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DksA-Dependent Resistance of Salmonella enterica Serovar
Typhimurium against the Antimicrobial Activity of Inducible Nitric
Oxide Synthase

Calvin A. Henard and Andrés Vazquez-Torres

Department of Microbiology, University of Colorado School of Medicine, Aurora, Colorado, USA

In coordination with the ppGpp alarmone, the RNA polymerase regulatory protein DksA controls the stringent response of eu-
bacteria, negatively regulating transcription of translational machinery and directly activating amino acid promoters and de
novo amino acid biosynthesis. Given the effects of nitric oxide (NO) on amino acid biosynthetic pathways and the intimate rela-
tionship of DksA with amino acid synthesis and transport, we tested whether DksA contributes to the resistance of Salmonella to
reactive nitrogen species (RNS). Our studies show that the zinc finger predicted to position DksA in the secondary channel of the
RNA polymerase is essential for the resistance of Salmonella enterica serovar Typhimurium to RNS in a murine model of sys-
temic salmonellosis. Despite exhibiting auxotrophies for various amino acids, AdksA mutant Salmonella strains regain virulence
in mice lacking inducible NO synthase (iNOS). DksA is also important for growth of this intracellular pathogen in the presence
of NO congeners generated by iNOS during the innate response of murine macrophages. Accordingly, dksA mutant Salmonella
strains are hypersusceptible to chemically generated NO, a phenotype that can be prevented by adding amino acids. The DksA-
dependent antinitrosative defenses do not rely on the Hmp flavohemoprotein that detoxifies NO to NO; ™~ and appear to operate
independently of the ppGpp alarmone. Our investigations are consistent with a model by which NO produced in the innate re-
sponse to Salmonella exerts considerable pressure on amino acid biosynthesis. The cytotoxicity of NO against Salmonella amino

acid biosynthetic pathways is antagonized in great part by the DksA-dependent regulation of amino acid biosynthesis and

transport.

Intracellular pathogens are exposed to a plethora of defense
mechanisms within host cells. Salmonella enterica cells residing
in macrophages encounter a burst of reactive oxygen and nitrogen
species generated through the enzymatic activities of NADPH
phagocyte oxidase and inducible nitric oxide (NO) synthase
(iNOS) hemoproteins. Macrophages express iNOS in response to
lipid A, fimbriae, and porins decorating the Salmonella cell enve-
lope (6,42, 43). The proinflammatory cytokine gamma interferon
(IFN-y) further enhances the nitrosative potential of Salmonella-
infected mononuclear phagocytic cells (28, 41). NO or reactive
nitrogen species (RNS) engendered through the reaction of this
diatomic radical with molecular oxygen (O,), low-molecular-
weight thiols, iron, or superoxide (O, ) modify several bacterial
biomolecules, including terminal cytochromes of the electron
transport chain, DNA, and DNA binding metalloproteins, as well
as [Fe-S] cluster- and thiol-containing enzymes of intermediary
metabolism (20, 35). The RNS-mediated inhibition of respiration,
central metabolism, and DNA replication is a likely cause of the
growth arrest experienced by Salmonella exposed to nitrogen ox-
ides (14). The enzymatic activity of iNOS plays an active role in the
anti-Salmonella arsenal of rodent and human mononuclear
phagocytes (38, 41) and in host defense against systemic and oral
salmonellosis (1, 17, 26).

Salmonella expresses multiple defenses against RNS encoun-
tered in the host. The Salmonella pathogenicity island 2 type III
secretion-dependent avoidance of iNOS-containing vesicles and
DNA damage repair and scavenger systems all increase the antini-
trosative defenses of Salmonella (2, 7, 36). In addition, the flavo-
hemoprotein Hmp, which dinitrosylates NO to nitrate, serves as a
primary defense against nitrosative stress generated by iNOS (2).
Hmp protects the respiratory activity of terminal cytochromes of
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the electron transport chain (37), increases the resistance of Sal-
monella against NO congeners produced by human and murine
macrophages, and reduces S-nitrosoglutathione formation (9,
38), thereby fostering Salmonella virulence (2). Due to the selec-
tive pressure imposed by products of iNOS against Salmonella,
this intracellular pathogen must count on a rich regulatory net-
work to fine-tune the expression of antinitrosative defenses. Mul-
tiple Salmonella regulators respond to RNS. For example, NsrR
and NorR are dedicated sensors of NO, and the transcriptional
regulators OxyR, SoxR, fumarate-nitrate reduction (FNR), and
Fur, which primarily function as sensors of O,, reactive oxygen
species (ROS), and iron, also respond to RNS (10, 12, 15, 18). To
sense nitrogen oxides, these regulatory proteins use cysteine resi-
dues, non-heme iron centers, and [Fe-S] clusters (10, 12, 15, 18).
Nitrosylation of cysteines or iron cofactors in OxyR, SoxR, and
NorR activates transcription, whereas the iron-nitrosyl complexes
in NsrR and Fur derepress gene expression (12, 13, 15, 18, 39).
Recent evidence indicates that the addition of amino acids to
growth media prevents the bacteriostatic actions of NO against
Salmonella, suggesting that inhibition of amino acid biosynthesis
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TABLE 1 Bacterial strains and plasmids used in this study

