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In contrast to the apparent paucity of Mycobacterium tuberculosis response to reactive oxygen intermediates,
this organism has evolved a specific response to nitric oxide challenge. Exposure of M. tuberculosis to NO
donors induces the synthesis of a set of polypeptides that have been collectively termed Nox. In this work, the
most prominent Nox polypeptide, Nox16, was identified by immunoblotting and by N-terminal sequencing as
the a-crystallin-related, 16-kDa small heat shock protein, sHsp16. A panel of chemically diverse donors of
nitric oxide, with the exception of nitroprusside, induced sHsp16 (Nox16). Nitroprusside, a coordination
complex of Fe21 with a nitrosonium (NO1) ion, induced a 19-kDa polypeptide (Nox19) homologous to the
nonheme bacterial ferritins. We conclude that the NO response in M. tuberculosis is dominated by increased
synthesis of the a-crystallin homolog sHsp16, previously implicated in stationary-phase processes and found
in this study to be a major M. tuberculosis protein induced upon exposure to reactive nitrogen intermediates.

Nitric oxide formation is believed to have originated in
metazoan cells as an ancient first-line defense against intracel-
lular parasites (46). The role of the high-Ca21-independent,
inducible NO synthase (iNOS) and reactive nitrogen interme-
diates (RNI) in the control of Mycobacterium tuberculosis by
the mouse macrophage has been reasonably well established
(9, 14, 22), albeit with some debate concerning the magnitude
(3, 43) and apparent strain dependence (17, 43) of associated
effects. Mice treated with iNOS inhibitors (aminoguanidine
and L-NMMA) succumb to infection with M. tuberculosis (8).
Other reports suggest that iNOS and NO may play a role in the
control of stable infection in mice, since inhibition of NO
production causes reactivation of M. tuberculosis growth (33).
While the role of RNI in the control of M. tuberculosis in
murine systems has been established with a relatively high level
of confidence, the role of NO in human macrophages has been
a contentious issue. The controversy associated with the inabil-
ity to demonstrate induction of iNOS in human macrophages
is additionally compounded by apparent differences in cytokine
activation of human and murine macrophages (4, 12, 15, 18,
23). Nevertheless, iNOS has been recently detected in alveolar
macrophages fixed immediately upon isolation from tubercu-
losis patients by using a monospecific antibody against the
human isoform (37). Moreover, Nozaki et al. have recently
reported a nitric oxide-dependent killing of Mycobacterium
bovis BCG by alveolar macrophages from patients with idio-
pathic pulmonary fibrosis (38), albeit in the same study, NO-
dependent killing could not be demonstrated in alveolar mac-
rophages from two other classes of patients tested.

If NO and its metabolites contribute to the control of M.
tuberculosis in the host, it is reasonable to assume that, in turn,
this organism may have evolved ways to respond to RNI chal-
lenges. While M. tuberculosis appears to have only a limited

response to peroxide stimulation, which can be attributed to
the loss of oxyR function (16), we wondered whether this or-
ganism might have evolved systems to respond to RNI. There
is currently little information about potential defense systems
that may exist in M. tuberculosis for protection against nitric
oxide and related metabolites, albeit some recent attempts to
address such a possibility have been reported (11, 19, 25). We
have previously initiated investigations of M. tuberculosis re-
sponse to compounds releasing NO metabolites, and detected
a number of newly synthesized polypeptides (termed Nox for
nitric oxide response) differentially induced in response to such
challenges (25). In the present work, we extend these investi-
gations to the identification of a subset of Nox proteins.

