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Mycobacterium tuberculosis is able to synthesize molybdopterin cofactor (MoCo), which is utilized by numerous enzymes that
catalyze redox reactions in carbon, nitrogen, and sulfur metabolism. In bacteria, MoCo is further modified through the activity
of a guanylyltransferase, MobA, which converts MoCo to bis-molybdopterin guanine dinucleotide (bis-MGD), a form of the co-
factor that is required by the dimethylsulfoxide (DMSO) reductase family of enzymes, which includes the nitrate reductase
NarGHI. In this study, the functionality of the mobA homolog in M. tuberculosis was confirmed by demonstrating the loss of
assimilatory and respiratory nitrate reductase activity in a mobA deletion mutant. This mutant displayed no survival defects in
human monocytes or mouse lungs but failed to persist in the lungs of guinea pigs. These results implicate one or more bis-MGD-
dependent enzymes in the persistence of M. tuberculosis in guinea pig lungs and underscore the applicability of this animal
model for assessing the role of molybdoenzymes in this pathogen.

Comparative genomics suggest an association between molyb-
denum cofactor (MoCo) and pathogenesis in Mycobacterium

tuberculosis, the causative agent of tuberculosis (TB) (1). Consis-
tent with this notion, genes involved in MoCo biosynthesis have
been identified as being essential for the growth and survival of M.
tuberculosis in various models of infection (Fig. 1) (2–4). For ex-
ample, transposon mutants harboring insertions in MoCo bio-
synthesis genes were attenuated for growth in macrophages (5–7),
mice (8), and the lungs of nonhuman primates (9). Furthermore,
a transposon insertion in moaD1, which encodes a subunit of
molybdopterin synthase, rendered M. tuberculosis hypersensitive
to oxidative stress, suggesting that the impaired macrophage in-
vasion and phagosome maturation defects of this mutant are due
to increased susceptibility to intracellular killing (10). Of particu-
lar interest is the observation that the moaA1-moaD1 gene cluster
is located on a genomic island with reduced GC content and con-
tains genetic features that are indicative of horizontal gene transfer
(11). These data highlight the importance of MoCo availability
during the parasitism of host macrophages (12) and potentially
implicate one or more of the eight predicted MoCo-dependent
enzymes in M. tuberculosis pathogenesis.

MoCo-dependent enzymes in bacteria are classified into three
families according to the structure of their molybdenum centers:
xanthine dehydrogenase, sulfite oxidase, and dimethyl sulfoxide
(DMSO) reductase (13). The biosynthesis of MoCo involves four
steps that are highly conserved across all kingdoms of life; how-
ever, certain modifications of MoCo are known to occur only in
bacterial species (Fig. 1) (14–16). The bacterium-specific modifi-
cation of MoCo involves the addition of nucleotides to form either
molybdopterin cytosine dinucleotide (MCD) or bis-molybdop-
terin guanine dinucleotide (bis-MGD), which are forms of the
cofactor employed by xanthine dehydrogenase and DMSO reduc-
tase-type enzymes, respectively. Biosynthesis of MCD in Esche-

richia coli requires MocA, a cytidylyltransferase that transfers cy-
tosine residues to the cofactor, a process that is more efficient if
Mo is bound (17). The M. tuberculosis genome contains a mocA
(Rv0371c) homologue, which is located on an operon with a gene
encoding CO dehydrogenase, the sole xanthine dehydrogenase-
type molybdoenzyme in this organism (Table 1) (2, 18).

