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Monooxygenase Required for Mycobacterium
tuberculosis Virulence
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Tuberculosis is difficult to cure, requiring a minimum of 6 months of treatment with multiple antibiotics.
Small numbers of organisms are able to tolerate the antibiotics and persist in the lungs of infected humans,
but they still require some metabolic activity to survive. We studied the role of the hypoxia-induced Rv1894c
gene in Mycobacterium tuberculosis virulence in guinea pigs, which develop hypoxic, necrotic granulomas
histologically resembling those in humans and found this gene to be necessary for full bacillary growth and
survival. We characterized the function of the encoded enzyme as a nitronate monooxygenase, which is
needed to prevent the buildup of toxic products during hypoxic metabolism and is negatively regulated by
the transcriptional repressor KstR. Future studies will focus on developing small-molecule inhibitors that
target Rv1894c and its homologs, with the goal of killing persistent bacteria, thereby shortening the time
needed to treat tuberculosis.
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Global efforts to control the tuberculosis pan-
demic have been hampered by the ability of the causa-
tive agent, Mycobacterium tuberculosis, to persist
despite robust immune responses and/or prolonged
chemotherapy. After inhalation, the organisms are
phagocytosed by alveolar macrophages, resulting
in potent cell-mediated immune responses and
formation of granulomas, which consist primarily of
M. tuberculosis–infected macrophages and T cells [1, 2].
Between 6 and 8 weeks after infection in humans,
these granulomas undergo caseous necrosis, resulting

in the death of the majority of tubercle bacilli and
destruction of surrounding host tissue [3]. Oxygen
limitation is believed to be an important microenvi-
ronmental condition of these granulomas [4]. Expo-
sure of M. tuberculosis to progressive hypoxia in vitro
induces a dormant state in which the bacilli cease to
divide and decrease metabolic activity [5], becoming
phenotypically tolerant to isoniazid [6]. However, the
adaptive mechanisms used by M. tuberculosis to
persist indefinitely in the infected host remain to be
elucidated.

The M. tuberculosis Rv1894c gene encodes a con-
served hypothetical protein that is overexpressed
during exposure to hypoxia [7–9] but is not a member
of the hypoxia-induced DosR/DevR regulon [7, 8].
The TetR-type protein KstR, encoded by the Rv3574
gene, negatively regulates the Mycobacterium smegma-
tis Rv1894c homolog and also binds to the promoter
region of theM. tuberculosis Rv1894c gene in vitro [10].
Previous high-throughput screening using defined
M. tuberculosis mutant pools suggested that Rv1894c
is essential for optimal survival under hypoxic
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conditions [11]. The encoded protein shows some similarity to
the nitronate monooxygenase (NMO) family (EC 1.13.12.16)
[12–14], which catalyzes oxidative denitrification of alkyl ni-
tronates to their corresponding carbonyl compounds and
nitrite [12, 13, 15–17]. Crystallization of the corresponding
enzyme, PA1024, in Pseudomonas aeruginosa revealed that a
ternary complex is formed with the cofactor flavin mononu-
cleotide (FMN) and the substrate 2-nitropropane [17]. The
authors proposed that the conserved histidine residue at posi-
tion 152 most likely acts as the essential catalytic base, since it
belongs to the highly conserved sequence motif IV and is cor-
rectly positioned in the structure. Several studies have shown
that NMO activity can be inhibited specifically by superoxide
dismutase (SOD), since significant alkyl nitronate oxidation
results from nonenzymatic reactions with superoxide [18–20].
Database searches reveal the possibility of 4 additional NMO
homologs in the M. tuberculosis genome, including Rv0021c,
Rv1533, Rv2781c, and Rv3553.

