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Urease Activity Represents an Alternative Pathway for Mycobacterium
tuberculosis Nitrogen Metabolism
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Urease represents a critical virulence factor for some bacterial species through its alkalizing effect, which helps neutralize the
acidic microenvironment of the pathogen. In addition, urease serves as a nitrogen source provider for bacterial growth. Patho-
genic mycobacteria express a functional urease, but its role during infection has yet to be characterized. In this study, we con-
structed a urease-deficient Mycobacterium tuberculosis strain and confirmed the alkalizing effect of the urease activity within the
mycobacterium-containing vacuole in resting macrophages but not in the more acidic phagolysosomal compartment of acti-
vated macrophages. However, the urease-mediated alkalizing effect did not confer any growth advantage on M. tuberculosis in
macrophages, as evidenced by comparable growth profiles for the mutant, wild-type (WT), and complemented strains. In con-
trast, the urease-deficient mutant exhibited impaired in vitro growth compared to the WT and complemented strains when urea
was the sole source of nitrogen. Substantial amounts of ammonia were produced by the WT and complemented strains, but not
with the urease-deficient mutant, which represents the actual nitrogen source for mycobacterial growth. However, the urease-
deficient mutant displayed parental colonization profiles in the lungs, spleen, and liver in mice. Together, our data demonstrate
arole for the urease activity in M. tuberculosis nitrogen metabolism that could be crucial for the pathogen’s survival in nutrient-
limited microenvironments where urea is the sole nitrogen source. Our work supports the notion that M. tuberculosis virulence

correlates with its unique metabolic versatility and ability to utilize virtually any carbon and nitrogen sources available in its

environment.

ycobacterium tuberculosis, the etiological agent of tuberculo-

sis (TB), establishes infection in adult humans primarily in
the lungs. The pathogenesis of M. tuberculosis is generally and
simplistically represented as a bimodal distribution between ac-
tive and latent TB based on the presence or absence of clinical
symptoms, respectively. However, at the bacterial cell level, it has
been increasingly recognized that within the same infected indi-
vidual, a wide continuous spectrum of physiological states exists
between actively replicating and dormant bacilli, dictated by the
host microenvironments encountered by the pathogen (2). Cur-
rently, the WHO estimates that one-third of the world’s popula-
tion is latently infected with TB, with 9.27 million new cases and
1.76 million deaths annually (45).

It is generally agreed that M. tuberculosis relies on its excep-
tional ability to replicate and/or persist within the changing and
adverse microenvironments encountered within its human host.
Previous studies have proposed various mechanisms for M. tuber-
culosis survival and persistence within the macrophage, suggestive
of its extraordinary adaptability as an intracellular human patho-
gen. Several mycobacterial factors have been implicated in the
phagosome maturation arrest in resting macrophages early in the
infection, hence allowing effective intracellular bacterial multipli-
cation. Examples include cell wall components such as lipoarabi-
nomannan (LAM) (10), trehalose dimycolate (TDM) (15), and
sulfolipids (12), but also proteins, including the serine-threonine
kinase PknG (41), SapM phosphatase (31), or the rv3778¢ gene
product (27). Upon onset of host adaptive immunity, however,
mycobacteria translocate into a bactericidal phagolysosome,
which is characterized by an acidic (pH 5.5), highly nitro-oxida-
tive, nutrient-limiting, and possibly hypoxic microenvironment
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(17, 32). Mycobacterial genes involved in detoxification of reac-
tive nitrogen intermediates and reactive oxygen intermediates
(RNI/ROI), in protein and DNA repair, and in protection have
been identified with proposed mechanisms to defend against the
host stresses encountered within the phagolysosomal compart-
ment (7). Moreover, a (limited) number of genes have been iden-
tified to be specifically involved in M. tuberculosis survival within
activated macrophages. rv3671c, a gene encoding a membrane-
associated serine protease, was recently found to be largely re-
sponsible for the ability of M. tuberculosis to resist acidity and
maintain intrabacterial pH under in vitro acidic conditions and in
activated macrophages (40). Previous work has also shown that
the absence of a key enzyme of the glyoxylate shunt, isocitrate lyase
(ICL), leads to an attenuated phenotype in gamma interferon
(IFN-vy)-activated macrophages and in mice (24), suggesting a
critical role for the central metabolism in intracellular persistence,
in particular the ability to metabolize host-derived lipids.
Ureases have been described as a virulence factor in several
pathogenic bacteria. Specifically, the alkalizing effect of ammonia
produced upon ureolysis has been proposed to contribute to their
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pathogenesis. It has been evidently shown that the presence of
urease activity does neutralize the acidic environment encoun-
tered by Helicobacter pylori and Yersinia enterocolitica, thereby
promoting colonization and survival of these pathogens within
the gastric mucosa (3, 19, 47). The M. tuberculosis urease has been
functionally characterized previously (4), but its actual physiolog-
ical role and contribution during infection have not been deter-
mined. Several studies have illustrated that the mycobacterial
(Mycobacterium bovis BCG) urease contributes to alkalize the
mycobacterium-containing vacuole in macrophages (13, 23, 34)
and it was therefore proposed that the mycobacterial urease activ-
ity helps promote a more favorable environment for the intracel-
lular persistence of bacilli. However, a urease-deficient M. bovis
BCG mutant was not impaired in its ability to survive within
THP-1 human macrophages and in mice (30). The role of the M.
tuberculosis urease activity has not been reported so far.