M. tuberculosis also possesses a homolog of mobA (Rv2453c),
which has been implicated in the production of bis-MGD in E. coli
through the formation of a bis-MoCo intermediate and subse-
quent addition of two guanine residues on the terminal phosphate
groups (15, 19). Of the eight molybdoenzymes identified through
bioinformatic analysis of the M. tuberculosis proteome, four are
predicted to utilize bis-MGD: Rv0197, Rv1161 (NarG), Rv1442
(BisC), and Rv2900c (FdhF) (2) (Table 1). Three of these proteins
form parts of multisubunit enzyme complexes. The best studied of
them is the narGHI-encoded nitrate reductase (NR), which is re-
quired for survival of M. tuberculosis under anaerobic conditions
in vitro (20) and for protection against acid stress during hypoxia
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(21). The NarGHI respiratory complex from M. tuberculosis has
both respiratory and assimilatory NR functions (22). Although
the loss of NarGHI function impaired the ability of Mycobacte-
rium bovis BCG to persist in organs of immunocompetent as well
as immune-deficient mice (23, 24), the functional inactivation of
this enzyme had no effect on growth or survival of M. tuberculosis
in mice (20). The reason for this discrepancy is unclear but may be
due to the differential abundance of the narGHJI transcript (25)
and/or the fact that the lesions produced in mice are insufficiently
hypoxic to manifest in a survival phenotype of an narG mutant of
M. tuberculosis (20). The bisC gene encodes a probable biotin sul-
foxide reductase (Table 1) which may be involved in reducing
spontaneous oxidation products of biotin (26), a cofactor re-
quired by M. tuberculosis during infection in mice (27). Little is
known about the roles of FdhF (a subunit of formate dehydroge-
nase) and Rv0197 (a putative oxidoreductase) in the physiology of
M. tuberculosis. Of the remaining molybdoenzymes, NuoG, a sub-
unit of the type I NADH dehydrogenase (NDH-1), has been im-
plicated in inhibiting macrophage apoptosis through neutraliza-
tion of NOX2-derived reactive oxygen species (28). The inhibition
is proposed to allow for distribution of M. tuberculosis between the
various subclasses of immune cells in the lung and prevent traf-
ficking of bacilli to the draining lymph node (29). The role of

carbon monoxide dehydrogenase in M. tuberculosis has not been
investigated.

In this study, we employed a genetic approach to further ex-
plore the role of bis-MGD in M. tuberculosis. Our results confirm
the functionality of mobA and its essentiality for NR activity in M.
tuberculosis. We also show that loss of mobA function specifically
impairs the ability of M. tuberculosis to persist in the lungs of
guinea pigs, thereby implicating one or more bis-MGD-depen-
dent enzymes in mycobacterial persistence in this animal model.

MATERIALS AND METHODS
Bacterial strains, culture conditions, and mutant construction. Bacte-
rial strains and plasmids are detailed in Table S1 in the supplemental
material. All Escherichia coli strains were grown in Luria-Bertani broth or
on Luria agar and incubated at 37°C. Mycobacterium tuberculosis strains
were cultured standing in Middlebrook 7H9 medium supplemented
with 0.2% glycerol, Middlebrook oleic acid-albumin-dextrose-catalase
(OADC) enrichment, and 0.05% Tween 80. Nitrate assimilation experi-
ments and nitrate accumulation assays were performed as previously de-
scribed (3). Briefly, for assimilation experiments, strains were grown aer-
obically in MB media supplemented with nitrate, while DTA-nitrate
media (Dubos broth base containing 5% glycerol, 0.5% albumin, 0.75%
dextrose, 0.05% Tween 80, and 5 mM NaNO3) was used for nitrite accu-
mulation assays. Respiratory NR activity was measured by monitoring
nitrite accumulation with the Griess assay. CFUs were determined by
plating appropriate dilutions on Middlebrook 7H10 medium supple-
mented with 0.5% glycerol and Middlebrook OADC enrichment. Where
appropriate, ampicillin (Ap), kanamycin (Km), and hygromycin (Hyg)
were used in E. coli cultures at 200, 50, and 150 �g/ml, respectively. In
mycobacterial cultures, Hyg, Km, and gentamicin (Gm) were used at 50,
25, and 10 �g/ml, respectively.