In this study, we investigated the role of Rv1894c in M. tu-
berculosis virulence in guinea pig lungs. Unlike mice, guinea
pigs infected with M. tuberculosis develop hypoxic granulomas
[21, 22], which histologically resemble those in humans with
respect to cellular composition, lesion architecture, and the
presence of caseation necrosis [23], wherein M. tuberculosis
persists extracellularly [24]. In addition, we experimentally
tested the bioinformatic prediction of NMO activity for the
Rv1894c protein and identified a conserved residue critical for
enzymatic activity. Finally, since prior studies reported that
KstR/Rv3574 binds to the Rv1894c promoter sequence [10],
we studied Rv1894c gene expression in a kstR-deficient M. tu-
berculosis recombinant strain.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
M. tuberculosis strains deficient in Rv1894c (Rv1894c::Tn) and
kstR/Rv3574 (kstR::Tn) were generated by transposon muta-
genesis of the wild-type CDC1551 strain [25]. The points of
insertion of the himar1 transposon in these mutants are at nu-
cleotide position 218 in Rv1894c, which is upstream of the
putative catalytic histidine residue, and at nucleotide position
484 in Rv3574. To create the Rv1894c-complemented strain,
the Rv1894c open reading frame, including 200-bp flanking
sequences, was polymerase chain reaction amplified from
CDC1551 genomic DNA, using forward primer Rv1894c-
comp-L and reverse primer Rv1894c-comp-R (Table 1). The
Gateway System (Invitrogen) was used to insert this fragment
into the integrating plasmid pGS202 [26], which contains the
hygromycin-selectable marker and integrates at the native attB
site in M. tuberculosis. This plasmid was electroporated into
the M. tuberculosis strain Rv1894c::Tn, generating the
Rv1894c-complemented strain (Rv1894c::Tn Comp).

Infection of Animals and Virulence Endpoints
Female Hartley guinea pigs (weight, 250–300 g; Charles River)
were housed in a Biosafety level 3, specific-pathogen-free facility
and fed water and chow ad libitum. All procedures followed
protocols approved by the Institutional Animal Care and Use
Committee at Johns Hopkins University. Separate groups of
guinea pigs were aerosol infected with approximately 600 bacilli
of wild-type M. tuberculosis CDC1551, Rv1894c::Tn, or
Rv1894c::Tn Comp [27]. Mean log-transformed colony-
forming units (CFUs) were compared by the Student t test.

Cloning, Expression, and Purification of Recombinant Native
and Mutant Rv1894c and PA1024 Proteins
The Rv1894c coding sequence was PCR amplified using
primers Rv1894c-ATG-L and Rv1894c-comp-R (Table 1). By
use of the Gateway System (Invitrogen), this fragment was
inserted into the protein expression plasmid pDEST17 (Invi-
trogen), incorporating an amino terminal His-tag into the
Escherichia coli–expressed protein. The resulting plasmid,
pHis-Rv1894c, was transformed into BL21-AI (Invitrogen).
Soluble protein was batch bound to Ni-NTA (Qiagen) and
purified according to the manufacturer’s recommendation.
The Pseudomonas aeruginosa gene PA1024, which encodes a
protein with known NMO activity [17], was PCR amplified
from a clinical isolate obtained from the Johns Hopkins
Hospital Microbiology Laboratory, using primers PA1024-
ATG-L and PA1024-R (Table 1); inserted into pDEST17 to
generate pHis-PA1024; and expressed and purified as described
above. The conserved putative catalytic histidine residue [17] of
each of these 2 proteins was changed to alanine by site-directed
mutagenesis with QuikChange II (Stratagene), using primers
H199A-F and H199A-R (Table 1) to generate pHis-Rv1894c-
H199A and primers H152A-F and H152A-R (Table 1) to
generate pHis-PA1024-H152A. These modified proteins were
expressed and purified as described above. Protein samples
were dialyzed against 0.1 M potassium phosphate buffer (pH
7.0) for 16 hours and concentrated using Amicon Ultra Cen-
trifugal 10 kDa Filters (Millipore), and protein concentration
was determined by the Bradford assay [28].