The ability of the mycobacterial (BCG) urease to alkalize the
microenvironment has been exploited to develop a novel BCG-
based vaccine candidate consisting of a urease knockout BCG mu-
tant expressing the Listeria monocytogenes listeriolysin (13). In the
absence of the mycobacterial urease activity, BCG maintained a
mild acidic pH within the bacillus-containing vacuole, providing
an ideal pH environment for lysteriolysin to perforate the vacuole
membrane. Lysis of the phagosome then promoted mycobacterial
antigen translocation into the cytoplasm and apoptosis of infected
macrophages, which resulted in stronger immune responses that
provided better protection upon M. tuberculosis challenge. Simi-
larly, immunization of mice and guinea pigs with a urease-defi-
cient BCG strain expressing perfringolysin O and overexpressing
key immunodominant antigens resulted in enhanced immune re-
sponses (37). Both the urease KO listeriolysin (VMP1002)- and
perfringolysin O (AERAS-422)-expressing BCG vaccine candi-
dates are currently undergoing phase I clinical trial.

Furthermore, the alkalizing effect produced by M. bovis BCG
urease activity was also demonstrated to attenuate major histo-
compatibility complex (MHC) class IT molecule expression in in-
fected THP-1 human macrophages (34), which consequently led
to the inhibition of CD4™ T-cell activation (23), thereby suggest-
ing that the mycobacterial urease has a probable role in suppress-
ing host immune responses.

In addition to their ability to raise the pH in their microenvi-
ronment, most ureolytic bacteria are also capable of assimilating
urea as a nitrogen source in anabolic processes, such as amino acid
biosynthesis, for bacterial growth (Fig. 1) (20, 43). While carbon
metabolism has emerged as a major determinant of M. tuberculosis
pathogenicity, nitrogen metabolism has received little attention.
Previous microarray and gene deletion studies have concluded
that M. tuberculosis preferentially utilizes carbon-based sources
for in vivo persistence and sustainability (5, 9, 14, 33, 38). These
carbon-based sources include fatty acids and cholesterol (25, 46)
and lipids (28). Conversely, mycobacteria can utilize amino acids,
in particular asparagine, glutamate, and aspartate, and are able to
assimilate inorganic sources such as ammonium salts for in vitro
replication (29). The M. tuberculosis urease activity and its gene
expression were found to increase upon nitrogen deprivation (4),
thus suggesting that urea may be a potential source of nitrogen for
M. tuberculosis and other pathogenic mycobacteria. However, the
role of the mycobacterial urease in nitrogen metabolism has not
been reported.

In this study, we investigated the role of the urease activity in
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FIG 1 Glutamate biosynthesis in Mycobacterium tuberculosis (Mtb) and urea
hydrolysis. The proposed assimilation route of urea by M. tuberculosis for the
biosynthesis of glutamate is shown (http://www.kegg.com).

M. tuberculosis infection and nitrogen metabolism. We con-
structed a urease-deficient M. tuberculosis strain and confirmed
the alkalizing effect of the M. tuberculosis urease activity in mac-
rophages, although it did not confer any growth advantage to the
pathogen. In contrast, we demonstrated that the M. tuberculosis
urease activity plays a role in the bacterium central metabolism by
providing a source of nitrogen when urea is readily available as a
substrate.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. tuberculosis CDC1551 wild-
type, derived mutant, and complemented strains were grown in Middle-
brook 7H9 medium (Difco) supplemented with 10% ADS [50 g bovine
fraction V albumin, 20 g p-(+)-glucose, 8.1 g sodium chloride per liter],
0.05% Tween 80, and 0.5% glycerol or on Middlebrook 7H11 agar con-
taining oleic acid-albumin-dextrose-catalase (OADC; Becton Dickinson),
0.5% glycerol, and cycloheximide (100 pg/ml). When appropriate, hygro-
mycin, kanamycin, and gentamicin were added at 80, 20, and 10 pg/ml,
respectively.

To study the source of nitrogen, mycobacteria were grown in minimal
medium which consisted of 2.5 g Na,HPO,, 1 g KH,PO4, 1 mg pyridox-
ine, 0.5 mg biotin, 15 mg ferric ammonium citrate, 40 g MgSO,, 0.5 mg
CaCl,, 0.6 mg ZnSO,, 0.6 mg CuSO,, 0.8 g NaCl, and 0.5 g tyloxapol per
liter of medium. Glutamate, urea (Sigma), or ammonium sulfate (Sigma)
was added to the minimal medium when appropriate and at various con-
centrations. M. tuberculosis strains were grown in Middlebrook 7H9 me-
dium to mid-log phase. The bacterial cells were washed in minimal me-
dium. Subsequently, 10 ml minimal medium supplemented with 0.1%
fatty-acid free bovine serum albumin (BSA; Sigma A8806), 0.2% glycerol,
and the desired nitrogen source was inoculated with the washed bacterial
culture at an initial optical density at 600 nm (ODy,,) of 0.05 £ 0.003 in a
T25 flask (Nunc NunclonA flasks with filter caps). The flasks were incu-
bated at 37°C for up to 10 days. The ODg,, was measured every 2 days.
Growth was scored as positive when the OD,,, readout was 0.05 or higher.