Construction of mutant and complemented strains. The primers
listed in Table S1 in the supplemental material were used to amplify up-
stream (TmobUF and TmobUR) and downstream (TmobDF and
TmobDR) homologous sequences and construct the suicide plasmid,
p2mobA. This plasmid was used to generate a �mobA mutant by two-step
allelic exchange as previously described (30). This approach resulted in a
mutant carrying an in-frame deletion in mobA spanning from codons 45
to 182, where the resulting protein lacked 137 amino acids. The genotype
of the mutant strain was confirmed by PCR and Southern hybridization
(see Fig. S1A). A complementation vector (pMobA) carrying M. tubercu-
losis mobA fused to the promoter region upstream of Rv2455c was con-
structed by PCR amplification and cloning of the resulting amplicon into
pMV306H.

Analysis of PDIM production in M. tuberculosis. Two �Ci of
[14C]propionic acid was added to log-phase cultures of M. tuberculosis,
which were incubated for a further 48 h. The cultures then were harvested
and the pellet resuspended in 5 ml of 10:1 methanol-0.3% NaCl. The lipid
fraction was extracted into petroleum ether and separated by thin-layer
chromatography on silica plates. Labeled lipids were visualized autoradio-
graphically by exposing the dried plates to Kodak Biomax imaging film at
room temperature for 10 to 12 days.

Human monocyte infection. Peripheral blood-derived human
monocytes were isolated and infected with wild-type or mutant strains of
M. tuberculosis at a multiplicity of infection of 1 bacillus per monocyte
(1:1) in RPMI medium as previously described (31). At each time point,
500 �l of supernatant for cytokine analysis was removed from each well of
infected cells and stored at �70°C until use. Triton X-100 was added to a
final concentration of 0.1% and incubated for 5 min to lyse monocytes.
Supernatants from infected monocytes were analyzed using a Bio-Plex
Th1/Th2 human cytokine panel assay (Bio-Rad, Hercules, CA) according
to the manufacturer’s instructions {cytokines analyzed: interleukin-2 [IL-
2], IL-4, IL-5, IL-10, IL-12(p70), IL-13, granulocyte-macrophage colony-
stimulating factor [GM-CSF], gamma interferon [IFN-�], and tumor ne-
crosis factor alpha [TNF-�]}. The results were read using a Bio-Plex 200

FIG 1 MoCo biosynthetic pathway in M. tuberculosis (adapted from reference
2). MoCo biosynthesis occurs through a highly conserved, four-step pathway.
Further modifications of MoCo give rise to alternative forms of the cofactor. A
notable feature of this pathway is the multiplicity of homologues involved in
the first two steps of the pathway. Genes identified as essential in forward
genetic screens are underlined. Parentheses denote genes with weak homology.
The moaX gene is reflected twice, since it contains both moaD- and moaE-like
domains.
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system (Bio-Rad, Hercules, CA), and data and statistical analyses were
carried out using GraphPad Prism, version 4 (GraphPad, San Diego, CA).
Using this analysis, we obtained robust data only for TNF-� secretion and
relatively low levels of the other cytokines assessed. The protocol for these
studies was approved by Stellenbosch University’s Health Research Ethics
Committee (N13/09/126).

Histology. Right caudal lung lobes from each guinea pig were fixed
with 4% paraformaldehyde in phosphate-buffered saline. Paraffin-em-
bedded sections from these tissues were cut to 5 �m, mounted on glass
slides, deparaffinized, and stained using hematoxylin and eosin. Differ-
ences in pathology were determined by visual assessment of the number
and extent of lesions in sections from each animal.

