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Reactive nitrogen species (RNS), in particular nitric oxide (NO), are toxic to bacteria, and bacteria have mechanisms to allow
growth despite this stress. Understanding how bacteria interact with NO is essential to understanding bacterial physiology in
many habitats, including pathogenesis; however, many targets of NO and enzymes involved in NO resistance remain uncharac-
terized. We performed for the first time a metabolomic screen on NO-treated and -untreated bacteria to define broadly the ef-
fects of NO on bacterial physiology, as well as to identify the function of NnrS, a previously uncharacterized enzyme involved in
defense against NO. We found many known and novel targets of NO. We also found that iron-sulfur cluster enzymes were pref-
erentially inhibited in a strain lacking NnrS due to the formation of iron-NO complexes. We then demonstrated that NnrS is
particularly important for resistance to nitrosative stress under anaerobic conditions. Our data thus reveal the breadth of the
toxic effects of NO on metabolism and identify the function of an important enzyme in alleviating this stress.

Vibrio cholerae causes cholera, a severe watery diarrhea respon-
sible for millions of cases and thousands of deaths each year

(Centers for Disease Control and Prevention [http://www.cdc
.gov]). It is not, however, a member of the Enterobacteriaceae—its
natural habitat is aquatic. It is thought that during most of its life
cycle, when not infecting humans, V. cholerae resides in associa-
tion with zooplankton, forming biofilms on the chitinous surfaces
of crustaceans (1, 2). Thus, V. cholerae must display metabolic
flexibility in order to thrive in these two different environments
and respond to the different metabolic challenges therein.

A commonly encountered metabolic stress for pathogenic and
nonpathogenic bacteria is the presence of reactive nitrogen species
(RNS), in particular the well-studied molecule nitric oxide (NO).
NO is formed as a by-product of nitrogen metabolism for many
bacteria as an intermediate in denitrification (3), as well as from
dedicated nitric oxide synthases (NOSs) in both bacteria and eu-
karyotes (4, 5), and is present in micromolar concentrations in
some bacterial biofilms (6). NO can also be formed by chemical
decomposition of nitrite in acid environments, such as the human
stomach (7). NO is also a prominent component of the mamma-
lian innate immune system, part of a battery of reactive oxygen
species (ROS) and RNS produced by phagocytes when they en-
counter bacteria (7).

The mechanisms whereby NO inhibits bacterial growth are
diverse, but one of the most important properties of NO is its
ability to bind iron and form dinitrosyl iron complexes (DNICs)
bound to iron-sulfur cluster proteins, inhibiting their function (8,
9). DNICs have also been shown to mediate the formation of
nitrosothiols, another form of nitrosative stress that inhibits thiol-
containing proteins (10). Through this mechanism and others,
NO has been shown to inhibit a few enzymes in vitro, including
such central metabolic enzymes as aconitase (11), dihydroxyacid
dehydratase (12), alpha-ketoglutarate dehydrogenase (13), fruc-
tose-1,6-bisphosphate aldolase (14), argininosuccinate synthase
(15), and components of the respiratory chain (16, 17). However,
these enzymes have largely been studied in isolation, and there has
not been any comprehensive study on the effects of NO on bacte-
rial metabolism.

Bacteria possess several strategies for coping with nitrosative
stress. The most obvious strategy is to directly remove the NO, and
there are several enzymes known to convert NO into less toxic
nitrogen oxides, such as nitrate (NO3

�) or nitrous oxide (N2O).
Another strategy is to alter carbon flux to bypass blockades and
maintain redox homeostasis, a method used by Staphylococcus
aureus by upregulating lactate dehydrogenase (18). The genes re-
quired for these responses are usually under the control of an
NO-responsive transcription factor (19). One gene that is con-
served throughout many Gram-negative bacteria, including such
pathogens as Pseudomonas, Neisseria, and Brucella, and is also
usually found under the control of one of these transcriptional
regulators is nnrS. NnrS was initially described in Rhodobacter as a
heme- and copper-containing transmembrane protein (20). Al-
though the function of NnrS is unknown, we have previously
shown that it contributes to nitrosative-stress tolerance in V. chol-
erae (21).