AureC and complemented-strain construction. A urease-negative
mutant strain was generated in the M. tuberculosis CDC1551 background
by homologous recombination using suicide plasmid backbone
pYUB854, as previously described (1). Briefly, fragments of around 0.9 kb
flanking the ureC open reading frame (ORF) were amplified from M.
tuberculosis CDC1551 wild-type genomic DNA using the primers
UreC5FP (TTACTAGTAGGTGCTCGGCCGTGACGAT), UreC5RP (TT
AAGCTTGGTGGACGGCCCGACGAC), UreC3FP (TTTCTAGAGTCG
TGCTCAAAGGTGGGGCG), and UreC3RP (TTCTTAAGTGTAGACG
AGGTGCAAGGCGT) for 5'- and 3'-end PCR, respectively, with
restriction sites underlined for cloning purposes. The PCR products were
cloned into TOPO vector (Invitrogen), sequenced, and subcloned into the
pYUB854 plasmid using the corresponding sites flanking the hygromycin
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resistance gene, hyg. A Pacl-restricted fragment containing the selection
genes lacZ and sacB was obtained from pGOAL17 (26) and cloned into the
pYUB854-PCR5'-3" construct to obtain the final delivery vector
pYUB854-ureC. M. tuberculosis CDC1551 bacteria were electroporated
with 1 pg of the UV-irradiated plasmid solutions as described previously
(35). Hygromycin-resistant (Hyg") white colonies were selected, and de-
letion at the correct locus was verified by PCR using 2 sets of primers
overlapping the deleted region (set 1, TGCGCCTCAATCATCCGGAGG
[forward] and CACGAGCAGACCTCACTAGC [reverse]; set 2, ACTGC
TTGTCCGATATCTGAT [forward] and TCTGCTCGCACAGTTCGGA
CAl[reverse]) and Southern blot analysis (see method below). To generate
an unmarked AureC mutant, the hygromycin resistance gene was re-
moved by electroporating a plasmid encoding xd-resolvase (tnpR) (1).
The gentamicin-resistant clones were first selected after incubation at
31°C for the resolvase activity and selected again on 7H11 containing 2%
sucrose after incubation at 39°C. Complementation of the unmarked
AureC mutant was performed by amplifying the ureABC region from M.
tuberculosis CDC1551 wild-type genomic DNA using primers UreAFP
(TTTCTAGAACAACGCTTCGTGGACTTGG) and UreCRP (TTAAGC
TTAGAACAGGAAATACCGTTGTG). The 3.2-kb PCR fragment was se-
quenced and cloned into integrative plasmid pMV306 (36). Upon elec-
troporation of the AureC mutant, Kan" colonies were obtained and
successfully complemented clones were confirmed by phenotypic growth
in minimal medium with 3.5 mM urea.

Southern blot analysis. Chromosomal DNA (1 ug) prepared from
each M. tuberculosis strain was digested with Sall for 4 h and subjected to
0.8% agarose gel electrophoresis. The agarose gel containing the digested
DNA was chemically treated and transferred onto a nitrocellulose mem-
brane (Millipore) according to Roche’s digoxigenin (DIG) application
manual. The membrane was UV fixed for 1 min and equilibrated with 10
ml preheated DIG Easy Hyb solution (Roche) at 65°C for 20 min, with
gentle agitation. A DIG-labeled probe was amplified using the PCR DIG
probe synthesis kit (Roche) according to the manufacturer’s instructions
and using the following primers: CGCACCGTCGCAGAGTTGAT (for-
ward) and GTATCCGGTCGCCGGTGGTA (reverse). For hybridization,
about 5 to 25 ng/ml heat-denatured DIG-labeled DNA probe in DIG Easy
Hyb solution was incubated with the membrane overnight at 65°C.
Detection was performed using alkaline phosphatase (AP)-conjugated
anti-DIG antibody (Roche) at a dilution of 1:5,000. The membrane was
developed using nitroblue tetrazolium—5-bromo-4-chloro-3-indolyl-
phosphate (NBT-BCIP)-AP substrate (Chemicon).

