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Two acidified nitrite-inducible genes of Salmonella enterica serovar Typhimurium were identified with a green
fluorescent protein-based promoter-trap screen. The nitrite-inducible promoters were located upstream of loci
that we designated nipAB and nipC, which correspond to kcp-her (hybrid cluster protein) of Escherichia coli and
norA of Alcaligenes eutrophus, respectively. Maximal induction of the promoters by nitrite was dependent on pH.
The nipAB promoter was regulated by oxygen in an Fnr-dependent manner. The nipC promoter was also
regulated by oxygen but in an Fnr-independent manner. The promoters were upregulated in activated
RAW?264.7 macrophage-like cells, which produce NO via the inducible nitric oxide synthase (iNOS), and the
induction was inhibited by aminoguanidine, an inhibitor of iNOS. Although the nipAB and nipC mutants
displayed no defects under a variety of in vitro conditions or in tissue culture infections, they exhibited lower
oral 50% lethal doses (LDs,s) than did the wild type in C57BL/6J mouse infections. The lower LD.s reflected
an unexpected increased ability of small inoculating doses of the mutant bacteria to cause lethal infection 2 to
3 weeks after challenge, compared to a similar challenge dose of wild-type bacteria. We conclude that these
genes are regulated by physiological nitrogen oxides and that the absence of these bacterial genes in some way

diminishes the ability of mice to clear a low dose infection.

A hallmark of Salmonella enterica serovar Typhimurium
(hereafter referred to as serovar Typhimurium) infection of
the mouse is the presence of intracellular bacteria, primarily in
macrophages, during all systemic phases of the disease (29, 33).
Macrophages ordinarily phagocytose particles and bacteria,
which are then degraded in phagolysosomes by various means,
including acid, cationic peptides, and oxidative radicals (18). In
contrast, serovar Typhimurium is able to survive these chal-
lenges and exploit the macrophage as a site of intracellular
replication and persistence. In order to circumvent or survive
this hostile environment, serovar Typhimurium has evolved
properties that allow it to avoid and persist in the presence of
the innate and adaptive host immune systems.

Reactive nitrogen intermediates (RNI) are also part of the
arsenal of antibacterial measures produced by macrophages
(13, 18, 35). Macrophages produce the inducible nitric oxide
synthase (iNOS), which catalyzes the generation of nitric oxide
(NO), upon stimulation with cytokines and/or mitogens. iNOS
has been demonstrated to play a role in host defense from
infection by a number of microbial agents, including serovar
Typhimurium (25, 34, 45). While reactive oxygen intermediates
seem to play a bactericidal role early during the infection
process, NO displays a bacteriostatic effect at later time points
(45), when most of the bacteria are intracellular. Although the
localization of iNOS is not clear, recent work suggests that
iNOS is present in multiple subcellular locations within mac-
rophages (47). Furthermore, NO is abundant in both the in-
tracellular and extracellular environments due to its membrane
permeability (2, 19). As serovar Typhimurium cells do not
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normally inhibit production of NO (11), it is likely that intra-
cellular bacteria experience high concentrations of NO. How-
ever, serovar Typhimurium cells do not display the high sen-
sitivity to NO that Mycobacterium tuberculosis cells do (35),
suggesting that serovar Typhimurium could possess mecha-
nisms of resistance to RNIL

Multiple modes of antimicrobial activity have been observed
in association with NO exposure. NO possesses a free electron
that is reactive with many other intracellular molecules, which
can result in the generation of even more destructive RNI such
as peroxynitrite (13, 23). These RNI are capable of causing
widespread damage to proteins and lipids (13). In addition,
RNI can cause damage to DNA by a variety of chemical mech-
anisms and are thereby mutagenic (3). Moreover, NO also
possesses signaling roles for host processes, playing roles in
inflammatory responses including vasodilation and cytokine
regulation (24, 35). It is not known if the effects of NO are
largely due to direct action on the bacteria or if they are
mediated by other antimicrobial compounds that are activated
through the signaling capacity of NO. It therefore remains
unclear which of the multiple physiological activities of NO are
the major factors contributing to its antimicrobial activity dur-
ing infection.

An in vitro model system used to mimic RNI is acidified
nitrite (14). Nitrogen oxides, including NO, are generated
when nitrite is subjected to acidic conditions. In order to fur-
ther our understanding of how Salmonella responds to NO, we
utilized differential fluorescence induction (42, 43) to identify
loci of serovar Typhimurium that respond to RNI generated by
acidified nitrite.