In this study, we performed a metabolomic screen with two
goals: to identify more fully the effects of NO on bacterial metab-
olism by surveying the relative concentrations of metabolites from
many different pathways in V. cholerae and to use these data to
determine the function of NnrS. We found drastic changes in
metabolic pathways in response to NO, suggesting that nitrosative
stress forces bacteria to adapt dramatically. We also found that
NnrS does not directly remove NO but instead protects the cellu-
lar iron pool from the formation of DNICs, thus protecting critical
metabolic pathways from inhibition.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All strains of V. chol-
erae in this study were derived from O1 El Tor strain C6706. In-frame
deletion strains were generated by sucrose counterselection, as described
previously (22). The minimal media used contained 79 mM KH2PO4, 15
mM (NH4)2SO4, 0.65 mM MgSO4, 0.07 mM CaCl2, 0.018 mM FeSO4, and
0.013 mM MnSO4, with carbon sources added as indicated. For growth
curves involving 2,2=-dipyridyl, FeSO4 was omitted and 0.2 mM 2,2=-
dipyridyl was added. Yeast extract was added when indicated at a concen-
tration of 0.5% (wt/vol). The plasmid used to complement the nnrS dele-
tion was derived from pMal-c2x (New England BioLabs), in which the
malE gene was replaced at the NdeI and SalI sites with nnrS tagged with six
histidine codons at its 3= end. Expression was induced by adding 0.1 mM
isopropyl �-D-1-thiogalactopyranoside (IPTG) to the growth media.

Growth curves. To monitor growth continuously, overnight satu-
rated cultures were washed in phosphate-buffered saline (PBS), and 2 �l
of washed culture was inoculated into 200 �l of the relevant growth me-
dium in a 96-well plate in triplicate. (Z)-1-[N-(2-aminoethyl)-N-(2-am-
monioethyl)amino]diazen-1-ium-1,2-diolate (DETA-NONOate) (Cay-
man Chemical) was included at a range of concentrations. The plate was
covered with a transparent film, and growth was monitored every 4 min,
using the absorbance at 600 nm after shaking for 2 min at each time point,
with an automated plate reader (BioTek Synergy HT). Anaerobic growth
curves were performed by inoculating 30 �l of washed, saturated culture
into 3 ml minimal medium in individual test tubes and then placing the
cultures in an anaerobic chamber (Coy Laboratories) equipped with a
37°C standing incubator, periodically withdrawing 200 �l, and measuring
the absorbance at 600 nm. For aerobic growth curves, 10 mM glucose was
used as a sole carbon source, and for anaerobic growth, 25 mM glucose
was used, unless otherwise indicated.

Measurement of NO consumption. Strains were inoculated into
120-ml serum flasks with 50 ml minimal medium containing 0.25% (wt/
vol) glucose, Teflon magnetic bars, and crimp-sealed butyl septa. Prior to
inoculation, the headspace atmosphere was replaced with helium by evac-
uation and refilling six times and then supplied with pure oxygen to reach
15 ml liter�1 and pure NO to 300 to 350 ppm (equivalent to �493 to 575
nM in the liquid). The flasks were then placed in a 37°C water bath. The
initial pressure was adjusted to 1 atmosphere by releasing the overpressure
through a 0.5-mm (inside diameter [ID]) cannula. The flasks were inoc-
ulated with 1 ml culture containing �3 � 108 cells and stirred while
monitoring the oxygen and NO concentrations in the headspaces, which
were then used to calculate the concentrations in the liquid. This incuba-
tion and measurement system has been described in detail previously
(23).