Nitronate Monooxygenase Activity and Inhibition Assays
Enzyme activity was measured in time-course experiments at
37°C, using 10 mM 2-nitropropane (substrate). The nitrite
(product) concentration was determined by the Griess reac-
tion [29] and measured by absorbance at 540 nM in a Model
680 microplate reader (Bio-Rad). Inhibition by SOD was mea-
sured in a time-course experiment, as well as in inhibitor
concentration-dependent assays at a single time point. In each
experiment, the nitrite concentration was determined by com-
parison with a titration of known nitrite concentrations. Statis-
tical analysis was performed by comparison of results from 3
independent protein purifications, using the Student t test.
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Gene Expression Studies
Expression of Rv1894c, 4 other putative homologs (Rv0021c,
Rv1533, Rv2781c, and Rv3553), and kstR were measured from
wild-type CDC1551 and kstR::Tn. RNA was extracted from in
vitro early log-phase cultures (OD600 = 0.5), late log-phase cul-
tures (OD600 = 1.0), and early stationary cultures (OD600 = 3.0)
from an equivalent number of bacilli. Purified RNA (250 ng)
was used for first-strand complementary DNA (cDNA) synthe-
sis, as per Superscript III (Invitrogen) protocols. Negative con-
trols were prepared using identical procedures but excluding
Superscript III enzyme. Gene expression levels were measured
using primers listed in Table 1 and an iCycler 5.0 (Bio-Rad).
Successful reactions contained a single peak by melt curves
analysis. Synthesized cDNA was subjected to 3 technical repli-
cates of PCR amplification, which were averaged to generate a
single value for each biological replicate. The cycle threshold
(CT) value obtained for each gene was normalized to a house-
keeping gene, sigA. Statistical analysis was performed using 3
biological replicates of each sample at each time point.

RESULTS

Construction and Genotypic Characterization of an Rv1894c-
Complemented Strain
To confirm the mutant phenotype of Rv1894c::Tn, an
Rv1894c-complemented strain (Rv1894c::Tn Comp) was con-
structed. PCR amplification of the kanamycin resistance

marker linked to the himar1 transposon and the hygromycin
resistance marker from the complementation construct re-
vealed products of the correct size in Rv1894c::Tn and
Rv1894c::Tn Comp strains, respectively, which were absent in
the isogenic wild-type strain (Figure 1A). Single-copy Rv1894c
integration at the proper location in Rv1894c::Tn Comp is ex-
pected to produce a 3.9-kb NruI restriction fragment, com-
pared with a 6.2-kb NruI restriction fragment in the wild type,
while maintaining the 8.3-kb NruI restriction fragment from
Rv1894c::Tn (Figure 1B). These findings were further corrobo-
rated by Southern blot (Figure 1C), using a DNA probe recog-
nizing the region of the Rv1894c coding sequence shown in
Figure 1B. Rv1894c is expected to be transcribed independent-
ly because the neighboring genes are oriented in opposite di-
rections (Figure 1D). No growth differences were noted
between the 3 strains in nutrient-rich broth.

Virulence in the Guinea Pig Aerosol Model
Following aerosol infection of guinea pigs with approximately
2.80 log10 bacilli of wild-type, Rv1894c::Tn, or Rv1894c::Tn
Comp strains, lung bacillary counts increased to approximately
6.5 log10 in animals infected with either wild type or Rv1894c::
Tn Comp after 14 days of infection and remained relatively
stable and not significantly different from one another at day
28 (P = .240) or day 56 (P = .078; Figure 2). Conversely, initial
growth of the Rv1894c::Tn mutant was mildly impaired in
guinea pig lungs, peaking at 5.9 log10 CFUs/lung on day 14
after infection. Subsequently, the bacillary burden in Rv1894c::

Table 1. Primers Used in This Study

Primer Designation Sequence Source

Rv1894c-comp-L GGGGACAAGTTTGTACAAAAAAGCAGGCTTTCTGCTCGGTGGGACAGCCGTCGT This Study

Rv1894c-comp-R GGGGACCACTTTGTACAAGAAAGCTGGGTTGCCGTCGAGAAGGCCTCGGACATC This Study
Rv1894c-ATG-L GGGGACAAGTTTGTACAAAAAAGCAGGCTCACACACTGCCATTTGCGACGAGCTCG This Study

PA1024-ATG-L GGGGACAAGTTTGTACAAAAAAGCAGGCTCAGGCGTGTTCAGGACCCGTTTCAC This Study

PA1024-R GGGGACCACTTTGTACAAGAAAGCTGGGTTGTCTCTTCGTCGTCAGTGGATAGA This Study
H199A-F GAGGCCGGCGGGGCCTGTGGCGAGGT This Study

H199A-R ACCTCGCCACAGGCCCCGCCGGCCTC This Study

H152A-F GAGTGTGCCGGCGCCCCGGGCGAGGA This Study
H152A-R TCCTCGCCCGGGGCGCCGGCACACTC This Study

Rv1894c-L ATGATCAAGCACATCCACGA This Study

Rv1894c-R GCTACCTCCTTGACGACCTG This Study
Rv0021c-L CCGAACTCGACATTCTCCAT This Study