MATERIALS AND METHODS

Bacterial cultures and promoter identification. Strains used in this study are
described in Table 1. Bacteria were grown in Luria-Bertani (LB) broth or M9
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TABLE 1. Strains, constructs, and gene nomenclature

Strain, plasmid, References or

or gene Genotype or alternate name

nomer%clature oP source
Strains

SL1344 xyl hisG rpsL 37

ANI1 SL1344/pANI1 This work

ANI2 SL1344/pANI2 This work

CK1 SL1344 AnipAB::Kan This work

CK2 SL1344 AnipC::Kan This work

CK60 SL1344 AnipC::pCE36 10; this work

SL1344 fnr SL1344 fnr2::Tnl0 Charles Miller

SL1344 arcA SL1344 arcA2-1::Tnl0d-tet John Roth
Plasmids

pFPV25 colE1 mob bla promoterless 42

gfpmut3

pANI1 pFPV25 with nipAB promoter This work

PANI2 pFPV25 with nipC promoter This work

pRS415 colEl bla promoterless lacZYA 36

pCK32 pRS415 with nipAB promoter This work
Gene nomen-

clature

nipA hep, ybjw 1,5, 44

nipB hcer, b0872 1,5, 44

nipC norA, orfl, ytfE 6, 31

minimal medium as indicated. Agitated cultures were grown in a shaking floor
incubator rotating at 200 to 300 rpm, unagitated cultures were grown standing
(without shaking), and anaerobic cultures were grown in 2.5-liter GasPak jars
containing Oxoid AnaeroGen packets. Differential fluorescence induction, a
technique based on promoter fusions to green fluorescent protein (GFP), was
performed as previously described (42, 43). In brief, standing LB cultures (pH 5)
of promoter-GFP fusion pools (two pools containing 3,000 to 50,00 clones each)
were grown for 4 h, followed by addition of 1 mM NaNO, for 4 h and fluores-
cence-activated cell sorter (FACS)-based recovery of fluorescent clones. Three
total rounds of sorting were performed, selecting highly GFP-fluorescent bacte-
ria, followed by a sort for nonfluorescent bacteria under noninducing conditions,
with a final positive fluorescence sort. Individual clones were identified by screen-
ing as described in the next paragraph. The isolated plasmids were transferred to
a clean SL1344 background by electroporation.

Broth inductions for FACS. Two milliliters of LB broth (pH 5) was inoculated
from a single colony and incubated standing for 4 h at 37°C. The culture was split
into two 1-ml cultures, and the inducing agent was added to one tube. The
cultures were incubated for 4 h at 37°C and analyzed by flow cytometry on a
Becton Dickinson FACSCalibur by using CellQuest software with gates set to
forward and side scatters characteristic of the bacteria.

LacZ assays. Overnight cultures were diluted 1:1,000 into 100 pl of LB broth
(pH 7) in 96-well plates. After 4 h of growth at 37°C, the bacteria were harvested
and resuspended in LB broth with differing pH values. Sodium nitrite was added
to 1 mM where appropriate. Bacteria were permeabilized after a 20-min incu-
bation with 1 drop of chloroform plus 1 drop of 1% sodium dodecyl sulfate. Fifty
microliters of luminescent /acZ reagent (Gal-Screen; Applied Biosystems) was
added to 50 wl of bacterial lysate in a white 96-well plate. Assays were incubated
at room temperature for 1 h and were analyzed on a Tropix TR717 microplate
luminometer by using WinGlow software. Light units were normalized for bac-
terial levels by dividing the measured arbitrary light units by the optical density
at 630 nm at the time of harvesting.

Intracellular inductions. RAW264.7 murine macrophage-like cells were main-
tained in Dulbecco’s modified Eagle minimal essential medium (DMEM) con-
taining 10% fetal bovine serum. Cells were seeded in 24-well dishes at 2 X 10°
to 3 X 10° cells/well in 1 ml of medium. Cells were activated with 10 to 100 U of
gamma interferon (IFN-y) (no. 1276 905; Boehringer Mannheim)/ml and 10 to
50 ng of serovar Typhimurium lipopolysaccharide (LPS) (L6143; Sigma)/ml for
24 h. Aminoguanidine (A7009; Sigma) was added at 200 pg/ml where indicated,
and nitrite production was monitored by the Griess assay. Supernatants from
unstimulated and aminoguanidine-treated activated cells showed background
levels of 1 wM nitrite, while cells activated with 100 U of IFN-y/ml and 50 ng of
LPS/ml produced 20 to 30 wM nitrite. Macrophages were infected with standing
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overnight cultures of bacteria at a multiplicity of infection of 30:1 in the presence
of fresh DMEM containing 10% fetal bovine serum with 100 wg of ampicillin/ml
(for plasmid maintenance). The media were replaced every hour (maintaining
aminoguanidine where appropriate) to limit replication of extracellular bacteria.
After 4 h, supernatants were collected and saved for FACS analysis. The cells
were washed four times with 1 ml of phosphate-buffered saline and were lysed in
1% Triton X-100 for 15 min, followed by vigorous pipetting to release intracel-
lular bacteria. The extracellular (supernatants) and intracellular bacteria were
analyzed for GFP induction by flow cytometry by gating on forward and side
scatters.