RNA extraction and real-time PCR. Mid-log-phase cultures of the M.
tuberculosis strains were incubated with RNAprotect Bacteria reagent
(Qiagen) for RNA stabilization. The pelleted bacteria were then resus-
pended in 100 pl Tris-EDTA (TE) containing 20 mg/ml lysozyme and
incubated at room temperature for 20 min. RNA extraction was then
performed using RNeasy Minikit (Qiagen) according to the manufactur-
er’s instructions. Purified RNA was treated using the RNase free-DNase
set (Qiagen) to remove contaminant DNA. Reverse transcription was per-
formed on 10 ng bacterial RNA using the iScript cDNA synthesis kit (Bio-
Rad). Real-time PCR was performed in a 96 well-plate with each well
containing 2 wl cDNA mix, 0.5 pl forward (F) and reverse (R) primers (0.5
pM final), and 25 pl SYBR green supermix with ROX (Bio-Rad) to a final
volume of 50 pl. The primers used were ureC-F (GTCACCGAAGACCG
GTGTGG), ureC-R (GGTTGCCGCTGATGATTTCGG), ureF-F (CCCT
GGAAGCGTTCCTGAAAC), ureF-R  (GTTCCTCCCAGCCGGAAT
CG), sigA-F (GCGACCAAAGCAAGCACGGC), and sigA-R (GTCGTAG
TGTCCTGGGGTGC). Samples were run in triplicate. Real-time PCR
amplification was conducted with the ABI Prism 7500 sequence detector
(Applied Biosystems) over 40 cycles and with an annealing temperature of
61°C. Expression of each target gene was based on relative quantification
using the comparative critical threshold (C;) value method. Relative
quantification of a specific gene was evaluated in each reaction by normal-
ization to the C; value obtained for the endogenous control gene, sigA.
Control reactions without cDNA were used as negative controls.
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Urease activity assay. Urease activity in the M. tuberculosis WT, mu-
tant, and complemented strains was determined using a BD BBL Taxo
differentiation disc urea kit (Becton Dickinson, Inc., Sparks, MD), as pre-
viously described (16). Briefly, the strains were grown to mid-log phase
and concentrated to 1 X 10° CFU/ml in Middlebrook 7H9 medium. The
bacterial culture was incubated with the urea disc at 37°C. Colorimetric
changes were monitored after 1 day and up to 10 days after urea disc
introduction. A change of color of the suspension to red was scored as
urease positive.

Ammonia detection assay. The bacterial cultures were filtered using a
0.22-pm filter (Millipore) in order to obtain a cell-free spent culture me-
dium. The ammonia (NH;) content in the spent culture medium was
measured using an ammonia assay kit (Sigma; AA0100) by following the
manufacturer’s instructions. Briefly, 20 pl sample (undiluted and 10-fold
dilution in minimal medium) was added to 200 .l ammonia assay reagent
in a flat-bottom 96-well tissue culture plate and the mixture was incubated
for 30 min before initial absorbance reading at 340 nm (ODj,,,). L-Gluta-
mate dehydrogenase (10 .l of a 10-fold dilution in DNase/RNase-free
distilled water) was added to each well, and the reaction mixture was
incubated for 5 min before absorbance was read at 340 nm. NH; concen-
trations were calculated based on the formula given in the manufacturer’s
protocol.

Anaerobic shift-down assay. The anaerobic shift-down assay was per-
formed on the M. tuberculosis strains as previously described (39). Briefly,
aerated precultures in Dubos complete medium were harvested at mid-
log phase, washed twice in phosphate-buffered saline (PBS) supple-
mented with 0.05% Tween 80 (PBS-T), and resuspended in Dubos com-
plete medium at a final OD,, of 0.1. Where indicated, the culture
medium was supplemented with urea at a final concentration of 3.5 mM.
The bacterial suspension was then distributed in 24-well tissue culture
plates (1 ml/well). Methylene blue (1.5 ug/ml) was added as an indicator
of oxygen depletion in control wells. The plates were incubated in airtight
anaerobic jars (bioMérieux) with Anaerogen gas packs (Oxoid) to gener-
ate anaerobic atmospheric conditions. Atmospheric oxygen depletion was
indicated by the anaerobic indicator strip (BD Diagnostics). Hypoxia was
typically achieved within 24 h after incubation under anaerobic condi-
tions, as evidenced by the complete decolorization of the oxygen sensor
methylene blue. Survival was monitored by CFU count for up to 10 days
after methylene decolorization. Each experimental sample consisted of
triplicate wells.

Macrophage infection assay. Marrow cells flushed from femurs of
BALB/c mice were differentiated into macrophages over 7 days in Dul-
becco modified Eagle medium (DMEM) (Difco) containing 0.58 g/liter
L-glutamine, 1 mM sodium pyruvate, 10% fetal bovine serum (FBS), 10
mM HEPES, 100 U/ml penicillin-streptomycin, and 10 ng/ml recombi-
nant macrophage colony-stimulating factor (M-CSF) (R&D Systems).
For activated macrophages, 10% horse serum (Difco) was supplemented
in the medium and activated with 100 U/ml recombinant mouse IFN-vy
(Chemicon) and 10 ng/ml lipopolysaccharide (LPS) for 48 h prior to
infection. Monolayers (5 X 10* cells/well) in 24-well plates (Nunc) were
incubated with mycobacteria at a multiplicity of infection (MOI) of 2 for
45 min in incomplete culture medium (DMEM containing 0.58 g/liter
L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, and 10 ng/ml re-
combinant M-CSF), after which the monolayers were washed and com-
plete culture medium (DMEM containing 0.58 g/liter L-glutamine, 1 mM
sodium pyruvate, 10 mM HEPES, 10% FBS, and 10 ng/ml recombinant
M-CSF) was added to each well. At various time points, the monolayers
were washed with PBS and lysed with 0.1% Triton X-100 (Sigma) to
release the intracellular bacteria. The cell lysates were serially diluted in
7H9 medium and plated on 7H11 agar. The number of CFU was deter-
mined after incubation at 37°C for 16 days.