TABLE 2 Primers used for the construction of strains used in this study

Source or
Strain or plasmid Genotype reference
Strains
S. Typhimurium Wild type ATCC
ATCC 14028s
AV03005 Ahmp::lacZY 27
AV04068 Ahmp::FRT 27
AV08140 ArelA=FRT AspoT::FRT 19
AV08174 AdksA:=:FRT Ahmp::lacZY This study
AV08261 AdksA::cm ArelAzFRT AspoT::FRT This study
AV09091 AdksA::cm Ahmp:FRT This study
AV09294 AdksA::FRT 19
AV10359 put:dksA::cm AdksA::FRT This study
AV10360 put::dksAC114S::cm AdksA::FRT This study
AV10361 put:dksAC117S::cm AdksA::FRT This study
AV10362 put::dksAC135S::cm AdksA::FRT This study
AV10363 put:dksAC138S::cm AdksA::FRT This study
Plasmids
pKD3 bla FRT cat FRT oriR6K 11
pKD13 bla FRT ahp FRT oriR6K 11
pCP20 bla cat 1857 flp pSC101 8
pSK bla pUC ori f1 lacZo Stratagene
pSK::em bla cat pUC ori fl1 lacZo This study
pSK::dksA::cm bla cat pUC ori f1 lacZow dksA This study
pSK::dksAC114S::cm bla cat pUC ori f1 lacZo dksAC114S This study
pSK::dksAC117S::cm bla cat pUC ori f1 lacZo dksAC117S This study
pSK::dksAC135S::cm bla cat pUC ori f1 lacZo dksAC135S This study
pSK::dksAC138S::cm bla cat pUC ori f1 lacZo dksAC138S This study
pCE36 ahp FRT lacZY™ ty;, oriR6K 16

may be a key target of the anti-Salmonella activity of RNS (35).
Work from our laboratory indicates that Salmonella cells under-
going nitrosative stress repress transcription of rRNA, tRNA, and
other components of translational machinery, all of which are
hallmarks of the stringent response often associated with amino
acid deprivation (3). The [Fe-S] cluster in the dihydroxy acid de-
hydratase of the branch chain amino acid biosynthetic pathway is
a prime example of a molecular target of RNS (21), as is the lipo-
amide-dependent lipoamide dehydrogenase (35). A sudden de-
crease in the availability of amino acids likely triggers ppGpp syn-
thesis and a stringent response. In addition, RNS could elicit a
stringent response by targeting the DksA protein that activates
amino acid biosynthetic gene transcription (31). In support of this
hypothesis, exposure of Salmonella to acidified nitrite derepresses
DksA-inhibited flagellar gene transcription (3, 22). The investiga-
tions presented herein tested whether the RNA polymerase bind-
ing protein DksA contributes to the antinitrosative defenses of the
enteric pathogen S. enterica serovar Typhimurium.

MATERIALS AND METHODS

Bacterial strains. S. enterica serovar Typhimurium strain ATCC 14028s
was used as the wild type and as a background in the construction of
mutants according to the method previously described by Datsenko and
Wanner (11) (Table 1). PCR amplicons containing kanamycin or chlor-
amphenicol resistance cassettes flanked by the Flp recognition target
(FRT) were generated from a pKD13 or pKD3 template, respectively,
using AccuPrime Taq high-fidelity polymerase (Invitrogen, Carlsbad,
CA) and 60-base-long primers with homology to target genes (Table 2).
PCR products were purified using a QIAquick PCR purification kit (Qia-
gen, Valencia, CA) and were electroporated into S. Typhimurium strain
TT22236 harboring the plasmid pTP223, which expresses an isopropyl-
B-p-thiogalactopyranoside (IPTG)-inducible A Red recombinase system
(34). Mutations were moved into S. Typhimurium strain 14028s via P22-
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Mutation Primer sequence® (5'-3")
dksAC114S F: TGGAAGATGAAGACTTCGGTTATAGCGAGTCCTGCG
R: CGCAGGACTCGCTATAACCGAAGTCTTCATCTTCCA
dksAC117S F: TATTGCGAGTCCAGCGGGGTGGAGATT
R: AATCTCCACCCCGCTGGACTCGCAATA
dksAC135S F: ACAGCCGATCTGAGCATCGACTGCAAAACGCTGGCT
R: AGCCAGCGTTTTGCAGTCGATGCTCAGATCGGCTGT
dksAC138S F: ACAGCCGATCTGTGCATCGACAGCAAAACGCTGGCT
R: AGCCAGCGTTTTGCTGTCGATGCACAGATCGGCTGT
pSK::cm F: ACGCGGATCCATGGGAATTAGCCATGGTCC
R: CTGCAGGAGCTCGTGTAGGCTGGAGCTGCTTC
pSK::dksA::cm F: ATCGTAGAATTCCGTTGTAGTGGAATAACAGC
R: CCGCGGATCCTTAACCCGCCATCTGTTTTT
put:dksA F: TAGCGATGGGAGAGAGGACACGTTAATTATTCCATT