Donors of nitric oxide induce differential gene expression in
M. tuberculosis. In this work, we used a panel of five structurally
diverse NO donors which included S-nitrosothiols, nitric oxide
adducts, and nitroprusside. The rationale for using chemically
diverse NO donors was to ensure that the induction patterns
observed can be attributed to NO or its metabolites rather than
to other parts of the chemicals used. As previously discussed
(25), we did not use NO gas, since it is rapidly consumed in
reactions with oxygen. Furthermore, we did not test acidified
nitrite, frequently used in experiments to investigate the effects
of NO (9, 19). Acidification has been suspected to have intrin-
sic inhibitory effects independent of NO (43) and has been
suggested as an effector mechanism acting directly or indirectly
via downstream events in the elimination of mycobacteria by
macrophages (3, 44, 49). Two virulent M. tuberculosis strains,
I2646 (Fig. 1) and H37Rv (data not shown), were tested. The
NO donors PAPA/NONOate [1-hydroxy-2-oxo-3-(3-aminopro-
pyl)-3-propyl-1-triazene] and DETA/NO [N-(2-aminoethyl)-N-
(2-hydroxy-2-nitrosohydrazino)-1,2-ethylene diamine] (which
release NO with half-lives of 15 and .500 min, respectively),
and two S-nitrosothiols, SNAP (S-nitroso-N-acetyl-D,L-penicil-
lamine) and GSNO (S-nitroso glutathione), induced de novo
synthesis of several polypeptides, as previously noted in strain
H37Rv (25). The majority of NO donor compounds caused a
strong induction of two major polypeptides (Fig. 1). These
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polypeptides, of 13 and 16 kDa, correspond to two of the
previously reported SNAP-inducible polypeptides (previously
assigned names corresponding to estimated relative molecular
mass (Mr) values of 11 and 14 kDa [25]). Based on the refine-
ments in Mr determinations, these polypeptides are designated
now as Nox13 and Nox16.

However, not all NO donors tested caused induction of a
typical Nox response. Exposure to the complex salt nitroprus-
side resulted in a different pattern (Fig. 1F) characterized by
the absence of strong Nox13 and Nox16 induction, but caused
increased synthesis of a novel polypeptide with an apparent Mr
of 19 kDa (Nox19). Another compound, SIN-1 (3-morpholino-
sydon-imine hydrochloride), a donor of both nitric oxide and
superoxide believed to generate the highly reactive peroxyni-
trite (21), failed in five repeated experiments to induce a pat-
tern consistent with differential gene expression in M. tubercu-
losis.

The degree of inhibition of protein synthesis by the NO
donors was very low (Fig. 1 and 2A). Densitometric analyses of
autoradiograms indicated that 0.5 mM DETA/NO or GSNO
caused less than 50% inhibition, which was reached by
DETA/NO during the first 4 h of exposure and by GSNO after
24 h. M. tuberculosis H37Rv exposed to 0.5 mM DETA/NO
(under same conditions) for 4 h showed a 50% reduction in
CFU, matching the magnitude of protein synthesis inhibition.
The effects on overall protein synthesis, as judged by incorpo-

ration of 35S in polypeptides, were comparable to the degree
seen with other NO donors. In comparison, the superoxide-
generating compound menadione (Fig. 2A), was equally or
more inhibitory but induced a different subset of polypeptides:
the previously described Hsp15, Hsp20, and Hsp90 heat shock
proteins (25) and another unidentified polypeptide of 27 kDa.
The observed specific induction of Nox16 with NO donors,
which was absent with menadione, is consistent with differen-
tial gene expression in response to NO challenge.

Nox16 is the previously characterized M. tuberculosis 16-kDa
antigen homologous to a-crystallin. Initial identification of
Nox16 was performed by protein microsequence analysis.
Nox16 was isolated from a DETA/NO-treated culture. Sixty
percent of Nox16 was found in 150,000 3 g supernatants from
culture homogenates. The 16-kDa polypeptide band, visible on
the blot by staining for total protein in the stimulated culture
aliquot only (data not shown), was used for N-terminal amino
acid sequence analysis. The sequence data (Fig. 2C) matched
(except for the N-terminal methionine) the N-terminal amino
acid sequence of the major membrane protein (MMP) of M.
tuberculosis (31) (also referred to as the 14- or 16-kDa antigen,
the small heat shock protein sHsp16, Hsp16.3, and Acr). The
identification of Nox16 as the 16-kDa antigen was confirmed
by Western blot analysis (Fig. 2B) with monoclonal antibody
TB68 specific for the 16-kDa antigen (51). The immunoblot-
ting signals in Fig. 2B matched the position and intensity of

