INFECTION AND IMMUNITY, July 1999, p. 3276-3283
0019-9567/99/$04.00+0

Vol. 67, No. 7

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

noxR3, a Novel Gene from Mycobacterium tuberculosis, Protects

Salmonella typhimurium from Nitrosative and Oxidative Stress
JIA RUAN," GREGORY ST. JOHN,' SABINE EHRT,? LEE RILEY,? aAnp CARL NATHAN'*

Department of Microbiology and Immunology and Department of Medicine, Weill Medical College of Cornell University,

New York, New York,' and Division of Public Health Biology & Epidemiology, School of Public Health,
University of California, Berkeley, California®

Received 7 December 1998/Returned for modification 28 January 1999/Accepted 12 April 1999

Reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) produced by activated
macrophages participate in host defense against the facultative intracellular pathogens Mycobacterium tuber-
culosis and Salmonella typhimurium. To survive within macrophages, such pathogens may have evolved ROI and
RNI resistance mechanisms. ROI resistance pathways have been intensively studied. Much less is known about
the mechanisms of resistance to RNI. To identify possible RNI resistance genes in M. tuberculosis, a mycobac-
terial library was expressed in S. fyphimurium and subjected to selection by exposure to the NO donor
S-nitrosoglutathione (GSNO) in concentrations sufficient to kill the vast majority of nontransformed salmo-
nellae. Among the rare surviving recombinants was a clone expressing noxR3, a novel and previously anony-
mous M. tuberculosis gene predicted to encode a small, basic protein. Expression of noxR3 protected S.
typhimurium not only from GSNO and acidified nitrite but also from H,0,. noxR3 is the third gene cloned from
M. tuberculosis that has been shown to protect heterologous cells from both RNI and ROI. This suggests
diversity in the repertoire of mechanisms that help pathogens resist the oxidative and nitrosative defenses of

the host.

Reactive oxygen intermediates (ROI) and reactive nitrogen
intermediates (RNI), produced in large amounts by immuno-
logically activated macrophages, and granulysin, a protein exo-
cytosed by cytotoxic T cells, are among the few effector mole-
cules shown to be required for bacteriostatic or bacteriocidal
actions against Mycobacterium tuberculosis as it dwells within
host macrophages (1, 2, 13, 20). Of these effectors, the most
stringent requirement for control of tuberculosis in mice has
been demonstrated for RNI. Murine tuberculosis is markedly
exacerbated by the administration of inhibitors of inducible
nitric oxide synthase (iNOS; NOS2) or disruption of the gene
encoding it (2, 13). Analogous experiments cannot be con-
ducted in human subjects. However, pulmonary alveolar mac-
rophages from people with tuberculosis express iNOS (16, 24),
and human pulmonary alveolar macrophages that express
iNOS use RNI to kill mycobacteria in vitro (17).

In about 90% of immunocompetent, well-nourished individ-
uals infected with M. tuberculosis, host cells restrict replication
of the bacterium well enough that the host remains free of
active tuberculosis for his or her lifetime. However, the re-
maining 10% of infected individuals develop active disease that
is life-threatening if untreated. A failure to control the infec-
tion with a higher risk of fatality despite treatment occurs in a
much higher proportion of infected people who are immuno-
compromised. This picture suggests a dynamic balance. Host
factors, including iNOS, may usually hold the organism in
check but fail to sterilize it. Their suboptimal expression may
permit the pathogen to accelerate its replication. For its part,
the pathogen may variably express mechanisms to resist the
bacteriostatic or bacteriocidal actions of host defenses, includ-
ing RNI. Identification of RNI resistance mechanisms might
allow the design of inhibitors that could sensitize the pathogen
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to RNI at whatever level the host can produce. Theoretically,
such inhibitors might permit the immunocompetent host to
develop sterilizing immunity instead of chronic, subclinical in-
fection, and might help the immunocompromised host to avoid
developing overt disease contagious to others.

To lay the groundwork for testing these ideas, we have been
searching for RNI resistance genes in M. tuberculosis by both
selection (8) and homology-based strategies (3). To date, one
candidate RNI resistance gene has been cloned by each ap-
proach. In the present report, we have modified the selection
strategy of Ehrt et al. (8) by changing the nitrosative stress and
the host bacterium expressing the M. tuberculosis library. This
led to the cloning of a novel gene that confers substantial
resistance both to RNI and to ROL

MATERIALS AND METHODS

Reagents. Reagents were obtained from the indicated sources: GSNO (S-
nitrosoglutathione; Alexis Co., San Diego, Calif.); yeast extract, tryptone, and
Bacto-Agar (Difco Laboratories, Detroit, Mich.); IPTG (isopropyl-B-p-thioga-
lactopyranoside) and rapid ligation kits (Boehringer Mannheim Biochemicals,
Mannheim, Germany); AlamarBlue (AccuMed International Companies, West-
lake, Ohio); TRIzol (Gibco/BRL, Gaithersburg, Md.); zirconium-silica beads
(0.1 mm; Biospec Products, Bartlesville, Okla.); restriction endonucleases, T4
DNA ligase, and DNA polymerase large fragment (Klenow) (New England
Biolabs, Inc., Beverly, Mass.); PCR and reverse transcription-PCR kits (Perkin-
Elmer, Branchburg, N.J.); Ni-nitriloacetic acid (NTA) agarose beads and Mini-
prep, Maxiprep, and Gel extraction kits for DNA extraction and purification
(Qiagen, Inc., Santa Clarita, Calif.); and DNA primers (Oligos, Etc., Inc., Guil-
ford, Conn.). Other chemicals and antibiotics were purchased from Sigma Chem-
ical Co., St. Louis, Mo.