TTAA

TAGTGGAATAACAGCCTGATTATTA

R: TACTGCGGGTATTAATGCTGAAAACATCCATAACCC
ATTGGTGT

AGGCTGGAGCTGCTTC

“ Underlined sequences denote Sacl, BamHI, or EcoRI restriction sites.

mediated transduction, and pseudolysogens were eliminated by streaking
on Evans blue uranine agar. The antibiotic cassette was removed by re-
combining the flanking FRT sites with the Flp recombinase expressed
from the temperature-sensitive pCP20 plasmid (8). In-frame deletions
were verified by PCR analysis. To create complementing strains carrying a
wild-type or mutated dksA allele, we constructed a template plasmid by
cloning an FRT-flanked chloramphenicol cassette from pKD3 into the
BamHI and Sacl restriction sites of pBluescript SK(+) to generate pSK::
cm. A DNA region containing the native promoter and the dksA open
reading frame was cloned between EcoRI and BamHI restriction sites of
pSK::cm to generate pSK::dksA::cm. dksA variants with a serine substitu-
tion at position 114, 117, 135, or 138 were generated by using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and
were confirmed by DNA sequencing. The AdksA mutant strain AV09294
was complemented ectopically by inserting a P, -driven, wild-type dksA
gene or dksA C114S, C117S, C135S, or C138S variant into the intergenic
site downstream of the chromosomal putP locus using the A Red recom-
binase system and the pSK::dksA::cm plasmid templates described above
(19). The hmp::lacZY transcriptional fusion was transduced from strain
AV03005 (27) into the AdksA mutant, generating strain AV08174.

Quantification of NO by polarography. Wild-type Salmonella cells
grown overnight in LB broth were diluted 1:250 in LB broth and treated
with 5 mM the NO donor diethylenetriamine (DETA) NONOQate, an NO
donor with an estimated half-life of 20 h at 37°C, pH 7.4 (Cayman Chem-
ical, Ann Arbor, MI). The amount of NO released into the culture was
measured polarographically using an NO-specific probe (World Precision
Instruments, Sarasota, FL). The NO concentration was calculated by re-
gression analysis using known standards generated with the NO donor
Proli NONOate, which has a half-life of 1.8 s at 37°C and pH 7.4 (Cayman
Chemical). Data are represented as uM NO over time.

Susceptibility of Salmonella to NO. The cytotoxicity of the NO donor
DETA NONOate or the polyamine DETA against wild-type and dksA-
deficient Salmonella strains was monitored spectrometrically by monitor-
ing bacterial growth on a Bioscreen C microbiology microtiter plate
(Growth Curves USA, Piscataway, NJ). Salmonella cultures grown over-
night in LB broth were diluted 1:500 in LB broth and treated with 5 mM
the NO donor DETA NONOate or the polyamine DETA control. Some
cultures were treated with 1 mM DETA NONOate (see Fig. 4). The half-
life of DETA NONOate at neutral pH is about 20 h. Bacterial growth was
recorded at an optical density at 600 nm (ODy,) every 15 min while
cultures were shaken at 37°C.

B-Galactosidase assay. LacZ transcriptional activity was quantified
spectrometrically from bacterial cultures treated with 250 uM the NO
donor spermine NONOate as 3-galactosidase activity by monitoring
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FIG1 dksA mutant Salmonella strains are hypersusceptible to the bacteriostatic activity of NO. (A) The concentrations of NO released by 5 mM DETA NONOate
(dNO) in LB broth incubated with 2 X 107 CFU/ml of Salmonella Typhimurium strain 14028s were measured polarographically over time at 37°C in a shaker
incubator. Data from two independent observations are expressed as means * standard deviations (SD). (B and C) Wild-type (WT) and the isogenic AdksA
Salmonella strain AV09294 grown overnight in LB broth were diluted to 2 X 107 CFU/ml in fresh LB broth and treated with 5 mM polyamine DETA (control)
(B) or dNO (C). (D and E) Selected control (D) and dNO-treated (E) cultures were supplemented with 0.1% Casamino Acids (AA). Bacterial growth is expressed
as the ODg, over time, and the data are represented as the means of 10 independent observations from 2 separate experiments. The P value for the difference
between the AdksA and wild-type strains was <0.0001 as determined by one-way ANOVA of all data points in the curve followed by Bonferroni’s posttest.