FIG. 1. Characterization of the M. tuberculosis response to a panel of nitric oxide donors. Autoradiograms of 2-D gels show newly synthesized polypeptides
radiolabeled with [35S]Met and [35S]Cys in 1-ml aliquots of M. tuberculosis H37Rv cultured in Youmans medium for 8 days at 37°C and exposed to NO donors (Alexis
Biochem., and Research Biochem.) as indicated. Positioning of autoradiograms is according to pH gradient, which ranged from 7.47 to 5.25 from left to right. Equal
amounts of protein in cell homogenates were loaded. Metabolic labeling with [35S]methionine and [35S]cysteine (NEN protein labeling mix) (25), 2-D gel electro-
phoresis, and electroblotting were performed as previously described (6, 25). (A) Untreated control. (B) SNAP (500 mM). (C) DETA/NO (500 mM). (D) PAPA/
NONOate (500 mM). (E) GSNO (500 mM). (F) Sodium nitroprusside dihydrate (NP [1 mM]). The high-virulence M. tuberculosis strain I2646 (from D. B. Young) was
used. Similar results were obtained with H37Rv (data not shown).
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radioactive 16-kDa bands in Fig. 2A. Based on these results, it
was possible to conclude that Nox16 is identical to the 16-kDa
antigen, an M. tuberculosis protein which belongs to the a-crys-
tallin superfamily of small heat shock proteins (26). This pro-
tein, initially identified as an M. tuberculosis antigen (31, 48),
has been suggested to play a protective role as a chaperone
based on its ability to prevent thermal denaturation of alcohol
dehydrogenase (52) and aggregation of citrate synthase in vitro
(10).

Nox19 is a homolog of the nonheme bacterial ferritins. En-
richment of the nitroprusside-inducible Nox19 protein in M.
tuberculosis was achieved by differential centrifugation of bac-
terial homogenates (Fig. 3). Analysis by denaturing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), electroblotting, and staining showed that the high-
speed pellet from the nitroprusside-treated culture was en-
riched for the 19-kDa polypeptide (see the legend to Fig. 3).
The position of this band corresponded to the 19-kDa polypep-
tide induced with nitroprusside (Fig. 3A, lanes 4 and 5 [35S-
labeled proteins in crude extracts induced with nitroprusside
and untreated control, respectively]). The final separation of
the 19-kDa radioactive polypeptide from other polypeptides
present in the high-speed pellet was achieved by two-dimen-
sional (2-D) gel electrophoresis of the high-speed pellet (Fig.
3B). The protein spot corresponding to Nox19 was subjected to
N-terminal sequence analysis, and the N terminus of Nox19
showed identity to the previously characterized M. bovis BCG
polypeptide 24 copurified with the 30S ribosomal subunit in
experiments carried out by Ohara et al. (40) (Fig. 3C). When
the N-terminal sequence of Nox19 was further checked against
the GenBank sequences, these global searches indicated a
100% match with a predicted open reading frame in the com-
plete genome of M. tuberculosis H37Rv with no previously
assigned function. Further analyses with the M. tuberculosis
H37Rv genome showed that this gene was the only possible
match with the N-terminal sequence of Nox19. When we per-
formed a GenBank BLAST analysis by using the now-com-
plete amino acid sequence of Nox19 derived from the corre-
sponding open reading frame, a strong homology (Fig. 4) was
observed with a subclass of bacterial ferritins containing non-

heme iron previously described in Escherichia coli (28), Heli-
cobacter pylori (24), and Campylobacter jejuni (50). In keeping
with the nomenclature for nonheme ferritins, Nox19 was
termed here Ftn. Ftn is different from the previously identified
mycobacterial heme-containing bacterioferritins (7, 27, 42),
including a bacterioferritin annotated in the genome of M.
tuberculosis H37Rv.

Unlike other donors of NO, exposure of M. tuberculosis to
sodium nitroprusside {Na2[Fe(CN)5NO]} did not induce
Nox16 and instead increased the synthesis of Ftn, the newly
recognized M. tuberculosis equivalent of nonheme ferritins.
Since ferritins serve in iron storage, it is possible that excess
iron caused by the addition of nitroprusside resulted in the
induction of ferritin synthesis. However, exposure to SNAP,
another NO donor used in our experiments, also induced Ftn,
albeit less consistently compared to its effects on Nox16. In-
terestingly, some nonheme ferritins also display similarity (5)
to the DNA-binding proteins Dps and MrgA which are induc-
ible upon exposure to oxidative stress (1, 34). Thus, the ex-