Murine and guinea pig infections. Six- to 8-week-old female C57BL/6
mice from Jackson Laboratories (Bar Harbor, ME) were infected with the
H37Rv, �mobA, or �mobA attB::pMobA strain through the respiratory
route. Approximately 5 to 10 organisms were implanted in the lungs of
each mouse, as confirmed by plating lung homogenates 3 h after infection.
Bacterial loads (CFU) in the lungs, liver, and spleen of infected mice were
assessed at selected time points over a period of 90 days. For guinea pig
infections, thawed aliquots of frozen cultures of the three strains were
diluted in sterile water to an inoculum concentration of 106 CFU/ml in 10
ml. A Madison chamber aerosol generation device was used to expose the
animals to M. tuberculosis. This device was calibrated to deliver approxi-
mately 20 bacilli into the lungs. Lung bacterial loads were determined by
plating serial dilutions of tissue homogenates on Middlebrook 7H11 agar.

The protocols for these studies were approved by the IACUC at the Public
Health Research Institute, New Jersey Medical School, Rutgers University,
New Brunswick, New Jersey (mouse infections), and the Department of
Microbiology, Immunology and Pathology, Colorado State University,
Fort Collins (guinea pig infections), Colorado.

Statistical analysis. The unpaired t test with Welch’s correction was
used to assess statistical significance of pairwise comparisons using
GraphPad Prism Software.

RESULTS
The mobA gene is dispensable for growth of M. tuberculosis in
vitro but is required for NR activity. To assess the role of bis-
MGD in pathogenicity, we constructed a mutant strain of M. tu-
berculosis H37Rv carrying an in-frame, unmarked deletion in the
mobA gene. The mutant displayed no growth defect in Middle-
brook 7H9, DTA, or DTA-nitrate (data not shown), confirming
that mobA is dispensable for growth under these conditions. In
prior work, we demonstrated the utility of NarGHI-catalyzed NR
activity as a readout for MoCo production in M. tuberculosis (3).
Since NarGHI belongs to the DMSO reductase family of enzymes
that utilize the bis-MGD form of the cofactor, we reasoned that its
activity likewise would provide a means of assessing the produc-
tion of bis-MGD. The determination of the level of nitrite pro-

TABLE 1 Putative MoCo-dependent enzymes in M. tuberculosis and their predicted/demonstrated function

Locus
designation

Gene
name Annotation

Form of cofactor
requireda Functional information and expression Reference(s)

Rv0197 Possible oxidoreductase bis-MGD Rv0197 detected in guinea pig lungs at 30 days
postinfection

33

Rv1161 narG Respiratory and assimilatory
nitrate reductase (alpha chain)

bis-MGD Required for the survival of M. tuberculosis under
anaerobic conditions in vitro

20

Required for protection of M. tuberculosis against acid
stress during hypoxia

21

Reduced narGHJI expression in M. tuberculosis and
M. africanum clinical isolates is associated with
impaired fitness in macrophages

46

Required for growth of M. tuberculosis in human
macrophages

38

Required for nitrite production and transcriptional
reprogramming during growth of M. tuberculosis
within human macrophages

39

�narG mutant of M. tuberculosis is more sensitive to
isoniazid in human macrophages and axenic
culture

40

NarG detected in guinea pig lungs at 30 and 90 days
postinfection

33

Rv1442 bisC Probable biotin sulfoxide reductase bis-MGD
Rv2900c fdhF Possible formate dehydrogenase H bis-MGD Rv2900c detected in guinea pig lungs at 30 days

postinfection
33

Rv0218 Probable conserved
transmembrane protein, some
similarity with sulfite oxidases

MoCo

Rv0373c Probable carbon monoxide
dehydrogenase (large chain)

MCDb/sulfurated Implicated in the ability of M. tuberculosis H37Ra and
M. bovis BCG to oxidize CO at physiologically
relevant concentrations

47, 48

CDH from Mycobacterium sp. strain JC1
demonstrated NO dehydrogenase activity

49

Rv3151 nuoG Probable NADH dehydrogenase I
(chain g)