Bacterial strains and growth conditions. For recombinant DNA manipula-
tions, the following E. coli strains were used as competent cells for transforma-
tion: HB101 (Gibco/BRL), XL1-Blue, XL2-Blue (Stratagene, Inc., La Jolla,
Calif.), and M15 (Qiagen). Luria-Bertani (LB) broth or LB agar plates contain-
ing appropriate antibiotics (ampicillin at 100 pg/ml or kanamycin at 40 pg/ml)
were used for their growth. S. typhimurium LT2 (strain SGSC1412; Salmonella
Genetic Stock Centre, University of Calgary, Calgary, Alberta, Canada) was used
for the functional characterization of M. tuberculosis genes. S. typhimurium 14028
(a kind gift of Ferric Fang) was used for confirmatory experiments where indi-
cated. LB broth or LB agar plates containing appropriate antibiotics (ampicillin
at 200 wg/ml) were used for propagation. The following mycobacterial strains
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were used in this study: M. tuberculosis CB3.3 (10), M. smegmatis mc®155 (a kind
gift of William Jacobs), M. bovis ATCC 19210, M. avium ATCC 25291, M.
intracellulare ATCC 13950, and M. fortuitum ATCC 6841. Mycobacterial strains
were grown in Middlebrook 7H9 broth (Difco) supplemented with 2% glycerol,
0.05% Tween 80, and ADC supplement (Difco) or plated on 7H11 agar (Difco).

DNA library and plasmids. A genomic library was constructed from CB3.3, a
strain of M. tuberculosis prevalent among clinical isolates in New York City (10),
by Sabine Ehrt by using partial digestion of M. tuberculosis chromosomal DNA
with Sau3A, followed by ligation of the DNA fragments into the BamHI site of
the E. coli vector pBluescript SK(—) (pBS) (8). Truncation constructs of clone
32, termed pNR32dE and pNR32dS, were constructed by digesting pNR32 with
EcoRI or Smal, with self-ligation. To make pNR32dS2, pNR32dS was digested
with Sacll and self-ligated. To prepare a His-tagged fusion construct, pNR32dS
was digested with Smal and AfIIII and blunt ended with Klenow. The 300-bp
DNA fragment containing the small open reading frame (ORF) was cloned in
frame into the Smal site of the expression vector pQE30 (Qiagen).

Preparation of chromosomal DNA. Genomic DNAs were prepared from my-
cobacteria by using the method described by van Soolingen et al. (23). Briefly, 30
ml of late-log-phase cultures were harvested by centrifugation, washed once in
TE buffer (Tris with EDTA, pH 8.0), and resuspended in 1 ml of TE buffer.
Samples were divided in half, and lysozyme (50 pl; 10 mg/ml) was added. After
incubation at 37°C for 1 h, 70 pl of 10% sodium dodecyl sulfate (SDS) and 10 .l
of proteinase K (10 mg/ml) were added, and the samples were incubated at 65°C
for 1 h. After the subsequent addition of 100 pl of 5 M NaCl and 80 pl of 10%
N-acetyl-N,N,N-trimethylammonium bromide, the samples were incubated at
65°C for 30 min. The mixture was extracted twice with chloroform and precipi-
tated with a 0.6 volume of isopropanol. The resulting high-molecular-weight
DNA was treated with RNase, extracted with phenol-chloroform-isoamylalcohol
(25:24:1) and chloroform-isoamylalcohol (24:1), precipitated with ethanol, and
resuspended in TE buffer.

Isolation of RNA. RNA was isolated from 30 ml of logarithmically growing
mycobacterial cultures. Bacteria were pelleted and resuspended in 1 ml of
TRIzol (Gibco/BRL). Zirconium-silica beads (0.5 ml; 0.1 mm diameter) were
added, and lysis was performed in a FastPrep FP120 bead beater apparatus (Bio
101) at 6,500 rpm for two cycles of 20 s. The aqueous phase was extracted with
chloroform, and the RNA was precipitated with isopropanol. The RNA was
treated with 10 U of DNase I (Boehringer Mannheim) for 30 min at 37°C,
followed by purification with Qiagen RNEasy columns.

Extraction of proteins. Mycobacterial cultures (30 ml) were harvested by
centrifugation, washed twice with phosphate-buffered saline (PBS), resuspended
in 1 ml of PBS containing 1 mM phenylmethylsulfonyl fluoride, and lysed in a
FastPrep apparatus as described above. Homogenates were separated from the
beads and centrifuged. The insoluble pellet was resuspended in 100 pl of sample
buffer (12 mM Tris-HCI, pH 6.8; 5% glycerol; 0.4% SDS; 2.88 mM 2-mercap-
toethanol; 0.02% bromphenol blue) and incubated at 65°C for 20 min.