Metabolomic study. Overnight cultures of the three strains were in-
oculated at a ratio of 1:1,000 into 440 ml of LB in centrifuge bottles filled
to the top and closed tightly. Twenty micromolar DETA-NONOate was
added to the samples or 20 �M diethylamine triamine (DETA) to the
control samples. All samples were incubated for 7 h at 37°C, after which
200 ml was discarded and the remainder was centrifuged at 6,000 rpm in
a Sorvall SLA-3000 rotor for 10 min. The pellets were resuspended in 1 ml
of PBS and then centrifuged again in a Nalgene cryovial for 5 min at 13,000
rpm in a tabletop centrifuge. The pellets were then flash-frozen in an
ethanol-dry ice bath and stored at �80°C. This experiment was carried
out five times on separate days and then analyzed in conjunction with
Metabolon, Inc. (Durham, NC, USA). The extraction protocol, instru-
ment settings, data processing, and quality control have been described in
detail previously (24, 25). In brief, samples were extracted and analyzed by
ultra-high-performance liquid chromatography–tandem mass spectrom-
etry (UHPLC–MS-MS) and gas chromatography-mass spectrometry
(GC-MS). Metabolites present in samples were identified by matching
chromatographic and mass spectral data to an in-house library of chem-
ical standards, and the relative abundances of metabolites were deter-
mined by area-under-the-peak analysis. Data were normalized to the pro-

tein concentration of the sample and further normalized so that the
median concentration of each metabolite across all samples was 1.

Measurement of aconitase activity. One milliliter of saturated over-
night cultures was inoculated into 200-ml volumes of LB in 500-ml flasks
with shaking at 37°C in the presence or absence of 100 �M DETA-
NONOate, which had been freshly dissolved in 10 mM NaOH. After 3 h of
growth, the bacteria were centrifuged and resuspended in 0.5 to 1 ml 50
mM Tris-HCl, pH 7.4, 0.6 mM MnCl2. Three hundred microliters of
resuspended cells was lysed quickly by sonication at 400 W and spun in a
tabletop centrifuge to remove cell debris. Thirty microliters of superna-
tant was immediately aliquoted in triplicate to a 48-well plate. Using a
multichannel pipette, the aconitase reaction was started by adding 1 ml of
reaction mixture (50 mM Tris-HCl, pH 7.4, 0.6 mM MnCl2, 0.2 mM
NADP�, 1 U/ml porcine heart isocitrate dehydrogenase, 5 mM trisodium
citrate) to the extracts. The citrate was added to the reaction mixture
immediately before initiation. The activity was then calculated by moni-
toring the rate of formation of NADPH for approximately 10 min every 15
s in an automated plate reader (BioTek Synergy HT), using an extinction
coefficient at 340 nm of 6,220 M�1 cm�1.

Measurement of ferrous iron. One milliliter of saturated overnight
cultures was inoculated into 200-ml volumes of LB broth in 500-ml flasks
with shaking at 37°C in the presence or absence of 100 �M DETA-
NONOate, which had been freshly dissolved in 10 mM NaOH. The cul-
tures were centrifuged, washed twice, and resuspended in 50 mM Tris-
HCl, pH 7.4. A 300-�l sample was sonicated briefly at 400 W. To avoid
oxidation by oxygen, 100 �l was added within seconds to 10 �l of Ferro-
Zine reagent (3-[2-pyridyl]-5,6-diphenyl-1,2,4-triazine-p,p=-disulfonic
acid disodium salt; 10 mM dissolved in 100 mM ammonium acetate). The
samples were then centrifuged, and the absorbance at 562 nm was re-
corded, compared to a freshly prepared ferrous ammonium sulfate stan-
dard, and normalized to the protein concentration.