Rv0021c-R GCCATACCGGTTATCACGTC This Study

Rv1533-L CGGTGGTCAAGGACAAGTTT This Study
Rv1533-R CCTGTCCGACGAAGTAGGTC This Study

Rv2781c-L TCCTATCGGAGCCAATCTGT This Study

Rv2781c-R AAGGTGAACGACACCACCTC This Study
Rv3553-L CGGCAAGTTTAGACGGATGT This Study

Rv3553-R CTCTTTGCACGACGGTAGGT This Study

Rv3574-L TTCCAGCGGCTGAACTTTAT This Study
Rv3574-R TACTGGTCCTCGGTTGGTTC This Study
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Tn mutant–infected guinea pigs dropped to 5.47 log10 CFUs/
lung by day 28 after infection and finally declined to 4.74
log10 CFUs/lung by day 56 after infection. These lung CFU
values were significantly lower than corresponding wild-type
values at day 14 (P < .0006), day 28 (P < .003), and day 56
(P < .0012). The Rv1894c::Tn lung CFUs were significantly
lower than corresponding Rv1894c::Tn Comp values at day 56
(P < .008).

Examination of guinea pig organs showed minimal differ-
ences between the groups at days 28 and 56, with a statistically
insignificant trend toward lower mean lung weight (Figure 3A)
and lower normalized mean spleen weight (Figure 3B) in the
Rv1894c::Tn-infected guinea pigs. Histological examination of
lung samples revealed peribronchiolar inflammation and mul-
tiple well-circumscribed granulomas comprising primarily
lymphocytes and histiocytes with central necrosis, which
did not differ significantly in size or number between groups
(data not shown). Ziehl-Neelsen staining revealed the
presence of multiple acid-fast bacilli in each group, primarily
in the periphery of the necrotic cores of granulomas (data not
shown).

NMO Activity and Inhibition
The amino acid sequences of the known NMO proteins from
P. aeruginosa and Neurospora crassa were aligned with the 5
putative NMO proteins from M. tuberculosis, revealing strict
conservation of the proposed catalytic histidine residue and
strong homology throughout the NMO domain (Figure 4A).
A FATCAT comparison of PA1024 and Rv1894c yielded a raw
score of 848.61 (P < .01) for similarity of the structure pairs
[30]. The structure alignment of the 2 proteins revealed 315
equivalent positions out of 376, with a root mean square devi-
ation of 0.64 and no twists in the structure required. This is
summarized graphically in Figure 4B, where the predicted sec-
ondary structure of Rv1894c is superimposed on the known
structure of PA1024, and the conserved histidine residue is
shown in space-fill. The equivalent positions between PA1024
and Rv1894c reconstitute the structure of PA1024, including
the cofactor (FMN) and substrate (2-nitropropane) binding
sites (Figure 4C). On the basis of these modeling data, we pre-
dicted that M. tuberculosis Rv1894c encodes an NMO that is
capable of converting an ethylnitronate to an acetaldehyde
and nitrite (Figure 4D).