FIG. 2. Identification of Nox16 as the 16-kDa a-crystallin homolog of M.
tuberculosis. (A) SDS-PAGE analysis of metabolically labeled polypeptides in
1-ml aliquots from a 6-day M. tuberculosis I2646 culture grown in Youmans
medium. Equal amounts of protein were loaded. Induction of Nox16 is detect-
able in M. tuberculosis treated with SNAP, DETA/NO, PAPA/NONOate, and
GSNO (concentrations as in Fig. 1), but is not observed in the aliquots treated
with SIN-1 or nitroprusside. Nox16 is also absent in the unstimulated control. (B)
Western blot analysis of panel A with monoclonal antibody TB68, which is
specific for sHsp16. (C) N-terminal sequence analysis of Nox16 and its alignment
with the corresponding sequence of MMP (31) and that of the 14- or 16-kDa
antigen (48) which is identical to that of the 16-kDa a-crystallin homolog in M.
tuberculosis. Menad., menadione. FIG. 3. N-terminal sequence determination of the nitroprusside-inducible

Nox19. M. tuberculosis H37Rv culture (100 ml of Youmans medium) was divided
into two aliquots, and 500 ml of a 100 mM nitroprusside solution in H2O was
added to a final concentration of 1 mM. The culture was incubated with contin-
uous stirring overnight at 37°C. The bacterial pellets were homogenized with
glass beads in a Mini bead beater (Biospec Products, Bartlesville, Okla.) for 3
min at maximum speed. The nitroprusside-treated homogenate was mixed with
a metabolically labeled homogenate (1-ml aliquot of the nitroprusside-treated
culture radiolabeled with 35S) and clarified by a 5-min spin in an Eppendorf
microcentrifuge. Next, the supernatant was centrifuged at 230,000 3 g for 2 h at
4°C. The pellet was resuspended in 200 ml of H2O and spun at 3,000 3 g for 1 h
at 4°C, followed by 1 h at 230,000 3 g, and the final supernatant was subjected
to further analysis. (A) SDS-PAGE analysis of protein extracts from M. tuber-
culosis H37Rv. Lanes: 1 and 2, Ponceau red-stained proteins from a 230,000 3
g pellet isolated from unstimulated and stimulated (1 mM nitroprusside) 50-ml
culture aliquots of M. tuberculosis; 3, autoradiogram corresponding to lane 2; 4
and 5, a pair of radiolabeled extracts from nitroprusside-stimulated and unstimu-
lated 1-ml culture aliquots. The major radioactive signal in lane 3 comigrates
with the major protein band in lane 2 and with the inducible 19-kDa band in lane
4, indicating that Nox19 is enriched in the sample analyzed in lane 2. (B) 2-D gel
electrophoresis of an aliquot from the 230,000 3 g pellet from the nitroprusside-
stimulated culture shown in panel A, lane 2. The major spot on the autoradio-
gram had an apparent molecular mass of 19 kDa and overlapped with the major
protein spot on the blot visualized by Ponceau red. This protein spot was used for
N-terminal sequence analysis. (C) N-terminal sequence of Nox19, aligned with
the polypeptide 24 previously reported to copurify with the 30S ribosomal sub-
unit from M. bovis BCG (40).
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pression of Ftn may reflect a more complex control that re-
quires further study and clarification.

Nox response in M. tuberculosis. Nox16 is immunologically
active in individuals infected with M. tuberculosis (29, 31).
Preliminary analyses suggest that Ftn (Nox19) shows reactivity
with sera from healthy subjects with delayed-type hypersensi-
tivity to tuberculin and patients with pulmonary tuberculosis
(data not shown). Thus, both Ftn and the a-crystallin homolog
Nox16 are expressed in vivo and may play a role in the phys-
iology of the tubercle bacillus during infection. However, it is
not possible at this stage to assign unequivocally a precise
function (e.g., a direct protective role) to Nox proteins in the
context of NO challenge. The roles of iNOS and NO in the
progression of tuberculosis in human disease have yet to be
firmly established. It is also becoming evident that iNOS and
RNI may play a role in maintaining the latent state of various
intracellular pathogens (45, 47) or persistent subacute infec-
tions, as in the case of M. tuberculosis (33). Under such cir-
cumstances, NO not only may suppress the growth of M. tu-
berculosis, but also could serve as a signal for induction of a
potential physiological program leading to the development of
dormant bacilli. While there is presently no firm information
regarding the form that latent bacilli assume in the host (41),
it is worth mentioning that studies with in vitro models based
on stationary-phase or microaerophilic conditions also report
induction of the 16-kDa a-crystallin homolog (52). Expression
of the a-crystallin homolog prolongs the lag growth phase in
Mycobacterium smegmatis, while in M. tuberculosis H37Rv it
slows down the log phase and counteracts diminishing viability
of the bacilli during the postexponential phase (52). Intrigu-
ingly, the monoclonal antibody TB68 against the a-crystallin
homolog Nox16 has been used to document that the laminated
calcified inclusions (Schaumann bodies) encountered in gran-
ulomas in sarcoidosis may contain remnants of tubercle bacilli
(2). It is also worth noting that a-crystallin homologs have been