RESULTS
NnrS is important for resistance to NO but does not remove NO.
We previously reported that a strain of V. cholerae lacking the
flavohemoglobin HmpA (�hmpA), which removes NO by con-
version to nitrate, or lacking the transcriptional regulator NorR
was hypersusceptible to growth inhibition by NO and was defec-
tive in colonizing the mouse gastrointestinal tract (21). Although
a strain lacking only NnrS (�nnrS) displayed NO resistance com-
parable to that of the wild type, the deletion of nnrS in a �hmpA
background (�hmpA �nnrS) resulted in severe sensitivity to NO
compared to �hmpA (21). Thus, although HmpA is likely the
dominant NO resistance protein of V. cholerae, NnrS plays an
auxiliary role and may be important in environments in which
HmpA is nonfunctional (such as strictly anaerobic conditions, as
discussed below). To expand on our previous findings and begin
to search for the function of NnrS, we performed growth curves
over a range of concentrations of the NO donor DETA-NONOate
and found that the �hmpA �nnrS strain was approximately 1 log
unit more sensitive than the �hmpA strain (Fig. 1A). This pheno-
type could be complemented by expressing NnrS from a plasmid
(Fig. 1A, �hmpA �nnrS/pNnrS).

We next determined whether NnrS might remove NO directly.
However, we were unable to detect any difference in the rate of
NO consumption between the wild-type and �nnrS strains (Fig.
1B). In addition, we were unable to detect any metabolism of NO
in the �hmpA strain above background auto-oxidation (26).
These data suggest that HmpA is responsible for the removal of
NO in V. cholerae and that NnrS protects against NO through a
different mechanism.

A metabolomic study to identify pathways inhibited by NO.
Although several enzymes are known to be inhibited by NO, to
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date, no comprehensive study of central metabolism has been
conducted to determine the breadth of its effects. By identifying
molecules that increase or decrease in concentration in the cell, we
reasoned that such a study could identify new enzymes inhibited
by NO through the accumulation of intermediates upstream (and
decrease downstream) of an NO-inhibited enzyme.

We therefore grew V. cholerae in the presence of DETA-
NONOate or the control compound DETA and subjected bacte-
rial pellets to analysis by mass spectrometry to identify the relative
contents of a broad array of metabolites. We employed three
strains: the wild type (WT) and �hmpA and �hmpA �nnrS
strains. Intermediates from glycolysis, the tricarboxylic acid
(TCA) cycle, amino acid synthesis, nucleotide synthesis, lipid me-
tabolism, and various other pathways were quantified. The com-
plete data set is available in the supplemental material. A large
variety of these metabolites differed significantly between the NO-
treated and untreated samples (Fig. 2A). Several enzymes previ-
ously shown to be inhibited by NO could be identified by the
buildup of their substrates or upstream intermediates. For in-
stance, fructose-1,6-bisphosphate aldolase is a zinc-dependent
glycolytic enzyme demonstrated to be NO sensitive in Borrelia

burgdorferi (14). In our study, upstream glycolytic intermediates,
such as glucose, glucose-6-phosphate, and fructose-1,6-bisphos-
phate, all accumulated in the presence of NO, whereas down-
stream metabolites, such as 2-phosphoglycerate and 3-phospho-
glycerate, decreased (see Fig. S1 in the supplemental material),
thus confirming that this enzyme is likely inhibited in V. cholerae,
too. Argininosuccinate synthetase, which converts citrulline to
argininosuccinate in order to produce arginine, has been shown to
be inhibited by NO in mitochondria (15). The 15-fold accumula-
tion of citrulline in the presence of 20 �M DETA-NONOate in
our study (see Fig. S2 in the supplemental material) suggests that
the enzyme may be inhibited in bacteria, as well.

Comparative metabolomics reveals a role for NnrS. Knowing
that NnrS is important for resistance to NO but that it does not
remove NO, we hypothesized that there might be specific meta-
bolic pathways protected by NnrS from nitrosative stress. Thus,
we compared the results of the metabolomic study between the
�hmpA and �hmpA �nnrS strains (Fig. 2B). We found that in the
presence of NO, the �hmpA �nnrS strain accumulated more than