Unknown M. tuberculosis �nuoG mutant has a proapoptotic
phenotype in macrophages

28, 50

NADH-ubiquinone oxidoreductase Repressed by acid shock 51
a Enzymatic preferences for various cofactor forms were determined by interrogating the dbTEU database (http://gladyshevlab.org/trace_element/).
b Molybdopterin cytosine dinucleotide.
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duced by the wild-type, �mobA, and �mobA attB::pMobA strains
yielded 2,547 � 319, 12 � 17, and 3,088 � 57 mmol nitrite/ml,
respectively, consistent with an association between mobA func-
tion and respiratory NR activity. Furthermore, deletion of mobA
completely abrogated nitrate assimilation, as evidenced by the in-
ability of the �mobA mutant to grow on nitrate as the sole
nitrogen source (Fig. 2A). Both NR-associated defects were fully
rescued by genetic complementation, confirming that the pheno-
types observed were attributable to the loss of mobA function.
These data confirm the essentiality of mobA for NarGHI-depen-
dent growth of M. tuberculosis on nitrate as the sole nitrogen
source and confirm that this gene is the sole guanylyltransferase
responsible for producing bis-MGD in this organism.

Deletion of mobA has no effect on growth or survival of M.
tuberculosis in human monocytes. MoCo-dependent enzymes or
genes required for MoCo biosynthesis in M. tuberculosis previ-
ously have been implicated in the colonization/apoptosis of host
macrophages (2). To investigate the effect of abrogating bis-MGD
production on intracellular growth and survival of M. tuberculosis,
human monocytes from 6 healthy volunteers were infected with
the wild-type, mutant, and complemented strains. No differences
were observed in the ability of the mutant to grow and survive
(Fig. 2B). Furthermore, secretion of tumor necrosis factor alpha
from monocytes was indistinguishable between cells infected with
the wild-type and mutant strains (data not shown).

bis-MGD is not required for growth and persistence of M.
tuberculosis in mice but is required for persistence in guinea pig
lungs. The role of bis-MGD in pathogenesis then was assessed by
monitoring the growth and survival of the three strains in the
murine model of TB infection. Since mutations that affect the
production of phthiocerol dimycocerosate (PDIM) are known to
attenuate the virulence of M. tuberculosis in mice, the strains first
were assessed for PDIM production and shown to be PDIM� (see
Fig. S1B in the supplemental material). C57BL/6 mice then were
infected by the aerosol route, and the progress of the infection was
monitored over a period of 90 days. All three strains achieved and
maintained comparable lung bacillary loads over this time course
(Fig. 2C). Similarly, no differences in bacterial dissemination to
the spleen and liver were noted (data not shown). It has been
demonstrated that an NR-deficient mutant of M. tuberculosis does
not display growth defects in mice (20), and our data now confirm
that the remaining three bis-MGD-dependent enzymes also are
dispensable for virulence in the murine model of TB infection.

In light of these findings, we reasoned that an animal model
that more closely recapitulates the pathology of human tubercu-
losis is required in order to investigate the impact of simultane-
ously crippling all bis-MGD enzymes, including NarGHI, on the
virulence of M. tuberculosis through the loss of MobA function.
Therefore, we turned to the guinea pig model in which hypoxic
tuberculous granulomas are formed (32). Female outbred Hartley
guinea pigs were infected by the aerosol route, and the bacterial
burden in the lungs was determined at 30 and 60 days postinfec-
tion (Fig. 3A). No significant difference was observed in the lung
bacillary load of animals infected with the wild-type, �mobA mu-
tant, or complemented strain 30 days postinfection, arguing
against any role for bis-MGD-dependent enzymes during acute
infection. However, at 60 days, the bacterial burden in animals
infected with the mutant strain was significantly lower than that of
the wild-type and complemented strains (P 	 0.014). Histological
examination of the lung tissue at 30 days revealed inflammation

and granuloma formation in animals infected with all three strains
(Fig. 3B). However, at the later time point, the inflammation seen
in animals infected with the mutant strain was reduced compared
to the significant lung involvement observed in animals infected