Strain construction. All regulatory mutations were moved into the SL1344
background by using P22 transductions. The nipAB operon was PCR amplified
and was cloned into pCR-XL TOPO (Invitrogen) with the primers GGCTTTA
TCCTCAGCCTGCTG and TTATGCGAGAACAAGATCGCC. The nipC
gene was PCR amplified and was cloned into the same vector with the primers
CGCCAGCCAAAAATTGCCAAC and TAACCGGGCTTACAGCGTAAC.
Deletions were created in the two vectors by inverse PCR with the primers
AAGGCCTGTCGACAACCTTGCAAAGCCGCAATC and AAGGCCTGTC
GACAAAGAGAAGTTCTTCACGCC for nipAB and AAGGCCTGTCGACT
TTTCCGCCGCAGCAGTAATC and AAGGCCTGTCGACCACCAAAAAT
GTAACGCCGCC for nipC. The nipAB and nipC genes were cloned into
pCVD442 by Xbal and Sacl digest. A kanamycin resistance cassette from
pUC4K was cloned into the deleted region at the Sal/l site for nipAB and nipC.
The suicide plasmids were electroporated into SM10Apir and were conjugated to
SL1344. Double recombinants were selected on plates containing 30 g of
streptomycin/ml, 50 pg of kanamycin/ml, and 10% sucrose. PCR and Southern
blot analyses confirmed the mutations.

The nipAB-lacZ reporter was constructed in pRS415 (36). A Dral digest of the
TA-cloned nipAB region (described above) yielded a fragment that included the
nipAB promoter and the Kan cassette, which was cloned into the Smal site of
pRS415 to create pCK32.

CK60, a chromosomally integrated nipC-lacZ reporter strain, was constructed
by using a PCR-based knockout system (8) combined with an FLP-mediated
recombination of a promoterless lacZYA construct (pCE36) into the Flp recom-
bination target scar left in the chromosome (10). Primer sequences for the
deletion construct are available on our website (http://falkow.stanford.edu).

Mouse infections. Seven- to 9-week-old female C57BL/6 mice were used for all
mouse experiments. Food was withheld overnight before intragastric infection.
For the 50% lethal dose (LDs,) experiments, five C57BL/6 mice per dose were
inoculated intragastrically with 10-fold serial dilutions. Seven dilutions (10° to
10° CFU) were used in the first experiment, and six dilutions (10? to 107 CFU)
were used for the second experiment. Survival was monitored for 30 days. LDsgs
were calculated by the method of Reed and Muench (32). Calculations were
automated in Perl scripts available at http://falkow.stanford.edu or from C. Kim
as source code or Windows executables.

RESULTS

Isolation of acidified nitrite-inducible genes. We performed
a nonsaturating screen for promoters induced by acidified ni-
trite, a system for generating NO (14). Previously described
promoter-GFP fusion libraries of serovar Typhimurium
SL1344 (42) were screened with differential fluorescence in-
duction. Monitoring culture turbidity (Fig. 1A) and the num-
ber of CFU (data not shown) showed that 10 mM nitrite
caused slight killing of SL1344 cells in LB broth (pH 5), while
1 mM nitrite caused moderate growth inhibition. We chose to
use 10 mM nitrite for our inducing conditions. We isolated two
distinct clones displaying inducible promoters fused to GFP.
The first clone, designated ANI1 (SL1344/pANI1), was iden-
tified in a 4-h exposure to 10 mM nitrite in an unagitated
culture of LB broth (pH 5). Further analysis of the induction
properties of this clone indicated that optimal induction oc-
curred with 1 mM nitrite (Fig. 2, nipAB). Subsequently, we
used LB broth (pH 5) with 1 mM nitrite to isolate a second
clone, designated ANI2 (SL1344/pANI2), which exhibited in-
duction properties similar to ANI1 (Fig. 2, nipC).

BLAST analysis of the cloned promoter region in pANI1
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FIG. 1. Inhibition of Salmonella growth by acidified nitrite.
(A) Typical growth curve. One millimolar nitrite significantly slows
growth of Salmonella, and 10 mM nitrite is slightly bactericidal. Error
bars represent standard error (n = 5). ODygj5, optical density at 630
nm. (B) Typical pH curve starting in LB broth, pH 5. The unbuffered
media change pH over the time of the experiment but not dramatically.
Typical pH values ranged from 5.3 to 5.5 at the time of nitrite addition
and from 5.4 to 5.6 after 8 h of standing incubation.

revealed homology to a region located upstream of a two-gene
operon in serovar Typhimurium LT2 (26) (STM0936-
STMO0937). We designated these genes nipA and nipB (nitrite-
inducible promoter), but a recent publication designated them
hcp and hcr, respectively (44). The first gene, hcp (hybrid
cluster protein), encodes a redox protein containing one nor-
mal and one atypical [4Fe-4S] cluster. The second gene, hcr,
encodes an oxidoreductase that is thought to participate in
electron transfer to hcp. Interestingly, the genes are regulated
by nitrite in Escherichia coli (44). Although the crystal struc-
ture of icp has been solved (1, 44), its substrates and reactions
remain unidentified.

