, INH, and ETH, all
which form an adduct with NADH or NAD in mycobacteria.

The mutations in ndh affected cellular redox balance and DLM susceptibility.
We then examined the intracellular NADH/NAD redox balance of the mutant.
As expected, the shi-4-25 strain showed a significantly higher NADH/NAD ratio
(0.207 = 0.012, P =0.000000316) than that of the WT shi strain (0.0984 = 0.0012;
Fig. 4A), suggesting the shift of cellular redox balance to a reduced environment by the

A P=0.260 B H control

P=0.000000142 [] bLM 0.125 pg/mi [l DLM 0.5 pg/ml

P=0.000000316

FIG 4 Complementation of the TS INH" DLMr mutant with WT ndh restored to its DLM susceptibility. (A) Intracellular
NADH/NAD balance and drug susceptibility of the above-named strains under aerobic conditions. Regarding
NADH/NAD balance, data are presented as the mean = standard deviation (SD) (n = 3). The result shown is
representative of at least three independent experiments. P values are indicated in a panel. (B) Drug susceptibility
of the above-named strains under anaerobic conditions. For each strain, CFU after drug exposure were normalized
by CFU of the control culture (no drug) and shown as viability. Data are presented as the mean * SD (n = 3). Data
were analyzed using analysis of variance (ANOVA). *, P < 0.05 compared to control; #, P < 0.05 compared to shi at

the same DLM concentration.
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TABLE 2 Cellular concentrations of NAM-DLM, NR-DLM, and NAD-DLM in BCG and human hepatocytes after treatment with DLM

Cellular concn of DLM metabolites (ng/ml)®

Treatment NAM-DLM NR-DLM NAD-DLM
Time (h) ID< BCG Tokyo Human hepatocytes BCG Tokyo Human hepatocytes BCG Tokyo Human hepatocytes
1 1 1.52 <0.104° 16.0 <3.35¢ 47.8 <2.65°
2 1.49 <0.104% 16.9 <3.35¢ 56.1 <2.65°
Mean 1.51 <0.104° 16.5 <3.35% 52.0 <2.65°
24 1 64.2 <0.104° 520 <3.35¢ 170 <2.65°
2 66.0 <0.104° 528 <3.35° 194 <2.65°
Mean 65.1 <0.104° 524 <3.35° 182 <2.65°

aThe concentrations were measured in duplicate.
bBelow lower limit of quantification.
<ID, measurement number. Mean, mean of 1 and 2.

reduction of Ndh activity. In fact, we found reduced NAD-DLM formation in such
reduced intracellular environments of ndh mutants (Fig. S3B). We complemented
shi-4-25 with WT ndh (shi-4-25:ndh; Fig. S3E). The mutation in ndh and complemen-
tation with WT ndh did not significantly alter the expression levels of other proteins,
such as InhA (Fig. S3E). Expression of WT Ndh restored the NADH/NAD ratio
(0.0868 = 0.0064) to levels comparable to that of the WT strain (Fig. 4A; P = 0.260).
Concomitantly with the NADH/NAD ratio, bacterial susceptibility to DLM, INH, and ETH
was also restored by complementation of WT Ndh (Fig. 4A). These findings suggest the
role of NAD-DLM adduct in the antimycobacterial action of DLM.

DLM can kill not only replicating mycobacteria, but also hypoxic nonreplicating
mycobacteria (25). Therefore, we further tested DLM susceptibility of the established
ndh mutants under hypoxic nonreplicating conditions. Even under hypoxic conditions,
the viability of the WT strain shi was significantly reduced by exposure to DLM
at =0.125 pg/ml (Fig. 4B; P < 0.05). In contrast, reduction of viability of the ndh mutant
(shi-4-25) was only slight compared to shi (Fig. 4B; P < 0.05). Complementation of
shi-4-25 with WT ndh (shi-4-25:ndh) restored susceptibility to DLM (P < 0.05). In
addition, shi:ndh (which expresses additional WT ndh inserted in a plasmid) tended to
be more susceptible to DLM than the original shi. These findings suggest the same
antimycobacterial action of DLM even under hypoxic nonreplicating conditions.