Phagosomal pH assay. Assessment of the pH of M. tuberculosis phago-
somes was performed according to previous literature (44). Briefly, M.
tuberculosis bacteria were labeled with 40 M pHrodo succinimidyl ester
(SS; Invitrogen), which emits red fluorescence in an acidic environment,
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FIG 2 Construction of the M. tuberculosis AureC mutant. (A) Schematic organization of M. tuberculosis urease locus (ureABCFGD). The AureC mutant was
obtained by introducing a hyg cassette into the ureC ORF (hygA ureC). Removal of the hyg cassette led to an unmarked AureC mutant. Restriction sites (RE) and
Southern blot probe are indicated (S, Sall; probe represented by double-headed arrow). (B) Southern blot analysis. M, DIG-labeled molecular ladder. (C)
Transcriptional activity of ureC and ureF ORFs in the hygA ureC and AureC mutants as determined by real-time PCR analysis. (D) Urease activity in WT, AureC,
and complemented (Comp) strains determined by a colorimetric biochemical assay. (E) In vitro growth kinetics in 7H9 medium of the WT, AureC, and Comp

strains.

in PBS supplemented with 0.05% Tween 80 (pH 9) at 37°C for 1 h. The
bacteria were then washed thrice with 7H9 to remove the excess dye.
Resting or activated mouse bone marrow-derived macrophages (5 X 10°/
well) were then infected with the labeled M. tuberculosis strains at an MOI
of 10 for 2 h. As a control, concanamycin C (200 nM), a potent inhibitor
of the V-ATPase proton transport, was added to the infected macro-
phages. Noninternalized bacteria were then washed away, and the macro-
phages were further incubated for 2 h. The cells were trypsinized and fixed
with 4% paraformaldehyde. The fixed cells were then analyzed by fluores-
cence-activated cell sorting (FACS) on BD LSR Fortessa and FlowJo 7.6.5
software.

Mouse infection. All animal procedures were approved by the ethics
committee of the Scientific Institute for Public Health-Veterinary and
Agrochemical Research Centre (IPH-VAR) under protocol number
100219-01. B6D2/F1 mice (Janvier, Le Genest, France) were inoculated
under anesthesia with M. tuberculosis WT and AureC strains via the intra-
tracheal route at 10* CFU per mouse. Four animals per group were sacri-
ficed. The lungs, spleen, and liver were aseptically harvested and homog-
enized in PBS with the antibiotic mixture PANTA (bioMérieux) by
mechanical disruption using a homogenizer. The organ homogenates
were appropriately diluted in PBS and plated onto 7H11 agar plates. CFU
were enumerated after 3 to 4 weeks of incubation at 37°C.

Statistics. Statistical significance was assessed by the Student ¢ test, and
two-tailed P values of less than 0.05 were considered statistically significant.

RESULTS

Construction of an unmarked M. tuberculosis AureC mutant
and its complemented counterpart. A urease-negative (AureC)
mutant was constructed in the M. tuberculosis CDC1551 back-
ground. The ureC open reading frame (ORF), which encodes one
of the three structural subunits of the holoenzyme (Fig. 2A), was
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deleted via double homologous recombination, leading to inte-
gration of a hygromycin resistance (hyg’) cassette as described
previously (1), which was further confirmed by Southern blotting
(Fig. 2B). As the ureC ORF is part of an operon (Fig. 2A), the
insertion of the hyg" cassette had exerted a polar effect on the
downstream genes of the operon as evidenced by their lower tran-
scriptional activity, determined by real-time PCR analysis (Fig.
2C). Since such a polar effect would have precluded complemen-
tation studies, the hyg" gene cassette was thus removed as previ-
ously described (1) to obtain the unmarked AureC mutant, in
which the wild-type (WT) transcriptional level of the downstream
genes in the operon was restored (Fig. 2C). The AureC mutant was
then complemented whereby the ureABC portion of the urease
operon expressed under the control of its original promoter was
introduced in the AureC mutant using the promoterless integra-
tive plasmid pMV306 (36). A colorimetric assay was performed to
assess the urease activity in the AureC mutant, WT, and comple-
mented strains as described elsewhere (16). While both cultures of
the WT and complemented strains turned pink upon incubation
with a urea disc, the culture of the AureC mutant remained yellow,
indicating the absence of urease activity in the mutant strain (Fig.
2D). Furthermore, no growth defect was observed for the AureC
mutant when grown aerobically in a standard culture medium
(7H9) (Fig. 2E), indicating that the loss of the M. tuberculosis
urease activity does not affect the general in vitro bacterial fitness.