The promoter region of pANI2 possessed homology to a
region upstream of a hypothetical gene in E. coli, ytfE (89%
amino acid identity with serovar Typhimurium, STM4399 in
the LT2 sequence [26]). We designated this gene nipC. The
nipC gene of serovar Typhimurium possesses homology to
dnrN (50% amino acid identity) of Pseudomonas stutzeri and to
norA (46% amino acid identity) of Alcaligenes eutrophus H16.
The functions of DnrN and NorA are unknown, but they are
regulated by the NO-responsive regulators DnrD and NorR,
respectively (6, 31, 46).
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nipAB nipC

E 11 7 o

E o 12 , 8 -
3

] _ <

AT

0% 1" 0?2 10® 10?100 10! 10 108 10f

N L

Relative Bacterial Numbers

WOl

4q

10° 10

GFP Intensity

FIG. 2. nipAB and nipC promoter expression is maximally induced
by 1 mM nitrite at pH 5. Four-milliliter LB cultures (pH 5) were grown
standing for 4 h at 37°C. Each culture was split into four 1-ml cultures,
to which 0 (dashed lines), 0.1, 1, or 10 mM nitrite (solid lines) was
added. Cultures were incubated standing for another 4 h. FACS anal-
ysis was performed to monitor GFP expression from the nipAB pro-
moter or the nipC promoter. Numbers indicate the mean GFP inten-
sity values for the uninduced (normal font) and induced (boldface)
conditions.

Nitrite-induced activation of the nipAB and nipC promoters
exhibits pH dependence. A range of nitrite concentrations was
tested for optimal upregulation of the GFP-inducing promot-
ers in ANI1 and ANI2. After 4 h of induction in LB broth (pH
5), 1 mM nitrite caused higher levels of GFP induction of both
ANI1 and ANI2 than did 0.1 mM or 10 mM nitrite (Fig. 2).
Lower levels of induction at pH 5 plus 10 mM nitrite were
probably due to toxicity, as confirmed by measurement of cul-
ture turbidity, enumeration of CFU, and monitoring of a con-
stitutive rpsM-gfp fusion, which exhibited decreased expression
at the high nitrite concentration but constitutive levels under
all other conditions (data not shown).

We also wished to assess the effects of pH on induction by
nitrite, since different nitrogen oxide species are expected to be
formed at different pH values. We observed that the pH of the
medium increased during the 4-h incubation (Fig. 1B). Be-
cause maturation of GFP is relatively slow (40), it is not pos-
sible to assess promoter activity on short time scales. In order
to examine the pH dependence of induction on a time scale
during which the pH varied minimally, we constructed lacZ
fusions to each of these promoters, which allowed us to con-
duct assays after a 20-min incubation. The nipAB fusion dis-
played maximal induction near pH 6.5, while nipC displayed
maximal induction at pH 5.5 (Fig. 3). Induction was abolished
in both reporters at pH 5.0, which we presume to be due to
toxicity. The observation that the nipAB and nipC promoters
display maximal expression at different pH levels suggests that
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FIG. 3. pH dependence of inductions. LB cultures (pH 5) were
grown standing for 4 h. Bacteria were harvested and resuspended in
LB broth (pH 5 to 7) with or without 1 mM nitrite. LacZ activity was
measured after 20 min for the nipAB (A) and nipC (B) promoters.
Standard error is reported for triplicate wells.

the nipAB and nipC promoters may respond to different nitro-
gen oxide species.

nipAB is a member of the Fnr regulon. ANI1 exhibits bright
green fluorescence by FACS and microscopy (data not shown)
upon static (unagitated) incubation with 1 mM nitrite. How-
ever, GFP expression is absent in cultures agitated during the
induction period (data not shown). There are at least two
possible explanations for the agitation-dependent regulation.
One possibility is that oxygen tension of the media plays a role
in the regulation of the promoters. A second possibility is that
optimally inducing concentrations of NO or other gaseous RNI
are not achieved due to rapid dissipation during agitation. In
order to distinguish between these mechanisms, cultures were
subjected to induction under agitated and unagitated growth in
aerobic and anaerobic conditions and assayed for LacZ activ-
ity. The promoters were induced under low-oxygen conditions,
even in the presence of agitation (Fig. 4). These data are in
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FIG. 4. nipAB promoter expression is repressed by oxygen. Four-
milliliter LB cultures (pH 7) were grown standing for 4 h at 37°C.
Bacteria were harvested and resuspended in LB broth (pH 6.5) with or
without 1 mM nitrite and were subjected to every permutation of
agitated/standing and aerobic/anaerobic. LacZ activity was assayed
after 20 min. Standard error is reported for triplicate cultures.

accord with the nipAB promoter being regulated by oxygen
tension.

Sequence analysis of the region upstream of the nipA open
reading frame in serovar Typhimurium with Mfold, a program
designed to detect secondary structure in nucleic acids (49),
revealed inverted repeats. The region contained an 8/10 match
to the consensus sequence for the Fnr-binding site (39), sepa-
rated by one nucleotide from another upstream inverted re-
peat sequence (TTTGGCGGTAGGCATCTGCCGCCAAAA
TTGCGCTAAATCAA [underline indicates inverted repeat;
boldface indicates predicted Fnr-binding site]). This arrange-
ment is reminiscent of the promoters of other members of the
Fnr regulon, such as nirB and narG, in which a nitrogen oxide-
responsive element acts in conjunction with the oxygen-re-
sponsive Fnr (41). A similar arrangement of the region up-
stream of E. coli hcp was previously noted (44).

The Fnr regulon, in a complex interplay with the ArcAB
regulon, controls expression of many anaerobically expressed
genes (22). The nipAB promoter completely failed to induce in
the SL1344 fur background, while ArcA did not appear to have
an effect on regulation as measured by LacZ activity (Fig. 5).
These results, considered together with regulatory sequence
homologies and the agitation experiments, indicate that nipAB
is likely to be positively regulated by Fnr.