Figure 1. Complementation of Rv1894c::Tn. A, Polymerase chain reaction analysis of genomic DNA. Lanes 1 and 6 contain wild-type genomic
template (WT), lanes 2 and 7 contain Rv1894c::Tn genomic template (Tn), lanes 3 and 8 contain the first Rv1894c::Tn Comp candidate (C1), and lanes 4
and 9 contain the second Rv1894c::Tn Comp candidate (C2). Lanes 2–4 show the presence of the kanamycin cassette marking the himar1 insertion in
the Rv1894c::Tn strain and both candidate complement strains. Lanes 8 and 9 show the presence of a region of the hygromycin gene marking the
integration of the Rv1894c::Tn Comp plasmid into both candidate strains. Lane 5 is the molecular marker, showing 100-bp increments, beginning with
100 bp at the bottom. B, Diagram of expected sizes of genomic fragments binding to the probe-recognizing region of the Rv1894c coding sequence. C,
Southern blot showing Rv1894c as a single-copy gene present in the correct fragment sizes in both wild-type (6.2 kb) and Rv1894c::Tn (8.3 kb) strains
(lanes 2 and 3, respectively). In both of the complement candidate strains (lanes 4 and 5), the mutant allele (8.3 kb) and the complement allele (3.9 kb)
are present. D, Map of genomic region surrounding Rv1894c.
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Recombinant native Rv1894c protein and Rv1894c mutant
protein containing an alanine substitution at the putative histi-
dine catalytic site in residue 199 (Rv1894c H199A) were puri-
fied from E. coli by affinity chromatography, using a 6-His tag
(Figure 5A). Copurification of a flavin molecule with both the
wild-type and mutant protein was inferred from the yellow
color that was specifically eluted in the protein fraction and

measured as absorption peaks at 370 and 445 nM in the
visible light range (Supplementary Figure 1). Activity of
Rv1894c and Rv1894c H199A to convert the substrate (2-
nitropropane) to the product (nitrite) wasmeasured (Figure 5B).
After 6 hours of incubation at 37°C, recombinant Rv1894c
protein converted 91.0 ± 33.5 µM nitrite from 10 mM 2-nitro-
propane. This amount increased to 515.7 ± 48.3 µM nitrite
after 21 hours of incubation, further increasing to 587.4 ±
111.6 µM nitrite after 24 hours. Each experiment was per-
formed in triplicate, using independent protein purifications.

Replacement of the proposed catalytic histidine residue with
alanine (H199A) abrogated enzymatic function. Thus, after 24
hours the Rv1894c H199A mutant protein converted only
35.9 ± 17.9 µM nitrite. The substrate conversion rate was cal-
culated and compared to rates determined for the control
protein derived from P. aeruginosa, PA1024, and the corre-
sponding mutant protein, PA1024 H152A (Figure 5C). This
yielded reaction rates of 24.5 ± 3.5 µM nitrite/hour for
Rv1894c, 1.4 ± 0.8 µM nitrite/hour for Rv1894c H199A,
60.0 ± 5.9 µM nitrite/hour for PA1024, and 2.5 ± 1.0 µM
nitrite/hour for PA1024 H199A. In both cases, the wild-type
protein showed statistically significantly more activity than the
mutant protein (Rv1894c, P < .001; PA1024, P < .001), and the
mutant protein activities did not differ significantly from
those of the protein-negative control.

Enzyme inhibition by SOD was measured using 200 ng of
purified protein, incubated at 37°C with 10 mM 2-nitropro-
pane, in the presence of SOD at 2-fold increasing concentra-
tions ranging from 0.0125 µM to 0.1 µM and was performed
in triplicate using independent protein purifications. The half
maximal inhibitory concentration was determined to be 0.028
µM (Figure 5D), which is similar to the concentration shown
to inhibit other members of this enzyme family [16, 18–20].

Figure 2. Reduced initial growth and long-term survival of the
Rv1894c::Tn strain in the lungs of guinea pigs after aerosol infection.
Black diamonds refer to wild-type Mycobacterium tuberculosis infection.
Black and white crosshatched boxes refer to Rv1894c::Tn Comp infection.
Grey boxes refer to Rv1894c::Tn infection. The asterisks indicate signifi-
cant differences between colony-forming units (CFUs) recovered from
wild-type– and mutant–infected lungs (P < .0006 for day 14, P < .003 for
day 28, and P < .002 for day 56). The CFUs recovered from wild-type–
and complement-infected lungs were not significantly different at any
time point.

Figure 3. Effect of Rv1894c deficiency on guinea pig pathology. A, Guinea pig lung weights of lungs infected with Mycobacterium tuberculosis. B,
Guinea pig spleen weights, normalized to mean body weight on day 1 divided by body weight of individual animal at time of sacrifice. Black bars
represent wild type; grey bars represent Rv1894c::Tn; and white bars represent Rv1894c::Tn Comp.
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Expression of Rv1894c Remains Constant Throughout the
Growth Cycle and Is Repressed by KstR
To determine whether Rv1894c is induced in conditions inde-
pendent of hypoxia, we studied its gene expression during dif-
ferent phases of axenic growth in nutrient-rich broth. As
shown in Figure 6A, expression of Rv1894c remained relatively
constant throughout the growth cycle, including during the
transition to stationary phase. We also examined expression of
Rv3574 (kstR), the repressor of Rv1894c, and found no signifi-
cant changes in expression throughout the growth cycle.