Purification of fusion protein and preparation of antibody. A pQE30-based
vector containing the NR32dS ORF was used to transform Escherichia coli M15
containing pREP4. A transformed colony was grown overnight in 2 ml of LB
containing 150 pg of ampicillin and 40 pg of kanamycin per ml and used to
inoculate 100 ml of fresh LB containing both antibiotics. IPTG (2 mM) was
added when the bacterial culture reached an optical density at 600 nm (ODg)
of 0.6 to 0.8. Four hours later, the bacteria were pelleted, resuspended in 10 ml
of buffer B (8 M urea, 0.1 M NaH,PO,, 0.01 M Tris) at pH 8.0, and lysed by
vortexing at room temperature for 1 h. The supernatant was mixed with 2 ml of
Ni-NTA resin at room temperature for 30 min and packed into a column. The
column was washed three times in 10 ml (each time) of buffer B at pH 6.3, and
the His-tagged protein was eluted with buffer B at pH 4.5 in eight 1-ml fractions
and concentrated (Microcon 3; Millipore, Inc.). After further purification by
SDS-polyacrylamide gel electrophoresis (PAGE), 200 pg of purified protein in
complete Freund adjuvant was injected subcutaneously in each of two New
Zealand White rabbits, followed by boosts in incomplete Freund adjuvant every
3 weeks. Antisera used here were collected after at least two boosts.

Affinity purification of antibody. Approximately 300 pg of column-purified
fusion protein was further purified by SDS-15% PAGE and transferred to a
nitrocellulose membrane. Staining with Ponceau S revealed a single band at
about 11.5 kDa, the size predicted for the fusion protein. A strip containing this
species was removed and incubated in blocking buffer (3% bovine serum albu-
min-0.02% NaNj; in PBS) for 1 h at room temperature (0.25 ml of blocking
buffer per cm? of membrane). Antiserum diluted 1:40 in blocking buffer was
incubated with the strip for 5 h at room temperature with gentle shaking. The
strip was rinsed sequentially in 0.15 M NaCl and PBS for 20 min each, and
antibody was eluted with 1 ml of 0.2 M glycine (pH 2.8)-1 mM EGTA for 20 min
at room temperature, followed by neutralization with 0.1 volume of 1 M Tris and
the addition of 0.1 volume of 10X PBS and 0.02% NaNj,.

Immunoblot. Transformed S. typhimurium were sonicated in 300 mM NaCl-50
mM sodium phosphate (pH 7.6) or boiled in SDS-PAGE sample loading buffer
containing 1% SDS and 100 pM B-mercaptoethanol. Mycobacteria were lysed in
a FastPrep beater. Lysates (100 to 200 pg of protein) were subjected to 15%
SDS-PAGE, transferred to a nitrocellulose membrane, and reacted with affinity-
purified antibody in 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20.
Bound antibody was detected by enhanced chemiluminescence.
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Bacterial survival after exposure to nitrosative, oxidative, and other stresses.
S. typhimurium LT2 transformed with plasmids encoding M. tuberculosis se-
quences was stored on plates at 4°C for no more than 4 weeks before a fresh
round of transformation. Freshly inoculated overnight cultures of transformed
bacteria were diluted to an ODgy, of 0.02 to 0.04 (~10° to 107 CFU/ml). Survival
assays were carried out in LB at pH 5.0 for GSNO and sodium nitrite and at pH
7.0 for all other test compounds. Bacteria (1 ml) were incubated with GSNO (1
to 10 mM) at 37°C with shaking at 225 rpm. Aliquots were taken at the indicated
time points for serial dilution and plating onto LB agar plates containing 200 pg
of ampicillin per ml or for fluorescence-based microplate assay (18) as detailed
below. For other stresses, triplicate cultures (100 pl) were incubated with test
compounds in Corning 96-well polystyrene plates in a 37°C humidified incubator
supplemented with 5% CO,; the pH did not vary over the course of the assay. At
the indicated time points, 10 pl from each well was transferred to 100 wl of
LB-10% AlamarBlue with ampicillin in new 96-well plates. These read-out
plates were stored at 4°C overnight and then transferred to 37°C and shaken at
75 rpm while fluorescence was recorded hourly in a microplate reader (Milli-
pore). Progress curves were compared to a standard growth curve of the same
strain. Surviving bacterial numbers derived from counting colonies on plates
were expressed as “CFU,” while numbers calculated from AlamarBlue assay (18)
were expressed as “calculated CFU.”

RESULTS

Cloning of noxR3 from M. tuberculosis. S. typhimurium iso-
lates transformed with an M. tuberculosis genomic library were
exposed to GSNO, a physiologic form of RNI produced by
activated macrophages and known to be bactericidal when
taken up by salmonellae (7). Exposure to GSNO (10 mM) at
pH 5.0 for 24 h in LB reduced by 5 to 6 log,, the CFU of
bacteria transformed with vector pBS alone compared to
growth in the absence of GSNO. Individual plasmids contain-
ing M. tuberculosis inserts were recovered from surviving col-
onies transformed with the genomic library. The selection pro-
cess was repeated at least once with bacteria freshly
transformed with the recovered plasmids. Clone NR32, which
contained a 1.35-kb insert, conferred a consistent survival ad-
vantage of 2 log,, over the control at 12 h, while the pBS
vector-transformed control declined in viability by a factor of 4
log,, (Fig. 1A). Results were similar with another strain (S.
typhimurium 14028 [data not shown]). Clone NR36 contained
the same M. tuberculosis insert as NR32 except for a 150-bp
truncation at the 5’ end. Clone NR36 conferred little resis-
tance at 12 h compared to vector-transformed bacteria (Fig.
1A). Clone NR36 was either a false-positive result in an early
screen or suffered this deletion during the process of repeat
screening. Both clones NR32 and NR36 were in the same
orientation as, and presumably driven by, the lacZ promoter.