FIG 2 Nitrate assimilation and survival of M. tuberculosis strains in human
monocytes and mice. (A) Strains were cultured in MB media with nitrate as the
sole nitrogen source for NR-dependent assimilation and growth. The results
shown are the means and standard deviations from three independent exper-
iments. OD, optical density. (B) Growth of the �mobA mutant in human
monocytes. The solid bar represents the wild type, open bars represent the
�mobA mutant, and gray bars represent the genetically complemented deriv-
ative. Data are the means from experiments with 6 independent donors. (C)
Survival of the �mobA mutant in the lungs of infected mice. Four animals per
strain were used at day 0, and 5 animals per strain were used at all other time
points. �, wild type; Œ, �mobA mutant; �, �mobA attB::pMobA mutant.
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with the wild-type and complemented strains. These findings spe-
cifically implicate MobA, and, as a result, one or more bis-MGD-
dependent enzymes in the persistence of M. tuberculosis in the
lungs of infected guinea pigs.

DISCUSSION

The detection of NarG, NarH, and FdhF in guinea pigs during
pulmonary infection (33) confirms that these proteins are ex-
pressed by M. tuberculosis in this animal model (32). Drug treat-
ment of guinea pigs infected with M. tuberculosis results in the
resolution of secondary lesions but has a reduced effect on pri-
mary lesions, where some bacteria are found in the necrotic zone,
and the majority of the persisting organisms are located in the
acellular rim of the lesion (34). Importantly, this particular area of
the granuloma is hypoxic. The adaptive response of M. tuberculo-
sis to hypoxia has been the subject of intense investigation and has
been shown to comprise both transient and enduring components
(35). The former is associated with the induction of an 
47-gene
regulon, controlled by the DosR/DosS/DosT two-component sys-
tem, which also is induced by CO and NO (36). A key feature of
the DosR response is the upregulation of the narK2-encoded
nitrate transporter, which results in elevated NR activity under
hypoxic conditions (37). M. tuberculosis has two bacterial NR
homologues, NarGHI and NarX (2); the former is a bona fide
molybdoenzyme, whereas the latter lacks the MoCo binding do-
main (Pfam domain PF01568) and most likely is not a bis-MGD-
dependent enzyme. The transcript for narX has been detected in
bacteria derived from sputum of TB patients, but unlike NarGHI,
whose role in nitrate reduction is well established, the role of NarX
in the physiology and metabolism of M. tuberculosis remains un-
clear (37). Thus, the essentiality of MobA for NarGHI activity
suggests that the persistence defect of the mobA mutant under the
hypoxic conditions that prevail in the lesions of infected guinea
pigs are due, at least in part, to the loss of NarGHI function. Recent
work has shown that nitrite production by NarGHI enhances the
survival of M. tuberculosis in human macrophages (38, 39). The
production of nitrite by M. tuberculosis when cultured at physio-

logic oxygen tension in human macrophages was shown to enable
the adaptation of the organism to the host environment through
the cessation of growth, decreased ATP consumption, and the
differential expression of approximately 120 genes (39). These
findings suggest a dual role for NarGHI in energy metabolism and
in producing the mediator of an adaptive response to the intracel-
lular environment. Endogenous nitrite production by M. tubercu-
losis reduces its sensitivity to isoniazid both within macrophages
and in axenic culture, implicating NarGHI in intrinsic resistance
to this antibiotic (40). However, the implications of these findings
for pulmonary TB in humans remain unknown. As outlined
above, we observed no survival defect of the mobA mutant in
primary human monocytes. The reasons for this discrepancy pres-
ently are unclear but may be due to differences in cell type (mono-
cytes versus macrophages).