Next, we studied the gene expression patterns of the 4puta-
tive Rv1894c homologs (Rv0021c, Rv1533, Rv2781c, and
Rv3553) during growth in nutrient-rich broth. Expression of

Rv2781c was repressed during the transition from logarithmic
growth into stationary phase. Thus, in late log phase, early sta-
tionary phase, and stationary phase, Rv2781c expression was
downregulated by 2.46 ± 0.98 cycles, 2.06 ± 0.86 cycles, and
1.96 ± 0.84 cycles, respectively, relative to its expression during
log-phase growth. Expression of Rv1533 was repressed by
0.9 ± 0.82 cycles during late log phase but then induced in
early stationary phase by 1.22 ± 0.69 cycles relative to its ex-
pression at early log phase. The expression levels of Rv0021c
and Rv3553 remained relatively constant throughout the
growth cycle.

Previous studies have reported that Rv1894c expression
might be negatively regulated by KstR (Rv3574) [10]. We

Figure 4. The proposed nitronate monooxygenase family shows amino acid sequence and structural similarity. A, Clustal X multiple alignment of
PA1024 from Pseudomonas aeruginosa with 5 nitronate monooxygenase (NMO) proteins from Mycobacterium tuberculosis and with NCU04803 from
Neurospora crassa. Segment of whole protein alignment showing one area of conservation near the proposed catalytic histidine residue (shown in red).
B, Overlaid alignment of alignment of PA1024 and Rv1894c, using FATCAT, predicting strong structural similarity. The color scheme shows each amino
acid as a different color, as defined by Vector-NTI 3D Molecule Viewer software. The histidine in the catalytic cleft is shown in space-fill. C, View of
the PA1024 structure, showing conserved residues from Clustal X paired alignment with Rv1894c in space-fill. Also shown in this image is the space-fill
view in yellow of the flavin cofactor and the 2-nitropropane substrate, both near the center of the image. D, Enzymatic reaction, from left to right,
catalyzed by NMO.
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hypothesized that KstR deficiency would result in derepres-
sion of Rv1894c expression during bacillary growth in nu-
trient-rich broth. Consistent with this hypothesis, Rv1894c
expression was upregulated in a kstR/Rv3574-deficient trans-
poson mutant (kstR::Tn) relative to the isogenic wild-type
strain during all phases of the growth cycle (Figure 6B).
Thus, relative to that of the parental wild type, expression
of Rv1894c in kstR::Tn was induced by 5.55 ± 0.23 cycles,
4.58 ± 0.38 cycles, 5.32 ± 0.36 cycles, and 4.18 ± 0.04 cycles
in mid-log phase, late log phase, early stationary phase,
and late stationary phase, respectively. Gene expression of
the 4 putative Rv1894c homologs was not derepressed in
kstR::Tn.

DISCUSSION

M. tuberculosis is a highly adapted pathogen, with the ability
to persist for prolonged periods within oxygen-limited,

necrotic granulomas of the infected human host. Identification
of metabolic and regulatory pathways essential for M. tubercu-
losis persistence during hypoxia may provide insight into
novel strategies to eradicate this infection. Previously, we have
shown in a high-throughput screen that the M. tuberculosis
gene Rv1894c is required for bacillary survival during progres-
sive hypoxia in vitro [11]. In the current study, we have deter-
mined that Rv1894c encodes a flavin-dependent protein with
NMO activity, which is required for optimal growth during
acute infection, as well as for persistence in guinea pig lungs.
On the basis of these findings, we propose its annotation as
nmo1.