M. tuberculosis urease contributes to the alkalization of the
phagosomal pH but not to the persistence of bacilli in macro-
phages. Earlier studies have suggested that the mycobacterial (BCG)
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FIG 3 Phagosomal pH measurement of infected macrophages. Shown are overlaid FACS histograms of pHrodo fluorescence intensities of resting (A) and
activated (with IFN-y plus LPS) (B) murine bone marrow-derived macrophages (BMM®) infected with pHrodo-labeled M. tuberculosis WT (solid line), AureC
(dotted line), or Comp (dashed line) strains and activated BMM® infected with pHrodo-labeled WT with (gray line) or without (black line) 200 nM concana-

mycin (C). Results are representative of two independent experiments.

urease may be involved in the intracellular persistence of the bacilli
through alkalization of the pH within the mycobacterium-containing
vacuole in macrophages (13, 23, 34). To examine this hypothesis
in M. tuberculosis, resting or activated (with IFN-v plus LPS) pri-
mary mouse bone-marrow derived macrophages (BMM®) were
infected with WT, AureC, or complemented mycobacteria labeled
with pHrodo, a pH-sensitive fluorescent dye which increases its
fluorescence intensity with acidity (44). FACS analysis of the in-
fected macrophages revealed a slight but significant shift for the
AureC-infected resting BMM® compared to that observed with
the WT strain, indicating a more acidic phagosomal environment
for the mutant bacteria (Fig. 3A). This shift was not observed in
activated infected BMM®, in which the mean fluorescence inten-
sities for the AureC- and WT-containing vacuoles were compara-
ble (Fig. 3B). This observation thus suggested that the mycobac-
terial urease activity in the WT strain is not sufficient to alkalize
significantly the more acidic phagolysosomal environment within
activated macrophages, unlike concanamycin C, a potent vacuo-
lar-type H -ATPase inhibitor (Fig. 3C). Interestingly, lower fluo-
rescence intensities were clearly measured for the complemented
strain than for the WT strain in both resting and activated macro-
phages, indicating a less acidic microenvironment for the comple-
mented mycobacteria. This may indicate a greater urease activity
in the complemented strain than in the WT strain. Integration of

the ureABC fragment at a different genetic locus in the comple-
mented strain may have resulted in its upregulation.

To correlate the alkalizing effect of the urease activity to the
intracellular persistence of the bacilli, resting and activated
BMM® were infected with the AureC mutant, WT, and comple-
mented strains and their infection profiles were monitored over
time. Similar infection profiles were observed in resting macro-
phages for all the strains (Fig. 4A). Interestingly, significantly
higher CFU counts were obtained with the AureC mutant at day 5
postinfection in activated macrophages (Fig. 4B). One could spec-
ulate that the M. tuberculosis urease activity leads to accumulation
of toxic product(s), although such toxicity was not seen in resting
macrophages.

In addition, the survival ability of the WT and AureC strains
was assessed in a hypoxic acidic in vitro model, which is believed to
partially mimic the microenvironment encountered by the bacilli
within the phagosome of macrophages (39). Here, the culture
medium was supplemented with 3.5 mM urea in order to test
whether the alkalizing effect of the urease activity could improve
mycobacterial survival. However, comparable bacterial counts be-
tween the WT and AureC strains were obtained under all the cul-
ture conditions tested, i.e., pH 6.6 or 5.5 and in the presence or
absence of urea (Fig. 4C).

Together, these data thus indicate that the alkalizing effect of
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FIG 4 Infection profile of M. tuberculosis AureC mutant in macrophages. Resting (A) and activated (with IFN-vy plus LPS) (B) murine bone marrow-derived
macrophages (BMM®) were infected with M. tuberculosis WT, AureC, and complemented (Comp) strains at a multiplicity of infection (MOI) of 2. The infected
cells were lysed and their bacterial CFU were assessed at 2, 5, and 7 days postinfection (p.i.). (C) Viability of WT and AureC mutant under anaerobic conditions
at neutral (6.6) or mildly acidic (5.5) pH, in the presence or absence of 3.5 mM urea at day 10. Results are expressed as the means * standard deviations of
triplicates. Results are representative of two independent experiments. *, P = 0.0164.
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FIG 5 Utilization of urea as nitrogen source by M. tuberculosis. WT, AureC, and complemented (Comp) strains were grown in minimal media containing 0.2%
glycerol only (A) or supplemented with 3.5 mM (B) or 71.4 mM (D) urea. The ODygj,s of the cultures were monitored over a period of 10 days. Arrows indicate
time points where the amount of NH; present in the culture media was measured (C). Results are representative of two independent experiments.

the urease activity does not provide M. tuberculosis with a growth
advantage in macrophages or in an acidic hypoxic in vitro envi-
ronment.