Many members of the Fnr regulon exhibit complex expres-
sion patterns involving multiple regulatory proteins. In addi-
tion, the inverted repeat upstream of the putative Fnr -binding
site suggests the involvement of another regulator. We tested
SL1344 mutants in soxS, oxyR, narL, slyA, phoP, ssrB, orgA,
ompR, rpoS, and rpoE for regulation of nipAB. None of these
backgrounds displayed dramatic effects on regulation of nipAB
(data not shown). In addition, we constructed deletion mutants
in glnG (STM4005) and ygaA4 (STM2839) (26), which display
the highest similarity in the LT2 genome sequence to the
NO-responsive regulator norR of A. eutrophus. These muta-
tions did not affect GFP expression from the nip4AB promoter.

nipC expression is affected by oxygen. Induction of the nipC
promoter by nitrite was repressed by oxygen in a pattern sim-
ilar to that for the nipAB promoter (Fig. 6). Sequence analysis
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FIG. 5. The nipAB promoter requires Fnr for activation by nitrite.
Two-milliliter LB cultures (pH 7) were grown agitated for 4 h at 37°C.
Bacteria were resuspended in LB broth (pH 6.5) and were split into
two 1-ml cultures, to one of which 1 mM nitrite was added. LacZ
activity was assayed after 20 min. Standard error is reported for trip-
licate cultures.

of the promoter region revealed no obvious regulatory se-
quences, although large regions of secondary structure are
predicted by MFold (data not shown). Two major classes of
alternative structures are predicted, reminiscent of promoter
regions that are regulated by transcriptional attenuation mech-
anisms. However, none of the mutant backgrounds tested for
regulation of nipAB displayed any significant effects on expres-
sion of nipC, including the norR homologues. We conclude
that, although the nipC promoter is regulated by oxygen ten-
sion, it is not dependent on the regulatory pathways that con-
trol the nipAB promoter.

nipAB and nipC are induced by NO-producing macrophages.
Macrophages can be stimulated by mitogens and cytokines to
produce large quantities of NO (23). RAW264.7 mouse mac-
rophage-like cells were activated for 24 h with 50 ng of .
enterica serovar Typhimurium LPS/ml plus 100 U of IFN-y/ml,
followed by infection with SL1344 carrying nipAB-gfp and
nipC-gfp. The Griess assay (7) was used to monitor nitrite
concentration in culture supernatants, which is used to infer
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FIG. 6. nipC promoter expression is repressed by oxygen. LacZ
assays were conducted identically to those described in the Fig. 4
legend, except that the bacteria were resuspended in LB broth, pH 5.5.
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levels of NO production. Intracellular bacteria carrying nipAB-
gfp and nipC-gfp harvested at 4 h displayed induction of GFP in
activated macrophages but did not express GFP in unstimu-
lated macrophages (Fig. 7A and B). Aminoguanidine, an in-
hibitor of iNOS (38), reduced nitrite accumulation by greater
than 96% when macrophages were treated during activation
(data not shown). Treatment of activated macrophages with
aminoguanidine also prevented upregulation of the nipAB and
nipC promoters, suggesting that a product of iNOS is respon-
sible for the induction. Aminoguanidine had no effect on the
induction of nipAB and nipC by nitrite in the absence of cells,
further indicating that the inhibition of promoter induction is
a result of iNOS inhibition (data not shown). In contrast, an
SPI-2 reporter (ssaH-gfp) that is specifically expressed in the
intracellular environment (4, 43) is induced under all intracel-
lular conditions regardless of NO production (Fig. 7C). This
indicates that nipAB and nipC are specifically upregulated in
macrophages producing RNI. Interestingly, nipAB and nipC
also appear to display extracellular induction, although to
lower levels than intracellular bacteria (Fig. 7A and B). As
expected, the SPI-2 reporter displays no extracellular induction
(Fig. 7C). Conditioned media from activated macrophages did
not cause induction of the promoters in the absence of mac-
rophages, and the promoters displayed the same responsive-
ness to nitrite in DMEM containing FBS that they did to nitrite
in LB broth (data not shown), suggesting that proximity to the
host cells may be important for GFP induction in extracellular
bacteria. This observation is in accord with the membrane-
diffusible nature of NO and the extracellular presence of NO
near activated macrophages (2, 19).

Mutants in nipAB and nipC do not display growth defects
under inducing conditions. In order to begin to assess the
functions of nipAB and nipC, we constructed mutations in
these genes in an SL1344 background. CK1 contains a deletion
spanning the nipAB operon marked with a kanamycin resis-
tance marker. CK2 contains a deletion spanning nipC and also
contains a kanamycin cassette insertion. These mutants did not
display any discernible difference from wild-type SL1344 in a
variety of assays where we tested for growth or survival with the
following variables: media (LB and M9), pHs (5 and 7), elec-
tron acceptors (oxygen, nitrite, and nitrate), and carbon
sources (glucose, glycerol, and lactate) (data not shown). This
was in contrast to an fnr mutant, which displayed growth de-
fects under anaerobic growth with nonfermentable carbon
sources (data not shown). As NO has been reported to have
mutagenic activity (3), we also tested CK1 and CK2 for in-
creased susceptibility to mutagenesis by acidified nitrite. While
we did observe that acidified nitrite causes significant mutagen-
esis in SL1344, CK1, and CK2 harboring pKM101 (a plasmid
used in the Ames tester strains to increase sensitivity of the
carrying strain to mutagenesis [27]), we were unable to dem-
onstrate in vitro that CK1/pKM101 or CK2/pKM101 displays
any more sensitivity to mutagenesis by nitrite than SL1344/
pKM101 (data not shown).