FIG 1 NnrS protects the cell from NO but does not remove it. (A) Strains of V.
cholerae were inoculated into minimal medium with 10 mM glucose as the sole
carbon source in the presence of increasing concentrations of the NO donor
DETA-NONOate, and the optical density at 600 nm (OD600) was recorded
over time to generate growth curves for each strain at each concentration. The
graph shows the OD600 of each strain 6 h after inoculation, at the approximate
time when the WT strain reached stationary phase. The error bars represent
standard deviations. The data are representative of three independent experi-
ments. (B) Strains of V. cholerae were inoculated into minimal medium, and
the consumption of NO, which was added as a bolus of authentic NO gas into
the headspace, was measured. “Blank” refers to a flask of medium without
bacteria. Shown is an experiment done in single replicates, representative of at
least three identical experiments. The concentration of NO represented on the
graph is the concentration calculated in the liquid based on measurement of
the concentration in the headspace (23, 26).

FIG 2 Scatter plots of metabolomic analyses of the effects of NO on V. chol-
erae. The relative concentrations of hundreds of metabolites were recorded for
wild-type, �hmpA, and �hmpA �nnrS strains of V. cholerae. (A) Scatter plot of
the relative abundances of metabolites in wild-type V. cholerae in the absence
(x axis) and presence (y axis) of the NO donor DETA-NONOate. The area
above the dotted line indicates relative accumulation in the presence of NO;
the area below the dotted line indicates relative accumulation in the absence of
NO. (B) Scatter plot of the relative abundances of metabolites in the presence
of NO for the �hmpA strain (x axis) compared to the �hmpA �nnrS strain (y
axis). The area above the dotted line indicates accumulation in the �hmpA
�nnrS strain; the area below the dotted line indicates accumulation in the
�hmpA strain. Circle, citrate; diamond, cis-aconitate.
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200-fold more citrate and 23-fold more cis-aconitate than the
�hmpA strain (Fig. 2B and 3A and B). In addition, 2,3-dihydroxy-
isovalerate accumulated more in the �hmpA �nnrS strain than in
the �hmpA strain, though only by 2.4-fold (Fig. 3C). Citrate and
cis-aconitate are substrates of aconitase, and 2,3-dihydroxy-
isovalerate is a substrate of dihydroxyacid dehydratase, both en-
zymes of the dehydratase family known to be sensitive to NO (11,
12). The dehydratase family of enzymes is a unique family in
which the iron-sulfur cluster reacts directly with its substrate. De-
hydratases are thus exquisitely sensitive to NO due to the solvent-
exposed nature of their iron-sulfur clusters: NO binds and forms
dinitrosyl iron complexes at these sites, inactivating the enzyme
(8). On the other hand, substrates of nondehydratase enzymes,
such as citrulline and 1,6-fructose bisphosphate, that accumulated
in all three strains did not accumulate any further in the absence of
nnrS (see Fig. S1 and S2 in the supplemental material). This sug-
gested to us that NnrS, although not removing NO directly, might
serve some role specifically in protecting dehydratases or other
iron-sulfur cluster-containing proteins from inhibition by NO.
To test this hypothesis, we measured the aconitase activity in cell
extracts of the �hmpA and �hmpA �nnrS strains (Fig. 3D). We
found that in the absence of NO, the two strains had similar ac-
tivities, but upon the addition of NO, aconitase activity in the
�hmpA �nnrS strain dropped to approximately 25% of that of the
�hmpA strain. This suggests that a decrease in the activity of de-
hydratases such as aconitase due to NO is prevented by NnrS.