the conversion of o-nitrophenyl-B-p-galactopyranoside to ortho-ni-
trophenyl compared to that of untreated controls. 3-Galactosidase
activity is expressed as Miller units calculated according to the equa-
tion 1,000 X {[OD,,, — (1.75 X ODss)]/[(T min) X (V ml) X
ODggol}. Under the experimental conditions used in our assays, the
background B-galactosidase activity is ~1 Miller unit.
Macrophage-killing assays. The anti-Salmonella activity of macro-
phages was evaluated as previously described (27). Briefly, peritoneal ex-
udate cells were harvested from C57BL/6 or iNOS-deficient (24) mice 4
days after intraperitoneal (i.p.) inoculation of 1 mg/ml of sodium perio-
date. The cells were cultured for 36 to 48 h in RPMI 1640 medium (Cell-
gro, Herndon, VA) supplemented with 10% heat-inactivated fetal bovine
serum (BioWhittaker, Walkersville, MD), 15 mM HEPES, 2 mM r-glu-
tamine, 1 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO), 100
units/ml of penicillin, and 100 mg/ml of streptomycin (Cellgro)
(RPMI™). Macrophages washed with media lacking antibiotics were chal-
lenged at a multiplicity of infection of 2 with Salmonella that had been
opsonized with 10% normal mouse serum for 20 min. After 25 min of
infection, the medium was exchanged with prewarmed RPMI™ medium
containing 25 ug/ml of gentamicin. Macrophages were lysed with 0.25%
deoxycholic acid at the indicated time points after infection, and the sur-
viving intracellular bacteria were enumerated on LB agar plates. Killing is
expressed as the fraction of bacteria recovered at the indicated time rela-
tive to the bacterial burden isolated after 25 min of internalization.
Mouse infections. Six- to 8-week-old C57BL/6 or congenic iNOS-
deficient (24) mice bred in our animal facility according to Institutional
Animal Care and Use Committee guidelines were used to assess the role of
DksA in Salmonella virulence. Briefly, individual animals were inoculated
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intraperitoneally with ~400 CFU of Salmonella grown overnight to sta-
tionary phase in LB broth. Mouse survival was monitored over time. Mice
manifesting signs of distress (i.e., low spontaneous activity and ruffled
coat) were humanely euthanized by CO, inhalation followed by cervical
dislocation.

Statistical analysis. Determination of the statistical significances of
multiple comparisons was achieved using one-way analysis of variance
(ANOVA) followed by Bonferroni’s posttest. Data were considered statis-
tically significant when P was <0.05.

RESULTS

DksA mutant Salmonella strains are hypersusceptible to the
bacteriostatic effects of NO. The expression of DksA enhances
the antioxidant defenses of Salmonella (19). Due to overlaps in
cellular toxicity between ROS and RNS, many defense mecha-
nisms serve a dual role in defending against oxidative and nitro-
sative stresses (5, 29). Therefore, we evaluated whether DksA con-
tributes to the antinitrosative defenses of Salmonella. The
sensitivity of dksA-deficient Salmonella to RNS was tested by as-
sessing bacterial growth in the presence of the NO donor DETA
NONOate (Fig. 1). Defects in dksA result in auxotrophies for iso-
leucine, leucine, valine, glycine, phenylalanine, and threonine,
and therefore AdksA strains do not grow in minimal media (4).
Consequently, the effect of the slow NO releaser DETA NONOate
on the growth of dksA mutant Salmonella strains was evaluated in
bacteria cultured in LB broth. DETA NONOate has a half-life of
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FIG 2 Cysteine residues in the zinc finger motif are critical for DksA-depen-
dent antinitrosative defense. Wild-type (WT), AdksA, or isogenic AdksA Sal-
monella strains complemented with wild-type DksA (cDksA) or a DksA
C114S, C117S, C135S, or C138S variant were treated with 5 mM DETA (con-
trol) (A) or DETA NONOate (dNO) (B) as described in the legend for Fig. 1.
Bacterial growth is expressed as the ODy,, over time, and the data are repre-
sented as the means of 10 independent observations from 2 separate experi-
ments. The P value for the difference between the AdksA and isogenic AdksA
Salmonella strains complemented with DksA C114S, C117S, C135S, or C138S
and the wild-type strain was <0.0001 as determined by one-way ANOVA of all
data in the curve followed by Bonferroni’s posttest.