The 1,352-bp clone NR32 matched 100% to an anonymous
sequence of unknown function in the M. tuberculosis genome
database (H37Rv sequence; GenBank accession number
Z79701/MTCY277, complementary orientation of sequences
17204 to 18555). NR32 overlaps Rv1498c (complementary to
sequences 16901 to 17518), encompasses Rv1499 (correspond-
ing to sequences 17933 to 18403), and overlaps Rv1500 (nu-
cleotides 18448 to 19476). The NR32 sequence contains sev-
eral hypothetical ORFs in both forward and reverse
orientations. The deletion of the first 150 bp from clone 32 that
created clone NR36 affected only one hypothetical ORF,
whose 270-bp sequence was predicted to encode a novel pep-
tide of 88 amino acids (9,342 Da) (Fig. 1B) arranged in alter-
nating hydrophilic and hydrophobic segments (Fig. 1C). The
predicted pI of 11.74 reflects the presence of 10 Arg residues.

To determine the functional relevance of this ORF, we pre-
pared several truncated versions of clone NR32 and tested the
ability of the truncation mutants to confer a survival advantage
on S. typhimurium exposed to GSNO. One 3’ truncation gen-
erated clone NR32dS, which retained 375 bp of the 5 se-
quence of NR32, just enough to include the small ORF. A
smaller 3’ truncation generated NR32dE, which retained 992
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FIG. 1. Characterization of a plasmid insert from M. tuberculosis that pro-
tects S. typhimurium from GSNO. (A) Protection of S. typhimurium from GSNO
by transformation with M. tuberculosis-derived insert NR32 but not by the closely
related, spontaneously truncated insert, NR36. Salmonella isolates transformed
with pBS vector alone, NR32, or NR36 were exposed for 12 h to 10 mM GSNO
(pH 5.0), and surviving bacteria were enumerated. The means * the standard
deviation (SD) of four independent experiments are shown. (B) Nucleotide
sequence of NR32. Arrows denote the start of NR32 (position 1) and NR36
(position 151). The amino acid sequence is shown for a small ORF unique to
NR32. (C) Hydrophilicity plot of the ORF in panel B.

bp of the 5’ sequence of NR32. Salmonellae transformed with
plasmids containing either of these two truncation mutants and
exposed to 10 mM GSNO (pH 5.0) for 12 h behaved similarly
to salmonellae transformed with NR32. The survival was at
least 2 to 3 log,, higher than that of salmonellae transformed
with the pBS vector alone or with clone 36 (Fig. 2). A 174-bp
5" truncation of clone NR32dS eliminated most of the ORF.
This double mutant, termed NR32dS2, conferred no survival
advantage (Fig. 2). Thus, truncation analysis suggested that the
OREF at the 5" end of clone NR32 was necessary and sufficient
for the phenotype of resistance to GSNO. The M. tuberculosis
gene encoded by this clone was named noxR3 (nitrogen oxides
and oxygen intermediate resistance) based on this and subse-
quently characterized features.

Expression of noxR3. The distribution of noxR3 was studied
in M. tuberculosis strains H37Ra and CB3.3; the other mem-
bers of the M. tuberculosis complex, M. bovis bacillus Calmette-
Guérin (BCG), M. africanum, and M. microti; the M. avium
complex species M. avium and M. intracellulare; and the envi-
ronmental mycobacterial species M. kansasii, M. chelonae, and
M. smegmatis. A 267-bp PCR product encompassing the noxR3
OREF was used as the DNA probe in Southern hybridization
analysis of genomic DNAs digested with Smal. A hybridization
signal at ~1.2 kb was present only in the species belonging to
the M. tuberculosis complex (Fig. 3A). A noxR3 DNA probe
hybridized with a transcript of ~0.3 kb in RNA from all mem-
bers of the M. tuberculosis complex tested, including M. tuber-
culosis CB3.3, M. africanum, M. bovis BCG, and M. microti but
not with RNA from M. smegmatis (Fig. 3B). A loading control
for 16S rRNA showed that the negative result with M. smeg-
matis was not due to insufficient RNA (Fig. 3B).

To analyze the expression of noxR3 at the protein level, a
hexahistidine-tagged fusion protein (predicted and observed
mass of ~11.5 kDa) was overexpressed in E. coli and purified
by nickel column chromatography (Fig. 4A). NH,-terminal
amino acid sequencing confirmed that 10 amino acids follow-

INFECT. IMMUN.