As in the case of other NMOs [13], M. tuberculosis Nmo1
showed time-dependent oxidative denitrification of the alkyl
nitronate substrate and concentration-dependent inhibition by
SOD. On the basis of the absorption spectra (Supplementary
Figure 1) and because FMN was copurified in the crystal
structure of PA1024, we conclude that FMN was copurified

Figure 5. Recombinant Rv1894c protein functions as a nitronate monooxygenase (NMO). A, Coomassie-stained sodium dodecyl sulfate polyacryl-
amide gel electrophoresis showing purification of Rv1894c from Escherichia coli. Lane 1 is a size standard. Lane 2 is a crude extract from lysed E. coli.
Lane 3 is the cleared lysate soluble fraction. Lane 4 is the column flow through. Lane 5 is the final wash of the column. Lane 6 is the eluted protein of
the correct size, 43.7 kDa. B, Enzyme assay of NMO activity of Rv1894c, using 2-nitropropane as substrate. Black diamonds represent reactions contain-
ing Rv1894c. Grey squares represent a control reaction containing no protein. Conversion from absorbance at 540 nM to micromoles of nitrite was
performed using a standard curve of known nitrite concentration. C, Enzyme assay of NMO activity of Rv1894c and PA1024 containing site-directed
mutations of the proposed catalytic histidine residues (H199A and H152A, respectively) compared to the native proteins. Each bar represents the rate of
nitrite conversion from 3 independent purifications of each protein, and the error bars are SDs. D, Inhibition of NMO activity by superoxide dismutase
(SOD). Rv1894c protein (black diamonds) and a no-protein control (grey boxes) were incubated with substrate and increasing concentrations of SOD.
Nitrite production was measured after several hours of incubation. Each time point was performed in triplicate with independent protein purifications.
Error bars represent SDs.
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with our protein. However, both of these proteins were puri-
fied from E. coli, so the physiological flavin cofactor of
Rv1894c remains to be determined. Bacterial NMO have been
best characterized in P. aeruginosa [12, 13, 15–17]. Confirming
the predictions of Ha et al [17], we have determined that the
conserved histidine residue at position 199 in M. tuberculosis
Nmo1, corresponding to H152 in P. aeruginosa PA1024, is
critical for enzymatic function and is strictly conserved among
NMO from other bacteria and fungi (Figure 4A). These
enzymes have been shown to play an important role in oxidiz-
ing various alkyl nitronates that are known to be toxic or mu-
tagenic [31–33]. In plants and fungi, propionate-3-nitronate is
a natural metabolite that is detoxified by fungal NMOs [14].
The hypoxic induction of Rv1894c [7, 8], which requires mo-
lecular oxygen for NMO activity [13], seems counterintuitive,
although it is likely that an increased concentration of enzyme
is required to successfully compete for limiting oxygen. Recent
evidence suggests that a hypoxia-induced NMO in Neisseria
gonorrhoeae is involved in unsaturated fatty acid synthesis
under anaerobic conditions [34]. While the physiological
Nmo1 substrate remains unknown, we hypothesize that it is
not host immune derived, but rather a product of bacterial
metabolism, since the attenuated phenotype of the Rv1894c-
deficient mutant was also observed in the progressive hypoxia
model in vitro [11]. The nitrate assimilation pathway, which is
responsible for reducing nitrate to nitrite and then to ammo-
nium, is important for M. tuberculosis metabolism and surviv-
al during carbon and oxygen limitation [35]. It is possible that
reduced nitrite production as a result of Rv1894c/Nmo1

deficiency could contribute to the phenotype of Rv1894c::Tn
during progressive hypoxia and in guinea pig lungs.

We found that Rv1894c/nmo1 expression was unchanged
during axenic growth of wild-type M. tuberculosis in nutrient-
rich broth, and an Rv1894c/nmo1-deficient mutant showed
equivalent growth relative to the isogenic wild-type and com-
plement strains. In contrast, Rv1894c is upregulated during
hypoxia [7, 8] and in a mouse hypoxic granuloma model [9].
Consistent with an important role for this gene in M. tubercu-
losis adaptation to microaerophilic conditions, we have shown
previously in a high-throughput screen that an Rv1894c-
deficient mutant shows impaired survival during progressive
hypoxia in vitro, in a mouse hypoxic granuloma model, and
in guinea pig lungs but not in the lungs of BALB/c mice [11],
which do not develop hypoxic lesions following infection [36,
37]. In the current study, the requirement of Rv1894c for
M. tuberculosis persistence in guinea pig lungs was confirmed
by individual infection with Rv1894c::Tn and near complete
restoration of the wild-type phenotype following complemen-
tation with the native gene. Similar to our findings, Isabella
and Clark recently found that N. gonorrhoeae deficient in the
hypoxia-induced NMO (NGO1024, UfaA) exhibited impaired
anaerobic growth [34], suggesting that this protein family may
have widespread importance in many facultative and obligate
anaerobes. Interestingly, Rv1894c::Tn showed a mild growth
defect during the acute phase of infection in guinea pig lungs,
prior to the development of necrotic granulomas. This pheno-
type may be attributable to local hypoxia at the site of infec-
tion in the absence of tissue necrosis, a defective nitrate