20 h at pH 7. Polarographic determination of the NO generated
with 5 mM DETA NONOate under the culture conditions used in
our assays indicated an 8 uM NO peak shortly after exposure,
followed by a steady 5 uM NO for the duration of the experiment
(Fig. 1A). Wild-type and isogenic AdksA Salmonella strains exhib-
ited similar growth in LB broth supplemented with 5 mM DETA
(Fig. 1B). The AdksA mutant Salmonella strain AV09294 was hy-
persusceptible to the bacterostatic effects of 5 mM DETA NONO-
ate, as shown by its 12-h lag compared to 5 h for the wild-type
control (Fig. 1C). Given the inhibitory effects of NO on amino
acid biosynthetic pathways and the DksA-dependent regulation of
the transcription of amino acid synthesis and transport, we tested
whether the addition of amino acids had any effect on the marked
susceptibility of AdksA mutant Salmonella strains to chemically
generated NO. The addition of 0.1% Casamino Acids did not
seem to affect the growth of wild-type or AdksA mutant bacteria in
LB broth (Fig. 1D). However, supplementation of LB broth with
0.1% Casamino Acids abrogated most of the hypersusceptibility
of dksA-deficient Salmonella strains to NO (Fig. 1E). These data
suggest that DksA contributes to antinitrosative defenses by Sal-
monella, possibly by fine-tuning the expression of amino acid bio-
synthetic pathways and transport.

The cysteine residues in the DksA zinc finger are crucial for
antinitrosative function. The DksA protein has a zinc finger in its
C terminus coordinated by four cysteine residues (32). Because no
function has been ascribed to the zinc finger of DksA and because
zinc fingers are notorious for their reactivity with reactive oxygen
and nitrogen species, we tested whether the zinc finger is necessary
for the antinitrosative defenses associated with DksA. Salmonella
strains expressing DksA variants with a single serine substitution
at position 114, 117, 135, or 138 were evaluated for susceptibility
to NO (Fig. 2B). All four coordinating cysteine residues were
found to be critical for DksA-mediated defense against the bacte-
riostatic effects of NO. All strains showed similar growth in LB
broth (Fig. 2A). These data suggest that the integrity of the zinc
finger motif is needed for the contribution of DksA to the antini-
trosative defenses of Salmonella.
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FIG 3 DksA and ppGpp independently contribute to the antinitrosative de-
fense of Salmonella. The wild type (WT), the AdksA strain, and the ArelA
AspoT-deficient Salmonella strain lacking the ppGpp synthases (ppGpp°) and
atriple AdksA ppGpp® strain were diluted to 2 X 107 CFU/ml in fresh LB broth
from overnight cultures. The cells were treated with 5 mM DETA (control) (A)
or DETA NONOate (dNO) (B). Bacterial growth is expressed as the ODg,
over time, and the data are represented as the means of 10 independent obser-
vations from 2 separate experiments. The P value for the differences between
AdksA and AdksA ppGpp® Salmonella strains was <0.0001 as determined by
one-way ANOVA of all data points in the curve followed by Bonferroni’s
posttest.

DksA and ppGpp independently increase Salmonella resis-
tance to nitrosative stress. DksA is thought to regulate RNA poly-
merase function in conjunction with the alarmone ppGpp (30,
32). The ppGpp synthases RelA and SpoT produce ppGpp in re-
sponse to nutrient deprivation (33). We examined the effect that
NO has on the growth of Salmonella strains lacking both RelA and
SpoT ppGpp synthases (ppGpp°) and/or dksA. All strains grew
with apparently similar kinetics in LB broth (Fig. 3A). A ppGpp°
Salmonella strain and a dksA-deficient Salmonella strain displayed
the same increased lag phase after treatment with NO as the wild-
type isogenic controls. However, the triple dksA relA spoT mutant
did not resume growth even after 24 h of NO treatment (Fig. 3B).
Strain AV08261 lacking relA, spoT, and dksA did not lose viability
under these experimental conditions (data not shown), indicating
that the hypersusceptibility of this triple mutant to NO cannot be
rationalized by direct killing by RNS. The marked susceptibility of
strain AV08261 to NO could be interpreted as a sign that DksA
and ppGpp contribute independently to the antinitrosative de-
fenses of Salmonella.