In addition, we tested CK1 and CK2 for survival and repli-
cation in RAW264.7 cells that were unstimulated, activated
with 10 ng of IFN-y/ml, activated with 100 ng of IFN-y/ml, or
activated with 100 ng of IFN-y/ml and 50 ng of LPS/ml. While
the IFN-y + LPS-stimulated cells produced NO as measured
by NO, ™~ levels in the cell supernatants, neither CK1 nor CK2
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FIG. 7. nipAB and nipC are induced inside activated macrophages.
RAW264.7 mouse macrophage-like cells were activated with LPS and
IFN-y prior to a 4-h infection with ANI1 or ANI2 (multiplicity of
infection, 30:1). For aminoguanidine (AG) treatment, macrophages
received treatment both during activation and infection. Inductions in
activated or aminoguanidine-treated macrophages (solid lines) are
compared with values for unactivated macrophages (dashed lines) in
each plot. Extracellular bacteria were collected from the supernatant,
while intracellular bacteria were recovered by Triton X-100 lysis of
host cells. Inductions are shown for nipAB-gfp (A), nipC-gfp (B), and
ssaH-gfp (SPI-2) (C). Numbers indicate the mean GFP intensities for
the unstimulated (normal font) and activated and/or aminoguanidine
(boldface) infections. The number of CFU did not change significantly
during the course of the 4-h infection.
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was compromised for intracellular survival or replication under
any of the tested conditions when compared to the wild-type
strain SL1344 as assessed by CFU counts over a 24-h period
(data not shown). In addition, CKI1- and CK2-infected
RAW264.7 cells produced NO at levels similar to SL1344-
infected cells (data not shown).

Low doses of mutants in nipAB and nipC cause late death in
C57BL/6 mice. CK1 and CK2 were tested for virulence in mice
by oral challenge. The ability of these mutants to colonize
various mouse tissues and organs was assessed in mixed infec-
tions with wild-type SL1344 upon oral challenge with 107 to 10°
CFU of each strain. Cecum, Peyer’s patches, mesenteric lymph
nodes, and spleen did not contain significant differences in
bacterial load of the wild-type and mutant strains over a 5-day
infection (matched ¢ tests, 95% confidence level) (data not
shown).

Although we did not observe any differences in the compe-
tition experiments over a short-term high-dose infection, we
determined the LDss for the strains. Five C57BL/6J mice per
dose at seven different doses were inoculated intragastrically.
Reed-Muench analysis (32) on day 7 yielded LDs s that were
similar for SL1344, CK1, and CK2 (Table 2). LDs,s on day 14
were also largely similar between mutants and wild type. On
day 30, however, the LDs,s for the mutants were substantially
lower than for the wild type. These unexpected results sug-
gested that, compared to the wild type, smaller doses of CK1
and CK2 are able to cause lethal infection in mice.

A second repetition of the LDs, experiment was performed
but with experimenters being blind to the strain identities. As
in the first LDs, progression, the initial LDy, progression was
unrevealing (Table 2). However, on day 19, we were able to
correctly predict the strain identities (data not shown). On day
30, the LDs,s exhibited the same pattern as that seen in the
first LDs, experiment. The Pearson correlation coefficient be-
tween the day 30 LDss for the two experimental repetitions is
0.91.

Closer analysis of the survival progression of the mice in the
first LDs,, experiment revealed that the observed differences
were related to dose. We grouped the doses into high (107 to
10° CFU) and low (10° to 10° CFU) dose categories and tallied
survival of the mice over time. All strains killed mice at similar
rates when inoculated at high doses (Fig. 8A). In contrast,
infecting with small inoculating doses of bacteria revealed
strain-related differences during the course of the infection:
while wild-type-infected mice generally survive low-dose infec-
tions, the mutant-infected mice exhibited an increased ten-
dency to succumb to the infection at 2 or 3 weeks postinocu-
lation (Fig. 8B). A similar pattern was observed for both of the
LDy, experiments. We conclude that, while infections with
small inoculum doses of SL1344 are normally cleared by the
mice, identical doses of CK1 and CK2 cause late death by some
unknown mechanism.