B
[_> clone 32 starts at 1
1 GATCTCGACGTCAGGC CGCCGCCGCGCGCGCTCTCC ACTCCAG
CACGTAAGGCTCTGAC CATAGTCGTTACGATCGAGAGGCGCATCGCCGATCCATC
M ¥ I VvV V. T I E R R I A D P S
% clone 36 starts at 151
CCCAATCCACCCC TCCTCGGGATCATAC! C GTCCGCGG

P I HP V G ¥ L L G I I RGPS G V R G

CGGTTTTGGACTCGTTCGATCCAGGTTGTCGCTGCGGTCGTCGCTGCCGCCTTGGTCGGC
G F G L VRSIRULJSIULUR S S LPPW S A

CGGAGCGCTGGGCGTTTCGGCTGCTGATACAAACAGCACGCTACCTGTGACGTTGTTGAA
G AL GV S A ADTNSTULUPUVTTULTULN

TGGCC 'CGCCAGCCGACGACCGGCTCTC!
G R WOCRQPTTG S R S * *

CCACCGCCGGCGTC

GCCGCACCACCCGGGTCGTGCTCATCGACCCCCACCGCCGGGCGCTTCTGGTCGAAGGTC
GCAATCCCGACGACGAGCAACTCAC GGCAGCGGC CGGAG
AGAATCCGGCCGAAGCTGCCGCGCGGCAA!
ccc ACCGGACTATTC

TCAAAGTGACCGGCC TCC

CGCTGGCC AGA AAAGAATGT

CAC CAATCACACCTACC 'GTCGGGACCTCGCCCG
ACGGCGTCGACGCGGCAATCCAGGGCGGTCTGGCCCGAGCTGCGCAGACCATGCGCGCGE
TGGACTGGTTCGAAGTACAGTCAATTCGAGGCCACCTGGTCGACGGAGCGGTCGCGCACT
TCC AAGTCGGCTTCCGCC CTGAACCTTCAAGCGCGGCC
GATAAC ATCATTAAGCGACTTTTCCAGAACATCCTGACGCGCTCGARACGCG
GTTCAGCCGACGGTGGCTCCGCCGAGGCGCTGCCTCCARAATCCCTGCGACAATTCGTCG
GCGGCGCCTACAAGGAAGTCGGTGCTGAATTCGTC! TGGTCGACC
TGCAGCCGGACGAAGCGGTGCTCGACGTCGGCTGCGGCTCGGGGCGGATGGCGTTGCCGC
TCACCGGCTATCTGAACAGCGAGGGACGCTACGCCGGCTTCGATATCTCGCAGAAAGCCA
TCGCGTGETGCCAGGAGCACATCACCTCGGCGCACCCCAACTTCCAGTTCGAGGTCTCCG
ACATCTACAACTCGCTGTACAACCCGAAAGGGAAATACCAGTCACTAGACTTTCGCTTTC
CATATCCGGATGCGTCGTTC! 'TTCTTACCTC ACCCAC TC
CGCCGGACGTGGAGCACTATCTGGACGAGATC 1352

1.94

-1.92

ing the 6 His and 13 linker residues conformed to the predicted
OREF encoded by the M. tuberculosis gene. The column-puri-
fied protein was subjected to SDS-PAGE, and the molecular
mass region containing the sole stainable band (11.5 kDa) was
used to raise a rabbit antiserum. The antiserum reacted with
the fusion protein in the recombinant E. coli both before and
after its purification (Fig. 4B).

The anti-NOXR3 antiserum was affinity purified on antigen
and used to immunoblot lysates of transformed S. #yphi-
murium. A band migrating at ~10 kDa (the size predicted for
NOXR3 without fusion residues) was recognized in salmonel-
lae transformed with plasmids containing clones NR32,
NR32dE, or NR32dS but not with the vector alone or plasmids
containing clones NR36 or NR32dS2. The amount of NOXR3
protein appeared to be greater in salmonellae transformed
with NR32 and NR32dE than those transformed with NR32dS
when the same amount of lysate protein was compared under
denaturing and reducing conditions (Fig. 4C). When lysates
were prepared by sonication without SDS, NOXR3 protein
was detected only in the insoluble portion, suggesting either
that the NOXR3 had aggregated or that it was associated with
bacterial membranes or cell walls (not shown). Thus, the same
OREF that was inferred to be functional from truncation anal-
ysis was expressed as a protein with the predicted N-terminal
amino acid sequence and was expressed selectively in those
Salmonella organisms that displayed enhanced resistance to
GSNO.

Finally, we immunoblotted lysates of mycobacteria with af-
finity-purified anti-NOXR3 immunoglobulin G. A single dis-
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FIG. 2. Confirmation of the functional ORF in insert NR32. (A) Schematic
of NR32 (top bar), the spontaneously arising 5’ truncation mutant NR36 (bottom
bar), and engineered 3’ and 5’ truncations (three middle bars). Arrow denotes
the position and orientation of the putative functional ORF. (B) Protection of S.
typhimurium from GSNO by transformation with NR32 and NR32dS but not by
NR32dS2 or pBS vector alone. Experiment was conducted as described for Fig.
1. The means * the SD of triplicates in a representative experiment are shown.

crete polypeptide was detected that migrated with an apparent
molecular mass of about 40 kDa in lysates from M. tuberculosis
CB3.3, M. bovis BCG, and M. microti (Fig. 5). In contrast, no
reactivity was detected in lysates from M. avium, M. intracel-
lulare (Fig. 5), or M. fortuitum (not shown). Because the ~40-
kDa species was only seen in species that contained the noxR3
gene, the immunoreaction might be authentic, even though the
apparent mass was unexplained.