DLM is not metabolized by NAD-related mechanisms in host cells. Because NAD
is a coenzyme that is generally found in all living cells, we quantitatively measured
NAD-DLM, NR-DLM, and NAM-DLM in WT BCG and human hepatocytes using LC-MS.
WT BCG or human hepatocytes (8.3 X 10° cells) were treated with 10 pg/ml DLM for 1
or 24 h, followed by quantitative measurement of NAD-DLM, NR-DLM, and NAM-DLM
in cellular extracts using LC-MS as described for the previous experiment. As shown in
Table 2, the concentrations of NAM-DLM, NR-DLM, and NAD-DLM in the DLM-treated
BCG extract were 1.51, 16.5, and 52.0 ng/ml, respectively, after 1 h of incubation and
increased further after 24 h of incubation (65.1, 524, and 182 ng/ml, respectively). On
the other hand, in human hepatocytes, concentrations of these complexes were below
the lower limit of quantification after either 1 h or 24 h of incubation.

DISCUSSION

Our previous observation (2) suggests that, after reduction of DLM by Ddn in
mycobacterial cells, reduced DLM chemically reacts with a molecule which is involved
in a target cellular reaction, eventually resulting in diminished synthesis of keto- and
methoxy-mycolic acids (K-MAs and M-MAs) and bacterial death. Based on LC-MS
analysis of the extracts of DLM-treated BCG and molecular prediction in this study, we
predicted NAD* to be a partner molecule that covalently binds to reduced DLM in
mycobacteria. Based on data obtained from comprehensive LC-MS analysis using
synthesized DLM adduct with NAD derivatives, the proposed mechanism for DLM
metabolization and subsequent adduct formation with NAD* is shown in Fig. 5. In M.
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FIG 5 Proposed DLM metabolism in mycobacteria based on the findings of this study. The nitroimidazooxazole ring of DLM is reduced by Ddn (Rv3547). R,
4-(4-[4-trifluoromethoxyphenoxy]piperidin-1-yl)phenoxy group. Asterisks (*) indicate the structures identified with synthesized compounds. Corresponding
peaks detected in the precursor ion scan for m/z 352 are also indicated. [O] indicates oxidation.

tuberculosis and BCG, the electron-deficient 6-position carbon on the nitroimidazooxa-
zole ring of DLM is attacked by a hydride from F,,,H, of Ddn (Rv3547) to form a
carbanion next to the nitro group (26). If the carbanion is quenched by water, the
intermediate is converted to desnitro-DLM (Fig. 1). The 4-position of the pyridinium of
NAD receives two electrons from the anion, followed by elimination of nitrous acid
from the nitroimidazooxazole ring of DLM. Therefore, the possible initial form is
NADH-DLM. Reduced NR-DLM would be obtained by decomposition of NADH-DLM or
direct reaction of the reduced carbanion intermediate with reduced NR. Eventually,
NADH-DLM would be further oxidized to NAD-DLM. Oxidized NR-DLM and NAM-DLM
would be obtained by decomposition of NAD-DLM or direct reaction of the reduced
carbanion intermediate with oxidized NR or NAM.

The analyses of T> INH" DLM" ndh mutants and the WT ndh-complemented strain
(Table 1 and Fig. 4) suggested an important role of DLM adducts in the antimycobac-
terial activity. Antimycobacterial action of synthesized NAD-DLM, NR-DLM, and NAM-
DLM has not been seen so far. As described above (Table S2), our prediction using tPSA
and Lipinski’s Rule of 5 strongly supported low membrane permeability of NAD-DLM
and NR-DLM. However, NAM-DLM was predicted to be as membrane permeable as
DLM, suggesting that antimycobacterial forms of DLM might be NAD-DLM (and/or
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NR-DLM), rather than NAM-DLM. Unlike a partner molecule of INH or ETH (NADH), DLM
forms an adduct with NAD*. Therefore, a possible explanation of DLM tolerance is that
depletion of NAD due to T mutations in ndh prevents adduct formation of reduced
DLM with NAD. Our LC-MS data also suggest the formation of NADH-DLM (Fig. S1, peak
H), suggesting a tolerance mechanism similar to those of INH and ETH (12, 22).
However, NADH-DLM is an unstable intermediate of NAD-DLM, since reduced NAM-
DLM (whose protonated molecule should be m/z 612) was not detected in this study.

PA-824 with a bicyclic nitroimidazooxazine core structure is also activated by Ddn in
mycobacteria, followed by release of nitro group (3). Previously, a significant role of
reactive nitrogen oxide (NO) generated from the released nitro group in the killing of
hypoxic, nonreplicating mycobacteria was reported (26). However, we found that the
ndh mutant M. smegmatis was resistant to DLM and that complementation with WT ndh
also restored susceptibility to DLM under anaerobic conditions (Fig. 4B). Further-
more, an NO scavenger has no significant effect on antimycobacterial activity of DLM
against hypoxic nonreplicating BCG or M. smegmatis shi (Fig. S4), suggesting the role
of NAD-DLM adduct formation, rather than NO generation, in DLM activity even under
anaerobic conditions.