DISCUSSION

While NO is required for the control of serovar Typhi-
murium infection (25, 34, 45), little is known regarding its
mechanism of action. Due to the wide range of biological
activities exhibited by NO, it remains unclear if NO is acting
directly on the bacteria as an antimicrobial, if it is acting in a
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TABLE 2. Reed-Muench LDjs

Results
Background or . :
mutant 1st expt on: 2nd expt on:
Day 7 Day 14 Day 30 Day 7 Day 14 Day 30
SL1344 4.49 x 10® 8.96 X 10° 5.65 X 10° NC* 2.81 x 10° 6.66 X 10°
CK1 2.27 x 10 4.60 < 10° 6.73 x 10* NC 2.67 X 10° 1.19 X 10°
CK2 1.73 X 108 1.73 X 10° 3.51 x 10° 1.42 X 107 8.61 X 10° 8.96 x 10°

“ NG, not calculable due to insufficient deaths.

signaling capacity in other host processes, or if a combination
of both is acting. In order to better to understand the effects of
NO on serovar Typhimurium, we identified two acidified ni-
trite-inducible promoters using a promoter-GFP fusion screen.
These promoters regulate loci that we designated nipAB and
nipC.

The first promoter identified in our screen regulated expres-
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FIG. 8. Survival of C57BL/6J mice infected with serovar Typhi-
murium. Raw survival numbers for the first LDy, experiment were
classified into two groups representing high (107 to 10° CFU) (A) and
low (10° to 10° CFU) (B) doses. The surviving number of mice rep-
resents the total tally from all doses in the high- and low-dose classes.
The same analysis on the second LDs, experiment yielded similar
results.

sion of the nipAB operon. These genes are homologous to the
hybrid cluster protein redox couple, Hep and Her. It is believed
that Her transfers electrons from an unknown source to Hcep,
which subsequently transfers the electrons to a substrate. The
electron-accepting substrate of Hcp is unknown, although ev-
idence from the crystal structure suggests that it is a diatomic
molecule or smaller (1). Furthermore, the substrate is believed
to be a gas, given the presence of hydrophobic solvent channels
in the structure (5). Taken together with the observation that
the operon is regulated by nitrite and nitrate under anaerobic
conditions in E. coli and Morganella morganii (44), the data
suggest that NO is a good candidate for the substrate of Hep.
However, assuming that the promoter is induced by the sub-
strate of the gene products of this operon, our observation that
maximal induction occurs around pH 6.5 in Salmonella sug-
gests that the substrate may be a different nitrogen oxide, since
more NO would be expected under more acidic conditions. A
recent report that Hep displays hydroxylamine reductase ac-
tivity suggests that this may be the case, although the in vivo
function of Hep has not yet been demonstrated (48).

Our results also provide evidence that nipAB expression is
regulated by Fnr, as induction is completely abolished in an far
mutant background. A second repeat motif is located directly
upstream of the putative Fnr-binding site. This site is likely to
be the binding site for the regulatory protein which responds to
the nitrogen oxide inducer, as a similar arrangement is ob-
served in the promoter regions of other members of the Fnr
regulon, such as nirB (41). Interestingly, ArcA was recently
reported to play a role in acidified nitrite resistance in serovar
Enteritidis (20). However, the ArcA-binding site consensus
(WGTTAATTAW [21]) is quite disparate in sequence from
the second inverted repeat located upstream of nipAB, and our
induction studies utilizing the lacZ reporter indicate that ArcA
does not regulate nipAB. Nonetheless, the data strongly sug-
gest that the nipAB operon is involved in anaerobic metabolism
of a nitrogen oxide.

The second isolated promoter was located upstream of nipC,
the function of which is even less well understood. A close
homologue of nipC (50% amino acid identity), dnrN, is found
in the denitrifying bacterium P. stutzeri (46). During the pro-
cess of denitrification, nitrate is reduced to ammonia through
a succession of electron transfers, with NO being an interme-
diary product. The reduction of NO to N,O is regulated by
DnrD, a member of the FNR-CRP family of transcriptional
regulators. DnrN is the first gene of the operon containing
DnrD, and this operon is regulated by NO. However, the
function of DnrN remains unknown. Based on the expectation
that stronger acid generates more NO, our observation that the
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nipC promoter displayed a correlation between induction lev-
els and acidity is consistent with the possibility that expression
of nipC is controlled by NO. As was the case for nipAB, oxygen
represses expression of nipC. However, we were unable to
identify any regulators of nipC.

Another close homologue of nipC (46% amino acid identity)
is the norA gene of A. eutrophus, which is also a denitrifying
bacterium. The norA open reading frame is located just up-
stream of an NO reductase encoded by norB (6). The promoter
that drives expression of the NO reductase is located upstream
of norA, implying that the genes are coregulated. Expression of
this operon is dependent on a regulatory protein designated
NorR (31). Interestingly, while E. coli K-12 and serovar Ty-
phimurium possess norA homologues, neither species contains
an obvious norB or norR homologue. Nevertheless, the fact
that the nipC promoter has maintained regulation by a variety
of NO donors (see below) even in the absence of an obvious
reductase or response regulator suggests a role in NO metab-
olism. The presence of this gene in Salmonella is especially
interesting in light of the fact that enterobacteria do not per-
form denitrification (15).

We constructed mutations in nipAB and nipC and tested the
mutants for defects in growth under various nonfermentative
and stress conditions. We did not detect any differences in the
mutants compared to wild-type serovar Typhimurium. van den
Berg et al. also reported that they could not identify a growth
phenotype in their E. coli hcp-her mutants (44). It is possible
that the mutants may exhibit subtle differences from the wild
type or that the proper conditions have not yet been tested. In
any case, it is interesting that these genes are dispensable
under inducing conditions. Further work is needed to clarify
the role of these genes in nitrogen oxide metabolism.