Independent contributions of DksA and Hmp to antinitro-
sative defenses of Salmonella. AdksA mutant bacteria grown 24 h
in the presence of 5 mM DETA NONOate became resistant to a
subsequent challenge with NO (data not shown). The increased
resistance of a AdksA mutant Salmonella strain preexposed to NO
likely reflects an adaptive response rather than the selection of
suppressor mutants, as indicated by the failure of these bacteria to
grow in E salts medium (1.66 mM MgSO,, 9.5 mM citric acid
monohydrate, 57 mM K,HPO,, 16.7 mM NaHH,PO,) supple-
mented with 0.4% glucose. Moreover, NO-treated AdksA mutant
Salmonella strains became hypersusceptible to 5 mM DETA
NONOate after overnight growth to stationary phase in fresh LB
broth. By detoxifying NO to NO; ™, the Hmp flavohemoprotein
serves a critical role in the antinitrosative defense of Salmonella
(2). Because DksA indirectly regulates gene transcription by inter-
acting with the RNA polymerase, we tested whether the Hmp fla-
vohemoprotein may have played a role in the adaptive response of
AdksA mutant Salmonella strains pretreated with NO. Toward this
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FIG 4 The antinitrosative role of DksA is independent of Hmp. (A) Transcription of the hmp::lacZY transcriptional fusion 1.5 h after wild-type (WT) and
isogenic AdksA mutant Salmonella strains were treated with 250 wM spermine NONOate (sNO). The data are presented as Miller units (M.U.) =+ standard errors
of the means (SEM) of four observations collected in two independent experiments. The addition of 5 mM DETA NONOate (dANO) completely inhibited the
growth of hmp-deficient Salmonella for 48 h. Consequently, ] mM DETA (control) (B) or dNO (C) was instead tested in these experiments. At this concentration
of dANO, AdksA mutant Salmonella strains were slightly more susceptible than the WT controls. Data represent the means of six independent observations
obtained from two separate experiments. The P value for the difference between the AhmpA and AdksA::cm AhmpA mutant strains was <0.0001 as revealed by
one-way ANOVA of all data points in the curve followed by Bonferroni’s posttest.

end, an hmp::lacZY chromosomal fusion was transduced into the
AdksA mutant Salmonella strain AV09294. Transcription of the
hmp gene was induced ~20-fold in both wild-type and dksA-de-
ficient Salmonella strains 1.5 h after treatment with 250 uM the
NO-donor spermine NONOate (Fig. 4A), suggesting that DksA is
not involved in the regulation of hmp transcription. The wild-
type, AdksA, Ahmp, and AdksA::cm Ahmp strains showed similar
growth in LB broth (Fig. 4B). Treatment of hmp-deficient Salmo-
nella with 5 mM DETA NONOate resulted in a lag phase of about
48 h (data not shown), making this concentration of DETA
NONOate impractical to compare the relative contributions of
Hmp and DksA to the resistance of Salmonella to nitrosative
stress. Consequently, the concentration of NO was decreased to
levels that make the differences between wild-type and AdksA mu-
tant Salmonella practically unnoticeable but could still elucidate
DksA and Hmp synergism. Salmonella strain AV04064 lacking the
flavohemoprotein-encoding hmp gene remained hypersuscepti-
ble to 1 mM DETA NONOate, whereas the dksA-deficient strain
was slightly more susceptible than its parent, the wild-type control
(Fig. 4C). Interestingly, the double AdksA::cm Ahmp mutant
strain AV09091 showed increased susceptibility to NO compared
to single isogenic mutant controls, further supporting the idea
that Hmp and DksA independently contribute to the antinitrosa-
tive defenses of Salmonella.

DksA fosters intracellular survival of Salmonella within NO-
producing macrophages. RNS generated by the iNOS hemopro-
tein plays a role in the innate response of macrophages against
Salmonella (41). Therefore, the contribution of DksA to the anti-
nitrosative defenses of Salmonella was evaluated further in pri-
mary macrophages expressing a functional iNOS. Compared to
the wild-type parent strain, the dksA-deficient Salmonella strain
was hypersusceptible to the early phases of the anti-Salmonella
activity of macrophages from C57BL/6 mice (Fig. 5A). These find-
ings are consistent with the known hypersusceptibility of dksA
mutant Salmonella strains to oxidative products generated by the
NADPH phagocyte oxidase-dependent respiratory burst of mac-
rophages (19). Interestingly, later during the course of infection,
the viability of the AdksA mutant Salmonella strain continued to
decline, while the wild-type strain increased in number (Fig. 5A).
Together, these findings suggest that in addition to being suscep-
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tible to ROS generated by the NADPH phagocyte oxidase, dksA
mutant Salmonella strains are hypersusceptible to nitrogen oxides
generated by iNOS expressed at later times in infection. To test
whether DksA-dependent gene expression antagonizes the anti-
Salmonella activity of iNOS-expressing macrophages, we studied
the intracellular survival of wild-type and dksA-deficient Salmo-
nella strains in macrophages lacking iNOS (Fig. 5B). iNOS-defi-
cient macrophages showed an even greater difference in the num-
bers of AdksA and wild-type Salmonella cells recovered at early
times of infection (Fig. 5B), likely reflecting the higher concentra-
tions of ROS produced by macrophages lacking the iNOS hemo-
protein (41). Later during the course of infection, the AdksA mu-
tant strain displayed signs of growth in iNOS-deficient
macrophages, suggesting that in the absence of NO, dksA-defi-
cient Salmonella can grow intracellularly (Fig. 5B). Collectively,