In conclusion, we propose that the active DLM that is generated on reduction by
Ddn forms an adduct with NAD*. Although we could not demonstrate inhibitory
activity of DLM adducts against mycobacterial growth, our data obtained using ndh
mutants suggest the importance of NAD-DLM formation in the expression of antimy-
cobacterial activity under both normoxic and hypoxic conditions. This DLM metabolism
is seen only in mycobacterial cells, not in host cells. In humans, two main nitroreduc-
tases were identified, NQO1 (DT-diaphorase) and NQO2 (NADI[P]H quinone oxidoreduc-
tase 2) (27); however, DLM is not metabolized by these two enzymes (28). Indeed, the
concentrations of NAD-DLM, NR-DLM, and NAM-DLM were below the detection limits
of quantification in DLM-treated human hepatocytes (Table 2). This fact supports the
selective toxicity of DLM to mycobacteria. The identification of substantial activity of
DLM adducts in mycobacteria (a principal target of the adducts) is awaited to reveal the
entire mode of action of DLM.

MATERIALS AND METHODS

Bacterial strains and culture media. DLM-susceptible WT BCG Tokyo strain was purchased from the
Institute of Medical Science, the University of Tokyo. A DLM" mutant BCG Tokyo strain that contains a
mutation in ddn (JTY_3612) was developed previously (2). M. smegmatis mc?_155 was kindly provided by
Thomas Dick (Novartis Institute for Tropical Diseases).

All BCG strains were cultured in Middlebrook 7H9 broth (Becton, Dickinson, San Jose, CA) supple-
mented with 10% ADC enrichment (Becton, Dickinson) and 0.05% (vol/vol) Tween 80 (7H9-ADC broth)
or on Middlebrook 7H11 agar (Becton, Dickinson) supplemented with 10% oleic acid-albumin-dextrose-
catalase (OADC) enrichment (Becton, Dickinson) (7H11-OADC agar). If necessary, ADC-free 7H9 broth was
also used. All M. smegmatis strains were cultured in Mueller-Hinton Il broth (Becton, Dickinson) contain-
ing 0.05% (vol/vol) Tween 80 (MHB IlI-Tween 80) or on Mueller-Hinton agar (MHA) (Becton, Dickinson)
supplemented with appropriate antibiotics necessary to maintain individual genetic characteristics. For
preparation of hypoxic nonreplicating cells, all BCG and M. smegmatis strains were cultured in modified
Dubos-bovine serum albumin (BSA) broth (0.5 g/liter pancreatic digest of casein, 2 g/liter asparagine, 1
g/liter monopotassium phosphate, 2.5 g/liter disodium phosphate, 50 mg/liter ferric ammonium citrate,
10 mg/liter magnesium sulfate, 0.5 mg/liter calcium chloride, 0.1 mg/liter zinc sulfate, 0.1 g/liter copper
sulfate, and 0.7 g/liter Tween 80, 0.5% bovine serum albumin, 0.75% b-glucose, and 0.085% sodium
chloride) supplemented with methylene blue (final amount, 1.5 ng/ml) and appropriate antibiotics.

Compounds synthesized in this study. The compounds synthesized in this study are listed in Table
S3. Test compounds and DLM derivatives were dissolved in dimethyl sulfoxide (DMSO) at a concentration
of 10 and 1 mg/ml, respectively. DLM derivatives were appropriately diluted with methanol/sample
buffer (1:1). The ClogP and tPSA of DLM, NAD-DLM, NR-DLM, and NAM-DLM were calculated using
ChemDraw version 16.0 (PerkinElmer, Waltham, MA).

Drug preparation. INH, ETH, RIF, and hygromycin B (HYG) were purchased from Sigma-Aldrich
(Tokyo, Japan). SM and kanamycin (KM) were purchased from Wako Pure Chemical Industries (Osaka,
Japan). EB was purchased from LKT Laboratories (St. Paul, MN, USA). DLM, ETH, and RIF were dissolved
in DMSO. INH, HYG, KM, and SM were dissolved in distilled water.

Other methods. LC-MS analysis of mycobacterial extracts and synthesized compounds, construction
of DLM-susceptible M. smegmatis, isolation of T5 INH" DLM" mutants, drug susceptibility tests, Western
blot analysis, measurement of cellular NADH/NAD concentrations, analysis of DLM metabolism in
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mycobacteria and human hepatocytes, and statistical analysis are described in detail in the supplemental
material.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.8 MB.
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