Figure 6. Expression of Rv1894c in Mycobacterium tuberculosis is regulated by KstR but is growth-phase independent. A, Gene expression of the 5
nitronate monooxygenase (NMO) homologs as well as the expression level of the repressor kstR (Rv3574) in wild-type M. tuberculosis grown in 7H9
were compared to normalized sigA expression levels at different growth stages. Each value is shown relative to the levels of expression measured at
the early log phase of growth. B, Cycle threshold (CT) values of the 5 NMO homolog expression levels were compared between wild type and a kstR::
Tn strain at different growth stages. Rv0021c values are represented by a bar with vertical lines. Rv1533 values are represented by a bar with horizontal
lines. Rv1894c values are represented by a solid black bar. Rv2781c values are represented by a bar with diagonal lines. Rv3553 values are represented
by a bar with a checkerboard pattern. Rv3574 (kstR) values are represented by a solid grey bar. Each experimental time point was performed in
triplicate. Error bars represent SDs.
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assimilation pathway in the setting of carbon limitation, or
other unknown factors. In any case, it appears that differences
in lung CFUs between the mutant and control groups prior to
immune containment were not significant enough to result in
discernible differences in gross pathology or histology.

Unlike many other hypoxia-regulated genes, nmo1 expression
is not DosR-dependent [38]. The negative regulator KstR/
Rv3574 is known to bind the promoter sequence of Rv1894c
[10]. The KstR regulon includes many genes involved in lipid
metabolism and transport, including 10 different fad genes and
the mce4 operon [10], which are important for M. tuberculosis
survival in mice and macrophages [39–42], and kstR itself has
been shown to be necessary for survival in mice [39] and mac-
rophages [42].We found that Rv1894c/nmo1 expression was de-
repressed throughout the growth cycle as a result of kstR
deficiency. Increased nmo1expression in hypoxia-exposed M. tu-
berculosis may be due to such derepression, since kstR expres-
sion is significantly downregulated during prolonged hypoxia
[43]. Alternatively, hypoxia-induced upregulation of Rv1894c/
nmo1 may be due to transcriptional activation by unidentified
positive regulators. In support of the existence of additional reg-
ulators, the genes Rv1894/nmo1 and kstR/Rv3574 were found to
be concurrently induced in palmitic acid [44] and during infec-
tion of mice [39] and macrophages [42].

The functional redundancy suggested by the presence of 4
additional putative NMOs (Rv0021c, Rv1533, Rv2781c, and
Rv3553) highlights the potential importance of this pathway.
These proteins are each predicted to contain an NMO domain,
with strong conservation at the regions that interact with the
flavin cofactor and at the catalytic histidine residue. Consistent
with overlapping protein function, none of these genes appear
to be essential in vitro [45] or in mice [39]. They are not upre-
gulated in hypoxia-exposed M. tuberculosis [7, 8, 43, 46–48],
and our data reveal they are not derepressed in the absence of
KstR, suggesting divergent regulation relative to Rv1894c/nmo1.

In conclusion, we have identified a novel enzyme family
with NMO activity in M. tuberculosis, of which Rv1894c is the
prototype. We have identified the catalytic residue critical
for enzyme activity and demonstrated that Rv1894c/nmo1 is
required for long-term M. tuberculosis persistence in guinea
pig lungs. Future studies will focus on the development of
small-molecule NMO inhibitors [49] with the goal of shorten-
ing treatment duration by targeting hypoxia-exposed, persis-
tent bacilli [50].
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