implicated in biological states associated with low metabolic
rates and dormant conditions, such as encystment in other
organisms (32).

In addition to their chaperone properties as members of a
diverse group of small (15 to 30 kDa) heat shock proteins,
a-crystallins participate in a variety of processes in eucaryotic
cells (26), including inhibition of actin polymerization (30, 35)
and participation in intermediate filament assembly (36). In-
asmuch as the effects of M. tuberculosis on the intracellular
trafficking in infected macrophages are not well understood, it
is perhaps of interest that sHsp16 (Nox16) has been suggested
to associate with the bacillus cell wall (31) and has been found
within the outermost capsular structure (13). This localization,
or, alternatively, a release from the bacilli entering the station-
ary phase, could potentially have implications on the cell biol-
ogy of the intracellular growth and persistence of M. tubercu-
losis.

Recent studies in heterologous hosts (e.g., M. smegmatis,
Salmonella sp., and E. coli) have implicated two proteins,
AhpC and NoxR1, in resistance to oxidants, including acidified
nitrite (11, 19). Based on the studies presented here, NoxR1
and AhpC appear not to be induced in response to NO chal-
lenge. Nevertheless, RNI encompass a wide variety of prod-
ucts, including those that result from interactions with reactive
oxygen intermediates (ROI), and crossovers between detoxifi-
cation of ROI and NO metabolites can be expected. It is also
important to consider differential sensitivities of various mi-
crobes to RNI (20). The elegant studies of Ehrt and colleagues
(19) indicate that M. smegmatis and M. tuberculosis differ fun-
damentally by displaying inverse sensitivity patterns to RNI
and ROI. The differences can be even more profound when
enterics are used as hosts, as illustrated by our previous dem-
onstration that superoxide and NO response in M. tuberculosis
have no significant overlaps (25), in contrast to what has been
reported for E. coli (39). Thus, the roles of NoxR1, AhpC,

FIG. 4. M. tuberculosis Nox19 (Ftn [BfrB]) is a homolog of bacterial nonheme ferritins. Shown is a multiple sequence alignment of M. tuberculosis (Mt) Ftn (BfrB)
(Nox19 [the sequence is based on the N-terminal amino acid sequence in Fig. 3 and the corresponding M. tuberculosis H37Rv genomic translated sequence, where it
was termed BfrB subsequent to the completion of this work]) with the previously characterized eucaryotic-type nonheme ferritins from H. pylori (Hp Pfr), C. jejuni (Cj
Cft), E. coli ferritin (Ec Ftn1 [also known as RsgA]), and additional homologs from the genomic E. coli (Ec Ftn2) and Haemophilus influenzae (Hi Ftn1 and Ftn2)
databases. An asterisk indicates that the open reading frame corresponding to H. influenzae Ftn1 in the database has been truncated to match the start codon
corresponding to other bacterial nonheme ferritins. Identical residues are boxed; additional similarities and conservative substitutions among bacterial nonheme
ferritins are noticeable, but are not indicated.
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Nox16, and Ftn in M. tuberculosis in the context of RNI pro-
tection remain to be established by further direct analyses of
the tubercle bacillus.

We thank M. Marletta for discussions regarding NO compounds, M.
Vordermeier and J. Ivanyi for providing monoclonal antibody TB68,
and M. Mudd for help with completing the manuscript.
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ADDENDUM

Subsequent to the completion and submission of this work,
the gene corresponding to the Nox19 polypeptide, identified
here as the nitroprusside-inducible nonheme ferritin homolog
and termed throughout the manuscript M. tuberculosis Ftn (in
accordance with the nomenclature adopted for Haemophilus
influenzae and Escherichia coli), was annotated bfrB within the
published complete sequence of the M. tuberculosis H37Rv
genome (GenBank accession no. AL123456) (11a).
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