The physiological relevance of acidified nitrite has previ-
ously been questioned (14), so we consequently tested our
fusions under more physiologically relevant conditions. In
addition to being induced by a variety of NO donors (S-ni-
trosoglutathione, S-nitroso-N-acetylpenicillamine, and Sperm-
ine-NO adduct [data not shown]), the promoters are induced
in activated, NO-producing macrophages in an iNOS inhibitor-
sensitive manner. Although it is not possible to dissect the
exact nature of the inducing agent due to the rapid formation
of a complex equilibrium of nitrogen oxides both in acidified
nitrite and in macrophages, it is clear that nipAB and nipC
respond to nitrogen oxides in both environments.

Interestingly, bacteria that are extracellular to activated
macrophages also display nipAB and nipC promoter induc-
tion, though to a lesser degree than intracellular bacteria
are. Supernatants from activated macrophages did not cause
induction of the promoters, nor did DMEM that contained
nitrite levels comparable to the levels measured in the su-
pernatants. This indicates that (i) the bacteria experience
high local concentrations of the inducing agent within a
certain distance from an NO-producing cell, (ii) the bacteria
are not responding to nitrite but to a different inducing
agent, or (iii) both of the above apply. NO, which can diffuse
across membranes, is detected both in the intracellular and
extracellular environments with high concentrations close to
the cell (2, 19). While this does not predict the precise
nature of the inducing agent, since other RNI would pre-
sumably be generated in a gradient proportional to the NO
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gradient, these data provide an explanation for our obser-
vation that extracellular bacteria also appear to detect a
host-derived nitrogen oxide.

Unexpectedly, the mutant strains CK1 and CK2 both exhib-
ited considerably lower LDs,s than the wild-type parent strain
at later time points (day 30 versus days 7 and 14). These results
prompted us to perform a second repetition in which the ex-
perimenters did not know the identity of the strains, which
yielded results very similar to those from the first trial. The
apparent decrease in LD,s could be attributed to an increased
ability of low doses of the mutant bacteria to cause lethal
infections in mice. The lethality caused by low-dose infections
was primarily observed at later time points (2 to 4 weeks),
during the time when adaptive immune responses are normally
able to control infection by wild-type serovar Typhimurium.
There are therefore two facets to the phenotype that we ob-
served: first, that low doses of our mutants were able to Kkill
mice while similar doses of wild-type bacteria do not, and
second, that the observed death occurred at relatively late time
points.

Exacerbation of disease as a result of deletion of a gene is
uncommon but not unprecedented. One recent publication
describes grv4, which is present on the Gifsy-2 phage of
serovar Typhimurium (16). Both overexpression and dele-
tion of this locus caused increased replication in BALB/c
mice as measured in competition with wild-type serovar
Typhimurium. Also of particular interest are the GAM mu-
tants generated in a screen for mutants with increased
growth yield in tissue culture macrophage-like cells (J774.1)
(11). One of the mutants, GAM4, outcompeted the wild-
type parent strain in mice. Furthermore, five of the isolated
mutants were able to inhibit the production of host-derived
NO. However, CK1- and CK2-infected macrophages did not
display any reduction in NO production compared to wild
type-infected cells. Additional examples of mutants that ap-
pear to have increased fitness in host organisms are de-
scribed by Ho and Slauch (16).

Most of the effects of NO in wild-type serovar Typhimurium-
infected mice manifest themselves later in infection (2 to 3
weeks postinoculation [25]). In fact, the kinetics of survival of
iNOS knockout mice are strikingly similar to those of the
survival of our C57BL/6J mice infected with CK1 and CK2
(Fig. 1 in reference 25 compared to Fig. 8B here). Moreover,
DBA/2 mice, which are deficient in mounting adaptive immune
responses to serovar Typhimurium, initially control rampant
replication of the bacteria by means of the Nramp® locus but
eventually succumb to infection with kinetics that are similar to
those of the iNOS knockouts (17, 28, 30). Interleukin 4 knock-
outs also exhibit delayed death kinetics compared to wild-type
mice, although overall survival of the knockouts is similar to
that of wild-type mice (12). Given the late kinetics of death
observed in the mice infected with our mutants and in the
iNOS knockout mice, it seems reasonable to hypothesize that
NO may play a role in the development of adaptive immune
responses during serovar Typhimurium infection of the mouse.
Perhaps CK1 and CK2 fail to metabolize NO to the same
degree as does the wild type, leading to excessive concentra-
tions of NO and subsequent host damage and/or immunosup-
pression (9). Alternatively, we speculate that the mutant bac-
teria may somehow be able to escape detection by adaptive
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immune responses and are able to progress to full-blown sys-
temic disease at late time points because of this early avoid-
ance.

Regardless of the mechanism that underlies these results, it

is clear that Salmonella responds to both chemically generated
NO and host-derived NO in a complex manner. Our data
suggest that wild-type serovar Typhimurium may be respond-
ing to NO in a manner that either modulates virulence traits or
host responses.
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