NnrS protects the cellular iron pool from NO. The inhibition
of dehydratases by DNIC formation occurs through the reaction
of NO with the “chelatable-iron pool” (CIP), which is not a chem-
ically defined mixture but is thought to be the cellular iron that is
loosely coordinated and can thus be bound by chelators (9). It is
thought that the chelatable-iron pool is composed of both free and

protein-bound iron (8, 9). Other groups have shown that chela-
tion of iron with 2,2=-dipyridyl prevents the formation of DNICs
(8). Thus, we hypothesized that chelation of iron might comple-
ment the NO-dependent toxic effect of the deletion of nnrS by
depleting the free iron available to react with NO. When we added
both yeast extract and 2,2=-dipyridyl to minimal medium with no
added iron, severely restricting cellular iron, there was no growth
defect in the �hmpA �nnrS strain compared to the �hmpA strain
(Fig. 4A). The addition of yeast extract alone only partially com-
plemented the defect (compare Fig. 4A to 1A). This result is to be
expected, since many of the pathways dependent on iron-sulfur
clusters are biosynthetic, and thus, their inhibition might be over-
come by supplementation with yeast extract. To further test the
hypothesis that NnrS protects against iron-NO complex forma-
tion, we measured the chelatable ferrous iron content of cells
treated with NO. It has been demonstrated that addition of NO to
cellular systems depletes chelatable iron by causing it to form mac-
romolecule-bound DNICs (9). In addition, the decomposition of
DNICs by oxygen and L-cysteine causes the release of ferrous iron
(27). Thus, a cell with an increased number of DNICs, or one
defective in decomposing them, would have a lower ferrous iron
concentration detectable by reagents such as FerroZine. Indeed,
we found that the �hmpA �nnrS strain had a lower chelatable
ferrous iron content than the �hmpA strain (Fig. 4B), again sup-
porting the hypothesis that NnrS prevents the formation of
iron-NO complexes.

NnrS is important during anaerobic nitrosative stress. To
this point, all the effects of deleting nnrS were examined only in
the genetic background lacking hmpA. To determine the physio-
logical relevance of NnrS, we sought to find a condition under
which the single deletion of nnrS might have effects on resistance
to NO. Previous work had shown that the primary mechanism of

FIG 3 NnrS protects dehydratases from NO. (A to C) Relative concentrations of citrate (A), cis-aconitate (B), and 2,3-dihydroxyisovalerate (C) in the three
strains from the metabolomic study in the presence (�NO) or absence (�NO) of DETA-NONOate. (D) Aconitase activity in cell extracts of V. cholerae grown
in the presence or absence of DETA-NONOate. The error bars represent the standard deviations of the mean of three independent experiments. Statistical
significance was determined by two-way analysis of variance (ANOVA) with Bonferroni’s posttest. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant;
nd, not detectable.
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action of flavohemoglobins, such as HmpA, is through dinitrosy-
lation of NO, a reaction that is dependent on O2 (28). Hmp of
Escherichia coli also possesses an O2-independent NO reductase
activity in vitro (29), but the activity is slow, and its physiological
relevance is uncertain (30). Thus, we hypothesized that under an-
aerobic conditions, the effect of HmpA in V. cholerae might be less
dominant and NnrS might become more important.

We found that in a strictly anoxic environment, even wild-type
V. cholerae was highly sensitive to NO: growth was inhibited at
micromolar concentrations of DETA-NONOate under anaerobic
conditions (Fig. 5), whereas millimolar concentrations had no
effect in the presence of oxygen (Fig. 1A). This heightened sensi-
tivity is probably due to multiple factors, including the absence of
nonenzymatic clearance of NO by O2, but may in part be ex-
plained by the oxygen dependence of HmpA. Interestingly, the
�nnrS strain was more sensitive than the wild type under anoxic
conditions (Fig. 5). We observed this phenotype during fermen-
tation (Fig. 5) and during anaerobic respiration on fumarate (see
Fig. S5 in the supplemental material). This suggests that NnrS may
play an important role in anaerobic environments.