A C57BL/6 B iNOS
1005
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] -+ AdksA
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FIG 5 Role of DksA in the intracellular survival of Salmonella in iNOS-ex-
pressing macrophages. The antimicrobial activities of periodate-elicited peri-
toneal macrophages isolated from C57BL/6 mice (A) or congenic iNOS-defi-
cient controls (B) were evaluated over time after mice were challenged with the
wild-type (WT) or the AdksA mutant Salmonella strain. The number of sur-
viving intracellular bacteria was estimated after culture on LB agar plates as
described in Materials and Methods. The data represent the mean percent
survival = the SEM of four to eight independent observations from at least two
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared
to results for WT controls.
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FIG 6 DksA protects Salmonella from nitrogen oxides produced by a functional iNOS hemoprotein in a murine model of salmonellosis. (A) C57BL/6 mice were
inoculated intraperitoneally with ~200 to 400 CFU of either the wild-type (WT), AdksA, or AdksA mutant Salmonella strain complemented with a wild-type dksA
allele (cDksA) or with a dksA C114S-, C117S-, C135S-, or C138S-expressing variant. (B) Congenic iNOS-deficient mice were inoculated intraperitoneally with
~400 CFU of either the WT or AdksA mutant Salmonella strain. The fractions of mice surviving the experimental Salmonella infections were evaluated over time.
Data represent 10 mice per group and were obtained from two separate experiments.

these findings underscore the importance of DksA-mediated an-
tioxidant and antinitrosative defenses for the intracellular fitness
of Salmonella.

DksA antagonizes the cytotoxicity of iNOS in mice. Several
groups of investigators have shown that DksA is crucial for Salmo-
nella virulence in mice (19, 40, 44). In agreement with these ob-
servations, a AdksA mutant Salmonella strain was attenuated in a
C57BL/6 murine model of acute systemic infection (Fig. 6A). The
AdksA mutation could be complemented with a P ;. ,-dksA wild-
type allele expressed ectopically downstream of the putP chromo-
somal locus but not by P ,-dksA cysteine variants, suggesting
that the integrity of the zinc finger in DksA is critical for Salmo-
nella pathogenesis. Given the hypersusceptibility of the AdksA
mutant Salmonella strain to the cytotoxic effects of NO and its
attenuation in iNOS-sufficient macrophages, we tested whether
antinitrosative defenses associated with the expression of a func-
tional DksA promote Salmonella virulence in an acute model of
infection. To test this hypothesis, iINOS-deficient mice were chal-
lenged intraperitoneally with ~400 CFU of the wild-type or iso-
genic AdksA mutant Salmonella strain. The dksA-deficient strain
regained virulence in iNOS-deficient mice; strain AV09294 killed
iNOS-immunodeficient mice 6 days later than the isogenic wild-
type controls (Fig. 6B). Since NADPH oxidase contributes to early
anti-Salmonella activity, it is possible that the marked susceptibil-
ity of AdksA mutant bacteria to oxyradicals produced by NADPH
phagocyte oxidase may have contributed to the delayed viru-
lence of this strain in iNOS-deficient mice. All Salmonella cells
recovered from the spleens of moribund iNOS-deficient mice
that had been inoculated i.p. 8 days earlier with AdksA mutant
bacteria remained auxotrophic for amino acids, as determined
by their inability to grow in E salts minimum medium supple-
mented with 0.4% glucose. Moreover, the bacteria recovered
from iNOS-deficient mice contained the AdksA mutant allele,
as determined by PCR analysis. Together, these findings indi-
cate that in the absence of the amino acid biosynthetic restric-
tions imposed by nitrosative stress, the phagosomal lumen har-
bors sufficient amino acids to satisfy the auxotrophies of the
AdksA mutant Salmonella strain.
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DISCUSSION

We previously demonstrated that both oxyradicals and nitrogen
oxides produced in the innate response of macrophages activate a
stringent DksA-dependent response (3, 19). Furthermore, the
RNA polymerase regulatory protein DksA plays a crucial role in
the expression of antioxidant defenses of Salmonella (19). There-
fore, we evaluated the role of the DksA protein in the antinitrosa-
tive defenses of Salmonella. The investigations presented herein
indicate that DksA is critical for the ability of Salmonella to resist
NO-dependent antimicrobial defenses. DksA increases Salmo-
nella resistance to the bacteriostatic effects of NO, and DksA-me-
diated antinitrosative defenses support intracellular growth of
Salmonella strains within iNOS-sufficient macrophages while fos-
tering virulence in an acute model of infection dependent on the
presence of a functional iNOS hemoprotein. The phagosomal lu-
men is a nutrient-limiting environment. By inhibiting amino acid
biosynthetic pathways, NO produced in the innate response of
macrophages to Salmonella appears to further restrict the avail-
ability of nutrients. According to this model, the regulatory effects
of DksA on amino acid biosynthetic synthesis and transport
greatly reduce the NO-dependent antimicrobial activity seen in
the innate immune response of professional phagocytes. How-
ever, in the absence of the iNOS hemoprotein and the consequent
burst in nitrosative stress, amino acids must not be a limiting
factor in the Salmonella phagosome, since auxotrophic AdksA
mutant Salmonella strains do in fact replicate in iNOS-deficient
macrophages and kill iINOS-deficient mice.