Urea utilization by M. tuberculosis occurs exclusively via the
urease-dependent pathway. In addition to their ability to neu-
tralize the acidic environment for survival and colonization, ure-
ase-expressing human-pathogenic bacteria such as Bacillus cereus
and Actinomyces naeslundii are able to utilize urea as a source of
nitrogen during infection (20, 21). Furthermore, the M. tubercu-
losis urease activity was reported to be upregulated under nitrogen
starvation conditions (4). We therefore hypothesized that the M.
tuberculosis urease activity may be involved in the bacterium’s
central metabolism, by providing a source of nitrogen through the
hydrolysis of urea and production of ammonia (Fig. 1). To test
this hypothesis, the in vitro growth kinetics of the WT, the AureC
mutant, and its complemented counterpart were examined in a
minimal medium containing glycerol as the sole carbon source
and urea as the sole nitrogen source. As expected, the absence of
any source of nitrogen prevented the WT, AureC, and comple-
mented strains from growing substantially (Fig. 5A), whereas the
presence of 3.5 mM urea allowed exponential replication of the
WT and complemented strains but not the AureC mutant (Fig.
5B). To correlate the utilization of urea by the strains with their
respective growth kinetics, the amount of ammonia (NH;) pro-
duced in the culture medium was measured. Increasing levels of
NH,; were detected over time in the culture medium inoculated
with the WT and complemented strains (Fig. 5C), whereas no
significant production of NH; was detected in the culture medium
inoculated with the AureC mutant, even at day 3 postinoculation,
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when the bacterial growth of the mutant is comparable to that of
the WT and complemented strains (Fig. 5B).

Interestingly, a higher exogenous urea concentration (71.4
mM) did not lead to enhanced growth of the WT or comple-
mented strain compared to that observed with 3.5 mM urea, but it
allowed the AureC mutant to replicate as efficiently as the WT
strain (Fig. 5D). However, substantial levels of ammonia were
detected in noninoculated culture medium supplemented with
71.4 mM urea, suggesting the occurrence of spontaneous hydro-
lysis of urea, thereby allowing the AureC mutant to grow (Ta-
ble 1).

Together, these data indicated that the defect in urease activity
impairs mycobacterial growth when urea is the sole source of ni-
trogen and that the by-product of ureolysis, ammonia, is the likely
source of nitrogen for its growth.

Ammonia is the actual nitrogen source utilized for mycobac-
terial replication. To confirm that the growth impairment ob-
served with the AureC mutant is due to the inability to provide a

TABLE 1 Spontaneous hydrolysis of urea®

Urea concn in defined NH; concn
liquid media (mM) (mg/ml)

0 1.72

3.5 1.97

71.4 5.34

“ Levels of NHj; in fresh minimal medium without urea, or supplemented with 3.5 or
71.4 mM urea, not inoculated with bacteria, were measured after 10 days of incubation.
Results are representative of two independent experiments.
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FIG 6 Utilization of other nitrogen sources by M. tuberculosis. WT, AureC, and complemented (Comp) strains were grown in minimal media containing 0.2%
glycerol supplemented with 1 mM (A) or 10 mM (B) NH,SO, or 0.424 g/liter glutamic acid. ODg,s of the cultures were monitored over a period of 10 days.

Results are representative of two independent experiments.

source of ammonia, we assessed its growth profile in the presence
of ammonium sulfate (NH,SO,). Consistently, the AureC mutant
was able to grow as efficiently as the WT and complemented
strains in the presence of 1 or 10 mM ammonium sulfate (Fig. 6A
and B). Notably, the growth rates obtained with the WT and com-
plemented strains in the presence of 1 or 10 mM NH,SO, were
comparable to that obtained when grown in 3.5 or 71.4 mM urea
(Fig. 5B and D), supporting the idea that ammonia generated
from urea hydrolysis through the urease activity is the actual
source of nitrogen when urea is present in the culture medium.
Furthermore, addition of L-glutamic acid, an essential amino acid
that is synthesized from ammonia (Fig. 1), led to significantly
greater growth rates for all the strains, indicating that the conver-
sion of ammonia into L-glutamic acid is likely a limiting step in M.
tuberculosis (Fig. 6C).

Role of the mycobacterial urease activity in the mouse model
of TB. To assess the role and importance of the mycobacterial
urease activity during in vivo TB infection, adult immunocompe-
tent mice were infected via the intratracheal route with the WT
and AureC strains and their infection profiles were monitored by
determining the bacterial loads in their lungs, spleen, and liver at
various time points postinfection. Comparable infection profiles
in these three organs were obtained for both strains (Fig. 7).
Therefore, these data indicated that the mycobacterial urease ac-
tivity is not required for effective replication and persistence of M.
tuberculosis in the mouse lungs, liver, and spleen.

DISCUSSION

In this study, we addressed the physiological role of M. tuberculosis
urease activity. A urease-deficient mutant was constructed from
the M. tuberculosis CDC1551 WT strain by deleting the ureC OREF,
which encodes one of the structural subunits of the urease holoen-
zyme. The unmarked in-frame ureC deletion did not affect the
transcriptional activity of the downstream genes in the urease
operon, and complementation was achieved by expressing ure-
ABC under the control of its original promoter.