DISCUSSION

Nitrosative stress, derived from reactive nitrogen species such as
NO, is a ubiquitous challenge for bacteria. During infection,
pathogenic bacteria encounter high concentrations of NO re-
leased by phagocytes (31). NO is also formed inorganically when

nitrite from the mouth reaches the low pH of the stomach (7). NO
can also be generated by other bacteria through denitrification or
by nitric oxide synthase (5, 32). Furthermore, NO has been found
to reach high concentrations in polymicrobial biofilms (6). In
other words, bacteria are constantly encountering NO and must
adapt metabolically. To date, there had been no study detailing the
scope of these metabolic effects, so we performed a metabolomic
study on NO-treated and untreated cells. We found a wide
breadth of effects, most pronounced in central carbon metabo-
lism: an accumulation of upstream glycolytic intermediates
pointed to a block in glycolysis at the fructose-1,6-bisphosphate
aldolase step, and an accumulation of citrate indicated a block in
the TCA cycle. In addition, high citrulline concentrations implied
a defect in arginine synthesis, all validating studies in various other
prokaryotic and eukaryotic systems that identified these pathways
as targets of NO. We also found that the concentrations of the
polyamines 1,3-aminodipropane (DAP) and spermidine were in-
creased 9- and 3-fold, respectively (see Fig. S3 in the supplemental
material). In uropathogenic E. coli, nitrosative stress has been
shown to increase polyamine production, which was linked to
RNS resistance (33), suggesting that such a mechanism might exist
in V. cholerae, too. Polyamines have also been linked to biofilm
production in V. cholerae (34). Furthermore, NO sensing has been
shown to influence biofilm formation in other bacterial species
through H-NOX domain proteins and cyclic-di-GMP production
(35–37). The increase in polyamines thus suggests an additional
possible link between NO and biofilms, which we are currently
investigating.

This study also identified some metabolic pathways that may
be affected by NO but have not been reported to be. We observed
an accumulation of cysteine and glycine, as well as a decrease in
both oxidized and reduced glutathione concentrations (see Fig. S4
in the supplemental material). Taken together, this may indicate a
block in glutathione synthesis that occurs from the ligation of
cysteine, glutamate, and glycine. Glutathione is a critical molecule
in maintaining the proper functional redox state of many intra-
cellular enzymes by regenerating the active form of thiol-depen-
dent active sites. Glutathione is formed by two enzymes, gamma-
glutamylcysteine synthetase and glutathione synthetase; we are
currently investigating the inhibition of these enzymes by NO. We
did not observe an increase in glutamate, as one might expect (in

FIG 4 NnrS protects the cellular iron pool from NO. (A) V. cholerae �hmpA
and �hmpA �nnrS strains were inoculated into minimal medium with glucose
and yeast extract in the presence of increasing concentrations of DETA-
NONOate with (dashed lines) or without (solid lines) the iron chelator 2,2=-
dipyridyl. Shown is the OD600 at 10 h of growth, representative of two inde-
pendent experiments. (B) Relative ferrous iron contents of �hmpA and
�hmpA �nnrS strains in the presence (�NO) or absence (�NO) of DETA-
NONOate. The error bars represent the standard deviations of the mean of
three independent experiments. Statistical significance was determined by
two-way ANOVA with Bonferroni’s posttest to compare individual groups. **,
P � 0.01; ***, P � 0.001.

FIG 5 NnrS is important during nitrosative stress under anaerobic condi-
tions. Shown is the growth of the wild-type and �nnrS strains in the presence
of increasing concentrations of DETA-NONOate in an anaerobic environ-
ment in minimal medium with 25 mM glucose as the sole carbon source. The
graph shows the OD600 at 12 h of growth. The error bars represents standard
deviations. The data are representative of three independent experiments.
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fact, there was a slight decrease). However, glutamate is a critical
branch point for many pathways in central carbon metabolism, so
the interruption of glutathione synthesis may not necessarily re-
sult in a detectable accumulation of glutamate.