In E. coli, the bisC-encoded biotin sulfoxide reductase is able to
reduce both biotin sulfoxide and methionine sulfoxide to biotin
and methionine, respectively (41). This dual activity for BisC also
was recently demonstrated in Salmonella enterica serovar Typhi-
murium and linked to the survival of this organism under condi-
tions of oxidative stress. In this case, the reduction of methionine
sulfoxide by BisC was important for survival in the presence of
oxidative stress in vitro, whereas biotin sulfoxide reduction was
required for defense against host-derived oxidative stress gener-
ated in activated macrophages and mice (42). Given the high de-
gree of homology between the M. tuberculosis and E. coli/Salmo-
nella enterica serovar Typhimurium BisC homologues (40% or
39% homology between M. tuberculosis and E. coli or Salmonella
enterica serovar Typhimurium), it is tempting to speculate that
BisC plays an analogous role in methionine and/or biotin regen-
eration in M. tuberculosis, which similarly encounters significant
oxidative stress during the course of infection. The remaining bis-
MGD dependent enzymes have not been functionally character-
ized in M. tuberculosis. As such, their individual and collective
contributions to the persistence defect of the mobA mutant in
guinea pigs have yet to be established.

A study comparing the survival of a pool of 80 M. tuberculosis

FIG 3 Growth and survival of M. tuberculosis strains in guinea pigs. (A) Survival of the wild-type strain, �mobA strain, and �mobA attB::pMobA strain in lungs
of infected guinea pigs over 60 days. Five animals were sacrificed per time point. *, P 	 0.014. (B) Pathology in infected guinea pig lungs.
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mutants in mice and guinea pigs demonstrated that while a high
degree of concordance exists between the two models, some genes
were differentially required for survival (43). The dispensability of
mobA for the growth and survival of M. tuberculosis in mice sug-
gests that none of the bis-MGD-dependent molybdoenzymes is
required for virulence in this model. In the case of NarGHI, these
data are consistent with a previous study which found no viru-
lence defect for a �narG mutant in mice (20). This likely is due to
the lack of hypoxia in mouse granulomas, unlike those found in
guinea pigs, rabbits, and nonhuman primates, which are hypoxic
(20, 32). Thus, our results emphasize the importance of using
animal models that more closely recapitulate conditions that pre-
vail in human infection (44) in order to discern the role of certain
M. tuberculosis enzymes or enzyme families.

With respect to the predicted essentiality of MoCo biosynthetic
genes in various forward genetic screens, our results also suggest that
the attenuation in mice of mutants of M. tuberculosis harboring
transposon insertions in MoCo biosynthetic genes is unrelated to
bis-MGD-dependent enzyme function. This, in turn, implicates
other MoCo-dependent enzymes in pathogenesis and/or points to
a role for MoCo biosynthetic enzymes in other pathways. The
majority of MoCo biosynthetic genes identified as being required
for the growth and survival of M. tuberculosis in the intracellular
environment or in the organism of infected mice map to the first
two steps of the biosynthetic pathway, where the highest degree of
gene expansion also occurs (2). This may reflect the involvement
of MoCo biosynthetic genes in other metabolic pathways. For ex-
ample, the second step of the MoCo biosynthetic pathway has
been linked to cysteine metabolism through moeZR, which is able
to thiocarboxylate both MoaD1/MoaD2 as well as CysO, which
acts as a sulfide donor for a cysteine biosynthetic pathway in M.
tuberculosis (45). Therefore, the phenotypes of mutants harboring
insertions in the molybdopterin synthase subunits or sulfurtrans-
ferases may result from perturbations in cysteine and sulfur bio-
synthesis.

In conclusion, we demonstrate that the mobA gene is required
for bis-MGD production and associated NR activity in M. tuber-
culosis. Our data also confirm that bis-MGD is required for per-
sistence in the guinea pig, but not the murine model of TB infec-
tion. These observations confirm a role for one or more of the
enzymes that depend on this form of MoCo for prolonged survival
in the hypoxic primary lesions that accumulate in the lungs of
infected guinea pigs.
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