noxR3 confers resistance not only to GSNO but also to
NO, ™ and H,0,. Next, we wanted to see whether the resistant
phenotype conferred by noxR3 might extend beyond the stress
used for selection. Salmonellae transformed with NR32,
NR32dS, or vector alone all grew at the same rate when no
stress was applied (Fig. 6A). As before, transformation of
Salmonella with either NR32 or NR32dS conferred relative
resistance to GSNO, such that >1 log,,-fold more bacteria
survived than when the Salmonella was transformed with pBS
vector alone (Fig. 6A). Another physiologic form of RNI pro-
duced by activated macrophages is NO, . In mildly acidic
conditions, resembling the pH of the phagosome of activated
macrophages, a proportion of NO, ™ is protonated to nitrous
acid. The latter dismutates to give back NO, the additional
radical NO,, and higher oxides of nitrogen (8, 22). That NO,
can be bactericidal at a mildly acidic pH has been appreciated
for decades (14). The ability of NO, ™ at pH 5.0 to kill Salmo-
nella was confirmed in the present studies (Fig. 6B). Remark-
ably, however, transformation with clone NR32 conferred no
protection against NO, ™ in the same experiments in which the
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FIG. 3. Mycobacterial expression of noxR3 at the genomic and RNA levels.
(A) Southern blot. Genomic DNAs (1 wg) digested with Smal were loaded onto
a 0.9% agarose gel, electrophoresed, transferred to a filter, and hybridized with
a 267-bp DNA fragment containing the noxR3 sequence. Lanes: 1, M. tubercu-
losis CB3.3; 2, M. tuberculosis H37Ra; 3, M. bovis BCG; 4, M. africanum; 5, M.
microti; 6, M. avium; 7, M. intracellulare; 8, M. kansasii; 9, M. chelonae; 10, M.
smegmatis. (B) Northern blot. In the upper panel, RNAs (10 ug) were hybridized
to a 250-bp digoxigenin-labeled DNA fragment containing the noxR3 sequence.
Lanes: 1, digoxigenin-labeled RNA size markers; 2, M. africanum; 3, M. bovis
BCG; 4, M. microti; 5, M. smegmatis; 6, M. tuberculosis CB3.3. The lower panel
shows a loading control. The same membrane was stripped and reprobed with a
16S rRNA gene-specific digoxigenin-labeled DNA fragment.

same transformants were protected from GSNO at the same
pH (compare Fig. 6A and B). This suggests that GSNO and
NO, do not constitute interchangeable forms of RNI with
regard to Salmonella. However, some protection against NO, ™~
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FIG. 4. Expression of NOXR3 protein in transformed E. coli and S. typhi-
murium. (A) Expression and purification of NOXR3 fusion protein monitored
on Coomassie blue-stained SDS-15% PAGE. Lane 1, lysate (50 pg of protein)
of uninduced E. coli transformed with pQE30-NR320RF1; lane 2, lysate (50 pg
of protein) of E. coli as in lane 1 but after 4 h of induction with 2 mM IPTG; lane
3, NOXR3 fusion protein (2 pg) after chromatographic purification. (B) Immu-
noblot with rabbit anti-NOXR3 antiserum raised against the antigen illustrated
in panel A, lane 3. Lane 1, lysate (100 pg of protein) of uninduced E. coli
transformed with pQE30-NR320RF]1; lane 2, lysate (100 pg of protein) of E. coli
as in lane 1 but after 4 h of induction with 2 mM IPTG; lane 3, NOXR3 fusion
protein (0.5 pg) after chromatographic purification. (C) Immunoblot of lysates
(200 pg of protein per lane) of transformed S. typhimurium with affinity-purified
antibody from the antiserum characterized in panel B. Transformation was by
pBS vector containing the following: lane 1, no insert; lane 2, NR36; lane 3,
NR32; lane 4, NR32dE; lane 5, NR32dS; and lane 6, NR32dS2.

at pH 5.0 was afforded by transformation with NR32dS (Fig.
6B). This may signify that expression of a smaller amount of
recombinant NOXR3 (see Fig. 4C) was optimal in Salmonella
confronted with NO, ™ or that products of the downstream
sequence exerted a negative effect on survival in NO, .

A robust phenotype also emerged when salmonellae were
exposed to 1 mM H,O, at neutral pH. Although all transfor-
mants declined in viability at 3 h, transformation with NR32
and NR32dS allowed >2 log,,-fold more survival than did the
vector alone. By 6 h, the former transformants resumed
growth, and by 9 h they displayed a net 4 log,,-fold survival
advantage over the control (Fig. 6C).

At pH 7.0, GSNO (up to 5 mM) had little bactericidal effect
on Salmonella transformed with the vector alone, nor did 0.5
mM H,O,. However, their combination was synergistically
bactericidal, reducing viability by a factor of >5.4 log,, by 6 h.
Expression of noxR3 in either NR32- or NR32dS-transformed
bacteria conferred >1 log,,-fold protection (Fig. 6D).