Our results indicated that an absence of the urease activity did
not impair the general in vitro bacterial fitness of M. tuberculosis.
Using pHrodo-labeled mycobacteria, we demonstrated the alkal-
izing effect of the M. tuberculosis urease activity in resting macro-
phages, in which mycobacteria reside in a neutral phagosomal
vacuole, consistent with previous studies performed with BCG
(13, 23, 34), the surrogate model organism for M. tuberculosis.
However, the M. tuberculosis urease activity failed to significantly
alkalize the more acidic microenvironment of the phagolysosomal
compartment in activated macrophages. This observation thus
suggested that the alkalizing effect provided by the mycobacterial
urease activity is somewhat modest. In addition, we showed that
the urease activity and its alkalizing effect do not confer on the
pathogen a greater ability to replicate or survive within macro-
phages, as evidenced by comparable infection profiles between the
WT and urease-deficient mutant.
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FIG 7 Survival of M. tuberculosis AureC mutant in the mouse model of tuberculosis. Bacterial loads were quantified in lungs (A), spleen (B), and liver (C) from
mice infected with WT and AureC strains, as indicated, via the intratracheal route. Results are expressed as the means =+ standard deviations for 4 mice per time

point. Results are representative of two independent experiments.
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Understanding the metabolic needs of M. tuberculosis during
infection is fundamental for identifying potential novel drug tar-
gets (29). Over the years, in vitro metabolism-related studies have
demonstrated that M. tuberculosis is a flexible bacterium that is
able to metabolize a wide variety of sources for growth (6). Here,
we showed that M. tuberculosis is able to assimilate urea for growth
and that this ability is urease dependent. When there is a deletion
for urease activity, M. tuberculosis is greatly impaired in its growth
ability when urea is provided as the sole source of nitrogen. We
also showed that ammonia arising from ureolysis is the actual
nitrogen source utilized by M. tuberculosis for its in vitro growth.
Therefore, we propose that M. tuberculosis assimilates urea via its
urease activity and that this process generates ammonia, which is
one of the key precursors for the biosynthesis of essential amino
acids such as glutamate.

Whereas no difference in growth profile was observed for the
WT and urease-deficient mutant in macrophages ex vivo in cul-
ture medium containing a variety of carbon and nitrogen sources,
the mycobacterial urease activity may still be important for intra-
cellular growth and replication under nutrient-limited condi-
tions. It has been reported that arginine hydrolytic enzyme argi-
nase 1 was considerably induced in primary mouse macrophages
upon mycobacterial infection (8). As urea is one of the products of
arginase catalysis (22), M. tuberculosis could presumably use urea
as a nitrogen source for production of compounds required for
survival within the mammalian cells.

The apparent dispensability of the M. tuberculosis urease activ-
ity in the mouse model is further supported by the fact that up-
regulation of the mycobacterial urease operon or nitrogen metab-
olism-related genes has never been reported from microarrays of
M. tuberculosis-infected activated macrophages and mouse mod-
els of tuberculosis, in contrast to genes involved in carbon-based
metabolism (33, 38). It is possible that other readily available ni-
trogen sources within the host cell, such as ammonia from the
metabolism of nitrogenous compounds, and nitrate (39), could
bypass the need for M. tuberculosis to metabolize urea. It has in-
deed become very clear that functional redundancy and compen-
satory mechanisms are hallmarks of M. tuberculosis virulence, as
illustrated by a recent study on M. tuberculosis fumarate reductase
activity (42). In that study, the authors reported on the role of
fumarate reductase and succinate dehydrogenase in energy me-
tabolism and succinate secretion, but gene deletion did not lead to
an attenuation phenotype in the Wayne model or in the mouse
model. Thus, the absence of in vivo phenotype observed with a
urease-deficient M. tuberculosis mutant likely reflects the meta-
bolic versatility which provides M. tuberculosis with the ability to
adapt to virtually any microenvironment encountered in its host,
in which carbon and nitrogen sources may vary qualitatively and
quantitatively.

Alternatively, the mycobacterial urease activity may be impor-
tant for bacillus persistence or replication at specific sites of infec-
tion within the host. Indeed, the occurrence of extrapulmonary
TB cases and the ability to infect virtually any organs and tissues
imply the capability of M. tuberculosis to adapt extensively within
its host and likely rely on its ability to utilize various sources of
energy. Consequently, it is conceivable that the ability to utilize
urea as a source of nitrogen could be critical at specific sites of
infection where other sources of nitrogen are limited. For in-
stance, during intestinal tuberculosis infection, urea-containing
body fluids such as saliva (11) and tissue exudates (18), which coat
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the mucosal surfaces of the gastrointestinal tract, could provide a
constant source of energy for the bacilli to maintain bacterial rep-
lication at the site of infection, hence promoting disease.

In conclusion, whereas we show that the alkalizing effect of the
M. tuberculosis urease during macrophage infection does not ap-
pear to be involved in the pathogen’s survival and persistence, we
demonstrate a role for the ureolytic activity in nitrogen metabo-
lism which could be critical for the pathogen’s survival under con-
ditions where urea represents the sole source of nitrogen. While it
remains a challenge to address the actual metabolic needs of M.
tuberculosis during in vivo infection, our findings hereby further
support the metabolic versatility of this pathogen and contribute
to fill the existing gaps in the knowledge of M. tuberculosis meta-
bolic networks.
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