The DksA metalloprotein contains a C-terminal zinc finger
coordinated by four cysteine residues (30, 44). Our studies indi-
cate that the DksA zinc finger is critical for the antinitrosative
function of the protein. According to a model of the RNA poly-
merase, ppGpp, and the DksA ternary complex, the globular do-
main containing the DksA zinc finger is needed for proper posi-
tioning of the protein within the secondary channel of the RNA
polymerase (32). The zinc finger is likely necessary for the inter-
action of the acidic residues at the tip of the coiled-coil domain of
DksA with the Mg”" ion bound to the distal diphosphate of the
ppGpp molecule inside RNA polymerase (30). Mutations in any
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of the DksA zinc finger cysteine residues abolish its ability to co-
ordinate antinitrosative defenses, likely due to improper position-
ing of DksA within the RNA polymerase secondary channel. In
accordance with this hypothesis, a mutation in a single cysteine
within the Escherichia coli DksA zinc finger results in a relaxed
phenotype similar to that of dksA-deficient bacteria (30).

ppGpp°® and dksA mutant Salmonella strains exhibit similar
susceptibility to NO, suggesting that both stringent-response me-
diators contribute to the antinitrosative defenses of Salmonella.
However, the hypersusceptibility of the triple mutant indicate that
ppGpp and DksA may have independent roles in NO defense. In
fact, ppGpp and DksA regulate a variety of cellular processes, in-
cluding motility, adhesion, autoaggregation, and filamentation,
independently (22, 25). Moreover, DksA independently activates
the Py, Py, and P, s promoters critical for amino acid synthe-
sis and transport (25). The fact that DksA can independently in-
crease amino acid biosynthesis genes suggests that this regulatory
protein can modulate RNA polymerase activity without ppGpp.
Our data could be alternatively interpreted in light of a model by
which ppGpp and DksA may be overexpressed in the AdksA and
ppGpp° strains, respectively. Overexpression of dksA in ppGpp° E.
coli can overcome many of the amino acid auxotrophies associated
with the ArelA AspoT mutant (25). The mechanism by which both
ppGpp and DksA add to the antinitrosative defenses of Salmonella
awaits further investigation.

The flavohemoprotein Hmp detoxifies NO and protects Sal-
monella from the iNOS-mediated antimicrobial activity of mac-
rophages (2, 38). Our investigations indicate that DksA does not
appear to contribute to hmp transcription, and dksA-deficient and
hmp-deficient Salmonella strains display distinct hypersuscepti-
bilities to NO. These findings indicate that DksA protects Salmo-
nella from iNOS-mediated antimicrobial activity independently
of the flavohemoprotein-mediated detoxification of NO. Given
the NO-mediated targeting of amino acid biosynthetic pathways,
it is likely that the DksA-mediated transcriptional regulation of
amino acid biosynthesis is crucial for Salmonella to overcome the
pressure exerted by RNS on intermediary metabolism.

The addition of amino acids partially abrogated the increased
antimicrobial activity exhibited by NO against dksA-deficient Sal-
monella. DksA-dependent regulation of amino acid biosynthesis
and transport may contribute to both the antioxidant and antini-
trosative defenses of Salmonella. However, amino acids did not
completely reverse the hypersusceptibility of the AdksA mutant
Salmonella strain to NO. The positive effects of DksA on glutathi-
one biosynthesis and redox homeostasis may also contribute to
antioxidant and antinitrosative defenses. Salmonella lacking dksA
is auxotrophic for several amino acids, including isoleucine, leu-
cine, valine, threonine, phenylalanine, and glycine. Glycine serves
as a substrate in the formation of the tripeptide glutathione, and
consequently, dksA-deficient Salmonella contain reduced cyto-
plasmic glutathione concentrations (19). DksA also maintains
proper levels of NAD(P)H-reducing equivalents, which are vital
for defense against both oxidative and nitrosative stress (19, 23).
The fact that glutathione and the NADPH-dependent glutathione
reductase play a critical role in the defense against both ROS and
RNS by repairing oxidized and/or nitrosylated thiols raises the
interesting possibility that DksA-dependent regulation of low-
molecular-weight thiol metabolism could contribute to the anti-
oxidant and antinitrosative defenses of Salmonella.

The ability of Salmonella to survive inside professional phago-
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cytes is a critical aspect in the pathogenesis of this enteric patho-
gen. Collectively, our investigations demonstrate that DksA helps
Salmonella survive the antimicrobial activity of iNOS expressed in
the innate immune response of macrophages.
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