Resistance against other stresses. To distinguish whether
noxR3 protected Salmonella relatively specifically against RNI
and ROI or instead controlled a general survival or repair
function, we subjected transformed S. typhimurium to excess
sodium chloride, heat, acid, detergent, paraquat, or nalidixic
acid. Transformation with NR32 or NR32dS consistently pro-
tected against hypertonicity (Fig. 7A). Under the conditions
used, heating the bacteria did not reduce viability below that at
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FIG. 5. Possible expression of NOXR3 protein in mycobacteria. Mycobacte-
ria were cultured in vitro under standard conditions. Lysates (100 pg) were
separated by SDS-15% PAGE and transferred to nitrocellulose membranes.
Affinity-purified anti-NOXR3 antibody was used for immunodetection. Lanes: 1,
M. tuberculosis CB3.3; 2, M. bovis BCG; 3, M. microti; 4, M. avium; 5, M.
intracellulare.

time zero, but it did prevent the growth seen under nonstressed
conditions (compare the difference between 0 and 3 h in Fig.
7B with that in Fig. 6A, B, and C). noxR3-encoding plasmids
conferred no resistance against heat stress (Fig. 7B). Heating
for longer times or at higher temperatures killed all of the
bacteria, while milder conditions had no effect on their growth
(not shown). At pH 4.0, bacterial viability was reduced sub-
stantially, although not as severely as in many experiments with
RNI or ROI. Nonetheless, noxR3 afforded no protection (Fig.
7C). Likewise, the mild toxicity inflicted by SDS was not re-
sisted by noxR3 (Fig. 7D). Finally, noxR3 expression was asso-
ciated with decreased, rather than increased, survival in bac-
teria exposed to paraquat (Fig. 7E) or nalidixic acid (Fig. 7F).
Thus, expression of noxR3 conferred either a survival advan-
tage or disadvantage or had no effect, depending on the stress.
Among the stresses tested, a survival advantage was seen only
in nitrosative, oxidative, and hypertonic conditions.

DISCUSSION

Although the complete sequence of the M. tuberculosis ge-
nome is now available, the sequence gives no clue to the func-
tion of 16% of the genes (4). Selection strategies are one
potentially powerful way to begin to analyze the functions of
anonymous genes. In about one-third of the human popula-
tion, M. tuberculosis resides for decades within macrophages,
and thus it is reasonable to anticipate that some M. tuberculosis
genes may be devoted to defense against macrophage micro-
bicidal mechanisms. Because of the experimental difficulties,
long incubations, and biological hazards associated with mu-
tating, selecting, and transforming M. tuberculosis, we em-
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FIG. 6. Survival of S. typhimurium in LB with RNI, ROI, or a combination of RNI and ROI after transformation with or without noxR3. In panels A through C,
open symbols depict bacteria not exposed to the experimental stress, while closed symbols depict bacteria stressed as described. S. typhimurium was transformed with
pBS containing no insert (squares), with NR32 (circles), or with NR32dS (triangles). (A) Survival with or without exposure to GSNO (5 mM, pH 5.0). (B) Survival with
or without exposure to sodium nitrite (7 mM, pH 5.0). (C) Survival with or without exposure to H,O, (1 mM, pH 7.0). (D) Survival with or without exposure to H,O,
(0.5 mM, pH 7.0), GSNO (5 mM, pH 7.0), or a combination of the two. S. typhimurium was transformed with pBS containing no insert (solid bars), NR32 (striped bars),
or NR32dS (gray bars). The means = the standard error of three independent experiments for panels A, B, and C and the means * the SD of a representative
experiment in triplicate in panel D are shown. Values falling below the limit of detection (10° calculated CFU) were assigned the value of the limit.

barked on a two-part strategy to look for candidate RNI resis-
tance genes in this pathogen. The first step was to select genes
from a relatively RNI-resistant isolate of M. tuberculosis (10)
that impart relative RNI resistance to S. typhimurium, a fast-
growing, genetically tractable, relatively RNI-sensitive, facul-
tative intracellular pathogen that serves as a surrogate inter-
mediary. The second step is to knock out and restore candidate
RNI resistance genes by allelic replacement in M. tuberculosis
itself and to test the phenotype of the resulting mycobacterial
strains in vitro and in mice. Here we describe the first of these
two steps.

The strategy used in this study was patterned on that used by
Ehrt et al. (8), but it yielded a different gene. The use of
different nitrosative stresses in the two studies—nitrite (8) ver-
sus GSNO—may explain why different genes were recovered,
and this in turn may shed light on the emerging diversity of
resistance mechanisms to RNIL

Glutathione is the most abundant nonprotein thiol (1 to 5
mM) in macrophages and is actively secreted. Glutathione
readily conjugates NO. The product, GSNO, serves to store
NO and shield it from reaction with O, or O, ", to transport
NO equivalents across bacterial cell walls (7), and to return
NO equivalents to the chemically reactive pool of RNI by
transnitrosation or release of NO™ or NO (19). Thus, GSNO is
a physiologic form of RNI that is likely to be encountered in
the pericellular, intraphagosomal, and cytosolic compartments
of macrophages. The same can be said of nitrite. noxR3 en-

coded by a plasmid with a short insert, NR32dS, afforded
protection against both GSNO and nitrite. In contrast, the
longer plasmid NR32, which includes additional 3" sequences,
afforded relative resistance to GSNO but not to nitrite. Al-
though it is unclear how the 3’ sequences affected the pheno-
type, the latter result suggests that GSNO and nitrite are not
identical in their impact on the pathogen. As for superoxide
(6), products of nitrite may affect both the cell wall and internal
targets. GSNO, in contrast, must be taken up before it is
bactericidal to Salmonella and thus may preferentially affect
internal targets (7).