All these data suggest that the effects of NO on bacterial phys-
iology are quite broad. It is no wonder, then, that bacteria have
evolved multiple mechanisms to cope with this stress. One obvi-
ous strategy is to simply remove the NO itself directly. There are
multiple enzymes known to perform this task, including nitric
oxide reductase (NOR), flavorubredoxin (NorV), and flavohemo-
globin (Hmp), as well as the hybrid cluster protein (Hcp) thought
to remove the related compound hydroxylamine (38). These
compounds are nearly always under the control of an NO-respon-
sive transcriptional regulator, such as NnrR, NsrR, NorR, or HcpR
(19), all of which bind NO and alter gene expression. In many
gammaproteobacteria, however, there is another gene, nnrS, that
is also under the control of one of these regulators but whose
function was previously unknown (20). Unlike most of the other
factors under the control of these regulators, NnrS does not ap-
pear to remove NO directly. Instead, we found that it relieves a
major stress caused by NO: formation of iron-NO complexes.
Mutants lacking nnrS were significantly inhibited for growth in
the presence of NO, mainly due to the sequestration of the cellular
iron pool by NO. One of the most toxic effects of NO is the for-
mation of protein-bound DNICs, which are directly inhibitory to
iron-sulfur cluster proteins (9). We found that NnrS protects
against this effect, allowing critical enzymes, such as aconitase, to
function in the presence of NO.

We noticed similarities between our findings regarding NnrS
and another protein involved in NO tolerance, YtfE. In E. coli, ytfE
is under the control of the regulator NsrR and has been shown to
protect iron-sulfur cluster-containing proteins, such as aconitase
and fumarase, from damage due to NO or hydrogen peroxide
(39–41). YtfE is a member of a putative family of nonheme di-iron
proteins that includes ScdA from S. aureus and DnrN from Neis-
seria gonorrhoeae (41). Interestingly, we noticed that this family of
proteins (Pfam family PF04405 [http://pfam.sanger.ac.uk]) is dis-
tributed primarily among the order Enterobacteriales and is absent
from the Vibrionales, whereas NnrS (Pfam family PF05940) is ab-
sent from the Enterobacteriales but is found widely within the
Vibrionales. Although both are present within the Alteromon-
adales, particularly within the genus Shewanella, the phylogenetic
distribution suggests there may be some convergent evolution be-
tween the two different proteins fulfilling similar functions. On
the other hand, parallels between NnrS and YtfE are not perfect.
The growth defect in the ytfE deletion mutant of E. coli was found
to worsen in the presence of 2,2=-dipyridyl (39), whereas it im-
proved growth of the nnrS deletion strain (Fig. 4A). Further work
on both NnrS and YtfE will hopefully shed light on how these
proteins protect iron-sulfur clusters from NO.

V. cholerae is an aquatic organism and frequently lives on the
molts of microscopic crustaceans (1), where the carbon sources
are likely more limited. We have previously shown (21) that NnrS
probably does not play a significant role during growth in the
mammalian intestine, where carbon sources are likely more di-
verse than on a crustacean molt, which is made primarily of chitin,
a polymer of the amino sugar N-acetylglucosamine. In fact, V.
cholerae can use chitin as its sole carbon source (42, 43), a situation
resembling minimal medium. Thus, we suspect that in “minimal-
medium-like” environments, such as chitinous surfaces, NnrS

might play a more prominent role in resistance to NO, as demon-
strated by the more pronounced growth defect in minimal me-
dium (Fig. 1A) than in rich medium (Fig. 4A). Interestingly, there
is one bacterial species, Saccharophagus degradans, that has been
reported to possess nnrS as its only gene under the control of a
dedicated NO-responsive transcription factor (19). This species of
bacteria is found in a habitat in which its only carbon source is
agar, which is another sugar polymer (44). Thus, the phylogenetic
distribution of NnrS, as well as the data in this study, support the
conclusion that NnrS is important in resisting nitrosative stress,
particularly in environments with low carbon diversity, abundant
iron, or low oxygen, in order to protect the cell against inhibition
of iron-containing proteins by NO.

In summary, this work employed metabolomics for the first
time to identify new targets of NO, a common source of metabolic
stress for bacteria. We also found that one of the most important
targets of NO, the cellular iron pool and iron-sulfur cluster en-
zymes, is protected from damage by NnrS, an NO-regulated pro-
tein with a previously unknown function.
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