The production by macrophages of several forms of RNI,
coupled with the ability of various forms of RNI to affect the
same microorganism in different ways, suggests that pathogens
requiring an ability to survive within activated macrophages
may need more than one mechanism of RNI resistance. Two
RNI resistance gene products indigenous to cultured S. typhi-
murium have recently been characterized: AhpC (3) and fla-
vohemoglobin (5, 11). In this context, it is all the more inter-
esting that expression of either noxRI (8) or noxR3 rendered S.
typhimurium substantially more resistant to RNI than they
already were. In other words, for each transformant, at least
two RNI resistance mechanisms were already likely to be op-
erating, yet the addition of a third was consequential.

The biologic significance of the apparent multiplicity of RNI
resistance genes will be clearer when we understand how each
gene is regulated and when each has been knocked out and
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FIG. 7. Survival of S. typhimurium during exposure to various stresses after transformation with or without noxR3. S. typhimurium were transformed with pBS
containing no insert (solid bars), containing NR32 (striped bars), or containing NR32dS (stippled bars) and cultured in LB with the following stresses for the duration
of the experiment: 1 M NaCl (A), incubation at 52°C (B), pH 4.0 (achieved by addition of HCI) (C), SDS (5%) (D), paraquat (10 mM) (E), or nalidixic acid (15 wg/ml)

(F). The means * the SD of a representative experiment in triplicate are shown.

reconstituted. We need to learn the subcellular localization of
the gene products and by what biochemical mechanisms they
impart resistance. Recently, flavohemoglobin has been shown
to act as an NO dioxygenase (11). AhpC was first identified as
part of an enzyme complex (12). Whether NOXR3 is an en-
zyme remains to be determined.

After noxR1 (8) and ahpC (3), noxR3 is the third candidate
RNI resistance gene cloned from M. tuberculosis. noxRI has
been knocked out and reconstituted in BCG, with a corre-
sponding phenotype of sensitivity and resistance to acidified
nitrite (21). Thus, the type of selection strategy employed here
for mycobacterial genes expressed in a surrogate enteric bac-
terial host has the potential to identify genes with the corre-
sponding functions in mycobacteria themselves. ahpC has been
knocked down in M. bovis, rendering this pathogen nonvirulent
for guinea pigs (25). It remains to be tested whether this
reflects loss of resistance to RNI. Knockout of noxR3 in M.
tuberculosis, while arduous, now appears warranted. Until this

is accomplished, it will remain an open question whether the
phenotype associated with the expression of noxR3 in a heter-
ologous host is relevant to its phenotype in the native context.

noxR3 appears to be present only in the genomes of mem-
bers of the M. tuberculosis complex and not in other nonpatho-
genic or opportunistic mycobacteria. Although affinity-purified
anti-NOXR3 antibody detected NOXR3 protein in trans-
formed Salmonella, no protein was detected in mycobacteria at
the expected molecular mass of ~10 kDa. Instead, a single
band was immunoblotted at ~40 kDa. This polypeptide was
only detected in those mycobacteria whose genomes contain a
species hybridizing with noxR3. Thus, the possibility must be
entertained that the ~40-kDa species may have been authen-
tic. Perhaps glycosylation accounted for the increase in mass
above that of the recombinant protein expressed in E. coli and
S. typhimurium. Glycosylation is more common in mycobacte-
ria than in other eubacteria and contributes to the increased
mass of another product from M. tuberculosis above that pre-
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dicted from its nucleotide sequence (15). Alternatively, per-
haps SDS-resistant complex formation burdened NOXR3 with
exogenous material. Transcriptional read-through can be dis-
missed by the fact that the NOXR3 transcript was big enough
only to account for NOXR3 transcribed from its native pro-
moter. Finally, NOXR3 may have bound to insoluble compo-
nents of mycobacteria or may have been expressed at levels
below the limit of detection after growth without imposed
nitrosative or oxidative stress, and the ~40-kDa antibody-bind-
ing reactivity may have been an artifact. In the latter case, it
would not be apparent why the ~40-kDa reactivity was de-
tected only in species of mycobacteria whose genomes contain
noxR3. In sum, mycobacterial expression of NOXR3 at the
protein level requires further study, even though NOXR3 tran-
scripts were detected in M. tuberculosis.

noxR3 conferred partial resistance to GSNO, H,0,, and salt
but not to heat, acid, detergent, paraquat, or nalidixic acid. In
comparison, noxR1, another novel gene that also appears to be
confined to members of the M. tuberculosis complex (8), con-
ferred resistance to GSNO, nitrite, H,O,, and acid but not to
salt, heat, detergent, paraquat, nalidixic acid, or ethanol. The
restriction of each gene to a subset of mycobacteria demon-
strates that neither of these genes is required for a function
common to all mycobacteria. The restriction of the phenotype
conferred by each gene demonstrates that neither is a general
stress resistance gene. As yet, we have no understanding of the
mechanistic basis for the overlapping but distinct resistance
patterns conferred by noxRI and noxR3.

Both noxR1 and noxR3 conferred cross-protection against
oxidative stress as well as against nitrosative stress. This has
been observed with RNI resistance mechanisms in other bac-
teria (3, 9) and may reflect that molecular targets for RNI
overlap with those for ROI, including thiols, transition metal
centers, lipids, and DNA.

It will be important to determine which RNI and ROI re-
sistance genes are expressed during infection of the human
host by M. tuberculosis and at what stage in the course of the
disease.
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